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Summary

Research on the application of heat pump for fruit drying has been conducted in
collaboration with a private company, Rice Engineering Supply Co., Ltd., under financial
support from The Thailand Research Fund for two years, from 1 March 1997 to
28 February 1999. Prototypes of heat pump fruit dryer and heat pump seed dryer were
developed and tested at the Royal Food Processing Plant No. 4, Lahansai district, Burirum
province; Seed Reproducing Centre No. 16, Prasat district, Surin province and Santi -
Asoke Agricultural Group at Sisaket province. Main outputs from the project are as
follows :

1. The prototype of heat pump fruit dryer was developed. A 7.5 kW compressor is

used and operated with R-22 refrigerant. Air circuit is closed. The dryer has a
capacity of 700 kg of papaya glace for each batch. Product quality after drying
was found good. One unit of dryer was sold to the Santi - Asoke Agricuitural
Group in Sisaket province. Details of drawing and experimental results are
attached with this report.

2. The prototype of heat pump seed dryer was developed. A 3.7 kW compressor is

used and operated with R-22 refrigerant. Air circuit is open. The dryer has a
capacity of 3-4 tons of paddy for each batch. Seed quality after drying was found
good. Two units of dryer were sold to the Seed Reproducing Centre No.16,
Prasat district, Surin province. Details of drawing and experimental results are
attached with this report.

3. A mathematical model of heat pump fruit drying was developed and validated

with experimental results. The predicted results are acceptable.

4. Published papers and papers in the pipeline are as follows :

1. Soponronnarit, §., Nathakaranakule, A., Wetchacama, 8., Swasdisevi, T. and
Rukprang, P. 1998. Fruit drying using heat pump. RERIC International Energy
Journal 20 (1), 39-53.

2. Soponronnarit, S.,Rukprang, P., Nathakaranakule, A., Wetchacama, S. 1998. Papaya
glace drying using heat pump. The Royal Institute Journal 23 (2) : 49-66 (in Thai).

3. Soponronnarit, S., Wetchacama, S., Nathakaranakule, A., Swasdisevi, T. and
Rukprang, P. 1998. Papaya glace drying using heat pump. In Proc. 11*
International Drying Symposium, Vol. B, pp. 1373-1380.

4. Achariyaviriya, S. and Soponronnarit, S. 1998. Simulation of heat pump dryer. In
Proc. International Agricultural Engineering Conference, Bangkok, Thailand, 7-10
Dec. 1998.

5. Soponronnarit, S., Swasdisevi, T. and Madhiyanon, T. 1998. Industrial-scale heat
pump drying. In Proc. 12" National Conf. on Mechanical Engineering,
Chulalongkorn Univ., Bangkok, Vol 2, pp. 13-21 (in Thai).

6. Achariyaviriya, S. and Soponronnarit, 8. Drying of vegetables and fruits by heat
pumps. To be published in The Royal Institute Journal, 1999 (in Thai).

7. Rattanongpisat, W., Soponronnarit, S. and Swasdisevi, T. Development of a
mathematical model for heat pump fruit drying. To be published in the Kasetsart
Journal (nat. Sci.) 1999 (in Thai).

8. Soponronnarit, S., Swasdisevi, T. and Rattanongpisat, W., Development of a
mathematical model for heat pump fruit drying. Under review by the RERIC Int.
Energy Journal.



9. Soponronnarit, S., Weichacama, S. and Kanphukdee, T. Seed drying using a heat
pump. Under review by the RERIC Int. Energy Journal.

Though the research project is successful in terms of both commercialization and

publication of research papers, it is recommended for further research as follows :

1. To develop prototypes of heat pump fruit dryer for house-hold industry. Drying
capacity is approximately 100 kg for each batch. A 1 kW compressor operated with
R-134a may be used. The sold unit is operated with 7.5 kW compressor and is
suitable for large industry only.

2. To improve the accuracy of the mathematical model of heat pump fruit drying. It
could be done by adding more terms in the diffusion equation, including shrinkage of
product during drying or including effect of moisture (not only temperature) on
diffusion coefficient.

3. To develop optimization mode! for fruit drying using heat pump.
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Fruit Drying Using Heat Pump

SomcHart Soponronnarit’, Adisak Nathakaranakule®,

Somboon Wetchacama®, Thanit Swasdisevi’, and Prathan Rukprang®*
* School of Energy and Materials, ** Former Graduate Student
King Mongkut's Institute of Technology Thonburi
Suksawas 48 Road, Bangkok
THAILAND

ABSTRACT

The purposes of this research were to design, construct, evaluate performance and conduct
cost analysis of @ heat pump fruit dryer. The dryer consisted of a cabinet dryer and heat pump.
Product capacity of the cabinet dryer was 100 kg to 132 kg with 12 trays and the heat pump
capacity was 3.5 kW refrigeration. In this work, papaya glace’ was dried in close loop air with
drying temperature of 50°C, air flow rate of 0.45 kgls and bypass air of 63%. Drying operation
was divided into two steps. In the first step, papaya glace’ with dimension of 6.35 x 15 x 2.5 cm?
and initial moisture content of 74% dry-basis was dried. In the second step, papaya glace’ dried
in the first step was cut into 0.98 x 098 x 0.98 cr’ and dried 1o a moisture content of 23% dry
basis. The results were as follows: drying rate 0.686 kg waterth, moisture extraction rate from
evaporator 0.78 kg waterth and drying time of the two steps approximately 80 h (40 h in each
step). Energy consumption was 9.93 MJIkWh or SMER (specific moisture extraction rate)
0.363 kg water evaporationtkWh at specific air flow rate of 21.42 kg dry airlh-kg dry papaya
glace'. The coefficient of performance for the heat pump (COP, ) varied between 3.71 to 3.85.
For the quality of papaya glace’ after drying in terms of color, it was found that the color of
papaya glace’ was light reddish-orange {code 34-C from RH.S. color chart). Cost evaluation
found that cost of papaya glace’ drying was 12.8 Bahilkg water evaporation of which 53 was
energy cost, 1.4 was maintenance cost and 6.1 was fixed cost (US$ I = 40 Baht).

1. INTRODUCTION

Dried fruit is a modified agriculiural product which is in high demand in both domestic and
intemnational markets. The drying process is an important step of the production process as it has
high operating costs. Cabinet dryers are suitable for drying fruit. Drying temperatures typically
used in dryers are approximately 60°C to 70°C. If the drying temperature is higher, the product
will be dark colored and its surface is withered and wrinkled. If the drying temperature is lower,
the product quality will be acceptable but it requires long drying time. Small dryers use electricity,
LPG or solar energy for heating air. Solar energy has limitations in terms of inconsistent energy
availability. This research proposes a choice of using heat from heat pump for drying fruit. Fruit
drying using heat pump could reduce energy cost with fairly low air temperature and relative
humidity. This can be achieved by condensing moisture from the drying air and followed by
reheating. Product quality in terms of color and smell could be improved.
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Nousook, et al. [1] studied the suitable drying of papaya glace' in a tunnel. The drying was
divided into two steps. In the first step, papaya glace' with dimension of 3.1 x 7.8 x 1.4 cm® was
dried at initial moisture content of 60% dry-basis and drying temperature of 70°C until the final
moisture content was 38% dry-basis. In the second step, the dimension of papaya glace' dried from
first step was decreased to 0.98 x 0.98 x 0.98 cm®. Then it was dried at a temperature of 55°C
until the final moisture content was 23% dry-basis. The experiment showed that energy
consumption of large pieces of papaya glace' was higher than that of the small ones. After drying,
the quality of papaya glace’ met standards of safety and industrial production of dried fruit.

Chou, et al. [2] studied fruit drying using a window air conditioning heat pump for window
air conditioning unit with a capacity of 3.5 kW refrigeration, An eclectrical heater was also
installed in this heat pump. The heat pump was used to dry banana and pineapple in a cabinet
dryer with a fixed tray. Banana and pineapple were 10 mm thick. Drying time was 6 hours.
Operating conditions were as follows: 1) fruit was dried in an open-loop system at a temperature
of 61°C, and 2) fruit was dried in close-loop sysiem at a temperature of 55°C. The experiment
showed that the drying rate of the close-loop sysiem was higher than that of the open-loop system.

Clcment, et al. [3] studied continuous conveyor drying using a heat pump. Heat pump
capacily was 20 kg/h for producing dried rubber. Refrigerant used in the heat pump was R-12 and
maximum lemperature was 70°C. The experiment showed that the specific moisture extraction
rale (SMER) value was 1.5 kg 10 2.5 kg of water evaporated/kWh. Parameters affecting the
performance of the system were as follows: 1) the coefficient of performance (COP) increased
with relative humidity of air passing through the evaporator, and 2) suitable ratio of by-pass air
was 60% to 70% of total air flow rate. '

Pendyala, et al. [4] studied heat pump drying using R-11 and R-12 as refrigerants with
- drying temperatures of 120°C and 75°C, respectively. The experiment found that COPs of R-11
and R-12 were 3.5 and 2.5, respectively. COP was low when an electrical heater was switched on.

Rossi, et al. [S] studied vegetable drying using a heat pump. Vegetable was dried in a fixed
tray dryer with refrigerant R-12, The fixed tray dryer capacity was 1.3 kg and the drying
temperature was 55°C. Drying was in a close-loop system. Experimental results found that
parameters affecting heal pump dryer perfonmance were air relative humidity entering the evaporator
and evaporator temperdture. The heat pump dryer could save energy of 30% to 40%. Product
quality was high and drying time was low.

Young, et al. [6]} studied drying using a heat pump with a fixed tray. Heat pump dryer
capacity was 60 kg to 100 kg. Maximum rate of condensed water leaving the condenser was
8000 cm*h. The heat pump dryer sysiem consisted of a 1.3 kW compressor, two condepsers, two
evaporators including recuperator. Experimental results showed that drying time d ised when
temperature and velocity of hot air increased. Drying time was increased with size of material.

Strommen and Kraner [7] studied fluidized bed drying vsing a heat pump. Raw materials
were small pieces of shrimp and fish. Experimental conditions were divided into two ranges as
follows: drying with a temperature of -5°C, and drying with temperatures of 20°C and 30°C.
Experimental results showed that material quality after drying in terms of mass and color was
slightly changed. Energy consumption of heat pump dryer was low as compared with other
dryers.

Past research showed that there are three types of heat pump dryers: fixed tray dryers,
continuous dryers and fluidized bed dryers; and two models of air systems: close-loop (air was
recycled in the system) and open-loop (dried air was ejected to surroundings). Drying temperature
depended on refrigerant and it could be increased by adding electrical heat into the system.
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However, use of the heaters caused COP to reduce. Heat pump dryer performance could be
increased by selectling suitable ratios of air enlering the evaporator and by-pass air, and using
recuperalor to exchange heat between hot air from cabinet dryer and cold air from evaporator.

The objectives of this research were W design, construct, evaluate performance and conduct
cost analysis of a heat pump fruit dryer. Papaya glace’ was selected as the drying product.

2. MATERIALS AND METHOD

The heat pump dryer used in this research was a close-loop system as shown in Fig. 1, It
consisted of 0.90 x 0.80 x 0.75 cm? drying cabinet, 12 drying trays with area of 0.63 x 0.72 cm?
each, 1.3 kW two-piston compressor, 4.5 kW internal and external condensers (4 x 13 rows and 14
fins per inch), 3.66 kW evaporator (3 x 8 rows and 14 fins per inch), 2 cycles of capillary tube
throttling valves with dimension of 100 x 0.164 cm?, recuperator heat exchanger with air mass
flow rate of 0.14 kg/s and different temperature (belween inlet and outlet) of 6°C, 3 kW heater,
backward curved blade centrifugal fan with air mass flow rate of 0.4 kg/s to 0.8 kg/s and
. motor of 0.75 kW with speed adjustment by inverter, axial blade fan for external condenser with
air flow rale of 0.14 kg/s and motor of 50 W, and forward curved blade centrifugal fan for
evaporator with air mass flow rate of (.14 kg/s and motor of 50 W.

Experimental fruit in this research was papaya glace' (the production process used was the
same as in the royal food processing plant). Papaya glace’ was spread on trays which were put on
a wrolley and dried in a baichwise process. Three drying experiments were undertaken. The
conditions for the experiments were as follows: 1} drying in a close loop system, 2) air used for
drying was controlled at 50°C, 3) air mass flow rate was constant at 0.45 kg/s and ratio of by-pass
air was 63% (air mass flow rate through evaporator was 0.17 kg/s), and 4) papaya glace' quantity
was varicd between 70 kg to 132 kg. The experiment was divided into two steps. In the first step,
papaya glace' with dimension of 6.35 x 15 x 2.54 cm?® and initial moisture content of 74% dry basis
was dried (experiments 1/1, 2/1, and 3/1). In the second step, papaya glace’ dried from the first
step was cut into dimension of 0.98 x 0.98 x 0.98 cm? and dried to final moisture content of 23%
dry basis (experiments 1/2, 2/2, and 3/2). Air velocily in the recycled duct was measured by a hot
wire anemometer. Temperature of air loop in Fig. 2 and temperature of refrigerant loop in Fig. 3
were measured by a Chromel-Alumel type k thermocouple connected to a data logger (accuracy
+1°C). Budong gauge was used to measure pressure in the refrigerant loop. A load cell with
accuracy of 50 g was used to measure weight of material in the cabinet dryer, Maximum weightmass
measured was 150 kg. Condensed waler from the evaporator was measured by a load cell with
accuracy of 0.01 g. Maximum weight measured was 3 kg. Kilowatt-hour and clamp-on meters
were used to measure energy consumption in the system. The values measured were dry-bulb
temperature, wet-bulb [emperature, mass weight of papaya glace', weight of condensed water from
air in evaporator and energy consumption. Measurements were made every two hours, Initial
moisture content of papaya glace' was measured by the following methods: 1) papaya glace'
sample was taken and cut into small pieces; 2) the sample was measured by digital balance
instrument (accuracy of 0.01 g); and 3) the sample was put into a cabinet dryer at a temperature of

103°C for 72 h. The papaya glace' quality after drying was studied by checking color with R.H.S.
color chart
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3. RESULTS AND DISCUSSION
3.1 Experimental Results

3.1.1 Air Temperature Variation

It was found that differences of inlet and outlet air temperature of each subcomponent of the
heat pump system were; iniernal condenser, 10°C; evaporator, between 3°C to 4°C and cabinet
dryer, between 1°C to 5°C, as shown in Fig. 4 and Fig, 5. OQutlet air temperature at the external
condenser varied up and down due to solenoid valve temperature control. For hot air temperature
distribution in the trolley, it was found that the air temperaiures of the tray on the top part, middle

part and bottom part of the trolley were slightly different (temperature of top tray was higher than
that of bottom tray) as shown in Fig. 6 and Fig. 7. '
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Fig.4. Evolution of tfemperatures in air loop for the second test, first stage.
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3.1.2 Papaya Glace’ Moisture Content Variation

The resulls of papaya glace' moisture content variation from the experiment can be shown in
relative data with drying time, in terms of average moisture content, water evaporated from papaya
glace' (or drying rate) and water condensed at evaporator (or moisture extraction rate, MER), It
was found that MER was higher than drying rate, as shown in Fig. 8 and Fig. 9. It was assumed

that surrounding air could enter drying section of the heat pump resulting in a greater moisture
loading.

3.2 Drying Efficiency Analysis

Drying efficiency of heat pump can be detenmined by analytical results of drying rate,
moisture extraction rate (MER) from evaporator, energy consumption and specific moisture
extraction rate (SMER) at desired specific air flow rate. The analytical results from each experiment
are given in Table 1. Energy consumplion decreases with the specific air flow rate while drying
rates, MER and SMER increase.

3.3 Heat Pump Performance Analysis

In this study, performance of the heat pump was determined by experimental results obtained
from both air loop and refrigerant loop (average record data every two hours). Analytical results
in Table 2 show that the percentage error was acceptable. Performance of the heat pump expressed
in terms of coefficient of performance for heat pump (COP, ) varied between 3.71 to 3.89.

3.4 Papaya Glace' Quality

For the qualily of papaya glace’ afler drying, it was found from the two steps of experiment
that the color of the product was light reddish-orange (in code 34-C from R.H.S color chart} which
was lighter than that of drying papaya glace’ in hot air tunnel.

3.5 Cost Evaluation

Conditions for evaluation of the heat pump in this study were as follows: .capacity was
132.2 kg/baich, operating time was 48 batches/year, average drying time was 80 hr/batch, dried
papaya glace’ quantity was 6346 kg/year, fixed cost was 59,012 Baht (US$ 1 = 40 Baht), life time
of heat pump was 10 years (in case of poor maintenance), maintlenance cost per year was 5% of
fixed cost, salvage value was 10% of fixed cost, evaporation water ability was 44.25 kg water
evaposateds/balch, electricity price was 1.55 BahykWh, electricity use rate was 1.89 kWh/h and
interest rate was 18%/year. Operating costs were neglected in this study.

35.1 Ten-year Life of Heat Pump

Total annual cost was 27,079 Baht/year or 12,8 Bahtkg water evaporation of which
6.1 Baht/kg was fixed cost, 5.3 Baht/kg was elecltricity cost and 1.4 Baht/kg was maintenance cost.

3.5.2 Five-year life of heat pump

Tolal annual cost was 32,246 BahVyear or 152 Bahtkg water evaporation of which
8.5 Baht/kg was fixed cost, 5.3 Baht/kg was electricity cost and 1.4 Baht/kg was maintenance cost.
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m, = water condensed at evaporaior -
m_ = waler evaporaled from papaya glace’
M = average moisture content of papaya glace'

Fig. 8. Evolution of avemge moisture content of papaya glace', water condensed at evaporator and
waler evaporated from papaya glace’ for the second test, first stage. '
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m, = water condensed at evaporator
m, = waler evaporated from papaya glace’
M = average moisture content of papaya glace'

Fig. 9. Evolution of average moisture content of papaya glace', water condensed at evapommr and
waler evaporated from papaya glam for the second test, second stage.
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Table 1. Experimental drying results.

Description ' TEST No.
1/1 12 21 w2 in 32
Ambient condition
Average lemperature (OC) 289 293 285 289 293 29.3
Average relative humidity (%) 775 716 656 569 746 749
Condition of papaya glace’
Averge moisture before drying (Yedb) 748 404 738 383 148 367
Averge moisture final drying (%db) 404 232 A3 36 363 19.1
Initial weight (kg) 704 565 10L1 801 1322 10L.0
Final weight {(kg) 566 497 805 71.6 1034 B8RO
Drying air condition
Temperature (°C) 50 S0 S50 50 50 50
Specific air flow rate
(kg dry airh-kg dry papaya glace’) 403 402 279 298 214 219
By pass air (%) 63 63 63 63 63 63
Energy consumption
Energy consumption (M)/kg water gvap.) 1595 3973 1356 3802 993 19.75
Drying time (h) 42 40 - 41 48 42 33
Performance of heat pump
Drying rate (kg water evap./h) 0.327 0171 0504 0177 0.686 0.343
MER (kg water condensed/h) 0.§4l 0316 0578 0195 0780 0.544
SMER (kg water evap/kW-h) 0.172° 0.091 0266 0.095 0363 0343
COPN’ 382 376 3185 373 3.83 3.81
Where MER = Moisture extraction rate from evaporator

SMER = Specific moisture extraction rate

COP,, = Coefficient of performance for heat pump

51
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Table 2. Comparative results analyzed from air and refrigerant loops.

Where

Description Test No.
il 2 FI 22 k7| 372
W, 1.31 131 1.31 1.31 1.31 1.31
m, 0.023735 0.02424  0.02409 0.02350 0.02335 0.02266
m, 0.02092 002320 0.02137 0.02244 0.02077  0.02090
m,, 0.00243 0.00104 000272 0.00106 0.00259 0.00176
Q.. 3.69 361 373 3.58 3.71 3.68
Q.r 64 385 381 3.68 369 3.54
% error of QQ, 1.23 651 2.14 2.74 0.44 3.89
Q. 0.43 0.18 0.48 0.18 0.46 0.31
Q. 4.57 4.74 4.56 472 4.56 4,68
Q. 4.06 4.53 4,17 4.36 4.08 4.08
Yo errvor of 11.09 4.38 8.54 7.57 10.6 12.74
cop,_, ER-] 176 385 373 383 181
COP,,, 3.78 3.94 391 181 j.82 3.70
% error of COP, 1.34 6.35 2.04 284 ~ 037 3.92
W, = Power input at compressor, kW
m, = Mass flow rate of refrigerant, kg/s
m, = Mass flow rate of refrigerant in intemal condenser, kg/s
my, = Mass flow rate of refrigerant in external condenser, kg/s
Q.. = Net cooling effect at evaporator calculated from air loop, kW
Q.s = Net cooling effect at evaporator caiculated from tefrigerant loop, kW
Q. = Net heat rejected at internal condenser calculated from air loop, kW
Qi = Net heat rejected at internal condenser calculated from refrigerant loop, kW
Q. = Net heat rejected at external condenser calculated from air loop, kW

COP,,, = Coefficient of performance for heat pump calculated from air loop

COP,,, = Coefficient of performance for heat pump calculated from refrigerant loop

S
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5.

CONCLUSION

Drying rate (rate of water evaporated from papaya glace’) from heat pump can be operated to
0.686 kg waler evaporated/hr.

Moislure extraction rate from evaporator was 0.78 kg water condensed/hr.

Total drying time of both steps in the experiment was approximately 80 hr (40 hr for each
step). ,

Energy consumption was 9.93 MJ/kg water evaporated or in terms of specific moisture
extraction rate was 0.63 kg water evaporated/kWh at the condition of specific air flow rate
of 21.4 kg dried air/h-kg dried papaya. ‘

Coelficient of performance for heat pump (COP, ) varied between 3.71 to 3.85 which indicated
that power supplied by the heat pump system for cooling at the evaporator was 3.7 kW and
for heating at condenser was 5.04 kW of which 4.74 kW was heating power at internal
condenser and 0.3kW was at external condenser. Power supplied to compressor was
1.31kW.

Cost evaluation found that total operating cost was 12.8 Baht/kg water evaporated, of which
5.3 was energy consumption cost, 1.4 was maintenance cost and 6.1 was fixed cost.

The color of papaya glace' after drying was light reddish-orange (code 34-C from R.H.S
color chart), lighter than the color of papaya glace' dried by hot air tunnel [1}. This may be
due (o the effect of drying temperature which was lower than that of the drying in tunnel,
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ABSTRACT : PAPAYA GLACE DRYING USING HEAT PUMP*
Somchart Soponronnarit**, Prathan Rukprang,

Adisak Nathakaranakule and Somboon Wetchacama
* Paper Presented at the Royal Instituie, Bangkok, August 6, 1997,
*x Assoclale Fellow of the Royal Institute; Prolessor, School ol Energy and Mateslals,

King Mongkut's Instituie of Technology Thonbusl, Bangkok.

The purposes of lhis research are lo design, consiruct, evaluate performancd and
conduct cost analysis of heat pump fruit dryer. The dryer consists of cabinet dryer and heat
pump. Product capacity of lhe cabinel is 100-132 kg with 12 trays and the capacily
of the heat pumpis 1 lon refrigeration. In this experiment, papaya glace’already is dried In
close-loop air with drying lemperalure 50°C, air flow rate 0.45 kg/s and by pass al
63 %. Drying cperalion is divided into 2 sleps. In the first step, papaya glace’with
dimension 6.35 x 15 x 2.5 cm’ and intial moislure conlent 74 % db. is drled. In the
second slep, papaya glacé already dried in the first step Is cut inlo 0.98 x 0.98 x
0.98 cm® and dried to final moisturs content 23 % db. The results are as foliows: drying
rate 0.686 kg water/h, moisture extraction rate from evaporator 0.78 kg watersh, drying
time of two steps is approximately 80 h { 40 h In each step). Energy consumption is 9.93
MJ/KW-h or SMER (Specilic moisture exlraclion rate) is 0.363 kg waler evap./kW-h at
specilic alr flow rate 21.42 kg dry air/h-kg dry papaya glace’. The coeflicient of
performance of heal pump (CGPM) varies between 3.71-3.85. For the quality of papaya
glacé after drying in terms of color, it is found that color of papaya glace’ is light
orange-red (code 34-C from R.H.S colour chart). _

For cost evaluation from this experiment, it is found that the ¢ost of papaya glace’
drying is 12.8 bath/kg waler evap. ol which 5.3 is energy cost, 1.4 is maintenance cost
and 6.1 is fixed cost.
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Table 1 Experimental drying results

Description TEST No.

1/1 1/2 2/1 2/2 3an 3/2

amblent condition

avarage lemperalure ('C) 28.9 20.3 28.5 28.9 293 293

average relalive humidity (%) 715 71.6 65.6 56.9 746 74.9
condition of papaya glacé

averge moisture belore drying (% db) 74.8 40.4 73.8 38.3 748 36.7

averge moisture final drying (% db) 40.4 232 383 236 363 19.1

initial weight {kg) 70.4 56.5 101.1 801 132.2 101.0

final weight (kg) . 56.6 49.7 B0.5 71.6 103.4 BB.0
drylng alr contition

temperature ("C) . 50 50 50 50 50 50

specilic alr tlow rale )

(kg dry air/h-kg dry papaya glacé) 40.3 40.2 27.9 29.8 214 21.9
by pass alr (%) 63 63 63 63 63 63

energy consumption
energy consumption (MJskg water
evap.) 15.95 39.73 13.56 3B8.02 9.93 19.75
drying time (h) 42 40 41 48 42 38
performance of heat pump
drying rate (kg waler evap./h) 0.327 0171 0504 0177 0.686 0.343

MER (kg water condensedsh) 0.541 0.3t6 0578 0.195 0.780 0.544
SMER (kg waler evap./kW-h) 0.172 0.091 0.266 0.095 0.363 0.182
COF’M 3.82 3.76 3.8% 3.73 3.83 3.81
Where MER = moistura extraction rate from evaporalor
SMER =  specific molsture extraction rate
COPW = ceelliclent of performanca for heat pump
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Table 2 Comparative results analized from air and refrigerant loops .

Description Tast No.
11 1/2 271 2s2 371 32
W 1.31 1.31 1.31 1.31 1.31 1.31
m, 0.02335 0.02424 0.02409 0.02350 0.02335 0.02266
m, 0.02092 002320 0.02137 0.02244 0.02077 0.02080
m 0.00243 0.00104 000272 000106 0.00259 0.00176
Q. 3.69 3.61 3.73 3.58 3.7 3.68
Q;' 3464 385 3.81 368 - 3.69 3.54
% error of Q 123 651 214 274 0.44 3.89
Q. 0.43 0.18 0.48 0.18 0.46 0.31
QI:. . 457 4.74 456 4.72 458 4.68
Q, 4.06 4.53 4.17 4.38 4.08 4.08
% error of Q 11.09 4.38 8.54 7.57 10.6 12.74
COPNM 3.82 3.76 3.85 3.73 3.83 3.81
COoP,_, 3.78 3.64 . 391 3.81 3.82 3.70
% error of COP, 1.34 6.35 2.04 2.84 0.37 3.92
Where Wc = power inpul al compressor, W
m = mass flow rate of reldgerant, kg/s

= mass flow rate of refrigerant in Internal condenser, kg/s
mass flow rate of refigerant In external condenser, kg/s

3.3
[ ]

Q" = net cooling effect at evaporalor calculated rom air loop, KW
Q.J = net cooling elfect at evaporator calculated trom refsigerant loop, kW
Q = net heal rejected at internal condenser calculated from air loop, kW

o
u

nel heat rejacied at Internal condenser calculated from relrigerant loop, kv
= net heat rejected at external condenser calcutated from alr loop, kW
coelfliclent of performance for heat pump calculated lrom alr loop

o
8:°:
el

L]

cop = coelficient of performance for heat pump calculated from refrigerant loop
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PAPAYA GLACE' DRYING USING HEAT PUMP

Somchart Soponronnarit', Somboon Wetchacama', Adisak Nathakaranakule',
Thanit Swasdisevi', and Prathan Rukprang’

I School of Energy and Materials, 2 Former Graduate Student
King Mongkut's Institute of Technology Thonburi
Suksawas 48 Rd., Bangkok, Thailand

Key words : Fruit drying, heat pump, papaya glace’

ABSTRACT

The purposes of this research are to design, construct, evaluate performance and
conduet cost analysis of heat pump fruit dryer. The dryer consists of cabinet dryer and
heat pump. Product capacity of the cabinet dryer is 100-132 kg with 12 trays and
capacity of heat pump is | ton refrigeration. In this experiment, papaya glace’ is dried
in close loop air with drying temperature of 50°C, air flow rate of 0.45 kg/s and by
pass air of 63 %. Drying operalion is divided inlo iwo steps. The results are as
follows: drying rate 0.686 kg water evaporation/h, moisture extraction rate from
evaporator 0.78 kg water evaporation/h and drying time of the two steps
approximately 80. Energy consumption is 9.93 MJ/kW-h or SMER 0.363 kg water
evaporation/kW-h al specific air flow rate of 21.42 kp dry air/h-kg dry papaya glace’.
The coefficient of performance for heat pump varies between 3.71-3.85. For the
quality of papaya glace’ afler drying in terms of color, it is found that color of papaya
glace’ is light reddish-orange. For cost evaluation from this experiment, it is found that
cost of papaya glace’ drying is 12.8 bathvkg water evaporation of which 5.3 is energy
cost, 1.4 is maintenance cost and 6.1 is fixed cost (USS 1 = 34 baht).

INTRODUCTION

Dried fruit is a type of agricultural modified product which is in high requirement in both domestic
and international markets. Drying process is an important step of production process which uses high cost
for operating. This research proposes a choice of using heat from heat pump for drying fruit. Fruit drying
using heat pump could reduce energy cost with fairly low air temperature and relative humidity. Product
quality in terms of color and smell is limited changed and is accepted by consumer.
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From the past research {Nousook et al.,1996, Chou et al.,}1993, Clement et al., 1993, Pendyala et al.,
1990, Rossi et al., 1992, Young et al.,1995 and Strommen ct al.,1994), it showed that there were three
types of heat pump dryer: fixed tray dryer, continuous dryer and fluidized bed dryer, and two models of
air system : close-loop system (air was recycled in the system) and open-loop system (dried air was
rejected to surrounding). Drying temperature depended on refrigerant and it could be increased by adding
heater inlo the system. However, the heater caused COP reduce. Heat pump dryer performance could be
increased by selecting suitable ratio of air entering to evaporator and by pass air, and using recuperator 10
exchange heat between hot air from cabinet dryer and cold air from evaporator.

The objectives of this research are to design, consiruct, evaluate performance and conduct cost
analysis of heat pumnp fruit dryer. Papaya glace’ was selected as drying product.

]

MATERIALS AND METHODS

Heat pump drg(er in this research is a close-loop system as shown in Figure 1. It consists of
0.90x0.80x0.75 cm” drying cabinet, 12 drying trays with area of 0.63x0.72 cin? each, 1.3 kW two piston
compressor, 4.5 kW internal and external condensers (4x13 rows and 14 fins per inch), 3.66 kW
evaporator {3x8 rows and 14 fins per inch), 2 cycles of capillary tube throitling valve with dimension of
[00x0.164 cm, recuperalor heat exchanger with air mass flow rate of 0.14 kg/s and different temperature
(between inlet and outlet) of 6 °C, 3 kW heater, backward curved blade centrifupal fan with air mass flow
rate of 0.4-0.8 kg/s and motor of 0.75 kW with speed adjustment by inverter, axial blade fan for external
condenser with air flow rate of 0.14 kg/s and inotor of 50 W, and forward curved hlade centrifugal fan
for evaporator with air mass flow rate of 0.14 kg/s and molor of 50 W.

) ;xur!“
& Phuwer for rvapermar
~\ /’ Drying chamber
Exsarsal Daemper ot Try-pams ot

Y v P -
Blgwrer e criremet .
e —.—.——..—-....74.
- = I T
- / L e
X
of] (o/ z l
-
A [+] [+]
Comproaser \ Losd it
rderual pasde nats: Drpmrpus St drylag
JAesnm
Bloness e depiog, Ehaisr
Linit ; wm
134 *m (L)

Figure 1. Heat pump fruit dryer

Experimental fruit in this research is papaya glace'. Papaya glace’ is spread on trays which are put on
a trolley. This fruit drying is a batchwise drying. There are three experiments of the drying. The conditions
for the experiment are as follows: 1) Drying is a close loop system. 2) Air used for drying is controlled at
50 °C. 3) Air mass flow rate is constant at 0.45 kg/s and ratio of by pass air is 63 %5 (air mass flow rate
through evaporator is 0.17 kg/s). 4) Papaya glace’ quantity is varied between 70-132 kg. The experiment
is divided into two steps. First step, papaya glace’ with dimension of 6.35x15x2.54 cm’
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and initial moisture content of 74% dry basis is dried (experiments 1/1, 2/1, and 3/1). Second slep, papaya
glace’ dried from the first step is cut into dimension of 0.98x0.98x0.98 cm® and dried to final moisture
content of 23 % dry basis (experiments 1/2, 2/2, and 3/2). Air velocity in recycled duct is measured by hot
wire anemometer. Temperature of air loop in Figure 2 and temperature of refrigerant loop in Figure 3 are
measured by Chromel-Alumel type k thermocouple connected to dala logger (accuracy + 1 °C).

T = Exnirngl pondrmar

»

I

By s abt + .
1, T A nt ah
Erapucover Muusr
| = ambient, dey bulb 5w after drying. dry bulb 9 = inlet of evaporator 13 = sixth tray
2 = ambient, wet bulh & = afler deying, wet bulb 10 = gutlet of evaporator 14 = twellh uay
3 = before drying, dry bulb T = oullel of external condenger 11 = oullet of recuperator
4 = befme drying, wet bulb 8 = jnlet of intemnn) condenser 12 = first uny

Figure 2. Temperature measurement for air loop

3 Way vabve

Expanen valyy

15,16 = inlet and outlet of evapossior 21,22 = inlet and outlel of evaporator
17,18 = inlet and cutlet of externa) condenser 23,24 = inlet and oullet of external condenser
19,20 = inlet and outlct of intemal condenser 25,26 = inlel and oullet of internal condenser

Figure 3, Temperature and pressure measurements for refrigerant loop

Budong gauge is used to measure pressure in refrigerant loop. A load cell with accuracy of 50 g is
used lo measure weight of material in cabinet dryer. Maximum weight measured is 150 kg. Condensed
waler from evaporator is measured by a load cell with accuracy of 0.01 g. Maximum weight measured is
3 kg. Kilowatt-hour meter and Clamp-on meter are used to measure energy consumption in the system,
The values measured are as follows: dry-bulb temperature, wet-bulb temperature, weight of papaya glace’,
weight of condensed water from moisture air in evaporator and energy consumption. The measurement is
conducted every two hours. Initial moisture content of papaya glace’ is measured by the metheds as
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follows: 1) Papaya glace’ sample is taken and cut inte small pieces, 2) The sample is measured by digital
balance (accuracy of 0.01 g). 3) The sample is put into a cabinet dryer at temperature of 103 °C for 72 h.
Papaya glace’ quality after drying is studied by checking color with R.H.S. color chart.

RESULTS AND DISCUSSION

Experimental Results

Considering air lemperature varialion from the experimental results, it is found that differences of
inlet and outlet air temperature of each subcomponent of heat pump system are : internal condenser 10
C, evaporator between 20 C, recuperator between 3-4 C and cabinet dryer between 1-5 "C, as shown in
Figures 4 and 5. Qutlet air temperature at extemal condenser varied up and down, which is effected from
temperature controlling by solenoid valve, For hot air temperature distribution in trolley, it is found that
air temperature of the tray on top part, middle part and bottom part of the trolley is slightly different
(temperature of top tray is higher than that of bottom tray ).

Temperstae ( C}

Dryirw time h)

4T, & T, % T T,

T, 4T, kT, 5T,

]st

Figure 4. Evolution of temperature in air loop of the 2 test, stage

Tempcroture ( C)

Drying sews: (4}
+T1, ®T, KT, ¥T..
T, $T, kT, 8T,

&
3
P

Figure 5. Evolution of temperature in air loop of the 2™ test, 2" stage
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The results of papaya glace” moisture content variation from the experiment can be shown in relative
data with drying time, in terms of average moisture content, waler evaporated from papaya glace'(or
drying rate) and walter condensed at evaporator (or moisture extraction rate, MER). 1t is found that value
of MER is higher than drying rate , as shown in Fipures 6 and 7. It is assumed that surrounding humidity
can absorb into drying section of heat pump.
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Iigure 6. Evolution of average moisture content of papaya glace’, water condensed at
cvaporator and water evaporated from papaya place’ for the 2™ test, 1¥ stage

(3n) smwp

Average moisture content {%db.}

P 4 = & W 1 AN I N H M NM NN KON A

Drying time (h)
8- A& m, - M

Figure 7. Evolution of average moisture content of papaya glace’, water condensed at
evaporator and water evaporated from papaya glace’ for the 2 test, 2™ stage

Drying Efficiency Analysis

Drying efficiency of heat pump can be determined by analytic results of drying rate, moisture
extraction rate from evaporator (MER), energy consumption and specific moisture extraction rate
(SMER) at desired specific air flow rate, The analytic results from each experiment are concluded in
Table 1. Enerpy consumption decreases with the specilic air flow rale while drying rates, MER and
SMER increase.
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Table 1. Experimental drying results

Description Test No.
1] 1 ply! m 3 n

Ambicnt condition

Average emperatine (°C) 89 29.3 mns i 5] 223 9.3

Average rehative humidily (%) 775 7.6 656 56,9 7.6 4.9
Condition of papaya glace’

Average moistme before drying (Yedb.) 748 40.4 38 ELA 74.8 167

Average moisture final drying (Yadb.) 40.4 22 33 216 363 19.1

Initial weight (kg) 0.4 565 [LIN} 30 1322 101.0

Final weight (kg) 56.6 49.7 80.5 716 103 4 330
Drying air condition

Tensperature (°C) 50 50 50 50 50 S0

Specific air flow rate (kg dry aish-kg dry papays glace’) 403 40.2 219 Fik L4 PR

By pass air (%4) 63 63 63 63 63 63
Energy consumption

Energy consumption (MJ/kg watcs evap.) 15.95 1973 13.56 33.02 993 1975

Drying time () IF; IT) 4 a8 a2 3
Performance of heal pump

Drying rate (kg water evap./h) 0327 0.171 0.504 a7 9.68¢ | 0.343

MER (kg water condensed/h) 0 541 0316 0.578 0,195 0780 0 544

SMER (kg water evap./kW-h) 0172 0091 0.266 0.095 0363 0 343

COPyy 382 .16 385 113 kX i) el |

Hear Pump Performance Analysis

In this study, performance of heat pump is determined by experimental results obtained from both air
loop and refrigerant loop (average record dala every 2 hours). Analytic results show that error percent is
in range of being acceptable. Performance of heat pump expressed in terms of coefficient of performance
for heat pump (COPy,) varies between 3.71-3.89,

Papaya Glace’ Quality

For the quality of papaya glace’ afler drying from two steps of experiment, it is found that colour of
the product is light reddish-orange (in code 34-C from R.H.S colour chart) which is lighter than that of
drying papaya glace’ in hot air tunnel.

Cost Evaluation

Conditions for evaluation of heat pump in this study are as follows: capacity 132.2 kg/batch,
operaling lime 48 batches /year, average drying time 80 hr/batch, dried papaya glace’ quantity 6346
kgfyear, fixed cost 59,012 baht (US$ 1 = 34 baht), life time of heat pump 10 years, maintenance cost per
year 5% of fixed cost, salvage value 10% of fixed cost, evaporation water ability 44.25 kp water
evap./batch, electricity price 1.55 baht/kW-h, electricity used rate 1.89 kW-h and interest rate 18%/year.
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The operating cost is neglected in this study. When life time of heat pumnp is 10 years, total annual cost is
27.079 baht/year or 12.8 bahtkg water evap. of which 6.1 is fixed cost, 5.3 is cleciricity cost and 1.4 is
maintenance cost. When life titne of heat pump is § years, total annual cost is 32,246 baht/year or 15.2
baht/kg water evap. of which 8.5 is fixed cost, 5.3 is electricity cost and 1.4 is mainlenance cost.

CONCLUSION

1. Drying raie (water evaporated rate {rom papaya glace’ ) of heat pump can be operated to 0.686 kg
walter evap./h

2. Moislure extraction rate {rom evaporator is 0.78 kg water condensed/h

3. Total drying time of both steps in the experiment is approximately 80 h (40 h for each slep)

4, Energy consumption is 9.93 MJ/kg water evap. or in terms of specific moisture extraction rate is 0.63
kg water evap/kW-h at the condition of specific air flow rate 21.4kp dried air/h-kg dried papaya.

5. Cocllicient of performance for heat pump {(COPyp) varying between 3.71-3.85 indicates that power
supplied by heat pump system for cooling at evaporator is 3.7 kW and for heating at condenser 5.04 kW
ol which 4.74 is heating power at internal condenser and 0.3 s at external condenser. Power supplied to
compressor is 1.31 kW, .

6. Cost evaluation of this study is found that total operating cost is 12.8 baht/kg water evap. of which 5.3
is energy consumption cost, 1.4 is maintenance cost and 6.1 is fixed cost.

7. Colour of papaya place’ afler drying is light reddish-orange (code 34-C from R.H.S Colour chart),
lighter than colour of papaya glace’ dried by hot air tunnel{Noosuk et al.,1996). This may be due to the
cffect of drying temperature which is lower than that of the drying in tunnel.
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NOTATION

COPlyyp coefficient of performance for heat pump -
m mass of water kg
M average moisture content of papaya glace’ kg
MER moisture extraction rate {rom evaporator kg waler condensed/h
SMER specific moisture extraction rate kg water evap./kW-h
T temperature °C
Subscripts

ambient air
c condensed at evaporalor
ci inlet at internal condenser

before drying
e evaporated from papaya glace’
ei inlet at evaporator
co outlet at evaporator
f after drying
ro outlet at recuperator
X0 outlet at external condenser
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ABSTRACT

A mathematical mode! of a heat pump dryer was developed to study the
performance of an open loop, a closed loop and a partially closed loop heat pump
-dryers. The criteria for evaluating the performance were specific moisture extraction
rate and drying rate. The effects on the performance of ambient conditions, the
fraction of evaporator bypass air, specific air flow rate, and drying air temperature
were described. It was found that ambient conditions and the fraction of evaporator
bypass air slightly affected the performance of the open loop and the partially closed
loop heat pump dryers. Specific air flow rate and drying air temperature affected
significantly the performance of all heat pump dryers. The results from the simulation
of papaya glace’ drying using closed loop heat pump dryer were close to the
experimental resuits. From this simulating data, the best conditions were specific air
flow rate of 4.3 kg-dry air/h- kg dry papaya and the fraction of evaporator bypass air
of 75%. The specific moisture extraction rate was 0.42 kg-water/kW-h.

1. INTRODUCTION

Drying of fruits has been found in various applications. Basically, conventional
hot air dryers are used for drying. The main problem is that the conventional hot air
dryer results in low product quality due to high drying air temperature, Drying using a
heat pump dryer can use lower drying air temperature since moist air leaving the
drying chamber can be dehumidified and recirculated.

Chou et al. (1994) developed a mathematical model of a heat-pump-assisted dryer
to study the performance of a heat-pump-assisted dryer assuming the coefficient of
performance of 8, the effectiveness of outdoor air preheat of 0.7, generator heat losses
of 60 %, and transmission losses of 20 %. Jolly et al. (1990) reported a meticulous
mathematical model of a heat-pump-assisted continuous dryer. This model was used
by Jia et al. (1990) to investigate the performance of a heat-pump-assisted continucus
dryer. The criteria were specific moisture extraction rate, coefficient of performance,
and product throughput. Parameters which affected the performance were the fraction
of evaporator bypass air, the heat transfer area of evaporator and condenser,
compressor speed, total air mass flow rate and vented air mass flow rate. Clements et
al. (1993) used the model developed by Jolly et al. (1990) to predict the performance
of a heat-pump-assisted continuous dryer. The results showed that specific moisture
extraction rate increased when air relative bumidity was increased. Moreover, the
optimum total air mass flow rate of 0.63 kg/s and the optimum fraction of evaporator
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bypass air of 60-70 % were found. Prasertsan et al. (1996) developed a detailed
mathematical model. This model was used by Prasertsan ¢t al. (1997). The simulated
resultls showed that specific moisture extraction rate and moisture cxiraclion rale
varied with the ambient conditions and dryer efficiency. A closed loop heat pump
dryer was not suitable for high drying rate process. Prasertsan and Saen-saby (1998)
reported experimental results of drying of rubber wood and bananas. It was found that
the moisture extraction rate of wood and banana drying decreased rapidly, but the
compressor power was relatively constant.

The objectives of this study are to develop a mathematical model of heat pump
dryers and to simulate the performance of an open loop dryer, a closed loop dryer and
a partially closed loop dryer. The effects on the performance of ambient conditions,
the fraction of evaporator bypass air, specific air flow rate and drying air temperature
will be described. :

2. MATHEMATICAL MODELING

A mathematical model of a heat pump dryer consists of two parts: heat pump
models and drying models. The details are as follows:

2.1 HEAT PUMP MODEL

In the heat pump models, there are three major models, namely, compressor model,
evaporator model and condenser model. The compressor mode! and the evaporator .
model, which are empirical models, are constructed from performance data. They are
given by equations (1} and (2).

P=a +32Tcr+achr+34Tzc;+aSTzcr+36TerTcr+a7T2=rTu+aBTerzcr+a9T2:szcr ¢y
Qe = byt Tert b Tertby T tbs T2 b T Tertby T Tertbs T Tt bs oo o (2)

Where a;=236.5102: a;=-11.7410: a;= 28.60982: as=-0.019889

as=-0.192508: ag= 0.432783: a;=-0.014498: az= 0.00321
ag= 0.00169: 1b;=5949.677: by;=239.8593: b;=-65.3618
be=2.168339: bs=0.07299: be=-1.27928 : by;=0.031682
bg=-0.007877: be=-0.000677,

and where P and  are power consumption in the compressor and heat transfer rate in

the evaporator, and T., and T, are refrigerant temperature at the evaporator and

refrigerant temperature at the condenser, respectively,

The condenser model is constructed from heat balance, total heat transfer rate in

the condenser (internal condenser and extemal condenser) equal the heat transfer rate
in the evaporator plus the power consumption in the compressor. It is written as

Qe = QetP 3)

In addition, there are several minor models which are derived from heat and mass
balance.
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2.2 DRYING MODEL

The drying models used in this study arc developed for drying papaya glace. The
details of the drying model are as follows:

2.2.1 CALCULATION OF MOISTURE CONTENT
The calculation of papaya glace’ moisture content is base on the drying rate
equations developed by Achariyaviriya and Soponronnarit(1990). They are given by
equations (4} to (7).

MR=(8/r%)*[exp{-3m° DV} +(3/9)exp{-117"D1*} }+(3/25)exp{-27Tn'DUI’}]  (4)

Meq = CoMuRHa/ { 1+CRHgi-2RHi-CRHy-RHi%} &)
Con =163.15exp(-0.0647T4) 6)
My =3.1987+0.14077T4 )

Where MR is moisture ratio, M., is moisture equilibrium content, RHy; is the
relative humidity of air entering drying chamber, Ty; is the temperature of air entering
drying chamber, D is diffusion coefficient, 1 is papaya glace’ size and t is drying time.

2.2.2 CALCULATION OF MOIST AIR PROPERTIES

From mass conservation, the increase of the moist air is equal to e decrease of
moisture content in the product. It can be written as

At mg(Wao-Wai) = my(M;i-Mp) 8

Where At is time interval, my is dry air flow rate, Wy, is the humidity ratio of air
leaving drying chamber, Wy; is the humidity ratio of air entering drying chamber, M is
moisture content before drying, My is moisture content afier drying and m, is the dry
mass of papaya glace".

From energy conservation, it is assumed that moist air and product are in thermal
equilibrium. The equation can be derived from the first law of thermodynamics. It is
given by equation (9).

mg[CaTait Wailhgg+CyTai)-CaTdo-WaolhgtCiTao)] = 0 9)
where Tg; and T4, are the drying air temperature of air entering drying chamber and
the drying air temperature of air leaving drying chamber, and C, and C, are the

specific heat capacities of air and vapor, respectively. Furthermore, there are a few
minor models derived from physical properties of moist air.
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3. SIMULATION PROCEDURE

A computer program including the mathematical models introduced in the previous
section has been developed to investigate the effects of some operating conditions on
the performance of heat pump dryers. This simulation program can be solved by
using numerical method. Figure 1 shows simulation flow chart. The inpuls are as
follows: the initial moisture content of papaya glace’, specific air flow rate, drying air
temperature, the fraction of evaporator bypass air, the fraction of air recycled and
other constants. The humidity ratio of air entering drying chamber is the guess value.
The steps of the calculation are as follows: drying models and heat pump models are
calculated, and then the humidity ratio of air entering drying chamber is checked. Ifit
is not equal to the guess value, the new guess value is calculated by using Newton-
Raphson technique, and the system model is calculated again. The calculation
continues until the guess value is relatively equal to the new one. The next step is to
check the relative humidity of air leaving drying chamber whether it is feasible. Ifitis
higher thap 1, the moisture condensation is calculated, and then the variables are
recalculated. Finally, the performance of heat pump dryer is calculated. Moisture
content of papaya glace’ after drying is checked. If it is higher than the desired value,
moisture content before drying is replaced by moisture content after drying, and then
the time step is advanced. The calculation continues unti! the moisture content of
papaya glace’ is less than or equal to the desired value.

Uni:ial conditions and other inputs |

=1[’
| guess Wy = 0.02 |

Te—
4

Il

[W geneni= Wastour - F/AF

I drying and heat pump simulation —|

yes

check RHy,
ifRHgp> 1

no-
| calculate SMER , DR, etc. |+

¥
| print results I

set RH =1
moisture condensation and
recalculation of variables

yes check M,

if M > desired value

Figure 1. Simulation flow chart.
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4. RESULTS AND DISCUSSION

The experumental results of papaya glace’ using closed loop heat pump dryer

- compare with simulated results are shown in Figures 2 and 3. The drying conditions

are drying air temperature of 50 °C, product dimension of 1.1x1.2x1.3 cm, specific air

flow rate of 29.8 kg/h-kg dry product, the fraction of evaporator bypass air of 0.63 and

© initial and final moisture content of 38.3 and 23.6 % db, respectively. From Figure 2,

. the simulated moisture content is slightly higher than experimental results. From

¢ Figure 3, the simulated refrigerant temperature at the evaporator and the condenser
" agrees with the experimental one.
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Figure 4. Effect of ambient conditions Figure 5. Effect of ambient conditions
on-DR of open loop system. on SMER of open loop system.
(DR = drying rate, DT = drying time, " (SMER = specific moisture extraction
Rl1amp = relative humidity of ambient rate, DT = drying timne, RHump =
air) relative humidity of ambient air)

Figures 4 and 5 show the effects of the ambient conditions on DR and SMER of an
open loop heat pump dryer, respectively. The simulated drying conditions are drying
air temperature of 45 °C and specific air flow rate of 10.3 kg/h-kg dry mass product.
Other conditions are the same values as the previous conditions. It is found that DR
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decreases when relalive humidity and/or the temperature of. ambient air increase.
SMER also decreases when the relative humidity and/or the temperature of ambient

air increase.

Figures 6 and 7 show the effects of ambicnt conditions on DR and

SMER of a partially closed loop heat pump dryer, respectively. The simulated drying
conditions are the same values as the open loop dryer. The behavior of the partially
closed loop system on the performance is similar to that of the open loop system. But,
the effects of ambient conditions of the partially closed loop system are less than those

of the open loop system.

DR (kg-water/h)
DT (v}

.
L T B T

wm bient temperature {C)

—&—DRat RHamb=40% —O—DRa1 RHamb=60%
=E—DRst RHamb=10% ~=>—DTast RHamb=40%
—C=DTat RHam b= §0% ~—F— DTat RHamb=10%

Figure 6 Effect of ambient conditions
on DR of partially closed loop system
(the fraction of air recycle75%).

(DR = drying rate, DT = drying time,
RH,mp = relative humidity of ambient
air)
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Fipure 8. Effect of (he fraction of
evaporator bypass air on SMER of all
heat pump dryers.

(SMER = specific moisture extraction
rate, DT = drying time, RC = fraction
of air recycled)
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Figure 9. Effect of the fraction of
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Figure 8 shows the effects of the fraction of evaporator bypass air on the SMER of
an open loop dryer, a partially closed loop dryer and a closed loop dryer. The ambient
conditions are relative humidity of 70 % and temperature of 30 °C. Other condilions
arc the same values as the previous conditions. Considering the open loop heat pump
dryer, it is found that SMER decreases when the fraction of evaporator bypass air
increases. For the closed loop heat pump dryer, the simulated results show that
SMER increases when the fraction of evaporator bypass air increases in the range of
0-75 %, and SMER decteases when the fraction of evaporator bypass air is more than
80 %. Figure 9 shows the effects of the fraction of evaporator bypass air on SMER
for various cases of specific air flow rates of the closed loop system. It is found that
SMER increases when the specific air flow rate decreases. From simulated resuits,
the best condition giving the SMER of 0.42 kg-water/kW-h is specific air flow rate of
4.3 kg-dry air/h-kg dry papaya and the fraction of evaporator bypass air of 75 %.

—X— SMER at RC-0%
~—O— SMER al RC=25%
~—&— SMER at RC=50%
—&— SMER at RO=75%
~{— SMER at RC=100%
~—i-~ DT st Re=0%
~—4— DT at RO=25%
—a—DTal RC=50%
—& DT at RC=75%
«¥— DT at RC=100%

SMER
(kg-water/xW-h)

Figure 10. Effect of drying air temperature on SMER for all systems of heat
pump dryers. :
- (SMER = specific moisture extraction rate, DT = drying time, RC
= fraction of air recycled)

The effects of drying air temperature on the SMERs of various systems are also
investigated. Figure 10 shows SMER versus drying air temperature. It is found that
the SMERs of all heat pump models increase when drying air temperature increases.

5. CONCLUSION

A mathematical model of a heat pump dryer developed here is simulated for
investigating the performance of heat pump dryers. The refrigerant temperature and
the moisture content of papaya glace’ are used for the verification of the mathematical
model. It is found that the simulated results agree quite well with the experimental
results. The effects of the ambient conditions, the fraction of evaporator bypass air,
specific air flow rate and drying air temperature on the performance are depicted. It is

found that ambient conditions and the fraction of evaporator bypass air slightly affect
. :
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on the performance of open loop dryer and partially closed loop dryer. Furthermore,
specific air flow rate and drying air temperature affect significantly the performance of
all heat pump dryers.
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In the experiments, papaya g)‘aca’was dried In close syslem at an average lemparalie of
55°C, specific alr flow rales of 25-32 kg dry al/-kg dry papaya gfuce' and tho evaporator
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of the dryer was obsarved dus to uniform alr distribution within the diving chambor and tigh
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maxineny average mofstire extroction rate (MER) Is 8.50 ky water cond./h andd tho rolutive

lowast avaragae spocific enorgy conswnplion (SEC) Is ubowud -1.92 Mg walar evep.
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The coeflicient of performance of heat punmp {COI?,J_F

varlos front about 4.1 to 4.7 which is

higher than {COP,J_“ oblained by the intemal condenser load which varfos from 3.0 1o 3.8.

This ah‘_dbt.des to the excess hoal rojoctod lo afmosphare rough the extamal condensar.

The qualily of drled pepaya glnca' In ferms of color Is acceplable due fo fow drying

termperalure. Cost evaluation found thof cost of papeya glace' drying was 6.43 Bahlkg

wafer evdaporation of which 2.73 was energy cosl, 0.55 was malnlfenance cost and

3.15 was fixed cost. In conclusion, HPD aclilavas high enomgy officlency, end It Is feasible

to be conmmercialized, particularly in food drylng Indusly.
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Desciiplion © Tosttlo. 1 Test No. 2 Tost No. 3
1 2 1 2 3 1 2 3
Amnblent condillons

Average lemperalura ('C) 20.4 285 28.2 20.6 20.0 28.3 29.7 275 34.7

Average refaliva humidity (%) 70.0 720 73.0 50 | 720 750 65.0 75.0 46.0
Condlilon of papaya glaca’ _

Average mo‘lslura bafore drylng (%d.b.) 83.5 44.1 | 222 86.3 424 19.5 87 40.8 16.9

Average oisiure after drying (3od.b.} 374 22.3 i4.2 316 9.5 14.7 33.6 16.9 12.0

Inltial walght (kg) 7115 | 5152 | 4307 | 6025 | "s87.8 | 4953 | s702 | 5057 | 4207

Final welght (kg . 5325 | 4372 | 4107 | 4256 | 4933 | 4755 | 479.6 | 4197 | 4030

Moisiure removed (kg ) 178.0 78.0 29.0 1?6.!.:') 94.6 19.8 190.6 86.0 7.y
Drylng alr conditions

Average lemperalure {'C) 53.0 525 53.4 534 52.9 6844 55.0 54.2 558

Specllic air flow rala 27.6 316 oy 323 25.3 252 29.1 29.1 29.1

{ka dry alr / h - kg dry kit glace)

Evaporalor by - pass air (%) a1.0 820 85.9 B81.7 81.7 81.7 817 817 81.7
Drying ttme (h) 18,5 8.5 9.5 190 12.0 3.0 18.0 8.0 4.5
Parformance of heat pump

Diying rate,.g (kg water evap. / h} 9.2 92 9.3 7.9 6.8 100 | toe | 3e

MER,,, (kg walercond. /1 h)  * 7.4 9.9 40 a7 9.3 4.7 8.6 9.4 4.2
SMER,,, (kg water evap. § kWh} 0.7643 | 0.7572 | 0.2265 | 0728 0.618 0495 | 07810 | 0.86G0 0.305

SEC,,; (MJ 1 kg waler evap.) ; 4.7 448 15.9 50 5.8 73 46 42 t 18

{COP\ohys ' 45 44 33 42 4.1 4.1 46 44 47

(COPyyhueeu 32 3s 1.8 31 3.1 28 3.1 3.4 3.7

d
'Papaya glaca’ of the 2"' and 3 stades were nol the same Latch of that 1“ slage.

hhm:lud[ng approx. 130 kg of papaya glaca’ drled with an axisting conventional hol air dryer
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Drying of Vegetables and Fruits by Heat Pumps
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Abstract

The objectives of this study are to investigate some vegetables and fruits which have
diying potential and to determine theoretically some design parameters for dryer using heat pump systems
opedating on R-22, R-123, R-124, R-134a, and R-162a. The essential design parameters are the compression
ratio {CR} , the condensing temperature (T ), tha gross temperalure lift {T.,; T, }, and the theoretical Rankine
coeflicient of performance {COPp).  The relalionship' between compression ralio , the theoretical Rankine
coefticient of performance , and the gross temperature lift for this group of working fluids for condensing

temperature 70 °C and 85 °C were delermined
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