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In this research paper, the convective heat transfer coefficients of khoa were investigated in an
open sun and greenhouse drying for natural as well as forced convection modes. The khoa was
dried in open sun conditions and in the roof type even span greenhouse with a floor area of
1.2x0.8 m” in natural and forced convection mode at atmospheric pressure till there is almost no
variation in its mass. The experimental data were used to determine the values of the constants in
the well known Nusselt expression by simple linear regression analysis and, consequently the
convective heat transfer coefficients were evaluated. The convective heat transfer coefficient
under forced convection greenhouse drying was found to be higher than the other modes. The
convective heat transfer coefficient could be expressed exponentially as a function of the drying
time interval. To test the consistency of the models developed for khoa drying, correlation
coefficient, and various statistical parameters were also determined. The experimental error in
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INTRODUCTION product is spread in a thin layer under direct sunlight. In spite

of many disadvantages like product pollution and
contamination, sun drying is still practiced in many places
throughout the world where plenty of solar radiation is
available. An advanced and alternative method to the
traditional techniques is greenhouse drying, in which the
product is placed in trays and receives solar radiation through
the plastic cover, while moisture is removed by natural
convection or forced air flow [7]. The convective heat transfer

Khoa is a traditional concentrated milk product which is a rich
source of energy containing proteins, fat, lactose and minerals.
It forms an important base for preparation of various types of
milk sweets. The total Indian sweet market is around ¥ 520
billion in terms of annual sales [1]. In many places khoa
manufactured in January—February is stored for use in summer
season. The shelf life of khoa is chiefly influenced by the

moisture contents among other factors like storage
temperature, raw material quality, sanitation conditions and
packaging [2]. Khoa is a partially dehydrated milk product
which contains sufficient moisture to permit the growth of
microorganisms of which the moulds give visible growth on
its surface within a few days of storage at room temperature
[3]. The presence of moulds in khoa causes its fast
deterioration by producing discoloration defects as well as
disagreeable flavors [4, 5]. Solar radiation has a definite role
in significant reduction of yeast and mould counts [6]. The
most widely used and the simplest method for product
dehydration is the open sun drying method in which the
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coefficient is an important parameter in drying rate simulation,
since the temperature difference between the air and the
product varies with this coefficient [8]. The convective heat
transfer coefficient depends on the thermal physical properties
of the humid air surrounding the khoa and the temperature
difference between the khoa surface and the air. The
convective mass transfer coefficients for various shapes and
sizes of jaggery pieces in a controlled environment were
evaluated [9, 10]. The usage of solar energy is a new approach
in the khoa preservation which may pave a new path in the
field of dairy industry. Therefore, the present studies were
undertaken to evaluate the convective heat transfer coefficient
for khoa with the following conditions:

(a) open sun drying under natural convection;
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(b) greenhouse drying under natural convection;
(c) greenhouse drying under forced convection.

A suitable empirical model is also developed to predict the
convective heat transfer coefficient for khoa as a function of
drying time.

MATERIALS AND METHODS

Experimental set-up and instrumentation

A roof type even span greenhouse of 1.2x0.8 m’ effective
floor area was fabricated of PVC pipe and a UV film covering
of 200 microns. The central height and the walls were
maintained as 0.6m and 0.4m respectively. An air vent with an
effective opening of 0.043 m” was provided at the roof for
natural convection. A photograph of the experimental setup
for greenhouse drying in the natural mode is shown in Fig.1
(a). A fan of 225mm sweep diameter and 1340 rpm with a
rated air velocity of 5m/s was provided on the sidewall of the
greenhouse for the forced convection experiments. A
photograph of the experimental setup for greenhouse drying in
the forced mode is shown in Fig.1 (b).

(b)

Fig. 1: Experimental set up of greenhouse drying under (a)
natural convection (b) forced convection

The orientation of the greenhouse was east-west during the
experimentation. Experimental setup for open sun and
greenhouse under natural and forced convection drying modes
were located on the open floor of a three-floor building to
have a good exposure to the solar radiation. A schematic view
of the experimental setup under the open sun drying mode is
shown in Fig. 3.
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Fig. 3: Schematic view of experimental set up for open sun drying

For each mode of drying, a khoa sample of 1.5 cm thickness
for single layer drying was kept in a wire mesh tray of
0.09mx0.06m size directly over the digital weighing balance
of 6 kg capacity (model TJ-6000, Scaletech, made in India)
having a least count of 0.1g. The khoa and air temperatures at

different locations were measured by calibrated copper-
constantan thermocouples connected to a ten channel digital
temperature indicator with a least count of 0.1 °C (accuracy
+0.1%). The relative humidity () and the temperature just

above the khoa surface was measured by a digital
humidity/temperature meter (model Lutron-HT 3006, made in
Taiwan). It had a least count of 0.1% relative humidity (an
accuracy of +3% on the full scale range of 10 to 95% of RH)
and 0.1 °C temperature (an accuracy of + 0.8 °C on the full
scale range of 50 °C). The air velocity across the greenhouse
section during the forced convection drying mode was
measured with an electronic digital anemometer (model AM-
4201, made in Taiwan). It had a least count of 0.1m/s with an
accuracy of £2% on the full scale range of 0.2 to 30.0 m/s.

2.2 Sample preparation and experimental observations

The khoa sample was prepared by following the traditional
khoa making process. The fresh milk (obtained from a herd of
15 cows) was heated over a hot plate at 150 watts in an
aluminum open pan and simultaneously it was stirred and
scraped with a Teflon scraper to avoid its burning. When the
desired consistency was achieved, the heating was stopped and
the product was allowed to cool to room temperature. Then a
100g cuboids shaped khoa sample of size 0.09x0.06x0.015m’
was prepared with the help of a wooden mold. The preparation
of the wooden mold involved different processes like cutting
of the wood with hand saw, fitting and finishing of the frames.
Fresh samples of khoa of the same shape, size and mass were
prepared by following the above procedure for open sun and
greenhouse drying under natural and forced convection mode.
Experiments were performed during the month of November
2010 at Guru Jambheshwar University of Science and
Technology Hisar (29°5°5” N 75°45°55” E). Observations
were taken for open sun and inside the greenhouse under
natural as well as forced convection mode. The observation
time interval for open sun drying was taken as half an hour
whereas for greenhouse drying it was an hour. The air velocity
across the greenhouse during forced convection mode was
measured to be 0.55 m/s with the help of the digital
anemometer. The initial mass of khoa sample for every mode
of drying was 100g. The khoa sample of size
0.09%0.06x0.015m’ was kept in the wire mesh tray over the
digital weighing balance. The moisture evaporated has been
calculated by taking the difference of mass of khoa between
two consecutive readings. The khoa sample was dried till no
variation in its mass is recorded.

2.3 Thermal modeling
The convective heat transfer coefficient for evaporation under

natural convection can be determined by using the following
relations [8, 11]:

Nu = hX _ C(GrPr)'
KV
Or
h, = Ij( C(GrPr)' (1a)

And under forced convection



090 International Journal of Current Research, Vol. 3, Issue, 8, pp.088-093, August, 2011

h, = 1; C(RePr)’ (1b)
The rate of heat utilized to evaporate moisture is given as [12]
0, = 00164 [P(T,)-P(T,)] @
On substituting / . from Eq. (1a), Eq. (2) becomes

0, =0.016 Ij{ C(Grer)'[P(T, ) - yP(T,)] 3)

The moisture evaporated is determined by dividing Eq. (3) by
the latent heat of vaporization (ﬂ,) and multiplying the area of

khoa drying tray (At ) and time interval (t ) .

m, = % At = 0.016%0(& o) [P(T,) = (T, 4,0 Q)
Let
0.0165%: [P(T,)-yP(T)|4t =2

XA
Moy _ C(GrPr) (5)
Taking the logarithm of both sides of Eq. (5),
1n{ W;V } =InC + nln(GrPr) (6)
This is the form of a linear equation,
Y=mX,+C, @)
Where
Y=In n? m=n, X, =ln(GrPr) and C, =InC
Thus, C = e

Similarly in the case of the forced convection drying mode,

Y=In Moy
Z

C=e"
Values of m and C; in Eq. (7) are obtained by using the

,m=n, X, =In(RePr), C, =InC and

simple linear regression method by using the following
formulae

m:NZXOY—ZXOZY
NZon _(ZXO)Z

- DXV -Y XD XY
NI xS - xS

Where N is the number of observations in each set of the

observation tables. By using the experimental data from
Tables 1-3 for 7,, T,, y and m,, , the values of ¥ and

®)

©

X, o could be determined for different time intervals and then

the constant C and exponent # were obtained from the
above equations for open sun, natural convection greenhouse
and forced convection greenhouse drying modes. Then, the
constants C and 7 were considered further for evaluating the
values of convective heat transfer coefficients from Eq. (1).

2.4. Experimental error

The experimental errors were evaluated in terms of percent
uncertainty (internal + external) for the moisture evaporated.

The following two equations were used for internal
uncertainty [ 13]:
2 2 2
\/ o, +o, +...0
U =—~—-- al (10)

N,

o

Where N , is the number of sets and O is the standard

deviation and is given as

N2

> (X - X)

c=\— 11
N

The percent internal uncertainty therefore was determined
using the following expression:
% internal uncertainty = (Uy/mean of the total observations)
%100
For external uncertainty, the least counts and the accuracies of
all the instruments used in measuring the observation data
were considered [14].

RESULTS AND DISCUSSION

The experimental data obtained for khoa drying
under natural convection greenhouse, forced convection
greenhouse and open sun drying modes are given in Tables 1-
3. These data were used to determine the values of the

constant C and exponent 7 in the Nusselt expression by
simple linear regression analysis. Then the values of the

constant C and exponent 7 were used further for
determining the values of the convective heat transfer

coefficient by Eq. (1). The values of C,n and h_ for khoa

drying under different modes are summarized in Tables 1-3.
The range of Grashof numbers and Reynolds numbers for each
case has also been given. The product of Grashof and Prandtl
number indicates that the entire drying for open sun and
natural greenhouse modes falls within a laminar flow,

because G Pr <107 . In the case of the forced greenhouse
drying the nature of heat transfer was also observed under

laminar regime, since Re Pr <107 [15]. It has been observed
from Tables 1-3 that the values of A . are almost constant for

forced convection greenhouse drying mode. However
convective heat transfer coefficient varies for open sun and
greenhouse drying under the natural convective mode. Further
it is important to note that the convective heat transfer
coefficient is more in forced mode as compared to natural
greenhouse as well as open sun drying modes. This may be
due to a decrease in relative humidity inside the greenhouse
resulting in increased partial pressure difference. The
convective heat transfer coefficient in the open sun drying
mode is more than the natural greenhouse drying mode. This
may be due to the wind effect outside the greenhouse. It has
been observed from Tables 1-3 that in all the drying modes,
the rate of moisture removal increases initially and then
decreases for a given day, also the total moisture removal
decreases with day of drying progression from first day to the
third day. This can be explained in terms of the convective
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Table 1: Experimental data for khoa dryving under natural greenhouse mode during

MNovember 3-5, 2010

Daw of Tims= 3 i o t )
i i e, > 107~ ﬂ;_ﬁ Pr o 'i!xc
- i {4
e [
1= 10-11am 36.4 3.8 368 [N LR L o117 [ER L]
11-12 418 2.4 30D O SO 091
12-1pm 48 8 1.7 7.8 O &0 [
1-2pm 51.2 1.1 232 [Nk [ .
o 10-1lam 37.6 3B 42L& 0. &DT 0. 83 0. 16 0.TE
11-12 42 8 3.1 361 O &0 0T
12-1pm 470 1.4 2o 8 [N [N
1-2Zpm 404 o3 5.1 &5 D65
3= 10-11am 3B.& 4.1 41O O E0T .85 .15 OET
11-12 42 & 1.7 i 2 O SO 065
12-1pm 5.6 OB 251 O BBD= 107 O &0 DG
1-2pm 43 .4 [+ 188 D412 107 [N o 54
Table 2: Experimental data for khoa drving under forced greemhouse mode during
MNovember 6-8. 2010
Dhaw of Time 3 _a ¥ 3 ' F5]
i T T m, 107 S Rexl10 Pr .
il ] il ] g -
™ I0-ITam IZ 4 30.0 B | 251 Z.ET=I07 0.69E8 0.595 0.I8 I.
11-12 37.6 4.z 2.8 23.6 2.50=10" 0.697 1.
12-1pm 2B 37.2 z.4 184 2 45107 0.696 1.
1-Zpm 432 iz 4 1.6 17.1 243107 0.696 1.
== 10-11lam 31.3 28.1 2.1 9.3 2.5 0.698 0.99 0.26 0.
11-12 I6.6 313.1 .8 233 2 0.697 a.
12-1pm 41.8 16.3 21 19.9 2. 0.696 0.
1-Zpm 422 186 0.7 16.0 2. 0.696 0.
3= 10-11lam il1.8 27.0 1.6 B9 2. 0.698 0.99 0.25 0.
11-12 ir.a i1.8 .4 Z23.0 2. 0697 0.
1Z2-1pm Z.8 35.0 1.8 2140 2. 0.696 a.
1-Zpm 43.2 3B 1.2 20.3 2. 0.696 a.
Table 3: Experimental data for khoa dryving under open sun mode during November @-11. 2010
Dayof  Tame T. 7. m.=10° Z. Gr=io® Pr  © T
Wing =oCh (C ey e
1= 11.00am 370 330 3.0 309 O 125=10" 0657 1.54 013 063
11 30am 41.% 37.5 1.1 345 067 T=10° O GOG 086
12 .00 44 8 3.0 1.2 31.4 1. 33107 O OGS O o4
12 30pm 478 41.3 1.0 238 1. Sl 10- 0605 0 oo
1. 00pm 519 440 0.8 255 2.37>10° 0605 1.03
2=a 11 00am 384 354 3.0 376 0. 17>10° 0 607 1.50 012 063
11 30am 428 369 1.4 332 1 23-<10° 060G 080
12 .00 454 37.8 1.5 30.8 1. 57=<10° O GO .83
12 30pm 45 .4 41.4 1.1 26.6 1. 78><10° 0 G653 083
1 Olrpanm A0 4 407 ] 264 2 44=10° O G905 O 89
F=< 11.00=m 330 298 1o 441 QLS55 107 0607 1.65 0.11 0. 54
11 30=m 36.5 31.4 1.6 A0 0. 762107 0607 074
1200 306 346 1.3 351 1.07>10° 0 607 .77
12 30pm 309 346 0.1 345 0 044107 0607 076
1.00pm 3.6 33.1 0.3 354 1.15=<10° 0657 0.78
Table 4: Experimental percent uncertainty under different modes of drving
Mede of drymg Uncertamty (%
Intemazl Extemnal Total
Gresnhouse nahiral 31.11 1.33 3244
Gresnhouse forced 16.53 1.45 18.00
COpen sun 2773 1.33 2006
Table 5: Coefficients of exponential model and results of statistical analvyses nnder different
modes of dryving
Day [ ) ¥ ,2’2 ALfBE RALSE
Gresnhouse natiral
1= 07953 -0 0466 0. o087 0 1342 -0 1269 0. 1427
2=a 0. 5663 00273 0.oo43 03479 -0 2043 02285
3=a 0_4620 -0 1309 02865 04264 -0 2262 02534
Greenhouse forced
1= 11436 00181 0 0002 0630 00276 O 007
2=a 03980 00113 0. ooo2 00204 -0.0485 00571
3=d 0_7966 -0.0267 09971 00704 -0.0976 01115
Open sun
1= 08712 00779 09793 0. 0203 00673 O 107
2=d 0. 7604 00201 09718 0.001a 00135 00746
34 D 5669 -0.0101 09518 00234 00509 01022

heat transfer coefficient. In order to compare, the convective
Experimentally, it is found that initially the rate of moisture
removal in the case of open sun and natural greenhouse
convection modes is more when compared to the forced

convection mode after each hour. This is because of the high
temperature difference between the khoa and the surroundings
as compared to the forced convection mode, in which
temperature difference is reduced due to the continuous
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removal of air by the fan from the greenhouse. heat transfer
coefficient for different drying modes, the average values of
convective heat transfer coefficients were calculated for each
day. These results are plotted in Fig. 4, from which it can be
seen that the convective heat transfer coefficients for khoa
drying under different modes decreases as the day of drying
progresses from the first day to the third day. From Fig.4 it
can also be seen that the convective heat transfer coefficient is
more in the forced greenhouse drying for all the drying days
which is followed by the open sun and natural greenhouse
drying modes respectively.

—— natural greenhouse —— open sun —— forced greenhouse

207
< 0.6
05
04 T 1
1 2 3
Days

Fig. 4: Variation in convective heat transfer coefficient for
different modes of drying

Experimentally, it is found that initially the rate of moisture
removal in the case of open sun and natural greenhouse
convection modes is more when compared to the forced
convection mode after each hour. This is because of the high
temperature difference between the khoa and the surroundings
as compared to the forced convection mode, in which
temperature difference is reduced due to the continuous
removal of air by the fan from the greenhouse. The percent
uncertainty (internal + external) was found to be with in
32.44%, 18% and 29.06%, for the natural greenhouse, forced
greenhouse and open sun drying modes respectively and the

different values of /1, were found to be within this range. The

experimental percent uncertainties for khoa under different
drying modes are reported in Table 4. When the convective
heat transfer coefficients of khoa were analyzed under
different drying modes, it is found that the changes in the
convective heat transfer coefficient may be expressed best by
an exponential equation as a function of the drying time
interval.

h, = a.exp(b.t) (13)

Where a and b are the constants which were
calculated by linear regression analysis and # is the drying
time interval in hour. The correlation coefficient () was one
of the primary criteria to decide the fitness of the developed
model. In addition to the correlation coefficient, the various
statistical parameters like reduced chi-square ( ¥ 2 ), mean bias

error (MBE') and root mean square error ( RMSE') were
used to know the quality of the fit. These parameters are given
below [16]:

o -($r 5 o

i=1

N N 2 N N 2

=

=4 15)
X Nen (
1 N
MBE ==Y, ~h.,,) (16)
i=1
1 N ) %
RMSE = [—Z(hpm ~ ) } (17)
NS ’
Where hexp,i is the ith experimentally determined convective

heat transfer coefficient and /& is the ith predicted heat

pre,i

transfer coefficient for the developed model. N and n are
the number of observations and number of constants

respectively. The results of r,y°,MBE and RMSE

selected to assess the consistency of the developed model are
reported in Table 5. The high values of 7 and the low values

of *,MBE and RMSE indicate that the developed model

for the convective heat transfer coefficient is statistically
accurate. Thus, these relations can be used with an acceptable
accuracy to determine the convective heat transfer coefficient
for khoa drying under open sun and greenhouse drying modes.
Further the developed model can be used for designing a
greenhouse dryer for khoa to retain its quality for storage.

Conclusions

The following conclusions were made from the present
research work in which the convective heat transfer coefficient
for khoa drying were investigated.

1. The convective heat transfer coefficient inside the
greenhouse under forced mode was higher than for
other modes and it was least for the natural
greenhouse mode.

2. The convective heat transfer coefficient was observed
to vary from 0.86-1.09 W/m® °C, 0.54-0.91 W/m* °C
and 0.54-1.03 W/m® °C for forced greenhouse,
natural greenhouse and open sun drying modes
respectively.

3. For all the drying modes the convective heat transfer
coefficient decreases as the day of drying progresses
to the next day. This is because of the decrease in
total moisture removal with the drying day
progression from first to the third day.

4. The convective heat transfer coefficient could be
expressed exponentially as a function of the drying

time interval. The statistical parameters like 7, ;(2,

MBE and RMSE have also confirmed the
suitability of the models developed.

5. Experimental errors in terms of percent uncertainty
were found with in 32.44%, 18% and 29.06%, for the
natural greenhouse, forced greenhouse and open sun
drying modes respectively.
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