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Using a Double-pass solar drier for drying of bamboo shoots
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Abstract

Three diferent drying methods, a forced convection double-pass solar drier (DPSD), typical cabinet type natural con-
vection solar drier (CD) and traditional open-sun drying (OSD) were used for draying of bamboo shoots in central
Vietnam. During drying the operational parameters such as drying temperature, relative humidity, air velocity, in-
solation and water evaporation have been recorded hourly. The mean drying temperatures and relative humidity in
the drying chamber were 55.2°C, 23.7 %; 47.5°C, 37,6 %; 36.2°C, 47.8% in DPSD, CD and OSD, respectively. The
mean global radiation during all experimental runs was 670/ ifihe result also shows that fastest drying process

was occurred in DPSD where the falling-rate period was achieved after 7 hours, in change to OSD where it took 16
hours. The overall dryingfBciency was 23.11%, 15.83% and 9.73% in case of DPSD, CD and OSD, respectively.
Although the construction cost of DPSD was significantly higher than in CD, the drying costs per one kilogram of
bamboo shoots were by 42.8 % lower in case of DPSD as compared to CD. Double-pass solar drier was found to be
technically and economically suitable for drying of bamboo shoots under the specific conditions in central Vietham
and in all cases, the use of this drier led to considerable reduction in drying time in comparison to traditional open-sun
drying.
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Abbreviations: vegetables such as cabbage, carrot, onion and pump-
DPSD — Double-pass solar drier kin. They also provide carbohydrates and vitamins es-
CD - typical cabinet-type natural convection solar drier sential for human nutrition (Satyatal., 2010; Xuet al.,

OSD - traditional open-air sun drying 2005). Fresh bamboo shoots are not easily stored as they
w.b. — wet basis rapidly turn brown during storage. Therefore, drying is
d.b. — dry basis one of possible preservation method which can prolong

the shelf-life of fresh bamboo shoots and helps to pro-
vide the consumer with the product throughout the year.
Drying is an old means of food preservation of the
excess production and uses the energy from the sun
until the development of mechanical dryers. Open-air
sun drying requires little investment, but causes signif-

1 Introduction

Bamboos play an important role in daily life of ru-
ral people in numerous ways, from house construction, : - :
agricultural implements to provide food (Satggal., !can_t losses due t_o prpduct hl_J_m'd'ty reabso_rpn(_)n dur-
2010). Spring bamboo shoots are a popular and highly N9 inadequate climatic conditions; contamination by

priced vegetable grown widely in most Southeast Asian Pathogens, rodents, birds and insects; as well as by inor-
countries such as China, Philippines, Thailand and Viet- ganic trash materials such as dust, sand etc. Conversely

nam. Bamboo shoot contains about 88.8 % water, more the artificial driers produce an improved quality of dried
than 3.9 % protein and 17 amino acids. Amino acid con- products as the velocity and the temperature of the dry-

tent of bamboo shoot is much higher than found in other INg @ can be controlled, but they also consume a sig-
nificant amount of energy to heat and move the airflow

: (Janjaiet al., 2009; Ferreiraet al., 2008) resulting in
Corresponding author higher capital and operational costs of those driers. An
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Sciences Prague, Kamycka 129 165 21 Prague 6-Suchdol, Czech Re-@lternative to traditional open-air sun drying is the use

public of solar driers especially because of lower investments
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comparing to sophisticated drying techniques using fos-
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developed and designed at Institute of tropics and sub-

sil fuels and because of the fact that most developing tropics, Czech University of Life Sciences Prague and

countries are situated in climatic zones where the inso-

lation is considerably higher than the world average of
3.82 kwh n1? a day (Imre, 2007). Advantages of solar
driers that enable them to compete with traditional open-
air sun drying techniques afud artificial driers pow-
ered by energy from fossil fuels have been previously
reported in the literature by many researchers (Murthy,
2009; Hossain & Bala, 2007; Karathanos & Belessio-
tis, 1997). Solar driers are usually classified according
to the mode of airflow as natural and forced convec-
tion driers. Natural convection driers do not require fans
to pump the air through the drier (Forseial., 2007).

previously described by Banostal. (2011); (ii) a typ-
ical cabinet-type natural convection solar drier as de-
scribed by Sharma (1995) and Ekechukwu & Norton
(21999) with floor area 0.65 m 1.5 m and 0.6 m one side
height and 0.3 m second side height, (iii) a black plastic
sheet 2 nx 2 m (widthx length) was used as traditional
open-air sun drying method.

All drying facilities were established at Hue Univer-
sity of Agriculture and forestry, Hue city, central Viet-
nam (16° 28’ 36.46" N, 107° 34’ 23.78" E). A total of
three full scale experimental sets of bamboo shoots dry
ing were conducted from July 2009 to September 2009.

They are low-cost, can be locally constructed and do not Each drying test started after completion of the load-

require energy from fossil fuels (Sharma, 1995). How-
ever, some drying limitations because of lower buoy-
ancy of natural convection solar driers in comparison
with forced convection ones may be expected. Jain &
Tiwari (2004) reported that the convective mass trans-
fer codficient in greenhouse drying under forced mode
is double that of natural convection in the initial stage
of drying. According to a survey conducted in several
countries in Asia-Pacific region, the best potential and
popular solar driers are: (i) natural convection cabinet
type, (ii) forced convection indirect type and (iii) green
house type (Murthy, 2009).

Thus, the main objective of this study was to com-
pare a forced convection indirect type solar drier called
Double-pass solar drier with typical cabinet solar drier
and traditional open-air sun drying technique in central
Vietnam for bamboo shoots drying. Mainly the drying

ing, usually at 8 a.m. and discontinued at 4 p.m. All
drying units were loaded at maximum capacity during
all experiments, which corresponding to loading den-
sity 4.25 kg n?, 3.30 kg n?, 3.06 kg n1? for DPSD,

CD and OSD, respectively. Following operational pa-
rameters were measured every hour during solar drying
experiments: ambient air temperature (°C); ambient air
relative humidity (%); inlet and outlet drying air tem-
perature (°C); inlet and outlet drying air relative humid-
ity (%); drying airflow rate (M h1); drying air velocity
(ms?); and global solar radiation (WT). To com-
pare the performance of DPSD with CD and OSD three
control samples of bamboo shoots were weighed and
placed on well-marked areas on the trays in each drying
unit. Weight loss of control samples (g) in the DPSD,
CD and OSD were measured during the drying period
at one hour intervals as well. At the end of each drying

performance and economic aspects of drying have beentest all control samples were collected and placed to the

investigated in this study.

2 Materialsand Methods

2.1 Sample preparation

laboratory electric oven for 24 h at 105°C to estimate
dry matter content.

2.3 Instrumentation

A thermometer-hygrometer S3121 (Comet System,

Fresh bamboo shoots were purchased at the local veg-CZ€ch Republic; accuraey0.4°C+2.5% relative hu-
etable market in Hue City, Vietnam. For each experi- Midity [RH] between 5% and 95 %) with external tem-

mental run (drying in DPSD, cabinet drier and open-air Perature and RH probe was used to measure the ambient
sun drying) a 49 kg of fresh bamboo shoots were used. &' relative humidity and temperature, drying air temper-
Fresh bamboo shoots were stored before each experi2ture and relative humidity inside the drying chambers.
mental run at 5°C and used within 1 to 2 days of pur- The drying airflow rate and the drying air velocity were
chase. Before drying the bamboo shoots were washedMeasured with anemometer Testo 425 (Lenzkirch, Ger-
by potable water and placed on plastic trays to drain out Many) with accuracy:0.03 ms™. In case of Double-
excess water. Then the bamboo shoots were cut to 0.3Pass solar drier the drying air temperature, drying air
cm thick and 5 cnx 4 cm (widthx length) slices. The relative humidity and drying air velocity were measured

drying was occurred without any pretreatments. at the inlet and outlet of the collector part and drying
chamber as well. A pyranometer CMP 6 along with

a solar integrator (Kipp Zonen, Delft, the Netherlands)
with daily accuracy+ 5% was applied to measure the
Two different types of solar driers together with open- global solar radiation incident on the collectors of the
air sun drying were used for the present investigation: drier. A top loading digital balance (SOHENLE 2873;
(i) a forced convection Double-pass solar drier (Fig. 1) Soehnle Professional, Germany) with precision 0.1 g,

2.2 Experimental procedure
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Fig. 1: Description of Double-pass Solar Drier

was used to weigh the control samples at hourly in-  Drying eficiency varies significantly with the mois-

tervals during drying. The €fierence in weight be-  ture content of the product. For the same energy in-
tween two consecutive hourly readings directly gave put, drying dficiency decreases when the drying process
the amount of moisture evaporated during the observedmoves from constant-rate period to falling-rate period.
time interval. The final moisture content of dried bam- Efficiency calculation during the constant-rate period
boo shoots was determined after drying in electric oven could dfer a more consistent evaluation of the drier ther-

(UFE 500 type; Memmert, Germany) at 105°C for 24 h.

2.4  Performance and data analyses

The drying rate DR) of bamboo shoots was evaluated
by differentiating the polynomial equations with respect
to time as decribed by Waldz al. (2006).

—dM
DR= ——
dt

1)
whereM is the moisture content at any tim@ per unit
weight of dry matter. To evaluate drying performance
of both solar driers and open-air sun drying the over-
all system drying fficiency (d), first day drying @i-
ciency d;), heat collection ficiency ¢c) and pick-up
efficiency {pp) were calculated during this study. The
system ficiency of a solar drier is a measure of how ef-
fectively the input energy to the drying system is used in
drying product. For natural convection solar driers the
overall system ficiency can be calculated by Eq. (2):

4= WAHI
= TTA

)

whereW is mass of evaporated water from the product
(kg) in timet, AHI is latent heat of evaporation of wa-
ter (kJkg?), | is solar radiation on the aperture surface
(Wm2), Ais aperture area of the drier fjrandt is time
of drying (s).

System éiciency for the forced convection solar dri-

ers needs to take into account the energy consumed b

the fan (Leoret al., 2002). The following Eq. (3) is then
used:
W AHI

T TAt+Pf (3)

nd

wherePf is energy consumption of fans (kwh).

y V Cp(To-Ti)
ne=———7——

mal performance. However, due to thefidulty in ob-
serving the change from constant-rate period to falling-
rate period with products having a definite constant-rate
drying period, systemficiency during the first day of
drying may be reasonably taken as a consistent mea-
sure of the thermal performance of the drier (Lebal.,
2002). The first day dryingfciency ¢d;) can be ex-
pressed by following Eq. (4):

o _ WiaHI
= AL

(4)

whereW; is a mass of evaporated water from the prod-
uct (kg) during first day andj is time of drying dur-

ing a first day (s). A measure of collector performance
is the collector iciency or heat collectionficiency,
defined as the ratio of useful heat gain over any time
period to the incident solar radiation over the same pe-
riod (Koyuncu, 2006), thus we can define collection ef-
ficiency as:

_ Qu

"~ 1Ac ®)
whereQu is useful energy gain (W) and Ac is collector

solar energy collection area fjn The useful heat gain
by a collector can be expressed as:

nc

Qu =V Cp(To-Ti) (6)

whereV is air flow rate (kg st or m*s™1), Cpis constant
pressure specific heat (J¥¢ 1), Tois outlet tempera-
ture (°C) andrTi is inlet temperature (°C). From Egs. (5)
and (6),

I Ac @

Pick-up dficiency is useful for evaluating the actual
evaporation of moisture from the product inside the
drier. It is a direct measure of howfeiently the ca-

pacity of air to absorb moisture is used. The pick-up
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efficiency is defined as the ratio of the moisture picked WhereS are annual savings of solar drier (U.S.&)s
up by the air in the drying chamber to the theoretical ca- rate of interest and is rate of inflation.
pacity of the air to absorb moisture. Mathematically it

can be expressed by Eq. (8). 2.6 Satistical analysis
np = ho—hi _ My ®) Effect of drying method on the relationship between
has—hi  pVi(has—hy) drying rate and the moisture content was statistically

evaluated using Statistica software version 8.0 (StatSoft

whereh, is absolute humidity of air leaving the drying Inc.Oklahoma, USA)

chamber (%)h; is absolute humidity of air entering the
drying chamber (%)h,s is absolute humidity of the air
entering the drier at the point of adiabatic saturation (%), 3 Results and Discussion
My is mass of evaporated water from the product (kg)
andp is density of air (kg m3). 31 Drier performance
2.5 Cost analysis A mean values of drying air temperature and drying
air relative humidity with corresponding solar radiation
in DPSD, CD and OSD as recorded during a typical ex-
perimental run are presented in Fig. 2. and Fig. 3., re-
spectively. From Fig. 2. is evident that in case of DPSD,
it is possible to achieve highest mean drying tempera-
tures around 54 °C while the mean drying temperatures
in CD were around 47.5°C and in case of OSD the
drying temperatures are equal to ambient temperatures
Ca around 36 °C. Conversely Fig. 3. shows lower mean
Qg relative humidity of drying air around 23 % in case of

. DPSD while the mean relative humidity of drying air in
The f'innual costs .are calculated using Eq. (10) proposedCase of CD and OSD were 36 % and 48 %, respectively.
by Simate (2003):

From Fig. 2. and 3. it is also clear that in case of
L | w-1 solar dryers DPSD and CD the maximum drying tem-
Ca= [CT + Z mw ) (' -1) (10) peratures corresponds to maximum solar radiation and
i=1 minimum drying air relative humidity. Measured mean
where Ct is drier cost (U.S.$).L is solar drier life drying temperatures in DPSD are in the recommended
(years), mi are maintenance costs in thth year range of drying temperatures (50 to 65 °C) for drying of
(U.S.$) andw is (100+ inflation rate (%)Y (100+ in- sensitive products such as fruits and vegetables (Sharma
terest rate (%)). Maintenance costs were assumed to beet al., 2009).
2% of the total drier cost and solar drier life was 5 and  All measured and calculated parameters for perfor-
10 years for CD and DPSD, respectively. This is due to mance evaluation of DPSD compared to typical CD and
higher quality of construction materials used in case of traditional OSD are summarized in Table 1. The evalu-
DPSD. The quantity of dried product per annum is cal- ation sheet presented in Table 1 was adopted from Leon
culated from the throughput of the drier per ho@hj et al. (2002) and slightly modified for the purposes of
and the number of operating hours in ayeanXandis  this study. From Table 1, it is evident that best drying
given by Eq. (11): efficiencies were achieved in case of DPSD.

Qg = Qh Dh (12) The overall o!ryin_g ﬁici_ency of DPSD isin the_range
of 20-30% which is typical for forced convection so-
According to the data from a local weather station of lar driers (Purohitet al., 2006). The first day drying
Thua Thien Hue province the average annual number of efficiency was about 9 % higher in case of DPSD com-
sunny hours in Hue city is 1846. This value was consid- paring to CD and about 11.3 % higher comparing to the
ered as a number of operating hours per year in Eq. (11).0SD. In the study conducted by Hachemi (1997) it was
Economic evaluation of solar driers usually aims at de- concluded that the collectiorffieiency ranges from 49
termining the payback period. The dynamic method of to 75 % depending on the collector type and obstacles
calculations takes the influence of inflation and interest used in the collector. It was mentioned that fins signifi-
rates into consideration. Following Eq. (12) proposed cantly increase the collectoffigiency. In this study the
by Singhet al. (2006) was used to calculate the payback fins were used in the collector part of DPSD and from
period (N). Table 1 it is evident that obtained collectioflieiency
c has reached above mentioned values.

In(1-%(d- 1))

(12) Focusing on the pick-upfieciency the results shows
1+f

In (m) that during bamboo shoots drying the DPSD has about

From the economic evaluation the traditional open-
air sun drying (OSD) method was excluded because of
irrelevancy. The drier cost is calculated as a sum of costs
of used construction materials including labor expenses.
The drying costCd) is estimated as the ratio of annual
cost Ca) to the quantity of dried product per annum
(Qg) as shown in Eq. (9).

_ Ca

cd )

N =
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Fig. 3: Variations of drying air relative humidity and global solar radiation for typical drying test.
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Table 1. Performance evaluation of DPSD compared to CD and OSD

Day 1 Day?2
Global radiation on the plane of solar collector (ki3) 23.15 20.70
Average ambient temperature (°C) 36.39 36.02
Average ambient relative humidity (%) 47.72 48.03

Product: Bamboo shoots; Initial moisture content (% w.b.): 95.6

Parameter DPSD CD 0D
Quantity loaded (full load) (kg) 40 3 6
Loading density (kgm?) 4.25 3.3 3.06
Collector area () 10 0.9 ND
Collector tilt (°) 0 0 0
Solar aperture (R) 10 0.9 1.96
Tray surface area (fn 9.4 0.9 1.96
Airflow rate (mf/h) 555.28 61.21 ND
Drying time including nights (h), up to desired m.c. (% w.b.) 33 (16.6) 33 (23.5) 33(55.2)
Overall drying dficiency (%) 23.11 15.83 9.73
First day drying @iciency (%) 28.99 19.99 17.64
Heat collection &iciency (%) 56.36 40.98 ND
Pick-up dficiency, up to 10 % (w.b.) m.c. (%) 61.16 40.71 ND
Average temperature of exit air (°C) day 1 54.00+9.8 46.27+5.9 36.39£2.4
day 2 54.21+8.0 49.55+7.4 36.02+1.6
Average relative humidity of exit air (%) day 1 24.80+13.6 43.37+13.7 47.72+8.3
day 2 22.30+8.2 28.02+10.8 48.03:4.4
Maximum drying temp. at no-load (°C) 70.50 60.10 38.80
Maximum drying temp. with load (°C) 64.30 56 38.80
Duration of drying air temp. 10°C above ambient temp. (h) 25 18 0

m.c. — moisture content; ND — not determined

20.45 % higher pick-upf&ciency comparing to typical These results correspond to the fact that DPSD use
cabinet drier. Changes of moisture content with dry- forced convection ensuring higher air-flow rate which
ing time for a typical experimental run for DPSD, CD results in higher water removal from the dried bamboo
and OSD for bamboo shoots drying are shown in Fig. shoots.

4. The moisture content of fresh bamboo shoots was Drymg rate versus moisture content during DPSD
almost similar during all drying tests whereas the ini- drying, CD drying and OSD are presented in Figs. 5,
tial values were 18.6%1.2 kgkg™ (db), 20.31+1.3 6 and 7, respectively. All figures show higher drying
kgkg™(db) and 18.85+0.9 kgkg'(db) for DPSD, rate at the initial stages of drying which corresponds to
CD and OSD, respectively. From the drying curves higher initial moisture content of the product. The dry-
in Fig. 3 is evident, that the fastest drying process was ing rates decreased as moisture content reduced during
occurred in DPSD where the falling-rate period was drying process. No constant rate period has been ob-
achieved after 7 hours corresponding to moisture con- served during bamboo shoots drying while drying took
tent 0.69+0.1 kg kg™ (db), followed by CD where the  place only in the falling rate period.

falling-rate period was achieved after 8 hours with 0.73 14 following drying rate curve polynomial equations

+0.1 kgkg™ (db) and OSD where it took 16 hours \yere created for bamboo shoots drying bijetient dry-
with respective moisture content equal to 128.1  jyc method.

kg kgt (db).
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Fig. 5: Drying rates of bamboo shoots as a function of moisture
content during drying in DPSD.

For drying in DPSD:

DR = —0.1285+ 0.4462+ M—0.0144+ M? (r = 0.94) (13)
For drying in CD:

DR = -0.1227+ 0.3462+ M—-0.0189+ M? (r = 0.76) (14)
For open-air sun drying:

DR = —0.1891+ 0.2548% M—0.0098+ M? (r = 0.78) (15)

According to the polynomial equations, it is obvious
that highest drying rate was observed during drying in
DPSD followed by drying in cabinet drier (CD) and
open-air sun drying (OSD). Highest drying rate in case
of DPSD correspond to highedfieiencies observed at
the same drier. Similar observations were reported by
Hossain & Bala (2007) during their study focused on
red chilli drying where they found highest drying rate in
case of forced convection solar tunnel drier which was
compared to natural convection and traditional open sun
drying.
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Fig. 6: Drying rates of bamboo shoots as a function of moisture
content during drying in CD.
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Fig. 7: Drying rates of bamboo shoots as a function of moisture
content during traditional OSD.

3.2 Economic evaluation

Economic evaluation of both DPSD and CD solar dri-
ers is summarized in Table 2. The results show that an-
nual costs of DPSD are significantly higher than those
of CD. Higher annual costs of DPSD are the result of
higher construction costs presented as total drier cost in
Table 2.

Table 2: Economic evaluation of bamboo shoots drying in
DPSD and its comparison to typical CD.

Parameter DPSD CD
Total drier cost (U.S. $) 2700 160
Annual cost (U.S. $) 29543 33.92
Drying cost (U.S. #kg) 0.28 0.49
Dried bamboo shoots per annum (kg) 1055 69
Payback period (years) 1.6 1.7
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The disproportion of total drier cost between DPSD Ekechukwu, O. V. & Norton, B. (1999). Review of
and CD is caused by filerent capacities of both tested solar-energy drying systems II: an overview of solar
driers and by the fact that the DPSD was constructed in  drying technology. Energy Conversion & Manage-
Czech Republic using more expensive construction ma-  ment, 40, 615—655.

terials and labor costs. It is important to note that sig- Ferreira, A. G., Maia, C. B., Cortez, M. F. B. & Valle,
nificant reduction of total drier cost could be achieved  R. M. (2008). Technical feasibility assessment of

by using local construction materials and labor force. g solar chimney for food drying. Solar Energy,
Nevertheless the drying costs per kilogram of bamboo 82, 198-205.

shoots are almost one time higher in case of CD as cOM-qrson. F. K.. Nazha. M. A. A. & Rajakaruna, H. (2007).

pared to DPSD. This is due to higheffieiency and Modelling and experimental studies on a mixed-mode
throughput of DPSD than CD. During annual saving  natural convection solar crop-dryerSolar Energy,
calculation was estimated that the farmers can sell the g1 346_357.

product on local market for the price around 2 U@

of dried bamboo shoots. This price was mentioned by

local farmers as most typical. Based on this market price o .
) convection in solar air heatersRenewable Energy,

the payback period was found to be 1.6 and 1.7 years for 12 419-433

DPSD and CD, respectively. Mainly in case of DPSD T ' )

the payback period is considerably shorter as compared0ssain, M. A. & Bala, B. K. (2007). Drying of hot

to the life of the drier which is 10 and 5 years for DPSD  chilli using solar tunnel drierSolar Energy, 81, 85~

and CD, respectively. 92.

Hachemi, A. (1997). Thermal heat performance en-
hancement by interaction between the radiation and

Imre, L. (2007). Solar Drying. In A. S. Mujumdar (Ed.),
Handbook of Industrial Drying, Third Edition chap-
4 Conclusion ter 13. (pp. 307-361). CRC Press, Taylor & Francis
Group, Florida.
Jain, D. & Tiwari, G. N. (2004). Hect of greenhouse
on crop drying under natural and forced convection
I: Evaluation of convective mass transfer ft@ent.
Energy Conversion & Management, 45, 765—783.
Janjai, S., Lamlert, N., Intawee, P., Mahayothee, B.,
Bala, B. K., Nagle, M. & Miiller, J. (2009). Experi-

The performances of a forced convection DPSD have
been compared with those of a typical CD and a tra-
ditional open air sun drying for drying of bamboo
shoots. The DPSD resulted in the lowest moisture con-
tent 16.6 % (w.b.) of bamboo shoots during 33 hours
of drying including nights, which corresponds to the
highest drying rate comparing to other methods. The ) )
DPSD shows higher performance as well in all mea- mental and simulated performar_lce of a PV-ventilated
sured @iciencies, of which the overall dryingfiency solar greenhouse dryer for drying of peeled longan
was about 7.3% and 13.4 % higher in case of DPSD as and bananaSolar Energy, 83, 1550-1565.
compared to CD and traditional OSD, respectively. Al- Karathanos, V. T. & Belessiotis, V. G. (1997). Sun and
though the construction cost of DPSD was significantly ~ artificial air drying kinetics of some agricultural prod-
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