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Abstract

In this paper, convective heat transfer coefficient of Indian gooseberry (Emblica
officinalis), in three different forms (shreds, slices and pieces), under forced
convection mode has been determined. These forms were dried in laboratory
drier. Values of constants C and n have been determined using experimental
data and regression analysis for calculating values of convective heat transfer
coefficient. It was found that the convective heat transfer coefficient varies with
form of commodity being dried and decreases as the drying progresses. The
value of convective heat transfer coefficient was highest for shredded form
(30.39 W/m™C) followed by slices (25.88 W/m*°C) and pieces (18.67 W/m*°C)
when compared at certain final moisture content. The data were also analyzed
for per cent uncertainty.

Keywords: Crop drying, Forced convection, Convective heat transfer, Indian
gooseberry.

1. Introduction

Indian gooseberry (Emblica officinalis), locally named ‘Aonla/Amla’, is a typical
fruit having hard skin, fibre outside and hard stone inside. It contains 600-1000
milligram vitamin C per 100 gram pulp. Due to its nutritional and medicinal
qualities, it is extensively used in Ayurvedic system of Indian medicines [1]. It
could be utilized for preparation of various beverages viz. ready- to - serve nectar,
squashes, syrups etc. either alone or after blending with other fruit juices and jams
[2, 3]. There is 80-82% moisture content in the fresh fruit [4]. This is either used
fresh or in dried form for making its different preparations.
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Nomenclatures
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Area of tray, m’

Constant

Specific heat of humid air, J/kg°C

Hydraulic diameter, m

Convective heat transfer coefficient, W/m?*°C
Thermal conductivity of humid air, W/m°C
Moisture content, % dry basis

Moisture evaporated, kg

Constant

Nusselt number = h . X/K,

Prandtl number = u,C/K,

Partial vapour pressure at temperature 7, N/m’
Rate of heat utilized to evaporate moisture, J/m” s
Reynolds number = p,vd/u,

Time, s

Crop temperature, °C

Average crop temperature, °C
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Exit air temperature, °C
Average temperature of humid air, °C

Average of crop and humid air temperature, °C
Air velocity, m/s
Characteristic dimension, m
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Greek Symbols
y Relative humidity, %

z Average relative humidity, %

A Latent heat of vaporization, J/kg

Uy Dynamic viscosity of humid air, kg/ms
Dy Density of humid air, kg/m’

Crop drying is one of the oldest methods of preservation. Drying is basically a
heat and mass transfer phenomenon. Drying of Indian gooseberry as a whole is
difficult hence before drying, the stone is removed and the pulp is cut into small
pieces or slices. It is either dried under open sun or in suitable mechanical/solar
dryer. In drying, part of heat used propagates to the interior of the crop (causing a
rise in temperature and formation of water vapour) and the remaining amount is
utilized in evaporation of moisture from the surface. Forced convection helps in
quick removal of water vapour. The moisture from the interior diffuses to the
surface to replenish the evaporated surface moisture.

The convective heat transfer coefficient is an important parameter in drying
rate simulation since the temperature difference between the air and crop varies
with this coefficient [5]. On the basis of crop bed thickness, drying can be
classified into two categories: thin bed and deep bed drying. Generally, crop
drying with a bed thickness up to 20 cm falls under thin bed, whereas when the
thickness is more, it is known as deep bed drying [6]. The heat transfer coefficient
can be determined on the basis of (a) area of the crop for thin bed and (b) volume
of the crop for deep bed drying. Smith and Sokhansanj [7] have developed a
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natural convection heat transfer model in which the density of air was assumed to
be a function of temperature and absolute humidity. Garrote et al. [8] studied the
effect of retort temperature, rotation speed, headspace and radius of rotation on
mean convective heat transfer coefficient during sterilisation of canned
evaporated whole milk. The model developed for heat transfer coefficient was
adequate, showing no significant lack of fit and satisfactory coefficient of
determination.

Sokhansanj [9] used experimental data for thin layer drying of barley to show
that a model of coupled heat and mass transfer within a single kernel of grain
improve prediction of the drying rate. Miketinac et al. [10] formulated five
models simulating the process of simultaneous heat and mass transfer in drying a
thin layer of barley. The heat transfer coefficient was found to vary from 43 to 59
W/m’/K depending on the form of drying model.

Sodha et al. [11] presented a simple analytical model based on simultaneous
heat and mass transfer at the product surface and included the effect of wind
speed, relative humidity, product thickness and heat conducted to the ground for
open sun drying and for a cabinet dryer. Jaturonglumlert and Kiatsiriroat [12]
have carried out studies on heat and mass transfer of fruit leather drying with
combination of hot air and far-infrared and the heat and mass transfer coefficients
were analyzed by heat-mass analogy. Wang et al. [13] measured the convective
heat transfer coefficient for a packed bed of rice. Kumar and Tiwari [14] and
Tiwari et al. [15] have developed models for getting the values of C and n and
convective mass transfer for solar distillation. Goyal and Tiwari [16] have
developed an empirical expression for heat and mass transfer for thin layers of
crops like wheat and gram. Anwar and Tiwari [17] evaluated convective heat
transfer coefficient by determining the values of C and n for six crops, namely,
green chillies, green peas, white gram (Indian trade name — Kabuli chana), onion
flakes, potato slices and cauliflower under open sun drying conditions and for
Kabuli chana under natural cooling. Anwar and Tiwari [18] also determined
values of C and n and thus convective heat transfer coefficient of these crops in
forced convection also in open and closed simulated conditions. It was found that
the values of convective heat transfer coefficient varied from crop to crop and
method of drying.

These values would be useful in designing a dryer for a given range of crops.
Basunia and Abe [19] conducted experiments on thin layer solar drying of rough
rice in natural convection and determined the drying rate by using the Page
equation. Manohar and Chandra [20] studied the drying process in greenhouse
type solar dryer using natural as well as forced ventilation and the drying data
were represented with the Page drying equation. Yaldiz et al. [21] presented
various mathematical models of thin layer solar drying of sultana grapes on the
basis of regression analysis of the experimental data. Mulet et al. [22] proposed a
method of standardizing open sun drying time by defining the equivalent time
based on the average solar radiation input. Goyal and Tiwari [23] presented a
thermal model to predict the crop parameters for a reverse absorber cabinet type
solar dryer. Ratti and Majumdar [24] developed a simulation code to predict the
batch drying performance of a packed bed of particles (carrots or apple slices).
The model was used to predict the crop temperature and moisture ratio with
respect to drying time in a cabinet solar dryer.
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The present study has been undertaken to determine convective heat transfer
coefficient of Indian gooseberry dried in three different forms. The values would
be useful for predicting drying parameters and designing a suitable drier as in
variety of preparations Indian gooseberry is used in dried form.

2. Materials and Methods

2.1. Sample preparation

For conducting the experiment, fresh and healthy fruits of Indian gooseberry
(average weight per fruit - 36.3 g) were taken. The fruits were of elliptical shape
with mean larger diameter of 35.5 mm (SD = 1.51), mean smaller diameter of
42.13 mm (SD = 1.57) and mean diameter of 38.93 (SD = 1.14).

Initial moisture content of fruit pulp was determined by gravimetric method.
The fruits were washed and excess water was wiped of using clean cloth.
Stainless steel shredder was used for shredding of fruits. Shreds of 15-18 mm
length and 2 mm thickness were made. Slices (5 mm thick) were made by cutting
fruits using stainless steel knife. For piece form, pieces of about 12 mm size were
made. Cutting of slices/pieces and grating was done manually. The stones after
shredding and cutting in slices/pieces were discarded. The representative samples

are shown in Fig.1.
(b) Pieces (c) Slices
c x » 4

(a) Shredded

Fig. 1. Different Forms of Indian Gooseberry Taken for Experiment.

2.2. Experimental setup and instrumentation

All the above forms were dried up to about 17 per cent moisture content (dry
basis) under forced convection mode using hot air blower (Usha Shriram, model
FH-812, 230 V A.C., two heating coils of 1 kW each and air speed 0.4 m/s). To
avoid excessive heating only one heating coil was used. The experimental set-up
for shredded form is shown in Fig. 2. Samples were placed in the drying channel
in which a thermocoal sheet (30 cm x 60 cm) was also placed and samples kept
over it were considered as representative sample. The thickness of samples was
uniform in all the cases. Thermocoal pieces were placed in the drying channel for
distribution of drying air to all part of channel. Channel was covered with glass to
have a view of samples. Samples were stirred at regular interval to avoid over-
drying of samples nearer to blower outlet. Temperature of samples and exit air
were recorded using mercury thermometer and the weight of representative
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sample was noted down at 10-minute interval using an electronic balance
(Dolphin make) of least count 0.01 g. The quantity of moisture evaporated was
determined by the weight loss in representative sample and multiplying it with the
total area of samples. The moisture content was again calculated by the weight
loss in samples. Humidity of exit air was also recorded at regular interval by dial
type hair thermo-hygrometer (Hugor make) placed at the channel exit. The set up
is shown in Fig. 2.

Position of thermo-hygrometer Thermometer for crop temperature Heat convector

Fig. 2. Drying of Shreds of Indian Gooseberry
under Forced Convection Mode.

2.3. Computation procedure

The convective heat transfer coefficient, h. can be determined using the
expression for Nusselt no. as below:

h = NuKv
X
or
h, =%C( RePr ) ey

The rate of heat utilized to evaporate moisture from horizontally wetted
surface is given as [25]:

Qe=0.016 h. {P(T,) - yP(T,)} (2
On substituting /. from Eq. (1), Eq. (2) becomes

Qe = 0.016%C( RePr )'{P(T.)-(T.)} (3)

The moisture evaporated is determined by dividing Eq. (3) by the latent heat
of vapourization, 4, and multiplying with the area of tray, A,, and time interval, ¢
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or
m, = 0.016% C(RePr) {P(T) - 1P(T. A @)
Putting
Kv
016—A{P(T)- (T JAr=2Z
0.016——{P(T.) = P(T. A1
Eq. (4) becomes
M — ¢(RePr )’ )
Z

Taking the logarithm of both sides,

1n(n;’"):1nC+n]n(RePr) (6)

Equation (6) is the analogy of an equation of a straight line, Y= b, * b, X ,

where Y =1n My,
Z

j, by =n, X =In(RePr), and by = In C, thus C =¢”.

The values of constants C and n have been determined by linear regression
analysis by using measured data of crop and exit air temperature and humidity
and moisture evaporated during 10-minute time period. The percent uncertainty
(internal + external) of data was determined for error analysis [26].

The physical properties of humid air; specific heat, C,, thermal conductivity,
K,, density, p, and viscosity, u, and the partial vapour pressure, P, can be
calculated using the expressions given in Appendix A.

3. Results and Discussion

The average values of five observations for all the forms of Indian gooseberry are
shown in Tables 1 to 3.

Here 7_1 , f and 7 are the average of respective 7., T, and y values of that
particular time and preceding time.

The physical properties of humid air were determined by using average crop
temperature,i, exit air temperature, T‘e and exit air relative humidity, and 7.

These properties were used for calculating Reynolds number and Prandtl number.
Linear regression analysis was done for determining values of constants C and n.
Convective heat transfer coefficient, h. for all the forms of samples was
calculated using Eq. (1). The values of C, n and convective heat transfer
coefficient on hourly basis (cumulative) for all the three forms have been
summarized in Tables 4 to 6.
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Table 1. Observations for Shredded Form.

. Weight 7 7
Time T. T, Y of crop Mg, m.c. TL Tl V2
min. °C °C % g g %db °C °C %

0 250 36.0 48 236800 ... 60175 ... .. .

10 250 37.0 46 229327 7473 579.60 25.00 365 47.0
20 240 370 36 219574 9753 55070 2450 37.0 41.0
30 240 380 31 211108 84.66 52561 24.00 375 335
40 250 39.0 28 202173 89.35 499.13 2450 385 295
50 250 380 24 195845 63.28 48038 25.00 385 26.0
60 265 380 25 188652 71.93 459.06 2575 380 24.0
70 255 390 24 181258 73.94 43715 26.00 385 245
80 255 390 24 172856 84.02 4122 2550 39.0 24.0
90 270 390 23 164824 80.32 383845 2625 39.0 235
100 27.0 390 23 157414 741 36649 27.00 390 23.0
110 285 400 23 148875 8539 341.18 2775 395 230
120 275 400 23 139871 90.04 31450 28.00 400 23.0
130 28.0 40.0 21 133021 685 29420 27.75 400 220
140 30.0 400 20 125141 788 270.85 29.00 40.0 205
150 275 420 20 117294 7847 24759 2875 410 20.0
160 28.0 420 20 1101.74 712 22649 2775 420 200
170 28.0 41.0 19 102849 7325 2047 2800 415 195
180 275 41.0 19 95983 68.66 18444 2775 410 19.0
190 27.0 41.0 19 891.64 68.19 16423 2725 410 19.0
200  27.0 40.0 19 82646 6518 14492 27.00 405 19.0
210 275 400 18 75833 68.13 12473 2725 40.0 185
220 275 41.0 18 691.02 6731 10478 27.50 40.5 18.0
230 28.0 40.0 17 63649 5453 88.62 2775 405 175
240 280 400 17 590.51 4598 7499 28.00 40.0 17.0
250 275 41.0 17 55214 3837 63.62 2775 405 17.0
260 275 41.0 17 5143 37.84 5241 275 41.0 170
270 27.0 410 16 49343 20.87 4622 2725 41.0 165
280 27.0 41.0 17 45942 3401 36.14 27.00 41.0 165
290 28.0 42.0 16 422 3742 2505 275 415 165
300 285 420 16 4122 9.8 2215 2825 420 16.0
310 285 420 15 40238 9.4 19.36 2850 420 155
320 29.0 43.0 15 3949 7.9 17.02 2875 425 150

Table 2. Observations for Slice Form.
Weight = =

Time T, T, 7 of crop m,, m.c. T, T, Va
min._°C__"C__ % e e  %db__°C___°C__%
0 250 370 55 2368 0 601.75

10 27.0 360 53 232899 3901 590.19 26.00 36.50 54.0
20 27.0 320 46 225572 7327 56848 27.00 34.00 49.5
30 29.0 360 43 2199.56 56.16 551.83 28.00 34.00 445
40 27.5 380 39 213081 6875 53146 2825 37.00 41.0
50 31.0 390 38 2059.04 71.77 510.19 2925 3850 38.5
60 31.0 390 38 1988.16 70.88 489.18 31.00 39.00 38.0
70 31.0 390 38 191595 7221 46778 31.00 39.00 38.0
80 30.0 400 37 184292 73.03 446.14 30.50 39.50 37.5
90 31.0 390 36 1767.97 7495 42393 30.50 39.50 36.5
100 290 39.0 35 169229 7568 401.50 30.00 39.00 355
110 280 38.0 33 161142 80.87 377.54 2850 3850 34.0
120 285 38.0 33 1536.11 7531 35522 2825 3800 33.0
130 285 38.0 35 146135 7476 333.06 28.50 38.00 34.0
140 28.0 380 35 1387.05 7430 311.05 2825 3800 350
150 280 39.0 35 131402 73.03 28940 28.00 3850 35.0
160 285 39.0 36 123744 7658 26671 2825 39.00 355
170 285 39.0 38 1159.81 77.63 24370 28.50 39.00 37.0
180 29.0 400 38 107998 79.83 220.05 2875 39.50 38.0
190 290 40.0 37 1007.12 72.86 19845 29.00 40.00 375
200 29.0 400 37 92738 7974 17482 29.00 40.00 37.0
210 290 400 38 84828 79.10 151.38 29.0 40.00 375
220 285 400 38 80234 4594 13777 2875 40.00 38.0
230 285 400 38 75826 4408 12470 285 40.00 38.0
240 285 400 38 71628 4198 11226 285 40.00 38.0
250 285 410 38 67845 3783 101.05 285 4050 380
260 28.0 400 39 63475 4370 88.10 2825 40.50 385
270 285 410 39 601.26 3349 7818 2825 4050 39.0
280 28.0 400 38 561.23 40.03 6631 2825 40.50 385
200 280 410 39 53648 2475 5898 28.0 40.50 385
300 275 41.0 39 51227 2421 5181 2775 410 390
310 275 41.0 39 49838 1389  47.69 27.5 41.0  39.0
320 275 41.0 38 48129 17.09 42.62 27.5 41.0 385
330 27.0 41.0 37 46439 1690 37.62 2725 410 375
340 275 41.0 38 45128 13.11 3373 2725 410 375
350 275 41.0 38 44116 10.12  30.73 27.5 41.0  38.0
360 275 41.0 37 43126 990 2780 275 41.0 375
370 27.0 420 37 42528 5.98 26.03 2725 41.50 37.0
380 27.0 420 37 42018 510 2451 27.0 42.00 37.0
390 27.0 420 36 41529 4.89 23.07 27.0 4200 365
400 265 420 36 41129 400 21.88 2675 42.00 36.0
410 265 420 35 40723 4.06  20.68 265 42.00 355
420 265 420 35 40326 3.97 19.50 265 4200 35.0
430 265 420 35 399.02 4.24 1824 265 4200 35.0
440 265 420 35 397.1 1.92 17.68 26.5 4200 350
450 265 420 35 396.28 0.82 17.43 265 42.00 350
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Table 3. Observations for Piece Form.

Weight me, m.c. T f 7
°C

Time T. T.
of crop ¢

min. °C °C % g g %db °C

0 240 400 37 2368 0 601.75 .
10 220 400 35 22845 835 577.00 23.00 40.00 36.0
20 245 400 37 22022 823 552.61 2325 4000 360
30 255 400 33 21269 753 53030 25.00 40.00 350
40 250 400 29 20546 723 508.87 2525 4000 310
50 250 400 29 19921 625 49035 2500 40.00 29.0
60 25.0 400 30 19309 61.2 47222 2500 40.00 295
70 245 400 29 1865.1 65.8 45272 2475 40.00 29.5
80 265 420 29 17925 72,6 43120 2550 41.00 29.0
90 27.0 420 30 17202 723  409.77 2675 42.00 295
100 275 420 28 16505 69.7 389.12 2725 4200 29.0
110 275 420 28 1571.2 793 365.62 27.50 42.00 28.0
120 270 420 27 1490 81.2 341.56 2725 4200 275
130 28.0 420 29 1430.1 59.9 32380 27.50 42.00 28.0
140 27.0 425 28 13528 77.3 300.90 27.75 4225 285
150 27.0 425 27 1283.1 69.7 28024 27.50 4250 275
160 28.0 420 27 12199 632 261.51 2775 4225 27.0
170 280 425 26 1157.8  62.1 243.11 28.00 4225 265
180 28.0 430 25 10984 594 22550 28.00 4275 255
190 285 430 26 1042.1 56.3 208.82 2825 43.00 255
200 285 430 25 987.5 546 192.64 2850 43.00 255
210 285 430 24 931.3 562 17598 285 43.00 245
220 285 430 23 880 51.3 160.78 28.5 43.00 235
230 29.0 43.0 23 830.8 492 14620 2875 43.00 230
240 285 435 24 788.5 423 133.67 2875 4325 235
250 28.0 435 22 747.3 412 12146 2825 4350 230
260 280 435 18 711 363 11070 28.0 4350 20.0
270 285 435 19 681.8 292 102.05 2825 4350 185
280 290 440 18 660.3 215 9567 2875 4375 185
290 295 440 17 610.5 498  80.92 29.25 44.00 17.5
300 290 445 16 571.3 392 69.30 2925 4425 165
310 285 440 16 542.1 292 60.65 28.75 4425 16.0
320 29.0 440 15 510.9 31.2 51.40 2875 44.00 155
330 295 445 16 482.6 283  43.01 2925 4425 155
340 285 445 15 458.4 242 35.84 2875 4450 155
350 295 450 16 441.2 172 30.74 28775 4475 155
360 30.0 450 15 4329 8.3 28.28 29.75 4500 155
370 315 450 14 426.4 6.5 26.36 3075 45.00 14.5
380 31.0 460 15 418.8 7.6 24.11 3125 4550 145
390 310 455 15 412.6 6.2 22.27 31.0 4575 150
400 310 455 15 407.3 53 20.70 31.0 4550 150
410 315 455 14 402.5 4.8 19.28 3125 4550 145
420 325 450 15 398.6 39 18.12 320 4525 145
430 320 455 14 395.5 3.1 17.20 3225 4525 145

It may be seen from above tables that the values of C, n and convective heat
transfer coefficient, h., in all cases, go on decreasing as the drying of samples
progresses. This is due to decreasing moisture content of samples with time. The
values of convective heat transfer coefficient for shredded, slice and piece forms at
the end of drying came out to be 30.39, 25.88 and 18.67 respectively. Therefore,
convective heat transfer coefficient varies with the form, which is due to difference
in physical characteristics. During initial stage of drying (up to 60 minutes), the
higher value of A, in piece form was probably due to surface conditions which
suited drying but it was not lasted during later part of drying. Shredded form has
highest values of convective heat transfer coefficient due to higher cut ends thus
exposure of more wet area to drying air and higher rate of moisture removal. Slices
follow next due to comparatively less cut area than pieces and so piece form. The
per cent uncertainty (internal + external) was found to be in the range 28-30% and
the different values of C and n were found to be within this range.

Table 4. Values of C, n and Convective
Heat Transfer Coefficient, &, for Shredded Form.

Time up m.c., c n he,

to,min.  %db W/m?°C
60 459.06 0.9986 1.0650 86.22
120 314.50 0.9951 1.0126 59.02
180 184.44 0.9897 0.9819 47.09
240 74.99 0.9871 0.9596 40.08
300 22.15 0.9801 0.9232 30.72
320 17.02  0.9790 0.9219 30.39
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Table 5. Values of C, n and Convective
Heat Transfer Coefficient, k., for Slice Form.

Timeup m.c., c n he,

to,min.  %db W/m*°C
60 489.18 0.9972 1.0245 64.33
120 35522 0.9947 0.9930 51.15
180 220.05 0.9945 0.9952 51.95
240 11226 0.9941 0.9902 50.07
300 51.81 0.9929 0.9793 46.26
360 27.80  0.9909 0.9554 38.97
420 19.50  0.9869 0.9210 30.40
480 17.29  0.9850 0.8986 25.88

Table 6. Values of C, n and Convective
Heat Transfer Coefficient, %, for Piece Form.

Timeup m.c., c n he,

to,min.  %db W/m*°C
60 47222 0.9983 1.1080 116.55
120 341.56  0.9948 1.0584 81.42
180 225.50  0.9902 1.026 64.55
240 133.67 0.9833 0.9961 51.52
300 69.30 09738 0.9621 40.06
360 28.28 09591 0.9254 30.41
420 18.12  0.9210 0.8728 20.09
430 17.20 09132 0.8636 18.67

4. Conclusions

The values of convective heat transfer coefficient, ., for three forms (shredded,
pieces and slices) were determined using values of constants, C and n, obtained
for these forms based on experimental data and the linear regression analysis. The
value of i, was found to vary from form to form and the values decrease as the
drying progresses. At common moisture content, the value is higher in case of
shredded form (30.39 W/m”*°C) followed by slices (25.88 W/m”*°C) and pieces
(18.67 W/m”™°C). Experimental error in terms of per cent uncertainty was found to
be in the range of 28 to 30%.
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Appendix A

The following expressions were used for calculating values of the physical
properties of humid air such as specific heat, C,, thermal conductivity, K,
density, p, and dynamic viscosity, u, and the partial vapour pressure, P [27].

For obtaining the physical properties of humid air, 7;is taken as the average of
crop temperature, T, , and the temperature just above the crop surface, 7.

C,=999.2 +0.1434 T; + 1.101x10* T;* - 6.7581x10° T, (A.1)
where T; = (T, + T,)/2
K,=0.0244 + 0.6773 x 10* T; (A2)
353.44
p,=—0 (A3)
(T +273.15)
uy = 1.718x107 + 4.620x10° T, (A4)
P(T)=exp 25317—— 144 (A.5)
T +273.15
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