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Development of a Mathematical Model for Heat Pump Fruit Drying
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ABSTRACT

A mathematical model for papaya glace' drying using heat pump has been developed. It
comprises of drying rale equation, mass and encrgy balance equations, thermeo-physical property of papaya
glncc’ cquations and beal exchanger equations. Successive substitution method was, used for finding the
salution. It was found that ibe model was fairly accurale for predicting final moisture conlent, air temperature
al varions parts in the systcin and temperatiie of refrigerant especiatly at low moisture level of papaya glace' .

The mathematical model was then uscd to lind out strategy for drying papaya glacc' with a
specific air flow rate of 29.8 kg/h-kg dry papaya glace’. Sinwlated results showed (hat drying time and
energy consumption decreased when the drying air temperature increased.  In addilion, the appropriate
by-pass air ratio was in the range of 86-90 %.
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ABSTRACT

A mathematical model for papaya glace’ drying using heat pump has been
developed. It comprises of drying rate equation, mass and energy balance equations,
thermo-physical property of papaya glace’ equations and heat exchanger equations.
Successive substitution method was used for finding the solution. It was found that the
model was fairly accurate for predicting final moisture content, air temperature at
various parts in the system and temperature of refrigerant especially at low moisture
level of papaya glace’.

The mathematical model was then used to find out strategy for drying papaya
glace’ with a specific air flow rate of 29.8 kg/h-kg dry papaya glace’ Simulated results
showed that drying time and energy consumption decreased when the drying air

temperature increased. In addition, the appropriate by-pass air ratio was in the range
of 86-90 %.

1. INTRODUCTION

Britnell et al.[1] studied drying of ginger and potato by using heat pump. They
found that quality of agricultural product, dried by heat pump, in terms of smeli, taste
and color was better than those dried by rotary drying. Clement et al. [2] studied
continuous drying of rubber using heat pump. They found that COP increased with air
relative humidity and suitable by pass air ratio was 60-70 %. Meyer and
Greyvenstein|3] studied economic grain drying using heat pump. They found that heat
pump drying which operated along with other purpose such as heating water was more
economical than drying using electric hot wire and diese] fuel. Soponronnarit et al. [4]
studied suitable strategy for papaya glace’ drying in thermal tunnel and developed a
mathematical model. Main assumption of the model was heat equilibrium betwgen



moist air and papaya glace’. Simulation result showed that the simulated drying rate was
slightly higher than the experimental one.

The objective of this research is to develop a mathematical model for papaya
glace’ drying using heat pump. Successive substitution method was used for finding
solution. Strategy of drying was studied by adjusting the suitable by pass air ratio with
consideration of drying time and energy consumption.

2. MATERIALS AND METHODS
2.1  Development of mathematical model

Soponronnarit et al. [4] developed a mathematical model for predicting papaya
glace’ drying in tunnel. Assumption of the model was thermal equilibrium between
moist air and product. In this research, the model was further developed for predicting
papaya glace’ drying using heat pump. The additional assumption was that temperature
at the surface of evaporator tube equaled to refrigerant temperature in the evaporator and
by pass factor depended on type of evaporator. Refrigerant temperature at condenser and
evaporator was the average value between inlet and outlet temperature of both
equipments. Temperature difference at inlet and outlet of recuperator was 4°C.

2.1.1 Calculation of papaya glace’ moisture content

Diffusion equation of cubic material was used to calculate papaya glace' moisture
content. The equation is as follows:

m(o=(sm2)3§§§[ L }(1 ( L J

=0i=0c=0 \ (21 + 1)2/| (2 +1)2 A2k +1)?
. 2 : 2 2
exp Qi) | (2j+1) RECIS) N R (1
L’ U )
X Yy z
Wherc MR(t) = (M(t)"Meq)/(Min-Mcq) (2)

Diffusion coefficient of Achariyaviriya and Sopounronnarit [5] was used for
predicting drying rate. It is written as the following:

D = 0.000917 exp [-2877.49/(T,, +273)] 3)



Equation (3) can be used for temperature of 40-80 °C and initial moisture content
not higher than 50 % dry basis. Achariyaviriya and Soponronnarit [5] found that
equilibrium moisture content of papaya glace’ and air relative humidity can be
calculated as follows:

M, = CM,RH/[100*(1.01+CRH+2RH-CRH*+RH?)] (4)
C = 163.15 exp (-0.0647 T,.) (5)
M,, = 3.1987+0.14077 T, (6)
where :

MR(t) = moisture ratio, fraction
M(t) = average moisture content of papaya glace’ at any time,

decimal dry basis
M, = average moisture content of papaya glace’ before drying,

decimal dry basis
M., = equilibrium moisture content of papaya glace' , decimal dry basis
D = diffusion coefficient, m¥h
RH = relative humidity of drying air, fraction

Wix = drying air temperature, °C
drying time, h
dimension of papaya glace’ , m

o~
il

From equation (1), average moisture content changing at any time can be
calculated from differential of equation(1) to time, using Runge-Kutta method.

2.1.2 Calculation of air condition after drying
Considering CV. 1 in Fig.1., from conservation of mass principle, it is found

that ‘air moisture change is equal to evaporated water from papaya glace’. From this
equation, W, can be determined.

Wf = (Min-Ml') R+ Wmix (7)
where R = M,/ m,, At

From conservation of energy principle, it shows that enthalpy change of air flow
including change of internal energy in drying material is equal to total heat transfer
between system and environment. From this equation, T, can be determined.

Tf = (CaTmix+wmix(hfg+Cvaix)+Rpre"wlhfg_Ql)/(C3+WICV+Rpr) (8)

where
m

It

dry air mass flow rate, kg/h



h = latent of vaporization, kl/kg

C = specific heat, kJ/kg °C
0 = papaya glace’ temperature before drying, °C
Q, = heat transfer between system and environment, kJ/kg dry air
M, = dry mass of product, kg
M; = average moisture content of papaya glace' after drying,
decimal dry basis
T = temperature, °C
W = humidity ratio, kg water/kg dry air
subscripts
a = dry air
f = outlet air from drying chamber
pw = papaya glace’
v = steam
mix = mixed air before entering to drying chamber

2.1.3 Calculation of mixed air temperature and recycled air

Considering CV. 4 in Fig 1., from conservation of mass principle, it is found that
mass of water in hot air before drying is equal to total mass of water in reduced moisture
air from evaporator and mass of water in recycled hot air. From this equation, W, can
be determined.

Wi = RCW+ (1-RO)W,,, %)
where RC = my/m,,
W,, = humidity ratio of air leaving from evaporator, kg water/kg dry air

From conservation of energy principle, enthalpy of air flow entering to CV. 4 is
equal to enthalpy of air flow leaving from CV. 4 when heat loss between system and
environment is neglected. From this equation, T_; can be determined.

Tuim{RC [ClT{+wl(hfn+chf)}+ (1'RC)[Tuo(cn“‘wmcv)"'wwchr;]" wmi:hfg }/ (Ca+wmixcv) (i 0)

where T, = outlet air temperature of recuperator , °C
T = inlet air temperature of condenser, °C

2.1.4 Calculation of humidity ratio and outlet air temperature of evaporator

Considering CV. 6 in Fig. 1., it is assumed that humidity ratio and temperature
of the outlet air of evaporator can be calculated by the following equations :

W. =  BFW+(I-BR)W,, | (11)



]
It

to BFT:E + (I'BF)T': ( 1 2)

where BF = fraction of air which does not touch refrigerant coil tube with
value of 30 %
T, = inlet air temperature of evaporator, °C
T, = outlet air temperature of evaporator, °C
T, = refrigerant temperature at evaporator, °C
W, = saturated humidity ratio at evaporator surface, kg water/kg dry air

2.1.5 FElectricity consumption

Considering CV. 2 in Fig. 1., from conservation of energy principle, it is found
that enthalpy change rate of air flow is equal to shaft power of main blower which can
be written as follows ;

Ws = mmlx(ca+wmixcv)(Tmix' TCIO) (] 3)
where T, = outlet temperature of condenser, °C
W, = shaft power of blower, ki/h

2.1.6 Heat transfer of heat exchanger

Considering CV. 3 in Fig. 1., from conservation of energy principle, it is found
that rate of heat rejected by condenser is equal to enthalpy change rate of air flow, when
heat loss between environment and system is neglected.

Qin.cnnd = mmix(ca + WmixCV)(Tcm - Tcai) (I 4)
where T, = inlet air temperature of condenser, °C
Qineong = heat received from intemal condenser, kJ/h

From conservation of energy principle in CV. 5, rate of heat exchanged at
recuperator or air to air heat exchanger is equal to enthalpy change rate of air flow.

Hotcurrent Q, = m,(C, + WCXT;-T, ) (15)
Cold curfent T,, = [Q/ m(C W, CH+T, (16)
where Q. = heat exchange, kJ/h

T, = outlet air temperature of recuperator, °C

T, = inlet air temperature of evaporator °C

Te = outlet air temperature of evaporator, °C

=3
[

o air flow rate via evaporator, kg/h

Assumption of calculation is that the difference between inlet and outlet
temperature is4 °C ,i.e.



Ta =T;-4 (a7
2.1.7 Calculation of refrigerant temperature

Heat transfer equation at heat exchanger with phase change of media substance
can be expressed as follows :

At condenser :
Tc = [Tcai- Tcaoexp((’r:an- Tcai )UAU’Qin.cond)]I[ ] “exp((Tcm" Tcai )UAJQin.cnnd)] (1 8)

At evaporator :
T, = [T Texp((T- T JUASQY [L-exp((T,- T )UA, Q)] (19)

2.1.8 Caleulation of heat pump equipment

Assumption of calculation is that the performance of compressor and evaporator
are related to refrigerant temperature at evaporator and condenser. Mathematical
function in terms of polynomial is as follows:

P

AFA, T AT HATAHATHAT.TAHA, T TAAT,T A TITE  (20)

Qev B I+B 2T3+BJT12+BIT=+B 5T=2+BGTeTc+B TTezTc+B8TeTc2+B9Te2Tc2 (2 l )

where A and B are constant from manufacturing company.
2.2 Calculation Procedure

To start, W, is assumed and by pass factor is set according to the design of
evaporator for calculating W,,, value from equation (11). W, is used to calculate W,
from equation (9), and then value of T, is used to calculate RH value and M, value is
calculated from equation (4). Then M; value is calculated from derivative of equation (1)
to time. New value of W, is calculated from equation (7) and T, is calculated from
equation (8). T, and new W, are used to calculate relative humidity of hot air leaving
from dryer(RH,) and then RH; is checked. If RH; is not acceptable (RH>1), subprogram
for moisture condensation will be calculated. But if RH; is acceptable (RH<I),
assumed T, and T, are used to calculate P and Q,, from equations (20) and (21)
respectively. Then Q, is calculated. Assumed W, value and W, value are used to find
Tor Teor Tasi> Teaos Qincanas Que and T, from equations (17), (12), (10), (13), (14), (15) and
(16) respectively. The new values of T, and T, are calculated from equations (18) and
equation (19) respectively. W, T,, and T, values are checked. If different value between
new W, and assumed W, is more than acceptable value(0.00001) and the different value
between new T, T, and assumed T, T, are more than acceptable value(0.1),
recalculation by using new value of W, T, and T, in place of assumed value will be
conducted. If those values are less than acceptable value, the following calculation will



be done : Energy consumption of main blower and compressor are calculated. Then
final moisture content of papaya glace’ is checked whether it is less than determined
value or not. If it is less than or equal to determined value, program will be stopped.(
Fig. 2. shows block diagram of calculation and Fig. 3 shows computer simulation flow
chart.)

3. RESULTS AND DISCUSSION

3.1 Comparison between experimental drying rate and drying rate from
mathematical model

From comparison between results of calculation from mathematical model and
experimental results at temperature of 50 °C with papaya glace’ dimension of
1.1 x 1.2 x 1.3 e, initial moisture content of 38.3 % dry basis, final moisture content
of 23 % dry basis and by pass air ratio of 63 % as shown in Fig. 4., it was found that
average moisture content of papaya glace’ from calculation was nearly the same as those
from experiment. Air temperature at various points as shown in Fig. 5. showed that inlet
and outlet air temperature of any equipment such as condenser, evaporator and
recuperator calculated by mathematical model was close to experimental data.
Refrigerant temperature at evaporator and condenser as shown in Fig. 6. showed that
simulated value with mathematical model was in average value of experimental results.

3.2 Using a mathematical model for finding appropriate drying condition

Appropriate drying conditions were investigated by using the developed
mathematical model. Suitable by pass air ratio was calculated by using criteria of
minimum specific energy consumption and near minimum drying time as shown in
Fig. 3. The quantity of papaya glace’ was varied in three values as follows: 56.5 kg,
80.1 kg and 101.1 kg. Figs. 7-9. show the results of simulation at various quantity of
papaya glace’. From these figures, it was found that the suitable by pass air ratio was
90%, 88% and 86% with quantity of papaya glace’ of 56.5 kg, 80.1 kg and 101.1 kg
respectively. At these conditions, specific energy consumption or drying time is at the
minimum values.

Simulation result with varying drying air temperature showed that drying time
and specific energy consumption decreased when drying air temperature increased. It
was because high drying temperature caused low relative humidity of drying air.
Therefore, moisture content of papaya glace’ decreased quickly and resulted in low
energy consumption . Suitable drying temperature in the range of study was 50 °C as
shown in Fig. 10.

4. CONCLUSION

Mathematical model of papaya glace’ drying using heat pump provided good
prediction for drying at low initial moisture content. The model also provided good
prediction for air temperature at various points in the system. Drying time and energy



consumption should be considered in drying. From mathematical model, it was found
that adjustment tendency of suitable by pass air ratio which yielded minimum specific
energy consumption was depended on quantity of papaya glace’ to be dried. If quantity
of papaya glace' was large, by pass air ratio decreased. The suitable by pass air ratio in
this study was in range of 86-90 %.
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dry basis, final moisture content = 23.6 %dry basis ]
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Seed Drying Using a Heat Pump

Somchart Soponronnarit, Somboon Wetchacama, and Tanin Kanphukdee
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Suksawat 48 Rd., Bangkok 10140, Thailand

ABSTRACT

The objectives of this research were to design, construct and test a heat pump dryer
for paddy seed working with a mixed flow (LLSU type) dryer. In this study, paddy seed was
dried in an open air-loop from initial moisture content of 13.50 - 22.15 %w.b. to final
moisture content about 12 %w.b., inlet drying air temperature was 43 "C, specific air flow
rate was 9 m*/min-m’ paddy and evaporator bypass air ratio was 0 %, 30 % and 50 % . The

effects of evaporator bypass air ratio on specific energy consumption, COP,, SMER, and

hps
MER wérc investigated. Experimental results showed that COP,, and SMER increased to
maximum at evaporator bypass air ratio of 0 % and decreased with increasing bypass air
ratio. Quality of paddy seed was very good with mean germination of sun drying and heat
pump drying of 98 % and 97 % and mean vigour of sun drying and heat pump drying of
96 % and 95 % respectively. From cost evaluation of paddy seed drying with an initial
moisture content of 22.15 Yew.b. and final moisture content of 12.45 %w.b., it was found
that total cost of seed drying was 2.81 baht/kg water evap. (US$ 1 = 40 baht) of which 0.63

was energy cost, 0.41 was maintenance cost and 1.77 was fixed cost.

Keywords: Grain drying / Seed / Heat pump

INTRODUCTION

Seed production should be managed to maintain good quality of original seed that

is good in germination and vigour [1]. Drying process is one of seed producing processes



with high energy consumption cost. Heat pump drying is becoming popular in several
countries because of high energy efficiency. Moreover, water is condensed and separated
from air thus results in dry and low temperature air which is good for producing low
moisture content product with good quality such as paddy seed. Some research works on
heat pump drying development are as follows:

Yathip et al. [2] studied feasibility of drying by using heat pump. A near-
equilibrium mathematical drying model was employed to find the optimum condition of
drying. The variables considered were specific air flow rate, drying temperature, ambient air
relative humidity, initial moisture content of paddy and height of padkly bed. The calculation
studied were specific air flow rate from 10 to 20 m¥min-m® paddy, drying air temperature
from 36 to 50 "C, ambient air temperature of 30 "C, relative humidity variation of 70 % and
80 %, initial moisture content of paddy from 18 to 24 %w.b. and height of paddy bed
variation of 0.5 and 1 m. The simulated results showed that specific air flow rate and drying
air temperature affected drying rate. At condition of low specific air flow rate and high
temperature, energy consumption was low. Energy consumption increased with height of
paddy bed. The best condition of drying was drying air temperature maintained at 49 C,
specific air flow rate of 12 m*/min-m’ paddy, paddy bed height of 0.5 m, ambient air
temperature and relative humidity of 30 °C and 70 % respectively. In drying for 2160 hours
per year, drying cost in reducing moisture content from 24 to 14 %w.b. was 61.50 baht/ton
of paddy.

Sartori [3] studied soybean seed drying in a cross-flow drying chamber to find the
variables which affected _soybean seed quality. The variables considered were relative drying
air humidity, initial moisture content, and drying air and soybean velocities. Soybean
qualities were evaluated in both of before and after drying as follows: germination, vigour
and breakage. Results from experiment showed that with low ambient air relative humidity
and high initial moisture content, quality of soybean seed decreased significantly. The best
conditions of drying were air relative humidity of 23 %, initial moisture content of soybean
of 18 %w.b., air velocity of 2 m/s and soybean velocity of 1.8 x107 m/s.

Meyer and Greyvenstein [4] studied technique and economic analysis of seed
drying using a heat pump and compared to electrical heater and diesel fuel systems. [t was
found that if operating time was less than 3 months, rate of return of heater and fuel systems

was higher than that of heat pump. This was due to high initial investment cost of heat pump



system. To make a heat pump system more economical, the heat pump should be used for
multi-purposes such as for drying and water heating.

Clements ef al.[5] studied continuous drying with heat pump using a mathematical
model to find the effect of variables on specific moisture extraction rate (SMER) and
coefficient of performance (COP). The variables considered were relative humidity of
drying air, air flow rate and evaporator bypass air ratio. The results showed that SMER and
COP increased with air relative humidity. Proper bypass air ratio should be 60-70 %.

Jia et al. [6] studied performance of continuous drying using heat pump. Results
showed that the system performance could increase by 20 % as evaporator bypass air was
recycled. If exhausted air reduced about 10 %, SMER and product quantity could increase
by about 15 % and 50 % respectively.

From the past research, it showed that suitable evaporator bypass air ratio was
60-70 %. The variables which affected seed quality were initial moisture content, drying air
relative humidity, which affected germination quality, and specific air flow rate, which
affected energy consumption. Economic analysis showed that initial investment of heat
pump drying system was high but the system would be worth for long term operation. The
objectives of this research were to design, construct and test a prototype of a heat pump dryer

for paddy seed.

MATERIALS AND METHODS

The schematic diagrams of the experimental heat pump dryer and the heat pump
unit were shown in Figures 1 and 2 respectively. It consisted of a 18 kW evaporator, 20 kW
internal and external condensers, a 3.7 kW two piston compressor, a 5 kW electrical heater, a
1.5 kW forward curved blade centrifugal fan and a mixed-flow columnar drying cabinet
(with 4 ton capacity of paddy). Working fluid was R-22. Air flow was open-loop.
Circulation rate of paddy seed in the drying cabinet was controlled by setting time for fixed
seed bed for 20 minutes alternated with flowed bed for 4 minutes.

Temperatures of air loop and working fluid loop were measured by chromel-
Alumel type K thermocouple connected to a data logger with an accuracy of = 1 C.

Bourdon gauge was used to measure pressure in the working fluid loop. At inlet air duct, air



velocity was measured by a hot wire anemometer with an accuracy of £ 5 m/s and air flow
rate was adjusted by a frequency inverter. The quantity of condensed water from the
evaporator was measured by a load cell every hour. As energy used in the system was
electrical energy, energy consumption was then measured by using a kilowatt-hour meter
and a clamp-on meter.

There were 15 experiments in this research but only four were selected for
presentation. In each experiment, air temperature was controlled at 43 "C, air flow rate and
paddy quantity were 63 m*/min and 4,000 kg respectively. Bypass air ratio was varied at 0
%, 30 % and 50 % in order to study the effect on specific energy consumption. Coefficient of
performance of heat pump (COP, ) was defined as the ratio of heat delivered at the
condenser to energy input at the compressor, and SMER was defined as water removed from
product divided by total energy input.

During drying process, paddy seed of 300-400 grams was taken every hour.
Moisture content was determined by using air oven method. After a certain storage time,
germination and vigour of paddy seed dried by heat pump was tesied according to the
method used by the Seed Reproducing Center in Surin Province and compared to that

obtained from sun drying.

RESULTS AND DISCUSSION

Results of paddy seed drying from the four experiments were shown in Table 1.
Moisture content after drying could be decreased to 11.50 %w.b. It was difficult to obtain
this moisture level when normal air heating was used (compared to conventional seed dryers
operated nearby).

Experimental results showed that COP,, and SMER increased to maximum at
evaporator bypass air ratio of 0 % and decreased with increasing bypass air ratio (30 % and
50 %). At zero evaporator bypass air ratio, high flow rate of air passing through the
evaporator caused the thermostatic expansion valve open more thus resulted in high flow rate
of working fluid entering the evaporator. Consequently, both heat receiving from the
evaporator and heat supplying to the internal condenser increased thus reduced energy

consumption.



Moisture extraction rate (MER) decreased when adjusting bypass air ratio to 0 %
and increased when adjusting bypass air ratio to 30 and 50 %. It was because the temperature
of air which flowed through evaporator at bypass air ratio of 30 and 50 % was less than that
of 0 %. Drying rate was always higher than MER. It could be concluded that open-loop heat
pump drying was suitable for paddy seed drying.

The paddy seed used in this research was Kao-Dokmali 105. After drying, paddy
sample was stored for approximately 8§ weeks before germination and vigour tests, and
compared to paddy obtained from sun drying. Results from seed quality testing were shown
in Table 2. Quality of paddy seed was very good with mean germination of sun drying and
heat pump drying of 98 % and 97 % and mean vigour of sun drying and heat pump drying of
96 % and 95 % respectively.

Total fabrication cost of the prototype of heat pump dryer was 323,407 baht of
which 248,775 was material cost and 74,638 was labour cost. In case of the operating time of
24 hours per day and 90 days per year, initial moisture content 22.15 %w.b. and final
moisture content 12.15 Sw.b., total cost of drying was 2.81 baht per kilogram water
evaporated of which 0.63 was energy cost, 0.41 was maintenance cost and 1.77 was fixed

cost.

CONCLUSION

Important results of paddy seed drying using a prototype of heat pump working
with a mixed flow (LSU type) dryer (capacity of 4 tons of paddy seed) with air flow rate of
63 m*/min under temperature and relative humidity of ambient air in ranges of 27-30 "C and
66-73 % respectively could be drawn as follows:

1. Open-loop system was suitable for paddy seed heat pump drying.

2. The appropriate evaporator bypass air ratio was 0 %, which produced maximum
values of COP,,, and SMER.

3. The quality of paddy seed in terms of germination and vigour obtained from
heat pump drying was very good.

4, Total cost of drying was 2,81 baht per kilogram water evaporated of which 0.63

was electricity cost, 0.41 was maintenance cost and 1.77 was fixed cost.



ACKNOWLEDGMENT

The authors would like to thank the Thailand Research Fund for their financial
support, Rice Engineering Supply Co. Ltd. for help in construction of the heat pump dryer,
and to thank Seed Reproducing Center in Surin province for help in installing and testing the

heat pump dryer and help in testing seed quality.

REFERENCES

1. Duangpatha, J. 1986. Seed Technology, Agricultural Book Group, Bangkok. 210 p.
(in Thai).

2. Yathip, B., Soponronnarit, S. and Nathakarakule, A. 1995, Feasibility study of paddy

drying and cooling using heat pump. Engineering Journal : Research and Development,

6(1),  1-12.

3. Sartori, D.J.M. 1992. Drying of seed in cross-flow moving bed. Drying Technology,14,
1524-1533.

4. Meyer, J.P. and Greyvenstein, G.P. 1992. The drying of grain with heat pump in South

Africa : A techno-economic analysis. International Journal of Energy Research, 14,

397-406.

5. Clements, D., Jia, X. and Joly, P. 1993. Experimental verification of a heat pump

assisted continuous dryer simulation model. International Journal of Energy Research,

17(1), 19-28.

6. Jia, X., Jolly, P. and Clements, S., 1990. Heat pump assisted continuous drying, part 2.

(simulation results). International Journal of Energy Research, 14(1), 771-782.



Table 1 Experimental results of paddy seed drying

Descriptions Test nos.
1 2 3 4
Ambient conditions
Average temperature, °C 27 27 30 30
Average relative humidity, % 70 73 66 67
Conditions of paddy seed -
Average moisture content before drying, %w.b. 22,151 13.50 13.50] 13.50
Average moisture content after drying, %w.b, 12.45 1150 11.50] 11.50
Initial weight, kg 4000{ 4000, 4000{ 4000
Drying air conditions
Average temperature, °C 4] 43 44 42
Average relative humidity, % 24 22 2] 21
Specific air flow rate, m3/min-m3paddy 9 -9 9 9
Rate of paddy circulation, ton/h 1.60 1.60 1.60 1.60
Drying time, h , 23 10 10 10
Evaporator bypass air ratio, % 50 50 30 0
Performance of heat pump
Drying rate, kg water evap./h 19.27 9.04 9.04 9.04
MER, kg water condensed/h 8.43 8.23 698 631
SMER, kg water evap./kW-h 1.95 1.03 1.20 1.27
COPpp 4.18 439 479 5.18
Specific energy consumption, Ml/kg water evap. 1.85 3.51 299 2.83
Remark: MER is moisture extraction rate from evaporator
SMER is specific moisture extraction rate
COP,, is coefficient of performance of heat pump
Table 2 Paddy seed qualities
Test nos. Germination Vigour
Sun drying |Heat pump drying [Sun drying [Heat pump drying
1 99 96 97 92
2 96 97 95 96
3 97 97 96 93
4 100 96 97 99
Average 98 97 96 95
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