Environ Model Assess (2015) 20:211-223
DOI 10.1007/510666-014-9427-1

Thermal Modelling and Experimental Validation of a Walk-in
Type Solar Tunnel Dryer for Drying Fenugreek Leaves (Methi)

in Indian Climate

N. L. Panwar - N. S. Rathore - Nikita Wadhawan

Received: 19 December 2012 / Accepted: 22 September 2014 /Published online: 7 October 2014

© Springer International Publishing Switzerland 2014

Abstract This paper presents the thermal modelling and ex-
perimental validation of a walk-in type solar tunnel dryer for
drying of fenugreek leaves in Indian climatic conditions. The
tunnel dryer is a metallic framed structure covered with a
200-pm ultraviolet stabilized plastic sheet. This dryer has a
5%3.75-m floor area and is 1.75 m in height. Its loading
capacity of leafy vegetables is about 100 kg. The dryer works
on natural convection mode, and maximum temperature
attained during experiment was 58.11 °C. Fenugreek leaves
were dried from moisture content of 89 % (wb) to 9 % (wb) in
17 solar hours under typical Indian climatic conditions.
Experimental energy and exergy efficiency of drying chamber
ranged from 2.72 to 28.01 % and 69.43 to 90.76 % respective-
ly. The mathematical modelling was programmed in MATLAB
version 2010a. The theoretical results agreed well with experi-
ential data for drying of fenugreek leaves. Some additional
parametric studies and payback period analysis are presented.

Keyword Thermal model - Exergy analysis - Energy
analysis - Solar drying - Tunnel dryer

1 Introduction

The demand for food products is rising with the increasing
global population. Such demands can be minimized by in-
creasing agricultural produce and facilitating safe storage.
Drying of agricultural produce is the universal method for
preserving food material; it also helps to achieve better product
quality, increase shelf life, reduce post-harvest loss and extend
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the economic life of these agricultural products without losing
nutritional properties before consumption [1-6].

Solar dryers have presented high potential, and their de-
mand is increasing continuously in developing countries like
India as an alternative to open-air drying [7]. Drying is the
process of moisture removal through simultaneous heat and
mass transfer [8]. The drying process mainly depends on air
temperature, wind velocity, relative humidity of the air, air-
flow rate, physical nature and initial moisture content of the
drying product, and the surface characteristics of product [9].
Thin-layer and deep-bed drying are common drying methods.
Most agricultural producers have adopted the thin-layer dry-
ing. There is a vast and exhaustive literature available for thin-
layer drying kinematics of agricultural produce, and carried
out by several scientists and academicians [10-21]. A number
of research studies have also been reported on the modelling
of a greenhouse-type dryer integrated with a hot air collector
[22-30].

Although, research studies on the performance evaluation
of the solar tunnel dryer have been reported in literature
[31-35]. Still limited studies on thermal modelling of a walk
in type solar tunnel dryers are available. The exhaustive study
on thermal modelling and experimental validation of large-
scale polyethylene-covered greenhouse solar dryer for drying
banana, chilli and coffee under Thailand climatic condition
was reported by Janjai et al. [36] and Intawee and Janjai [37].
But, there is no such similar and validation study reported so
far in Indian climatic conditions. During the drying of agri-
cultural commodities, it is important to remove moisture from
the produce as quickly as possible at a temperature that does
not seriously affect the flavour, texture and colour of the
product. The air temperature is responsible for the phenome-
non. It is essential to develop a model to assess to environ-
mental parameters of drying air. The model considers mainly
the heat transfer mechanisms at the different components of
dryer and shows how inside environmental conditions vary
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corresponding to solar radiation. The experiment was carried
out for drying of fenugreek leaves in the walk-in type solar
tunnel dryer to verify the accuracy of the developed model.

The dryer chosen for study is a low-cost option for farm
drying at a large scale. Fenugreek leaves are basically a kind
of green leafy vegetable and have a slightly bitter taste. The
leaves are available only in winter season of Indian climatic
conditions. Most of the people dry it in an open sun, to use it in
off-season. Fenugreek leaves stimulate the digestive process
as well as the metabolism. A range of 18 to 26% of protein in
17 varieties of fenugreek is found. A wide variation in hemi-
celluloses and cellulose contents was also found. This is the
reason why it is used by people [38, 39].

2 Materials and Methods
2.1 Dryer Description

Rathore and Panwar [34] conducted an experimental study on
grape drying under a walk-in type solar tunnel dryer. In the
present study, we have carried out thermal modelling and
experimental validation of this dryer. The dryer has been
commissioned at College of Technology and Engineering,
Udaipur (27" 42° N, 75" 33° E) for drying agricultural pro-
duces. The walk-in type solar tunnel dryer consists of a
metallic-type frame structure covered with a UV-stabilized
semi-transparent polyethylene sheet of 200-um thickness as
illustrated in Fig. 1, and its technical specification is presented
in Table 1. The dryer works on natural draft mode, and to
maintain such a draft; chimneys are provided on the top of the
dryer. It is the well-known fact that natural draft works on
buoyancy force, and it is directly proportional to the difference
between the mean air density within the chimney and the
density of outside air [40]. The perforated bench is provided
to spread the produce over it. This dryer is capable of drying

Table 1 Technical specification of solar tunnel dryer

Location Udaipur (27" 42° N, 75' 33° E)
Floor area 18.75 m?

Diameter of dryer 375 m

Length of dryer 5.0 m

Number of chimney 2

Height of chimney 0.44 m.

Diameter of chimney 0.20 m

Thickness of plastic cover 200 p (UV-stabilized)

all types of agriculture produces at 50-60 °C, and it is main-
tained at 10-20 °C above the ambient temperature as sug-
gested by earlier studies [2].

Fresh fenugreek (methi) leaves were purchased from a
local market and washed thoroughly in fresh water, and roots
were removed. After washing and weighing, the methi with
stem, just as farmer dries it in open field conditions, was
loaded in the tray as shown in Fig. 2.

2.2 Instrumentation

The global solar radiation incident on a horizontal surface was
measured by using a Kipp & Zonen, SP Lite2 type Solar
Pyranometer. Ambient wind speed and exit air velocity at
the chimney outlet were measured using an anemometer
(Lutron Model No. AM-4822) and hot wire anemometer
(Model No. LM-4204) respectively. Calibrated NiCr—Ni ther-
mocouples connected to a multi-channel temperature scanner
(ADI, Vadodara, Gujarat, India) were used to measure the
temperatures inside the dryer at the different positions. The
ambient temperature and moisture content (wb) of product
during drying were also measured. Total experimental uncer-
tainties of different parameters measured during the experi-
ment were calculated and are presented in Table 2.

Fig. 1 Experimental solar tunnel dryer
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Fig. 2 Inside view of solar dryer with drying product
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Table 2 Uncertainties of the experimental parameter

Parameters Unit  Uncertainty
Uncertainty in the solar energy measurement Wm? £0.17
Uncertainty in the temperature measurement °C +0.17
Uncertainty in the relative humidity measurement Rh +0.14
Uncertainty in the exit air velocity measurement ms ' +0.14
Uncertainty in the air velocity measurement ms ' +0.17

3 Mathematical Modelling

The present thermal modelling work was inspired by
work of Janjai et al. [36]. A thermal model to assess the
thermal performance of a tunnel dryer was developed. The
following assumptions were made while developing the
thermal model:

(a) There is no stratification of the air inside the tunnel dryer.

(b) Drying computation is based on a thin-layer drying
model.

(¢) Specific heat of air, cover and product are constant.

(d) Absorptivity of air is negligible.

(e) Radiative heat transfers from the floor to the cover and
from the floor to the product are negligible.

Schematic diagram of heat transfers of the solar tunnel
dryer and the energy flows through different components of
the dryer is shown in Fig. 3.

3.1 Energy Balance of the Cover

The tunnel is covered with a UV-stabilized low-density plastic
sheet. Solar radiations falling on cover are allowed to be
transmitted inside the tunnel. Energy balances on the tunnel
cover are considered as follows:

The thermal energy accumulation in the tunnel cover =
convective heat transfer between air inside the tunnel and
cover + radiative heat transfer between the sky and the cover
due to radiation + convective heat transfer between cover and
ambient air + radiative heat transfer between the product and
the cover + solar radiation absorbed by the cover.

Energy balance of the cover is as follows:

ch*c = QC,C*a + Qr‘cﬁv + QC,C*W + Qr‘pfc + Qab

dT,
mcCpc (W) = Achcﬁc*a(Ta_Tc) + Achr.c*s(Ts_Tc) (1)
+ Aeh(Tan=Te) + Aphy po(T,~T)
+ Acad

where
rate of thermal energy accumulated in the cover

dT.
ch_cover = mccpc <W>

convective heat transfer between air inside the tunnel and
cover

Qc,c~a = Achc,c—a(Ta_Tc)

radiative heat transfer between the sky and the cover due to
radiation

Qr,rs = Achr,c*s(Ts_TC)

convective heat transfer between cover and ambient air
O = Achu(Tan~T)

radiative heat transfer between the product and the cover
O pec= A,,h,,_’p,c(T,,—Tc)

solar radiation absorbed by the cover
Qs’c = Aol

3.2 Energy Balance of Air Inside the Tunnel

Air inside the tunnel dryer gets heated because of convective
heat transfer among the floor, product and air. The energy
balances for the same can be written as follows:

Thermal energy accumulation in the air inside the
tunnel dryer = convective heat transfer between product
and air + convective heat transfer between floor and air
+ thermal energy gain of air from product due to
sensible heat transfer + thermal energy gained by air
inside the dyer due to inflow and outflow of the air in
the chamber + overall heat loss from the air inside the
dryer to ambient + solar energy absorbed by the air
inside the dryer.

Energy balance of air inside the tunnel dryer is as follows:

ch_air = Qc,p—a + Qc,f—a + Qs7a—p + Qt,gain + Ql,am + Qs.ab
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Fig. 3 Schematic of heat transfer
flows in solar tunnel dryer

Concert floor

dT
mCoo( G ) = A o (1,T2) + ey ()
du,

dt

+ Pa Vout Cpa Taut_pa Vin Cpa Tam

+ DpApCpp, (TP_TG)

+ UcAc(Tam_Ta)
+ [(I_FP) (l_af) + (l_af) FP]ISACTC
(2)

where
thermal energy accumulated in the air inside the dryer

dT,
ch_air = mana (dl‘)

convective heat transfer between product and air

Qc,p*a = Aphcsp—a (TP_Ta)
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Plastic cover

convective heat transfer between floor and air
Qc,f—a = Afhc,f*a (Tf_Ta)

thermal energy gain of air from product due to sensible heat
transfer

aM
Qs,a*p = DPAPCP"pp (TP_T“)Ttp

thermal energy gain by air inside the dyer due to inflow and
outflow of the air in the chamber

Oy gain = PaV outCpaT our—PaVinCpal am

overall heat loss from the air inside the dryer to ambient
Otam = UcAe(Tam=Ta)

solar energy absorbed by the air inside the dryer

Osar = [(1-Fp) (1=ay) + (1=ay) Fp|IsdcTe
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3.3 Energy Balance of the Product

Convective and radiative are major heat transfer modes while
balancing energy of the product inside the tunnel. The energy
balances energy for the same can be written as follows:

The thermal energy accumulation in the product = convec-
tive heat transfer between product and air + radiative heat
transfer between product and cover + thermal energy lost from
the product due to sensible and latent heat transfer + thermal
energy gain by the product.

The energy balance on the product gives

chgro = Qupfa + Qrﬁp*c + Qlost =+ Qs,pro
dT

mp (CPP + Clep)ditp = Aphcp-a (Ta_Tp)

+ Aphrp—c (Tc*T p)

aMm,
+D,4, ppr—dt
+ FpoplAcT. (3)
where

thermal energy accumulation in the product

dT
=y (Cpg + Clep)—p

ch _pro dt

convective heat transfer between product and air
Ocpa = Aphep-a(Ta=T))

radiative heat transfer between product and cover
Qr,p—c = Aphr-p—C(Tc_Tp)

thermal energy lost from the product due to sensible and
latent heat transfer

M

Olost = DPAPppLPTP

solar thermal energy gain by the product

Qs,pro = FpoplAce

3.3.1 Energy Balances on the Concrete Floor

Thermocol sheet was sandwiched between dyer floor and the
ground to reduce the conductive heat losses. The energy
balances on the concrete floor of the tunnel dryer can be
considered as follows:

Thermal energy accumulation in the floor = heat transfer
between air inside the tunnel and the floor due to convection +
solar radiation absorption on the floor.

The energy balance on the concrete floor of the tunnel
dryer can be written as

ch_ﬂour = Qc, f—a + Qs,ﬂoor

dT
mePthf = Afhc,f—a(Ta_Tf) + (1_Fp)af[sAch (4)

where

Thermal energy accumulation in the floor

dT;
ch_ﬂ(mr = mjcpfw

convective heat transfer between inside dryer air and the
floor

O f-a = Arhes-a(Ta=Ty)

solar radiation absorption on the floor

O, floor = (1=F,)aslAs7.

3.4 Mass Balance Equation

Air temperature inside the tunnel dryer is higher than corre-
sponding ambient temperature. It increases the ability to pick
up moisture from the product, and the product gets dried.
The rate of moisture accumulation in the air inside tunnel
dryer = moisture inflow into the dryer due to entry of ambient
air + moisture outflow with exit air from the tunnel dryer +
moisture removed from the product inside the dryer.
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The mass balance inside the tunnel dryer can be written as

M in_air — M inflow + M outflow +M rem

dH am
Pa Vv W - AinpaH[nVin_Aoutngoutvout + DpAppthp (5)

where
The rate of moisture accumulation in the air inside tunnel
dryer

dH
= V—
Pa dt

M in_air
moisture inflow into the dryer due to entry of ambient air
Minow = AinpH inVin
moisture outflow with exit air from the tunnel dryer
M outflow = AoutpaH outVout

moisture removed from the product inside the dryer

M,

M e = DpAppp7

3.4.1 Heat Transfer and Heat Loss Coefficient

Radiative heat transfer coefficient from the cover to the sky
(h,.._s) was computed according to Duffie and Beckman [46]:

s = eco(T2 + T2)(Te + T)) (6)

Radiative heat transfer coefficient between the product and
cover (h,, .) is computed as suggested by Duffie and

np—c
Beckman [46]:
hep-e =50 (T24+ T2) (T, + 7o) (7)

The correlation with sky temperature (7;) and ambient
temperature (7,,) is adapted from Diffie and Becman [41]:

Ty = 0.552(Ty)"” (8)

@ Springer

Convective heat transfer coefficient from the cover to
ambient due to wind (4,,) is computed as [42]

hy =2.8+3.0V,, (9)

Convective heat transfer coefficient inside the solar green-
house dryer for either the cover or product and floor (%,.) is
computed from the following relationship:

B Nuku

hc *a:hcc‘*a:hc *a:hc— 10
S 5 P Dy, (10)
where Dy, is given by
AWD
Dy, = _4WD (11)
2(W +D)

Nusselt number (Nu) is computed from the following rela-
tionship [43]:

Nu = 0.0158Re"3 (12)

Reynolds number is given by

_ Dy, Vapa
N \4

Re (13)

As the wind speed outside the dryer and the speed of drying
air inside the dryer are very low, it is assumed that the overall
heat loss coefficient (U,) of heat transfer from air inside the
dryer to ambient air is approximately equal to the conductive
heat transfer coefficient of the cover. This coefficient can be
written as

Humidity ratio () is given as

Pws
H =0.62198 [<100 » Pvp)—Pws] (16)
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Saturation vapour pressure (P,) is calculated by Weiss
[44] expression:

Py = 0.61078exp(17.2694T,) / (T, + 237.3) (17)

Vapour pressure (P,) is calculated by Antoine expression
as shown in Singh and Kaushik [45]:

a

5144
Py, exp<25.317— . > (18)

Relative humidity (R,) is given as

Ry =—— (19)

4 Thin-Layer Drying Equation

The thin-layer drying equation developed by Janjai [46]
for drying tomato under greenhouse-type dryer similar
to tunnel dryer was used to estimate the moisture ratio
as follows:

M-M,

M,=MR=——¢
M,~M,

= exp(~4¢®) (20)

4.1 Software Description

MATLAB 2010a was used for computing the unknown
of Eqgs. (1) to (5). The inbuilt first-order differential
equation ODE45 was used. The input values of data
were read from Excel using MATLAB; the values were
then written back to the same Excel file. The flow chart
of solution is illustrated in Fig. 4. The input parameters
are given in Table 3.

5 Energy and Exergy Assessment
5.1 Energy Assessment

The heat utilized during drying process can be estimated by
using the following formula:

Qutl = Mmy (ha_hout) (2 1)

Take the inputs Ta,
Tout, Is,Tc, Tp,
Mp and Tam

v

Read all the hourly input data and start from 0 hours|
with T start=3600*Current hour and
Tend=3600*Next hour

.

Call ODE45 with Tstart, Tend,

and 5 unknown values, get the

end value and store them for
plot and next initialization values

Fig. 4 Flow chart of simulation procedure

The instantaneous useful energy gained from the solar
tunnel dryer was calculated using the following equation:

anin = lS X AC (22)

The energy utilization ratio (EUR) in solar tunnel dryer is
as follows:

Ou My (hin=hou)

EUR = =
Qgain 1y x 4.

(23)

Table 3 The parameter used for MATLAB computation of tunnel dryer

Parameters  Values Parameters  Values
A, 29.45 m? ® 0.80
Ay 18.75 m? o 0.80
Ay, 0.039 m? o, 0.90
Ao 0.0628 m> se 02x1073
A, 1.67 m* o 5.67x107°
Cpa 1,005 J kg 'K ! Pe 930 kg m °
Cpe 2,500 J kg ' K! Pp 1,100 kg m™>
Cyr 750 T kg ' K e 0.92
Gy 4,186 J kg ' K e 0.9
Cyp 4220 J kg 'K o 0.88
Cp 1,864 J kg™ K v 15.11x10° m* s
D, 0.03 m
F, 0.80
k, 0.025Wm ' K
ky 128 Wm 'K
» 22571073 J kg
M, 809.09 (% db)
w 375 m
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5.2 Exergy Analysis

Exergy is defined as the maximum amount of work that can be
produced by a system or a flow of matter or energy as it comes
to equilibrium with a reference environment [46-52]. Exergy
is a true measurement of the quality or grade of energy, and it
can be destroyed in the thermal system. The second law states
that part of the exergy entering a thermal system may be
destroyed within the system due to irreversibilities.

The exergy analysis is carried out considering the steady
flow systems; the exergy equation can be derived by simpli-
fication of the general exergy equation as [53]

T
Exergy =¢, (T—Too)—ToolnT—

o0

The equation of exergy inflow into tunnel dryer can also be
written as follows:

T,
Exinflaw - Cpa (Ta_Too)_TwlnT (24)

o0

Exergy outflow for solar tunnel dryer is as follows:

Exergy loss = Exergy inflow

Z Ex; = Z Ex;—z Ex,

Exergy inflow—FExergy loss

E tic Effici =
xergetic Efficiency Exergy inflow
EXposs
- 1— 26
e Exinflaw ( )

6 Statistical Analysis of Proposed Model

In order to assess the consistencies between predicted and
measured air temperature, a statistical analysis was carried
out. The standard error (SE), root-mean-square error
(RSME) and coefficient of correlation (r) parameters used in
the study are defined after Holman [54], 2010:
Standard error (SE) is given as
g

SE == (27)

where

S (eote)”

n—1

1/2

root-mean-square error (RMSE)

T ou
ExXoupiow = Cpa | (Tour—Too)~Tooln—" 25 1 " 2
outflow pa ( out OO) © Tco ( ) RMSE = ; Zi:l I:xi,exp_xi,pre] (28)
Fig. 5 Variation in experimental 340 - 1,000
and predicted temperature with
time for consecutive days 330
y 330 L 900
320 &
= - 800 E
= g
> 310 - -
- - 700 F
g 300 b
= - 600 =2
290 - 2
280 - - 500
=#~Tam =#—Ta(Exp) =#Ta(Pre) =#—SolarRadiation
270 T T T T \ \ \ T T T T T 400
o800 000 00 a0 00 e00 g0 00 900400
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Table 4 Results of error estimation of air temperature inside the dryer

Parameters Inside air temperature
Standard error (SE) 0.426
Root mean square error (RSME) 0.413
Correlation coefficient () 0.990

A relationship for the correlation coefficient () may be
preferable as follows:

”Z XexpXpre™ (Z xexp) (Zme)
P (E )| / (S| /

=

(29)

7 Results and Discussion
7.1 Drying Air Temperature

The inside air temperature plays a major role in removing
moisture from a wet product. Drying chamber air temperature
should be higher than the ambient air temperature. Maximum
air temperature attained during the experiment was around
58.11 °C. The difference between predicted and experimental

Fig. 6 Variation in energy
utilization ratio with time for

consecutive days 45

Energy Utilization Ratio (%)

15 -

10 -

air temperature was in the range of 0.41-3.34 °C as illustrated
in Fig. 5. Equations (27), (28) and (29) are used for statistical
assessment and the differences between the experimental and
predicted values in terms of standard error (SE), root mean
square error (RSME), and coefficient of correlation (7). The
values of these statistical parameters for air temperature inside
the tunnel dryer are presented in Table 4. The values of the
correlation coefficients () were greater than 0.97 for air the
temperature inside the tunnel dryer; thus, it is demonstrated
that the proposed analytical model can provide a good fit with
the experimental values.

7.2 Energy Analysis

Energy output is the function of enthalpy (Eq. (21)), and it is
higher for higher enthalpys; it also affects the energy utilization
ratio. The enthalpy difference between air inside the dryer and
outlet air is low as compared to the predicted value of air
inside the tunnel, and that is why the experimental EUR is
lower than that for the corresponding predicted EUR. Figure 6
illustrates the variation in experimental and predicted energy
utilization ratio with time for consecutive days. Experimental
EUR varies in the range of 2.72-28.01 %, whereas predicted
EUR varies in terms in a range of 15.01-44.03 %.

7.3 Exergy Analysis

The predicted exergy efficiency of drying chamber is lower
than that of corresponding experimental exergy efficiency.

—4—Experiential =i Predicted

08:00
09:00

10:00

11:00
12:00
13:00
1400
15.00
16:00
17:00
08:00
10:00
11:00
12:00
13:00
14:00

09:00

Drying Time (Hrs)
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Fig. 7 Variation in experimental 100 ——Experiential
and predicted exergetic efficiency —B-Predicted
with time for consecutive days

90 -
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¥
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50 T T T T T T T T T T T 1
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< (=3 f=3 =2 (=} [=3 < (= (=3 f=3 < (= < f=3 < (=3
=3 S - N « < 72} G ~ % N S - N « <
o — — — — —_— — — — t=1 f=) — — — — —

The exergy inflow is the function of temperature difference,
such that higher difference in temperature indicates lower
exergy efficiency. The predicted air temperature is higher than
experimental values, which increase the temperature differ-
ence; that is why exergy efficiency with predicted drying air
temperature is lower compared to the experimental values.
Experimental exergy efficiency during the first day of exper-
iment ranged from 69.43 to 90.76 %, and during the second
day, it ranged from 66.40 to 87.17 %. The predicted exergy
efficiency for the first day ranged from 51.93 to 83.57 %,
whereas for the second day, it ranged from 59.29 to 84.32 % as
illustrated in Fig. 7.

7.4 Economic Assessment

The values of the correlation coefficients () for predicted drying
air were greater than 0.97; thus, it provided a good fit with the
experimental values. It is a well-known fact that a model devel-
oped for any application is viable only when it has a good fit

Drying Time (Hrs)

with experimental values. With this justification, economic
evaluation was carried out for its viability. The developed dryer
can accommodate 100 kg of fresh fenugreek leaves.
Component-wise cost of a solar tunnel dryer is presented in
Table 5. Fenugreek leaves are normally available during months
of February and March in Indian market. The price of freshly
harvested fenugreek leaves is 0.2 USD per kilogram. Table 6
shows the cost analysis and simple payback period analysis of a
tunnel dryer. The capital cost can be recovered in 11 drying
batches, which take 22 working days. In the off-season, other
seasonal leafy products can be dried for more benefit.

8 Conclusion

Hence, it can be concluded that a walk-in type solar tunnel dryer
is found suitable for drying leafy vegetable products and adding
value to the product. The initial investment can be recovered

Table 5 Component wise cost of

a tunnel dryer S. No. Item Quantity Cost (USD)
1. Galvanized iron pipe 15 mm class A 40 m 110
2. Galvanized iron pipe 25 mm class A 10 m 30
3. Metallic door one 10
4. 200 1 UV-stabilized polythene sheet 20 kg 110
S. Pucca floor with black paint (5.5 x4 m?) 22 m? 100
6. Insulation inside the floor S cm 40
7. Drying beds of 2.75 m wide having 7.5-cm depth 100
8. Skilled labour for fabrications 100
9. Miscellaneous (cement, nut bolt, cable, wire, etc.) 80
Total installation cost 680
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Table 6 Economic assessment of solar dryer for drying fenugreek leaves

Particular Value
Input cost of raw material per batch (USD), procurement cost 20, 3, 3
(USD), and labour cost (USD)

Total input cost (USD) 26
Market value of 9 kg at 10 USD 90

Net profit per batch (B-A) 64
Number of batches required to recover capital cost 11
Payback period 22 days

within 22 working days, and thereafter; net profitability in-
creases, which can improve the financial conditions of farmers.
When integrated with other drying technologies, solar tunnel
dryer gives clean and environmental friendly technology. On-
farm installation of the dryer is recommended. The statistical
analysis of the developed model yielded correlation coefficients
(r) greater than 0.97 for the air temperature inside the tunnel
dryer which demonstrates that the proposed model can provide
good fitness with experimental values. The modelling and as-
sessment of this renewable energy based drying system will
increase energy savings and avoid environmental pollution.
Nomenclature

A.  Area of the cover material (m?)

A;  Area of the concrete floor (m?)

A,  Area of the product (m?)

A;,  Cross-section area of the air inlet (m?)

Ay Cross-section area of the air outlet (mz)

C,,  Specific heat of air (J/kg K)

C,.  Specific heat of cover material (J/kg K)

C,;  Specific heat of liquid (J/kg K)

C,r  Specific heat of floor(J/kg K)

C,, Specific heat of product (J/kg K)

C,,  Specific heat of water vapour (J/kg K)

D Average distance between the floor and the cover (m)

D, Thickness of the product (m)

EUR Energy utilization ration (%)

F,, Fraction of solar radiation falling on the product (decimal)
H Humidity ratio of air inside the dryer (kg/kg)

he.o Convective heat transfer between the cover and the air (W/m2 K)

hera Convective heat transfer between the floor cover and the air
(W/m? K)
hep- Convective heat transfer between the product and the air (W/m? K)

H;,, Humidity ratio of air entering the dryer (kg/kg)

hire Conductive heat transfer between the floor and the underground
(W/m® K)

H,,, Humidity ratio of the air leaving the dryer (kg/kg)
h,.. Radiative heat transfer between the cover and the sky (W/m2 K)

hyp.. Radiative heat transfer between the product and the cover
(W/m?® K)

A.  Area of the cover material (m?)
h,,  Convective heat transfer between the cover and the ambient
(W/m? K)
s Incident solar radiation (W/m?)
k,  Thermal conductivity of air (W/m K)
k. Thermal conductivity of insulation material (W/m K)
ky Thermal conductivity of floor material (W/m K)
L,  Latent heat of vaporization of moisture from product (J/kg)
M Moisture content of product (% db)
m,  Mass of air inside the tunnel dryer (kg)
m.  Mass of cover (kg)
M,  Equilibrium moisture content of product (% db)
my  Mass of concrete floor (kg)
M,  Initial moisture content of product (% db)
M, Moisture content of dry product (% db)
m,  Mass of product (kg)
Nu  Nusselt number

Re  Reynolds number

Rh  Relative humidity (decimal)

t Time (h)

T,  Reference temperature (K)

T,  Air temperature in the dryer (K)
T.,» Ambient temperature (K)

1. Cover temperature (K)

T, Chimney outlet temperature (K)

Floor temperature (K)
Temperature of product (K)
Sky temperature (K)

[SIEJCRS

Overall heat loss coefficient from the cover to ambient air
(W/m? K)

14 Volume of the drying chamber (m®)

V,,  Inlet airflow rate (m*/s)

v;,  Inlet air speed (m/s)

V,u: Outlet airflow rate (m3/s)

Vour  Outlet air speed (m/s)

V,,  Wind speed (m/s)

W Width of the dryer floor (m)

Greek letters

a.  Absorptance of the cover material

ay  Absorptance of floor (decimal)

o,  Absorptance of product

O Thickness of the cover (m)

o Stefane Boltzmann’s constant (W/m? K*)

pa  Density of air (kg/m’)

pe  Density of the cover material (kg/m’)

pas  Density of the dry product (kg/m®)

pp  Density of the product (kg/m’)

e Transmittance of the cover material

e Emissivity of the cover material

o Emissivity of the product

v Viscosity of air (m?*/s)
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