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1 = collector, Z = Blower, 3 = burner stove

4 = cabinet dryer, 5 = Facilitating room

Figure 3 Solar forced convection dryer
Tabte 1 The resuls of banana crving tesiing of various metnods

NCSD” LPGD® FCSD+LPG"

tnital weight of penanas (kg) 25 182 350
minal weignt of sananas (kg) 8 73 1611,
Wazler evaporation !Csé.kké) . S 48 118 218.¢
Toiwal solar reo’;ax-ion atcollecE)r_sB"ace (M_J;_m o 292-? _ - 18128 -
Toiel engrgy consumption of LPG (M) S - - —5"2_‘%# :)5(‘,4
Teigi elecinical consumption of fan {(MJ) 7 - - 383.3
o2 energy consumplion (M) o 292,3.. - ”—lw_é.'f'1.—2mm é 5—5;2 “
eEnt heaa of eva:orazlch (MJJ.-(;) s 72.4-“ 24 2_,_;-__“
Frstfaw eificiency el N T3 1ﬁ 29.4— _:5__
~verage first law efiiciency (%)D | » 1‘1.1 7m+2“3.5‘.28_513‘.05 15.é
EZpzoiic energy cc#s:motioll:.l (h.f’:J.fkg_o"f_w_ai;—"_ = —1_8_3_ 8.2 14'.9_ N

svznoreted)

Remark: NCSD = Natwral Convecuon Solar Dryer
LPGD = LPG natural convection Dryer
=C8D -~ LPG = Forcad Cenvection Solar Dryver with LPG as zuxilizry
A = 12siresulls betweer “5-15 APR 1883
B = 1est rasults betweer *3-18 DEC 1985,
C = 1es! resuils between 15-18 MAY 1985,
D = Average first law efficiency of all experiments.
E = Average first law efficiency of 2. 4 and 5 day drying respectively
LPC Low Heating Vealue = 48,583 kJ/kg

w



DRYING OF BANANA FRUIT
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Abstract - A comparative study of various method of banana drying: sclar natural
coavection drying (SNCD), LPG natural convection drving (LPGD) and solar forced
convection drying with supplemental heat from LPG (SFCD+LPG), was performed.
Experimental resuits showed that SNCD took 6-7 days (57 h) for completing one baich
of banana. Total primary energy consumption and the first law efficiency were 162
MI/kg of water evaporated and 2.5 % respectively. LPGD took 3 days (45 h) for
completing one batch of banana. Total primary energy consumption and the first law
efficiency were 8.4 Ml/kg of water evaporated and 30 % respectively. The last method,
SFCD+LPG took 5 days (44 h) for completing one batch of banana. Total primary
energy consumption and the first law efficiency were 14.9 Mi/kg water evaporated and
16.1 % respectively.

L. INTRODUCTION

The region of Phitsanulok and surrounding districts have a considerable amount of
“nam-wa~ bananas produced, which are commonly dried by open-sun drving, thus
exposed to dust, insects, mold and micro-organisms, causing further product quality
problems. These problems could be reduced by using an effective solar dryer.
Recently, there are 3 drying methods used in this area; solar natural convection drving,
LPG narural convection drying and solar forced convection drying with supplementai
heat from LPG. Comparative studv of these methods of drying would be appropriate.

Drying rate of damp cloth using solar natural convection cabinet dryer was found to
be 4.2 kg/m*-day[l]. The ratio of the area of air exit to the surface area of solar
collector of 0.1} delivered the optimum drying efficiency with drying rate of 3.2 kg/m’-
dav[?]. Wibulswas and Thaina{3] dried damp cloth with a hybrid solar natural
convection dryer and found that drving rate was 5 kg/m’-day. Furthermore, some
research was conducted to develop a model dryer that employed forced convection, e.g.
tobacco barn- drying using solar energy[4], modification of the drying bam w0 dry
various fruits[3] and solar banana dryving[6]. Additional information is available in the
literature(7.8]. In addition to these findings, the research results and developments
concerming solar dryer from various Asian countries were reported[9]. Rakwichien et
al.[10] studied a hybrid solar forced convection dryer for “nam-wa’ bananas and found
that thermal efficiency was 30 %. Schirmer et al.[1!] studied banana drving in solar



tunne! drver powered by a 53 W solar cell module. The results showed that bananas
could be dried within 3 - 5 davs compared 10 3-7 days needed for natural sun dryving.
Through the observation of various projects within Thailand. it could be concluded that
the use of a solar natural convection drver for bananas is economically feasibie[12]. and
forced convection is also realized as feasible technology[6.13].

With various types of fruit dryer available, the objective of this research is therefore
1o compare the performance of various types of the banana dryer, i.e., solar natural
convection drving, LPG natural convection drying and solar forced convection drying
with supplemental heat from LPG.

2. MATERIALS AND METHODS
2.1 Deiails of dryvers

The details of three banana drvers tested in this research are as follows:

a) Solar natural convection drver

As shown in fig.1, this block-shape drver, designed by Department of Energy,
Ministry of Sciences. Technologv and Environments, is made of plywood coated with
black color and 1ts cover 1s made of transparent plastcs. Inside the dryer. there is a
bamboo trav with area of 0.2x1.3 m". lts collector area is 2.64 m’ and its capacity is 25
kg of fresh banana with 9 kg of dried banana outputs.
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1 = ransparent plastic cover, 2 = plywood drying chamber, 3 = air outlet
4 = dryer legs made of wood, 5 = air inlet, 6 = bamboo tray

Figure 1 Solar natural convection drver

b) LPG natural convecuion drver

This drver. as shown n fie.2. designed by Agriculiural Machinery Center,
Phitsanulok. uses LPG for heating air. There are two trollevs with eleven 1.1x1.3 m-
bamnoo ravs each in the drving chamber. The side and back walls of the drver are made
of brick ceated with cement while the door and roof are insulated by rice husk. 2.4 cm
thick. covered with zinc sheet. The drver capacity 1s 192 kg of fresh banana with 73 kg
&f drimd baridid goipudis.
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1 = air outlet, 2 = LPG container 1 = trolleys, 2 = air inlet, 3 = air outlet
5 = burner, 4 = LPG valve 4 = the flame from LPG burning

5 = dryer roof
Figure 2 LPG natural convection dryer

¢) Solar forced convection dryer

This drver (fig.3). designed by Asean-Canada Project at Naraesuan University, has
solar collector units that separated from drying chambers[14]. Heat transfers from the
collectors to the forced air in flow-channel which is later exits at collector outlet. In
case of insufficient temperatures, LPG will be a stand-by auxiliary that directly heats
ambient air in a junction burner located near the exhaust fan. One drying svstem
comprises of 23.1 m’ of solar collector area and a drying chamber of 1.73m x 2m x 6m
long that accommodates three trolleys, five shelves and sixty trays. In operation, the air
passes through the solar collector and directly enters the drying chamber through four
perforated ducts located on the chamber floor. After that it further moves vertically past
the drving bananas before exits at the chamber roof through six outlets.
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[ 9m m3.4m I 6m ! 10m

1 = collector, 2 =blower (1.5 kW), 3 =LPG burner
4 = cabinet dryer, 5 = facilitating room
Figure 3 Solar forced convection dryer



2.2 Experimenis

The experiments for each type of dryer are as follows:

a) Solar natural convection drver

25 kg of peeled ripe bananas were spread on the dryer tray and dried during davtiime.
At the end of the first and second davs of drying, they were collected, put in plastic bag
and kept all night to start on sweetening before spreading them on the tray again on the
day after. During night time of the third, fourth and fifth day of drying, they were piled
in the middle of the tray to prevent case hardening. After the fifth day of drying, all
bananas were flattened and further dried for another two days to complete the process.
Seven drvers were used in this experiment to obtain continuous output of dried banana
every day.

b) LPG Natural convection dryer

192 kg of ripe bananas were dried during davtime every day. At the end of the first,
third and fourth day of drving, all bananas were piled in the middle of the tray and left
all night to prevent case hardening while at the end of the second day they were
collected and kept in plastic bag all night to start on sweetening. In the middle of the
fourth dav, the bananas were flatiened before being further dried on the last day,
completing the process. The drving temperature was approximately 53°C

¢) Solar forced convection drver

The experiment was conducted with 360 kg of peeled ripe bananas. The experimental
process was the same as the LPG Nartural convection dryer.

The three experiments mentioned above collected the following data:

-Air flow rates were determined by the average air-flow velocity of the exhaust air at
the cross-section of the air product, with a fan anemometer.

-Temperature, entering and exiting solar collector, was measured by a type K
thermocouple connected with data logger with an accuracy of £1 °C and recorded at one
hour intervals.

-Tota! solar radiation received on the solar collector surface, was measured by a solar
indicator with an accuracy of £ 53%.

-LPG consumption was determined by recording LPG weight displaced.

-Electrical consumption of the centrifugal fan was measured with a meter
(Yokogawa), with an accuracy of + 1%

-Moisture content of the product, by the random selection of two banana samples,
was weighed by accurate scales, 0.01 g, then cut into small pieces and dried in an oven
a1 103 °C for 72 hours.

-Water evaporation was measured by large scales (Max.cap. 60 kg), with an accuracy
of £ 0.1 kg, and recording weight changes before and after each drving period.

3. RESULTS AND DISCUSSION

The resulis of banana drving testing of various methods are depicied in Table 1.



Table 1 The results of banana drying testing of various methods

SNCD? LPGD? SFCD+LPG"

Initial weight of bananas (kg) 25 192 360
Final weight of bananas (kg) 9 73 (411
Water evaporation loss (Kg) 16 119 218.9
Total solar radiation at collector surface (MJ) 2923 - 1.814.9
Total energy consumption of LPG (MIJ) - 971.2 1.060.4
Total electrical consumption of fan (MJ) - - 3938
Total energy consumption (MU} 2923 971.2 3.269.2
Latent heat of evaporation (MJ/kg) 2.4 2.4 2.4
First law efficiency (%) 13.1 294 16.1
Average first law efficiency (%) 12.3 30.0 16.1
Specific energy consumption (MJ/kg of water 18.5 8.2 14.6

evaporated)

Remark: SNCD = Solar natural convection dryer
LPGD = LPG natural convection dryer
SFCD + LPG = Solar forced convection dryer with LPG as auxiliarv
A =1est results during April 1993.
B = test results during December1995.
C = test results during May1995.
LPG Low Heating Value = 46,693 kJ/kg

From all tests. it was determined that initial moisture content of the fresh banana was
between 230-300 % dry basis, and average final moisture content upon SNCD, LPGD
and SFCD+LPG of 50. 47 and 47.3 % dry basis respectively. As reported on the table,
the specific energy consumption of the LPGD is the lowest. This is caused by the fact
that the efficiency of solar collectors are much lower than that of LPG combusrion.

The colour of dried banana skin from SNCD, measured by R.H.S. Colour Chart, was
Greved-Yellow 162 group B while those from the LPGD and SFCD+LPG were darker,
Greved-Orange 163 group A. This 15 caused by higher temperature in drying chamber,
43 °C compared to 55 °C and 53 °C respectively which leads to nonenzymatic browning
reaction.

4. CONCLUSION

The average efficiency of LPG drying is higher than those of solar drvers, 30%
compared with 12.5% 1in solar natural convection drver and 16.1% in solar forced
convecuion drver. The dried banana skin color of LPG drving and solar forced
convecuon drver with LPG as stand-by auxiliary are darker than that of solar natural
convecuon drver.
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ABSTRACT

The purposes of this research are to design, construct, evaluate performance
and conduct 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 capacty of heat purop 1s 1 ton refrigeration. In this
expenment, papaya glace’ is dred 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 operation is
divided wto two steps. In the first step, papaya glace’ with dimension of
6.35%15x2.5 cm® and initial moisture content of 74 % dry-basis is dried. In the
second step, papaya glace’ dred in the first step is cut into 0.98x0.98x0.98
cm’ and dried to moisture content of 23 % dry basis. 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 twosteps
approximately 80 h (40 h in each step). Energy consumption is 9.93 MJ/kW-h
or SMER(Specific moisture extraction rate) 0.363 kg water evaporation/kW-h
at specific air flow rate of 21.42 kg dry air/h-kg dry papaya glace’. The
coefficient of performance for heat pump (COPy,) vanes between 3.71-3.85.
For the quality of papaya glace’ after drying in terms of color, it 1s found that
color of papaya glace’ is light reddish-orange(code 34-C from R.H.S colour
chart). For cost evaluation from this experiment, it is found that cost of
papaya glace’ drying i1s 12.8 bath/kg water evaporation of which 5.3 is energy
cost, 1.4 is maintenance cost and 6.1 is fixed cost (US$ 1 = 34 baht).

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

Dned 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,
Cabinet dryer is a dryer which is suitable for drying fruit. Drying temperature
used in the dryer 1s approximately 60-70°C. If drying temperature is higher,
product will be dark colored and its surface is withered and wrinkled. The
small dryer uses electric, LPG and solar energy for heating air. Solar energy
has limitation in inconsistent energy. Therefore it is only added energy. 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
temnperature and relative humdity. Product quality in terms of color and smell
is imited changed and 1s accepted by consumer.

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 and Kraner,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
into the system. However, the heater caused COP reduce. Heat pump dryer
performance could be increased by selecting suitable ratio of air entening to
evaporator and by pass air, and using recuperator to exchange heat between
bhot air from cabinet dryer and cold air from evaporator.

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

MATERIALS AND METHODS

Heat pump dryer in this research 1s a close-loop system as shown in Fig. 1. It
consists of 0.90x0.80x0.75 cm’ drying cabinet, 12 drying trays with area of
0.63x0.72 cm”’ each, 1.3 KW two piston compressor, 4.5 kW intemal and
external condensers (4x13 rows and 14 fins per inwn), 3.66 kW evaporator
(3%8 rows and 14 fins per inch), 2 cycles of capillary tube throttiing valve
with dimension of 100x0.164 cm, recuperator heat exchanger with air mass
flow rate of 0.14 ke/s and different temperature (between inlet and outlet) of 6
°C, 3 kW heater, backward curved blade centrifugal fan with air mass fiow



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
motor of 50 W, and forward curved blade centrifugal fan for evaporator with
air mass flow rate of 0.14 kg/s and motor of 50 W. 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 expenments 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 % (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 6.35x15%2.54 c¢m’ and initial moisture
content of 74% dry basis is dried (experiments 1/1, 2/1, and 3/1). Second step,
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 Fig. 2 and temperature of refrigerant
loop 1n Fig.3 are measured by Chromel- Alumel type k thermocouple connected
to data logger (accuracy = 1 °C). Budong gauge is used to measure pressure
i refrigerant loop. A load cell with accuracy of 50 g is used to measure
weight of matenal in cabipet dryer. Maximum weight measured is 150 ke,
Condensed water 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 methods as
follows: 1) Papaya glace’ sampie is taken and cut into small pieces. 2) The
sample is measured by digital balance (accuracy of 0.01 g). 3) The sample is
put into a cabmet 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
Air temperature variation

From the experimental results, it is found that differences of iniet 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. Outlet air
temperature at external condenser varied up and down, which is effected from
temperature controliing by solenocid 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 )

Papaya glace’ moisture content variation

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, water evaporated from papaya glace’(or drying rate) and water
condensed at evaporator (or moisture extraction rate, MER). It 1s found that
value of MER is higher than drying rate , as shown in Figures 6 and 7. It is
assumed that surrounding hurudity can absorb into drying section of heat

pump.
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 apalytic results from each experiment are concluded in Table 1. Energy
consumption decreases with the specific air flow rate while drying rates, MER
and SMER increase.

Heat Pump Performance Analysis

In thus study, performance of heat pump 1s determined by expenmental results
obtained from both air loop and refngerant loop (average record data every 2
hours).  Analytic results show that error percent i1s in range of being
acceptable. Performance of heat pump expressed in terms of coefficient of
performance for heat pump {COPy,) vanes between 3.71-3.89.

Papaya Glace’ Quality

For the quality of papaya glace’ after drying from two steps of expenment, it
15 found that colour of the product is light reddish-orange (in code 34-C from
R.H.S colour chart) which 1s lighter than that of drying papaya glace’ in hot
alr tunnel.

-



Cost Evaluation

Conditions for evaluation of heat pump in this study are as follows: capacity
132.2 ke/batch, operating time 48 batches /year, average drying time 30
hr/batch, dried papaya glace’ quantity 6346 kg/year, 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 kg water evap_/batch, electricity price 1.55 baht/kW-h, electricity used
rate 1.89 kW-h and interest rate 18%/year. The operating cost is neglected in
this study.

In case of life time of heat pump is 10 years

Total annual cost is 27,079 baht/year or 12.8 baht/kg water evap. of which
6.1 1s fixed cost, 5.3 1s electricity cost and 1.4 is maintenance cost.

In case of life time of heat pump is 5 years

Total apnual cost is 32,246 baht/year or 15.2 baht/kg water evap. of which
8.5 1s fixed cost, 5.3 is electricity cost and 1.4 is maintenance cost.

CONCLUSION

1. Dryng rate (water evaporated rate from papaya glace’ ) of heat pump can
be operated to 0.686 kg water evap./h

2. Moisture extraction rate from 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 step)

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  21.4kg dried air/h-kg dried papaya.

5. Coefficient of performance for heat pump (COP,,) 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 of which 4.74 is
heating power at intemal condenser and 0.3 is at external condenser. Power
supplied to compressor 1s 1.31 kW.

6. Cost evaluation of this study is found that total operating cost i1s 12.8
baht’kg water evap. of which 5.3 1is energy consumption cost, 1.4 is
maintenance cost and 6.1 1s fixed cost.



7. Colour of papaya glace’ after 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 effect of drying
temperature which 15 Jower than that of the drying in tunnel.
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Table 1 Expenimental drying results

Description TEST No.
11 1/2 2/1 2/2 3N 312

Ambient coﬁdiﬁon

Average temperature (°é) 289 293 285 289 293 293

Average relative hurnidity (%) 775 716 656 569 T46 749
Condition of papaya glace'

Average moisture befare drymng (%edb.) 74.8 404 738 383 748 367

Average moisture final drying (%db.) 404 232 383 236 363 191

Initial weight (kg) 704 5365 1011 801 1322 1610

Final weight (kg) 56.6 497 805 716 1034 880
Drying air condition

Temmperature (°C) 50 50 50 50 50 50

Spexcific air flow rate

(kg dry air‘h-kg dry papaya glace”) 403 402 279 28 214 219

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

Energy consumption (MJUkg water evap)) 1595 39.73 13.56 3802 993 1975
Drying time (h) 42 40 41 48 42 38
Performance of heat pump

Drymg rate (kg water evap./h) 0327 0171 0.504 0177 0.686 0.343
MER (kg water condensed/h) 0.541 0316 0.578 0195 078 0.544
SMER (kg water evap./KW-h) 0172 0.091 0.266 €.095 0363 0343
COPRy, 382 376 385 373 383 3.81

Where MER = Moisture extraction rate frora evaporater

SMER = Specafic moisture extraction rate
COPyp = Coefficient of performance for heat pump



Recuperalor

Evaporator Blower for evaparator

Drying cham ber ¢

Foxternml Damper for by-paxs alr
condenser Van .
Yyl oy Tray 200
Blower for external e
condenser 74
| Trofley
of]

1030

©)
I AVAUAT B SR

A
Compreszor Losd cell
IntesTad condenser Dumper for ¢rying
chamber
Blower for drying chamber
Unit: mm
1540 00 1500

e

Figure 1 Heat pump fruit dryer
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Figure 2 Temperature measurement for air loop

I = ambieat, dry bolb § = after drying, doy bulb 9 =inlet of evaporator 13 = sixth tray
2 = ambient, wet bulb 6 = after drying, wet bulh 16 = ondet of evaporator 14 = tweifth tray
3 =before drying, dsy butb 7 = cuodet of extemal condenser 11 = outet of recaperator
4 = befors drying, wet bulb £ = inlet of intemal condenser 12 = first tray

2 Way valve

Expansion valve.

Comprexsoc
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Figure 3 Temperature and pressure measurements for refrigerant loop

For temmperature For pressure
15,16 = inlet and oouter of evaporator

17,12 = inlet and outdet of externaj condenser
19,20 =inlet and ondet of internal condenser

21,22 =inlet and ondet of evaporator
2324 = iniet and outtet of extemal condenser
23,26 = inlet and ondet of internal condeaser
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Figure 4 Evolution of temperamures in air loop for the 2" test, lﬂstagc

T, = ambient 1emperature T; =~ temperature after drying

Ty = temperature before drying Tus = outler temperature at external condenser
To = inlet temperature at internal condenser  Tg = inlet temperature ai evaporator

Ty = outlet temperature at evaporator T = outlet temperature at reCUPETator
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Figure 5 Evolution of temperatures in air loop for the 2 test, 2 stage
T, = ambient temperature Ty = temperature after drying
Tg = temperamure before drying Ty = outler temperature at external condenser
o = inlet temperature a1 intemal condenser To = inlet temperature at evaporator
T, = outlet temperature at evaporalor . Tp = outlet temperature al recuperator
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Figure 6 Evolution of average moisture content of papaya glace', water cogdensed
at evaporator and water evaporated from papaya glace' for the 2 test, 1 stage

m. = water condensed ar cvaporator
Me = water evaporated from papaya glace
M = average moisture content of papaya glace
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Figure 7 Evolution of average moisture content of papaya glace', water

at evaporator and water evaporated from papaya glace' for the

M, = water condensed at evaporator
My = water evaporated from papava glace
M = average moisture contént of papaya glace
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Keywords : stmulation ; heat pump dryer ; modeling
ABSTRACT

A mathematical model of a heat pump dryer was developed to study the
performance of an open loop, a closed locp and a partially closed loop heat pump
dryers. The criteria for evaluating the performance were specific moisture exwaction
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 ternperature
were described. [t was found that ambient conditions and the fracticn 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 sirmnuiation
of papaya glace’ drying using closed loop heat pump dryer were close to the
experimental results. From this sirnulating 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

Diying of fruits has been found in various apptications. Basically, conventional
aot 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 temperatiure since moist alr leaving the
drying chamber can be dehuwmidified 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, geperator heat losses
of 60 %, and transmission losses of 20 %. Jolly et al. (1990) reported a meticulous
mathematical modei of 2 heat-pump-assisted continuous dryer. This model was used
by Jia et al, (1890) to investigate the performance of a heat-pump-assisied continuous
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,
comoressor speed, total air mass flow rate and vented air mass flow rate. Clements et
al. (1993) used the mode! developed by Jolly et ai. (1990) to predict the performance
of & heat-pump-assisted continuous dryer. The results showed that specific moisture
extraction rate increased when air relative humidity was increased. Moreover, the
optimum total air mass flow rate of 0.63 kg/s and the optimum fTaction of 2vaporator
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byvpass air of 60-70 % were found. Prasertsan et al. (19U0) developed a dewdied
mathematiical model. This mocel was used by Prasertsan ¢t al. {1997). The simulated
rzsults showed that specific moisture extraction rale and moisture extraciion rale
varied with the ambient conditions and drver efficiency. A closed loop heat pump
drver was not suitable for high drying rate process. Praserisan and Szen-saby (1998)
reporied 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 consiant.

The objectives of this study are to develop a mathematnical 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.} HEAT PUMP MODEL

[n 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 equaticns (1) and (2).

P = a]+32Tcr+aSTcr+a4T2cr+aSTzcr'i'aGTchcr+a7T2chcr+aSTchzcr+a9T2ch2cr (1)
Qc = b]+b2Ttr+bBTcr+b4Tzc:+bSTzcr’Lb6Tchcr+b','Tzchcr':_bETchzcr+b9T2ch2cr (2)

Where 21=236.5102: a;=-11.7410: a;=28.60982: a,=-0.019889

as=-0.192508: ag= 0.432783; a;=-0.014498: az= 0.0032!
as=0.00169: by=5949.677. b,=239.8593: b;=-65.3618
be=2.168339: be=0.07299: bs=-1.27928 : b;=0.031682
bg=-0.007877: be=-0.000677,

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

the evaporator, and T, and T are refngerant temperature at the evaporator and

refrigerant temperature at the condenser, respectively.

The condenser model is constructed from heat balance, total heat wansfer raie in

the condenser (internal condenser and external condenser) egual the heat wansfer rate
in the evaporator plus the power consumption in the compressor. It is written as

Qe = QP ©)

In addiuon, there are severa! minor models which are deved from heat and mass
balance.
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2.2 DRYING MODEL

The drying models used in this study are developed for drying papava glace. The
detalis 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/%*) [exp{-3n’Dt/1*}+(3/9)exp{-1 1" DUI*} }+(3/25)exp{-27n"DVI*}]  (4)

Meq = CuMuRHe/{1+CrRHgi-2RHyi-CRHe™-RHy ") (5)
Cn =163.15exp(-0.0647T:) (6)
My =3.1987+0.14077Tg 7

Where MR is moisture ratio, M is moisture equilibrium content, RHy; is the
relative humidity of air entering drying chamber, Ty is the temperatwre ¢f air entering
drying chamber, D is diffusion ceefficient, [ is papaya glace’ size and t 1s drying time.

2.2.2 CALCULATION OF MOIST AIR PROPERTIES

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

At mg{Wao-Wyp) = my(Mi-My) (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, Mr is moisture content after drying and m, is the dry -
mass of papaya glace’.

From energy conservation, it is assumed that moist air and product are 1n thermal
equilibrium. The equation can be derived from the first law of thermodynamics. [t 1s
given by equation (9).

mg[CaTaitWailhg+CoTai)-CaTgo-Waolhgg+CoTeo)] = 0 )
where Tgand Ty, 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 compuler program including the mathematical models intreduced in the previous
section has been developed 10 invesiigate (e effects of some operaling condilions on
the performance of heat pump drvers. This simulaiion program can be solved by
using numerical method. Figure 1 shows simulation flow chari. The inpuis are as
follows: the initial moisture content of papaya glace/, specific air flow rate, drying air
temperature, the fraction of evaporator bypass zir, the frection of alr recycled and
other consiants. The humidiry raiio of air entering drying chamber is the guess value.
The steps of the calcujation are as follows: drying medels and heat pump models are
calculated, and then the humidiry ratio of air entering drving chamber is checked. If it
is not equal 1o the guess value, the new guess value is calculated by using Newion-
Raphson technique, and the system model 15 calculated again. The calculation
continues untl the guess value is relatively equal to the new one. The next step 1s to
check the relative humidity of air leaving drying chamber whether it is feasible. If it is
higher thag 1, the moisture condensation is cazlculated, and then the variables are
recalculated. Finally, the performance of heat pump drver i1s calculated. Moisture
content of papaya glace’ after drying is checked. If it 1s hugher than the desired value,
moisture content before drying is replaced by moisture content afier drying, and then
the time step 1s advanced. The calculation continues until the moisture content of
papaya glace’ is less than or equal to the desired value.

Linitiai conditions and other inputs
—

L guess W: =0.02 —[

- ]

drying and heat pump simulation _
: j Mdl(ncu"v: Wgitoly - Fde—’

check Wy
1f]Wd,(,.,w) 'Wdil'ald]] > 00000

ves

check RHgy, )'csi
if RHgp> | 1 sel RHg,=1

noT i moisture condensalion and
T recalcuiation of variables
Ecaiculate SMER .DR, ctc.‘}——-J
T
L print results

check Mg
if My > desired value

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

The experimental resuits of papaya OIace’ using closed loop heat pump drver
compare with simulated results are shown in Figures 2 and 3. The drying conditions
are drying air temperature of 30 °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

: imtial and final moisture content of 38.3 and 23.6 % db, respectively. From Figure 2,
. the simulated moisture content is slightly higher than experimenial results. From
* Figure 3, the simulated refrigerant temperature at the evaporator and the condenser

- agrees with the experimental one.

A
=

moiuIE cantempYh

140
41.0

o
P
PO = I

deying time(h)

tfimulaticn

& experiment

Figure 2. Comparison of moisture
content of papaya glace’.
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Figure 3. Effect of ambient conditions
on SMER of open loop system.

" (SMER = specific moisture extraction

rate, DT = drying time, RHamo =
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



decreasss when relative humidity and/or the temperature of ambient air increase.
SMER also decreases when the reiative humidity and/or the 1emperature of ambient
air increase. Fipures 6 and 7 show the effecte of ambient 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 1s similar 1o that of the open loop system. But,
the effects of ambient conditions of the partually closed loop svsiem are less than those
of the oper loop system. '
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Figure & Effect of ambient conditions
on DR of partally closed loop sysiem
(the fraction of air recycle75%).
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Figure 7 Effect of ambient conditions
on SMER of partially closed loop
system (the fraction of air recycle75%).
(SMER = specific moisture extraction
rate, DT = drying time, RH;mp =
relative humidity of ambient air)
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Figure § shows the effects of the fraction of evaporator bvpass air on the SMER of
an open lcap dryer, a partially closed loop drver and a closed loop drver. The ambient
condltians are relative humidity of 70 % and temperature of 30 °C. Other conditions
are the same values as the previous conditions. Considening the open loop heat pump
dryer, it is found that SMER decreases when the fraction of evaporator bvpass 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 decreases 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 varicus 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 results,
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 %.

¢ 0307 —I
I —X—SMER at RC=0%

—O— SMER at RC=25%
—&—SMER at RC=5(%

3 —o—SMER &t RC=75%
= =
§5 = —C—SMERatRC=100%

o

o

i —8— DT at Re=0%

= 0.16 )

—+— DT 2t RC=25%
01 >

—4— DT at RC=50%

—&— DT at RC=75%
—X—DT at RC=100%

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. [t is found that the simulated resuits agree quite well with the expenmental
results. The effects of the ambient conditions, the fraction of evaporator bypass air,
spectfic air flow rate and drying air temperature on the performance are depicted. It 1s
found that ambient conditions and the fraction of evaporator bypass air siightly affect

7
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on the performance of opsn loop drver and pariz.y closed loop drver. Fumbermore,
specific air flow rate and drying air tzmperature aiffect significantly the performance of
all heat pump drvers.
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Abstract

A 292 m® solar drying system has been constructed at a privately owned food factory in
North East Thailand. The performance of the system has been modelled using TRNSYS.
Standard subroutines have been used in conjunction with a purpose written crop subroutine
to describe the system. The crop dried during the experimental period was sliced green
bananas. Hourly collector outlet temperature predictions are, on average, within 3% of
measured values. Predictions of solar energy collected over the experimental period are
within 7% of the measured amount. When a drying constant (k) of 0.564 hr' is used in a
modified Halsey equation, the predicted values of moisture content are within +/- 4%
points of measured values over the drying period. The predicted values of pick-up ratio are
within +/- 6% points of measurements. Predictions of auxiliary energy use are within 19%
of measured values, if a heat exchanger efficiency of 90% is assumed.

1. Introduction

The demand for energy in Thailand is expected to increase greatly in the coming decade.
Although fossil fuel resources in the country are limited, there is abundant solar energy.
Average annual horizontal global radiation levels are approximately 17 MJ m™® A solar
drying system 1s currently being trialled at a factory in the village of Khao-kor in North
East Thailand. If successful, it is intended that more systems will be constructed at other
locations. A validated mathematical model of the system would therefore be a useful tool
to assist in the design and optimisation of future systems. This paper describes the
mathematical model, and compares model predictions with measured data.

2. System Description

The complete solar drying system consists of four separate drying units. Each of these
consists of five main components (Figure 1). These are a 73 m® solar collector array,
ductwork, fan, heat exchanger and drying bed. A central boiler provides supplementary
energy to the heat exchanger in each system. A more detailed description of the system
has previously been reported (Rakwichian et al., 1998).

3. Modei Description

The system has been modelled using the standard subroutines contained within TRNSYS
wherever applicable. However, this was not possible for ail components of the system. The
non-standard sub-routines used in the model are described below.

3.1 Solar Collector
[t was not possible to use the standard TRNSYS solar ceilector subroutine because
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horizontal solar radiation at the site had nol been measured. Solar radiation measurements
were made-onlv on the plane of the collector. Therefore the simple model described below
was developed to predict collector outlet temperatures.

Collector efficiency can be defined by the following equation

U AT - T
n o= Flta), - —==£ Gl B eqnil)

where

F, = heat removal factor
{ta), = effective wansmittance-absorptance product
U, = heat loss coefficient (Wm™® K™

T, = initial fluid temperature (K'")
T, = ambient air temperature (K"
Gy = incident solar radiation (Wm?* K'')

Collector efficiency can also be defined in terms useful heat coliected, Q, i.e.

Qy
e T T, e (2)
" ae sy
where
0, =mCy (T, ~T) oo eqn (3)

By equating equations (1) and (2} and assuming T, = T,, then the value of T, can be
calculated at each hour. if the collector charactenstics. ncident solar radiation and the
mass flow rate are known. The type of solar collector used at the factory was identical to
that tested by Scponronnarit et al. (1990). Experimental data confirmed that flow rates
were also similar, justifving the use of the same collector characteristics. Average values
of air density and specific heat for air were used in performance predicuons.

3.2 Crop

A sub-routine has been wntten using algorithms and data for sliced banana. The
equilibrium moisture content is calcuiated using a modified Halsey equation suggested by
Auchariyaviriya and Soponronnarit (1989). Sankat and Castaigne (1992) report various
values of drying constants for unueated banana slices. However, the banana slices used in
the present tna! were blanched prior to drying, and this increased the drying rate
considerably. A "k" value of 0.564 was found to produce acceptable resulis.

3.3 Duct

The standard TRNSYS sub-routine for modelling the heat losses in the pipework of solar
systems has been slightly modified to allow the uninsulated surface area and the volume
of air contained within the duct 1o be entered directly. Sections of ductwork located before
and after the auxiliary heater have been medelled.
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4.0 Model Validation

Predicted and. measured collector outlet temperatures over the six hours of the particular
drying tnal investigated (June 7 1998) are shown in Figure 2. Hourlv collector outlet
temperature predictions, generated by using measured climatic data, have been compared
with the average of the hours’ measurements, advanced by 10 minutes. This adjustment
was found to be necessary because it was observed that the thermal capacitance of the
collector caused a delayed temperature response of approximately !0 minutes. It was
found that on average the predictions were within 3% of measured values. The predicted
value of solar energy collected was 210 MIJ over the experimental period which was 7%
less than the measured amount of 225 MI.

Figures 3 compares measured and predicted values of moisture content of the banana
slices. The starting moisture content in the simulation was set at 74% i.e. the measured
value. Unfortunately, no moisture content measurement was made at hour 13, but the
remaining predicted values of moisture content are within +/- 4% points of the measured
values over the drying period.

Figure 4 compares the measured and predicted values of pick-up efficiency, which
indicates how efficiently the drying air is utilised. It is the rato of the actual moisture
absorbed by the air after it exits the dryer to its theoretical capacity. The predicted values
of pick-up ratio are within +/- 6% points of measurements.

From condensate flow and heat exchanger inlet and outlet temperatures, it was estimated
that 704 MIJ of supplementary energy was used during the drying period. When a heat
exchanger efficiency of 90% is assumed. the model predicts 572 MIJ of supplementary
energy are required i.e. an under-prediction of 19%. Experimental observations indicate
that the steamn was not saturated atthe heat exchanger inlet. Although the wetness fraction
could not be determined, it is concluded that the model would adequately predict
suppiementary energy use, if the steam delivery system was performing correctly.

5. Conclusions

Although further validation of the model is required for other crops and over a longer time
frame, it has been demonstrated that the solar simulation software, TRNSYS, can be
adapted readily to make performance predictions of solar drying systems such as those
described in this paper. The model can be used for long term predictions of system
performance both at Khao-kor and other locations. Design variations can be evaluated, and
an optimisation of key components can be carried out. [t is believed that the model will be
a useful tool in the design of future solar drying systems of this kind in Thailand.
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ABSTRACT

An industriai-scale solar vegetable dryer with a capacity of 100 kg was designed,
constructed and tested at a food tactory in the North East of Thailand. The complete
solar drying system consists of four drvers. The main parts of a drver are as follows: a
solar collector with an area of 73 mz, a 2 kW blower. a drving cabiner and an air to
steam heat exchanger. The drver used solar energy and steam as hear resources for
drving vegetables such as chopped spring cnion. cabbage, ginger, turmeric. gresn
banana. basil and chili. Total area of solar collector was 300 m2. Steam was used io
supplement solar energy at low ntensitv. A central bolier with capacity ot 3 tons/h was
used to supply the air to steam heat exchanger. Drving air temperature was conwrolled at
60°C in each experiment. In operation. air was sucked from the solar collector. heated
bv air to steam heat exchanger if air temperature was lower than a set value. and blown
mnto the drving cabinet. Vegeiable with approximate initial moisture content of
75 - 85 % w.b. was dried to approximate final moisture content of 3 - 10 °6 w.b. within
4-6 h. Experimental results showed that drving efficiency, efficiency of solar collector
and svstem efficiency were 43 %. 40 % and 17.4 %. respectively.

INTRODUCTION

Drving is one of the most practical methods for preserving agricuirural products.
Drving with conventional heat sources has been widely used. Sclar drving has been
studied in many countries in order to reduce cost and substitute conventional energy.
Exell(1980) developed a low cost solar dryer made of plastic film. A simple design
method was presented. Soponronnarit et al.(1986) showed that most or the solar air
heaters developed were the tlat plate tvpe and were ammed at agricultural drving
purposes. Soponronnarit et al.( 1988) concluded that some solar air hearers emploved in
rorced- convection solar drvers were made from corrugated galvanized iron sheet
normally used in building roofs. Soponronnarit 2t al.(1992) developed a mathemarical
model for banana drving using solar energy as supplementary heat. It was round that the
results obtained from the model and experiment were 1n agreement. Drving air
temperature should be around 60 °C if product quality was (0 be maintained.

World Renewable Energy Congress 1999
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A project of vegetable drving using solar energy as heat source and supplement
with steam was siudied. The project has been experimented at Khao-kor in North East
Thailand. The objectives of this study were to design, construct and test an industrial-
scale solar vegetable drver using solar energyv as heat source and supplement with steam.

MATERIALS AND METHODS

A solar drving svsiem consists of a soiar collector with an area of 73 m2, a2 kW
blower, a drving cabinet and air 10 steam heat exchanger. There are four dryers in a
complete solar drving system. Vegetable of 100-150 kg could be dried in each bawch of a
drver. Figure 1. shows the diagram of the solar drving svsiem. In the solar drving
svstem, steam (from a boiler with capacity of 5 tons/h) was used 10 supplement solar
energy at low intensity. In operation, air was sucked from the solar collector, heated by
air 1o steam heat exchanger if air temperature was lower than a set value. and blown into
the dryving cabinet.

Vegetable was prepared by cutling into  small pieces and was then cleaned.
Vegetable with high iniual moisture content of 73-85 % w.b. was dried to approximate
final moisture content of 3-10 % w.b. The vegetables used in this experiment were as
follows: basil. tumeric. green banana. chopped spring onion. cabbage, ginger and chili.
Temperatures at drying cabinet. solar collector inlet and duct between solar collector
and air 1o steam heat exchanger were measured by Chromel-Alumel tvpe k
thermocouples. Thermocouple signals were acquired by a datalogger with an accuracy
of =1 °C. Air velocitv in the duct between the solar collector and the steam 1o air heat
exchanger was also measured by hot wire anemometer with an accuracy of 3 %.

RESULTS AND DISCUSSION

Efficiency of a drving cabinet was shown in Table 1. The results showed that the
efficiencv of a drying cabinet was approximately 35-32 % while the efficiency of solar
drving svstem was 13-23 %. This was due 10 losses at the solar collector, air duct and
steam pipe. Efficiency of solar collector was approximatelv 30-30 %.

Moisture content of vegetable was reduced from 75- 83 %% 10 3-10 % w.b. within
4-6 h. Drving air tlemperature in drying cabinet was controlled at 60°C. Temperature
leaving solar collector was approximatelv 53-65 °C with solar intensity of 630 W/m=.
The 1emperature depended on soiar intensitv. Air speed leaving collector was
approximately 2.0-2.5 m/s.

In case of basil drving with drving ume of 3 h, initial moisture content of
84 % w.b. and final moisture content of 3 % w.b., the system and drying efficiency
were 21 % and 49 %. respectivelv when using solar energy 71 %, sieam 18.6 % and
electricity 10.4 %. The efficiency of solar collector was 37.6 %%. In case of chili drving
with drving ume of 3.5 h. inual moiswre content of 88 % w.b. and final moisture
content of 9 % w.b.. the svstem and drving efficiency were 18.3 % and 39.7 %.
respecuvely when using solar energy 3.3 %. steam 38.2 % and eleciricinv 8.3 %. The
efficiency of solar collector was 46.4 %. The system etficiency could be increased bv
reducing heat loss from the svsiem. There are two pomis where the heat loss from the
svsiem occurs: the steam pipeline benween boiler and the sieam to air heat exchanger.
and the air to steam heat exchanger.



CONCLUSION

Efficiencies of the drving cabinet and the solar vegetable drving svstem are
approximartelv  30-20 % and 13-25 %, respectuvely. The drver could reduce initial
moisture content of 73-85 % w.b. to final moisture content of 3-10 % w.b. within 4-6 h.
Drving air temperature was controlled around 60°C in each experiment.

RECOMMENDATION

Further studv 1s needed 1o evaluate the economics of the solar vegetable drying
systent.
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Table 1. Efficiency of solar drving svsiem

Experiment | Drving | iniual | final Solar | Steam | Elec. ’ Eff. Eff. EHf.
ume MC MC Ensro (MIy - (MD of of of
() “ewlb | Sew.b. o (M) drver = svsiem  collecior
) | (%) (%) (%)
1. basil 3.0 868 | 4.0 588 36.8 496 47 16.] 573
9 bscH 33 84.8 S 199.6 §7.0 | 356 | 486 16.3 39.0
3 basil 3.0 84.6 5.0 ‘ 229.8 603 | 337 | 492 21.3 37.6
4 basil 4.0 86.8 | 3.0 2976 | 210 | 459 | 461 20.0 413
o 3.75 | 845 7.0 1099 | 1776 | 337 | 487 17.8 50.0
5. basil
6. tumeric 3.3 875 | 7.0 ! 1284 | 3243 | 65. 573 | 215 1 321
7. banana 20 78.8 7701 1569 240 1 380 ' 281 i 103 | 314
8. cabbage | 6.5 | 950 ' 270 . 1834 | 2786 1 646 . 277 | 1353 61.6
19 cinger | 22 | 605 , 44 + 2308 | 487.8 | 449 | 309 358 $i.7
| 10.chili ] 33 0 880 90 . 3698 1 2638 - 380 | 397 193 | 464 |

Eff. = Efficiency

Elec. = Elecineainy

MC = Moisture content

1. inlet air
2. solar coliector O
3. outlet air from collector . -
4. blower T
5. heat exchanger
€. drying cabinef
2irm
|
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|
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e

Figure 1. Diagram of a solar svsiem and posiiions for measuring temperatures and pressure
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ABSTRACT

An industrial-scale prototype of heat pump dryer (HPD) was designed, constructed and
tested. The drying chamber contains four trolleys with product capacity of 600-700 kg.
In the experiments, papaya glace’wens dried in close system at an average temperature
of 330C, specific air flow rates of 23-32 kg dry air/h-kg dry papaya glace” and the
evaporator by-pass air of 81%. The papaya glace” with initial moisture content of 83-
86% dry basis was dried in three stages to final moisture content of 12-14% dry basis
within approximarely 32 hours. No significant final moisture gradient along the vertical
and horizontal directions of the dryer was observed due to uniform air distribution
within the drying chamber and high enough air flow rate respectively.  The
experimental results indicate that drying rate decreases rapidly with time, while total
power consumption rvemains nearly constani. Af high initial moisture contenl, the
moisture removal s higher than that at low initial moisture content. The maximum
average drying rate (DR) and specific moisture extraction rate (SMER) are 9.34 kg
water evap./h and 0.732 kg water evap./kWh respectively. The maximum average
moisture extraction rate (MER) is 8.39 kg water cond./h and the relative lowest average
specific energy consumption (SEC) is abowt 4.92 MJ/kg water evap. The coefficient of
performance of heat pump (COPhp)system varies from about 4.1 to 4.7 which is higher
than (COPpp)ysed obtained by the internal condenser load which varies from 3.0 to
3.8 This autributes fo the excess heat rejected (o atmosphere through the external
condenser. Operating system on partially open mode does not offer more benefits than
close system. The gquality of dried papaya glace’ in terms of color is acceptable due to
low drying temperature. Cost evaluation showed that cost of papaya glace’ drying was
6.43 Baht/kg water evaporarion of which 2.73 was energy cost. (.33 was maintenance
cost and 3.15 was fixed cost (USS 1 = 40 Baht). in conciusion, HPD achieves high
energy efficiency. and it is feasible 1o be commercialized, particularly in food drying
industry. Latest information shows that the HPD proroiype has been sold.



1. INTRODUCTION

Using low drying air temperature of HDP enhances product quality by retaining
texture, and reduces the incidence of color degradation. Some of the literature
concerning heat pump drying was reporied by Seponronnarit et al. [1} which can be
summarized as follows: HPD could be operated on close or open systems, drying
temperature depended on refrigerant and it could be increased by adding electrical heat
into HPD but caused COP to reduce. HPD performance could be increased by selecting
suitable ratios of evaporator by-pass air, and using recuperator (Economics of using
recuperator is a concern.). Prasertsan et al.[2] conducted computer simulation to study
effects of drying rate and ambient condition on the operating modes of HPD in batch
drying. The result was in agreement with the previous study as reported by Clements et
al. [3] that SMER and MER strongly depended on the relative humidity of outlet air
from the drying chamber. It was recommended to run HPD on open system during the
stage of high drying rate (early stage of drving) and partially closed system during the
stage of low drying rate (final stage of drving). Prasertsan and San-saby [4] studied heat
pump drying of agricultural materials. From the economic analysis of HPD and
conventional dryers (i.e.. an electricallv-heated hot air dryer, a direct-fired dryer), it was
found that HPD had the lowest operating cost. HPD was operated on both partially
closed and open systems. In batch wood drying, the maximum average MER and
SMER were 2.854 kg/h and 0.372 kg/kWh respectively. Batch banana drying yielded
the highest average MER of 2.710 kg'h and SMER of 0.540 kg/kWh.

In this study. A prototype of industriai-scale HPD was designed, constructed and

tested in a food processing factory. Papava glace’ was chosen as test material.

2. MATERIALS AND METHODS

A prototype of industrial-scale HPD which could be operated as a close svstemn
or a partially open system was construcied. as shown in Figures 1. In this paper.

experiments were carried out on the close system according 10 test nos. 1. 2 and 3 only



by closing dampers A and B and partially open system as test nos. 4. 3 and 6
respectively. The HPD consists of a drving chamber and a heat pump. The drying
chamber is 1.0 m wide x 4.0 m long x 1.5 m high, and contains four trolleys. One
trollev has 17 trays of 90 cm x 70cm. The main components of the heat pump are a 6.7
kW hermetic reciprocating compressor using R-22 as refrigerant. a 25 kW internal
condenser (4 rows x 25 columns. 512 fins per meter), a 10.5 kW external condenser (2
rows x 18 columns, 512 fins per meter), a 25 kW evaporator (551 fins per meter), a
thermostatic expansion valve, a forward-curved-blade centrifugal fan equipped with a
motor of 5.5 kW corresponding to air volume flow rate of 2.8 m’/s at 750 kPa and two
axial fans equipped with a motor of 200 W each ( for the external condenser).

This study was experimentally performed at the fourth Royal Project - Royal
Recommended Project Food Processing Section in Burirum province. Papava glace’
was chosen as the test material to be dried. Its initial mass varied between 600-700 kg
The locations of measuring temperature and pressure for both of the air and refrigerant
circuits were shown in Figure 1. For air circuit, the drv bulb and wet bulb temperatures
were measured by type k thermocouples. For the refrigerant circuit, temperatures were
indirectly measured by inserting type k thermocouples through small copper tubes with
their close ends inserted and brazed in to the wall of refrigerant piping. The outputs of
temperature sensors were recorded by a data logger with an accuracy of£ [°C. The
refrigerant pressures were measured by Bourdon-tube-type pressure gauge. The
measurement peints were located as shown in Figure 1. Air flow rate in the return and
by-pass air ducts were measured by a hot wire anemometer. The refrigerant mass tlow
rate was not directly measured. but determined from the compressor input work by
assuming compressor and motor efficiencies. The power consumption was measured by
a kilowatt-hour meter and a clip-on-meter. The initial and final mass of papaya glace’
and condensed water were determined by weighing.

Six drying experiments were carried out in batch. The drying process was
divided into three stages. At the first stage. papaya glace’ of about 11.5x6.3x1.7 cm’
with initial moisture content varied trom 83 to 86% drv basis was dried, and drving time

was about 19 h. At the second stage, the dried papava glace’ of the first stage was



prepared into dimension of about 1.0x1.0x1.0 cm’. In order to make papaya glace’ be
cut easily. a small amount of water should be sprayed on it during preparation process.
The papava glace’ was dried tw moisture content of 17-22% dry basis with
approximatety 9 h. In the third stage. dried papaya glace’ was mixed with icing (sugar)
before being dried to final moisture content between 12 and 14% dry basis with
approximately 4 . The total drying time was approximately 32 h. The temperature,
pressure, mass of condensed water and power consumption were recorded every 1 h for
the 1* stage and '» h for the 2™ and 3" stages. To determine the moisture content, the
samples were cut into small pieces and weighed by digital balance (accuracy of 0.01g).
The samples were dried in an hot air oven at temperature of 103 °C for 72 h. All samples
were taken from the middle of travs nos.1, 3, 9,13 and 17 of each trolley. Drying tests
were carried out at temperature of 33-35 °C, 45-50 °C for close and partially open
svstem respectively and air flow rate of 2.8 m’/s. The evaporator by-pass air was set
bertween 70-83%.

The COP, was analyzed and obtained from measurements made on both the air

was classified in1o 1) COP

hp

and refrigerant circuits, In this study. COP obtained

hp Iip. svs

from the calculation regarding both mnternal and external condenser heat loads, and 2)

COP,, .« Obtained from the calculation regarding only internal condenser heat load.

3. RESULTS AND DISCUSSIONS

3.1 Close System

3.1.1 Variations of air temperature and moisture content of papaya glace’

The experimental results of batch papaya glace” drying are presented in Table 1.
Temperature gradient along the horizontal direction of the drying chamber decreased
with dryving ume. At the end of each dryving stage. air temperature at the entrance and
exit of the dryving chamber was only slightly different with about 1°C. As a result, the

average moisture gradient along the horizontal direction of the drying chamber was



refatively small, approximately 3% dryv basis during the 1" and 2™ stages and was
minimum (1.4% dry basis} at the end of the 3'stage. Average air temperature along the
vertical direction of the drying chamber was not varied as indicated by tray nos. 1, 9 and
17. This was due to the proper function of the air splitter at the right corner as shown in

Figure |. As a consequence, the average moisture gradient along the vertical direction

of the drying chamber was quite small, 1.2% dry basis at the end of drying.
3.1.2 HPD performance

The experimental results indicated that the moisture content and MER decreased
rapidly with time; that meant the DR was alsc in the same behavior. However, it was
observed that reduction of moisture content or MER was improved during the early
period of the 2™ stage as compared to the final period of the 1* stage. This was
according to the size reduction of papaya glace” atter the 1*'stage.

By comparing the results of the 2™ and 3“ stages of all experiments (Table 1), it
was found that an increase in moisture from about 20% to 40% dry basis gave
approximate 4 times increase in the water removal of the 2" stage. Nevertheless, the
initial mass of 2" stage was not substantially higher than that of 3 stage. This was
simply explained that when the papaya glace” had high moisture content, the surface
was nearly saturated with water which consequently increased the moisture diffusion
rate. But when the moisture content reduced to relatively low, the moisture diffusion
from the inner part to the outer surface became more difficult, and resulted in ineffective
drying and low SMER, while SEC increased.

Moreover, it should be noted that SMER defining as the ratio of water
evaporated and power consumption were directly proportional to the water removal rate
because the power consumption remained nearly constant. By averaging numerical
results of all experiments. the HPD achieved a maximum average DR and SMER of
9.34 kg water evap./h and 0.732 kg water evap./k\Wh, respectively. The average
maximum MER was 8.59 kg water cond./h. MER and DR were slightly different due to

air leakage through the system . In these experiments. the initial moisture content, initial



mass and dimension of papaya glace’ were not much different and hence resulted in less

difference of SEC and drving time compared 10 the same stage of each test. SEC of test

10.3 was 4.92 MJ/kg water evap. and was considerably lowest compared to others,
Analvzing data from the air circuit showed that (COP,, ), was in the range of 4.1

to 4.7 and (COP,,),.q Obtained by internal condenser varied from 3.0 to 3.8. It was

hp
obvious that (COPhp),,, was higher than (COP),., This was because in order to control
temperature inside the drying chamber within a certain limit. substantial amount of heat
corresponding to compressor and fan work inputs had to be rejected across the external
condenser. Bv using low air temperature. the quality of papava glace’ in terms of color

was found to be well acceptable. The color was light reddish-orange (code 34-C from

R.H.S. color chart).

3.2 Partially Open System

The experimental results are summarized in Table 1. During test nos. 5 and 6, 1t
rained whole day. thus ambient air was cool and humid. [t is obvious that ambient air
conditions plaved an important role on HPD performance even small amount of ambient
air was induced to the system such as the ]¥ stage of test no. 5 which drying temperature
could not be raised higer than 45°C. This resuited in less drving potential and SMER as
compared to the 1¥ stage of test nos. 4 and 6. The best results in terms of drying
capacity and energy effectiveness done by partiallv open svstem were close to that of
close system (as compared test nos. 4 and 6 to test nos. 1, 2 and 3). Therefore, to
achieve a sausfactory performance. the svstem can not operate by sustaining a certain

amount of ambient air at all time but it has to be varied according 1o variable ambient air
conditions.

33 Cost Evaluation

Conditions for cost evaluation of HPD are as follows: holding capacitv is 670

kg/batch. drving capacity 1s 96 batches‘vear. dried papava glace’ capacity is 34.540



kg/vear. average drving time is 3!.3 h/batch. cost of HPD construction and cost of
stainless steel wolleys and trays are 216.340 and 93.400 Baht respectively (USS 1=40
Baht), life time was S years. salvage value is 24.3 % of system f{irst cost (assuming that
trolleys and trays can be further used), maintenance cost per year 1s 5% of system first
cost. evaporation water ability is 267 kg water evap./batch, electricity cost is 2.0
Baht/kWh, electricity use rate is 12.76 kWlv/h and interested rate was 18%/year. Other
operating costs are neglected in this study. The results of evaluation are as follows.

Total annual cost 181,785 Baht/year or 6.43 Baht/kg water evap. of which 2.73

is energy cost, 0.55 is maintenance cost and 3.15 is fixed cost.

4. CONCLUSION

1. Moistwe gradient paralell and perpendicular to the direction of air flow
approached to 1.4% and 1.2% dry basis at the final stage respectively. Water removal
was very fast at early stage and reduced thereafter when the moisture content were
relatively low, similarly to that of MER behavior. Size reduction of papaya glace’ after
the 1% stage enhanced DR or MER during the 2" stage of drying. Power consumption
remained nearly constant. whereas the drying process was transient. This attributed to
an effort to sustain constant drying air temperature by releasing the excess heat
corresponding to compressor and fan work inputs across the external condenser.
Consequently, (COP,,),.q Was less than (COP,,;)SY,,.

2. Water removal from papaya glace” with relatively low moisture content was
extremely difficult compared to that with high moisture content at the same level of
initial mass. This resulted in relatively low DR and SMER. The water removal rate was
directly related to SMER and SEC. The HPD achieved a maximum average DR and
SMER of 9.34 kg water evap./h and 0.732 kg water evap./kWh, respectively. The
maximum average MER is 8.59 kg water cond./h. and the relative lowest SEC was
about 4.92 MJ/kg water evap. The (COP,.),, varied from about 4.1 t0 4.7 and (COP,},...4

were In range of 3.0 to 3.8, By using low air temperature, it was observed that the

quality of papava glace’ was well acceptable.



3. To run system on partiallv open mode did not offer more benefits in
comparison 1o close system mode. The ambient conditions had a strong influence on
HPD performance. To obtain the best performance, fraction of air recycled has to be
varied according to uncertain ambient air conditions. Therefore. 1t seems that the system
1s compiex and not convenience 1o user 1o operate.

4. Cost evaluation showed that total cost was 6.43 Baht/kg water evaporation of
which 2.73 was energy cost, 0.55 was maintenance cost and 3,15 was fixed cost. Total
cost was less than two times of which previous study reported by Soponronnarit et al.
[1] according 1o the size reduction process which vielded lower drying time and energy

consumption.
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