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Abstract

An indoor simulation study was carried out to evaluate heat and mass transfer relation for a semi-cylindrical metallic
(opaque) condensing cover for higher yields at different operating temperatures under free and forced modes of
operation. The objective is to design a distillation unit for higher yield for commercialization, particularly in India.
Experiments have been conducted for the operating temperature range of 40°C to 80°C in a steady-state condition by
using constant temperature bath. Data (temperature and yield) obtained from experimentation have been used to
determine the values of coefficient C and n and, consequently, convective as well as evaporative heat transfer
coefficients. It is inferred that a higher yield is obtained with an increase of temperature in the forced mode of operation
as compared to that in the natural mode of operation due to a fast release of heat from the condensing cover.
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1. Identification of the problem

Distillation units with spherical shapes are
currently available in India. These were designed
on the basis of Thumb's Rule (i.e., more yield for
more condensing area due to faster heat loss to
ambient). However, it is difficult to design these
spherical shapes for multi-effect distillation as
compared to the semi-cylindrical shapes (which

are used in this study). These semi-cylindrical
condensing covers help in obtaining more yield
for the same evaporative area. In order to opti-
mize the area of condensing cover, there is a
strong need to study the basic heat and mass
transfer for a given shape of condensing cover.
The semi-cylindrical-shaped multi-effect distilla-
tion system will be more economical from a
commercial point of view.



162 G.N. Tiwari, R. Tripathi /Desalination 154 (2003) 161-169

2. Introduction

The thermal model given by Kumar and
Tiwari [1] and Tiwari et al. [2] for heat and mass
transfer for distillation is used in this study. The
heat transfer within the distillation unit, which is
regarded as the internal heat transfer, is due to
three modes of heat transfer: radiation, con-
vection and evaporation. Convective heat transfer
occurs among the different layers of water inside
the distillation unit. From the water surface to the
condensing cover, heat transfer is accompanied
by transport of water vapor formed above the
water surface through an air-vapor mixture. Both
convective and evaporative heat transfers occur
simultaneously and are independent of radiative
heat transfer. The air-vapor mixture is convected
from the water surface to the condensing cover
due to the difference in temperature between the
water surface and the fluid far away from the
evaporating surface. This process always takes
place in the natural mode. The external heat
transfer takes place outside the distillation unit
and it may be under the natural or forced mode.

The rate of convective heat transfer is
described by the general equation

(i)

where hew is the convective heat transfer coeffi-
cient and is a function of the following
parameters:
• operating temperature range
• geometry of the condensing cover
• physical properties of the fluid at the

operating temperature
• flow characteristics of the liquid.

The following relation gives the non-
dimensional Nusselt number related by the
convective heat transfer coefficient:

or

(2a)

where Gr and Pr are the Grashof and Prandtl
numbers, respectively, and C and n are unknown
constants to be determined by regression analysis
using experimental data. Gr and Pr are given by
the following expressions:

Gr -

The temperature dependence expressions for
some vapor physical properties are given in
Table 1.

Here, linear regression analysis is used to
evaluate C and n, which is explained in the
section on numerical computation. By evaluating
C and n, the convective heat transfer coefficient
(hew) is evaluated from Eq. (2a), which is free
from various limitations as contained in the
relation obtained by Dunkle [3], which is given
by

- 0.884 T-T^
268.9* 103-P

1/3

(2b)

3. Design of the condensing cover

The design (shape and tilt) of the condensing
cover plays an important role in the heat transfer
processes. A semi-cylindrical cover made of
aluminum was used for faster heat transfer from
the condensing cover to ambient for a higher
distillate output (Fig. la). The area of the semi-
cylindrical cover can be easily increased, unlike
the spherical shape of the condensing cover. A



G.N. TiwarL R Tripathi / Desalination 154 (2003) 161-169 163

Table 1
Temperature dependent physical properties of vapor

Quantity Symbol Expression

Specific heat
Density
Thermal conductivity
Viscosity
Latent heat of vaporization
of water

Partial saturated vapor pressure
at condensing cover temp.

Partial saturated vapor pressure
at water temp.

Expansion factor

999.2 + 0.1434 * 7"/+ 1.101 * 10-4 * Ti2- 6.7581 * 10-8* Ti
353.44/(T~+273.15)
0.0244 + 0.7673* 10-4* T+

1.718* 10-s+4.620* 10-s*T~
3.1615 * 106* [1-(7.616 * 10-4* T~)]; for Tj>70°C
2.4935 * 106* [1-(9.4779 * 10-4T~+ 1.3132 * 10-7* T~

-4.7974 * 10-9* Ti3] , for Ti<70°C
Exp [25.317-5144/(L,+ 273)]

Exp [25.317-5144/(Tw+ 273)]

1/(T~+273.15)

Table 2
Specifications of condensing cover

Dimension

Shape
Material
Thickness
Length
Breadth
Height
Rivet

Size

Semi-cylindrical
Aluminum
20, gauge
39 cm
26 cm
28 cm
2 mm (diameter)

distillate channel with a "U" shape was fitted at
the lower end of condensing cover from all sides
as shown in Fig. 1(b). The specifications of the
condensing cover are given in Table 2.

4. Experimental set-up, procedure and
observations

The experimental set-up consists of a constant
temperature bath, semi-cylindrical condensing
cover, digital temperature indicator and thermo-
couples (calibrated against zeal thermometer).
The total capacity of the constant temperature

g a u g e for
distiItotion output
(yictd)

Fig. la. Line diagram of semi-cylindrical condensing
cover.

Condensed droplet

Distillate channel

Fig. lb. Cross sectional view of semi-cylindrical con-
densing cover.

bath is 40 L and its effective evaporating surface
area is 36 cm x 26 cm (rectangular area). It
consists of heating coils to heat the water mass,
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Stirrer

Transparent wall Water level

Fig. 2a. Schematic diagram of the experimental set-up.

Fig. 2b. Photograph of the experimental set-up.

a stirrer to maintain the uniform temperature and
a proportional control to fix a desired tempera-
ture. The line diagram of the condensing cover
and the schematic diagram of the system are
given in Figs. l(a) and 2(a), respectively, and the
photograph of the experimental set-up is shown
in Fig. 2(b). The two sides of a constant tempera-
ture bath are transparent.

Four thermocouples were attached to the
digital temperature indicator having the least
count of 0.1 °C. The first thermocouple was used
to record the water temperature inside the
constant temperature bath; the second and the
third thermocouples were used to record the
inside and outside temperature of the condensing
cover, respectively. The fourth thermocouple
recorded the ambient room air temperature.
Experiments were conducted from 40°C to 80°C

at intervals of 2°C under the conditions of no fan
for a natural convection effect and with a fan for
a forced convection effect.

The distillate output was collected in a
transparent beaker (to see the continuous flow of
water drops) and was measured with the help of
a weighing machine of least count 0.1 g. The
yield was taken at 10-rain intervals. The charac-
teristic dimension (Lv) was taken as half of the
vertical height of the condensing cover, i.e.,
0.14 cm.

The temperatures and yield under natural and
forced modes for various operating temperatures
were recorded. However, the data for operating
temperatures ranging from 40°C to 80°C are
given in Table 3 (a) and 3(b), respectively, for the
free and forced modes of operation.

The following steps were taken before starting
the experiment:
• to avoid vapor leakage from the distillate

channel, a proper adhesive was used at joints
from four sides of condensing cover

• to avoid vapor leakage at joints between the
condensing cover and constant temperature
bath, sponge rubber gaskets were used

• the water level, as shown in Fig. 2(a), was
kept at an appropriate level so that the fall of
a droplets back to the water mass could be
observed

• the set-up was slightly sloped towards the
drainage for smooth collection of yield

5. Numerical computation

The distillate output (in kg) from the distiller
unit can be obtained by the relation

where

(3)

(4)
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Table 3 a
The various measured temperatures and yield in the
natural mode for operating temperatures ranging from
40°C to 80°C

S. no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

T, “C
1 w> *"

40.0
41.7
43.3
45.4
46.9
48.0
49.5
51.4
53.3
55.3
57.1
59.4
61.1
63.0
64.8
67.3
68.9
71.1
72.8
74.6
76.6

T

30.0
30.8
31.7
32.6
33.6
34.6
35.9
37.2
38.6
39.7
41.0
42.4
43.7
45.7
47.7
50.2
52.4
54.0
56.0
58.1
60.1

0.0035
0.004
0.005
0.006
0.007
0.008
0.009
0.010
0.0115
0.013
0.015
0.017
0.019
0.021
0.023
0.025
0.027
0.029
0.031
0.034
0.038

Table 3b
The various measured temperatures and yield in the
forced mode for operating temperatures ranging from
40°C to 80°C

S. no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

T °C

39.6
41.4
42.9
44.6
46.8
48.7
50.6
52.6
54.2
56.2
58.2
60.2
62.4
64.3
66.5
67.7
69.5
71.6
73.7
75.7
77.6

T °C

30.6
31.6
32.6
33.6
34.5
35.5
36.8
37.8
38.8
40.2
41.1
43.1
45.0
46.8
48.8
49.6
51.6
53.6
55.3
57.5
59.8

0.003
0.004
0.005
0.006
0.007
0.0085
0.010
0.0115
0.0135
0.0155
0.0175
0.0195
0.0215
0.024
0.0265
0.029
0.0315
0.034
0.037
0.041
0.0465

and

p -P
1vi £ ci

T -T
w a

(5)

Substituting the expression for h,, from Eq. (2a)
into Eq. (5) we get

K ( P -P
h = 0.01623 + “~ x C (Gr Pr)n x - S c 2

I.. T-T,

Further, substituting h,, into Eq. (4) and hence
dew into Eq. (3), we get

xC(GrPr)”

The non-dimensional numbers, Gr and Pr, have
been evaluated using standard expressions in the
temperature range of 40°C to 80°C.

Eq. (6) can be rewritten as

%w = R*C(GrPr)"

or

R

where

= C(GrPr)”
(71
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Taking the logarithm to both sides of Eq. (7)
and comparing it with the straight line equation,

(8)

we get

y = In -^ I C° = InC, x = ln(GrPr)

and m = n

By using linear regression analysis, the
coefficients in Eq. (8), m and Co, can be obtained
by the following expressions:

m = (9)

(10)

where N is the number of experimental
observations.

From Eqs. (9) and (10) after knowing m and
Co, n and C can be calculated by the expressions

= exp(C0)

n = m

(11)

(12)

6. Results and discussion

The values of y and x in Eq. (8) have been
computed at various temperatures by using the
experimental data from Tables 3 (a) and 3(b) and
expressions for physical properties of vapor of
Table 2, respectively. These y and x values were
used in Eqs. (9) and (10) to evaluate m and Co

and finally C and n from Eqs. (11) and (12),
respectively.

Further, the values of convective and evapo-
rative heat transfer were calculated from
Eqs. (2a) and (5) for different operating tempera-
ture ranges. The results are given in Tables 4(a)
and 4(b) under natural and forced modes of
operation.

From Table 4(a) it is inferred that there is a
variation of about 19.86% from 2.87 W/m2°C to
3.44 W/m2°C in the convective heat transfer
coefficient for an operating temperature range of
40-5 0°C. For the same operating temperature
range, there is a 61.90% variation from
13.86 W/m2°C to 22.44 W/m2°C in the
evaporative heat transfer coefficient. Further, it
is important to note that the variation in the con-
vective heat transfer coefficient decreases from
19.86% (2.87 W/m2°C to 3.44 W/m2°C) to
6.38% (4.07 W/m2°C to 4.33 W/m2°C) as the
operating temperature range increases from
40--50°C to 70-80°C. At the same time, the
variation in the evaporative heat transfer
coefficient decreases from 61.90% to 54.83% for
the same operating temperature ranges. This
indicates the importance of the operating temp-
erature range for distillation. However, there is
an increase of about 3.3% in the convective and
evaporative heat transfer coefficient for a given
operating temperature (say 70°C) by changing the
operating temperature range from 40-80°C to
70--80°C.

In the case of forced convection (use of a fan
over the condensing cover), the variation in
convective and evaporative heat transfer coeffi-
cients increases from 19.86% to 43.01% and
from 61.9% to 99.01% in comparison to the
natural mode for an operating temperature range
of 40-50°C [Table 4 (b)]. In this case the
variation in the convective heat transfer coeffi-
cient also decreases from 43.01 % to 7.60% while
the variation in evaporative heat transfer
coefficient decreases from 99.01% to about
59.37%, when the operating temperature range
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Table 4(a)
Values of C, n, h~ ,, and h~ for a semi-cylindrical shape in the natural mode for the temperature range of 40°C to 80°C

S. no.

1
2
3
4
5
6
7
8
9
10

Operating
temp. range, °C

40-50
40-60
40-70
40-80
50-60
50-70
50-80
60-70
60-80
70-80

C

0.0012
0.0015
0.016
0.045
0.936
1.03
1.43
1.77
3.73
4.31

n

0.624
0.611
0.457
0.389
0.195
0.189
0.168
0.155
0.107
0.098

Gr

4.4x106<Gr<5.9x106

4.4x106<Gr<7.5x106

4.4xl06<Gr<8.8><106

4.4xl06<Gr<9.8xl06

5.9xl06<Gr<7.5xl06

5.9xl06<Gr<8.8xl06

5.9xl06<Gr<9.8xl06

7.5xl06<Gr<8.8xl06

7.5xl06<Gr<9.8xl06

8.8x106<Gr<9.8x106

h~, W/m2 °C

2.87 <HC,,<3.44

2.87<h~,~<4.03
2.87<h~<4.25
2.87<hc~<4.43
3.61<hc~<3.90
3.61<h~,<4.12
3.61<h~w<4.27
3.94<hc<4.17
3.94<hc~<4.29
4.07<h~<4.33

h~, W/m2 °C

13.86<he~<22.44
13.86<h,~<37.26
13.86<h~w<59.07
1 3 . 8 6 < H ~ < 8 9 . 5 4

23.50<h,~<36.02
23.50<he~<57.17
23.50<h,,<86.37
36.39<h,,,<51.15
36.39<h,~,<86.71
56.55<h,~<87.56

Table 4(b)
Values of C, n, hc~ and h~ for a semi-cylindrical shape in the forced mode for the temperature range of 40°C to 80°C

S. no.

1
2
3
4
5
6
7
8
9
10

Operating
temp. range, °C

40-50
40--60
40-70
40-80
50-60
50-70
50-80
60-70
60-80
70-80

C

0.0009
0.012
0.047
0.103
0.108
0.473
0.773
1.12
1.37
2.30

n

0.654
0.480
0.392
0.340
0.339
0.243
0.212
0.189
0.175
0.144

Gr

3.9xl06<Gr<5.9xl06

3.9x106<Gr<8.0x106

3.9xl06<GK9.3xl06

3.9x106<Gr<10.7x106

5.9x106<Gr<8.0x106

5.9x106<Gr<9.3x106

5.9x106<Gr<9.Sx106

7.5x106<Gr<8.Sx106

7.5x106<Gr<9.8x106

8.8x106<Gr<9.8x106

, W / m 2 ° C

2.72<hc~<3.89
2.72<hew<4.41
2.72<hew<4.60
2.72<hew<4.83
3.75<h~w<4.31
3.75<H~W<4.47

3.75<hc~<4.70
4.20<h~w<4.53
4.20<h~,<4.67
4.47<h~w<4.81

he,,, W/m2 °C

13.20<h,~<26.27
13.20<he~<41.12
13.20<h,~<63.79
13.20<he~<99.20
25.33<h,~<40.94
25.33<hew<61.97
25.33<h,w<96.49
39.95<h~,<62.74
39.95<he~<95.91
61.98<h,~<98.78

increases from 40-50°C to 70--80°C. Hence it
can be concluded that for a given operating
surface area at a given operating temperature, the
heat and mass transfer relations strongly depend
on the operating temperature and surrounding
conditions for a given shape and size of
condensing cover.

The variation of the convective and evapo-
rative heat transfer coefficient under natural and
forced modes of operation for different operating

temperature ranges are shown (present model,
PM) in Figs. 3-6. For a comparison, the results
obtained by Dunkle's relation [3] for the convec-
tive and evaporative heat transfer coefficient
have also been shown (Dunkle model, DM) in the
same figures. It is significant to observe that the
results obtained from the present model deviate
significantly from the results obtained by Dunkle.
This shows the importance of operating temp-
erature and shape of the condensing cover.
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Fig. 3 a. Variation of convective heat transfer coefficient
(hc,v) with temperature.
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Fig. 4a. Variation of convective heat transfer coefficient
(hcJ with temperature.
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Fig. 5a. Variation of convective heat transfer coefficient
(hcJ with temperature.
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Fig. 3b. Variation of evaporative heat transfer coefficient
(h,,,) with temperature.
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Fig. 4b. Variation of evaporative heat transfer coefficient
(heJ with temperature.
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Fig. 6a. Variation of convective heat transfer coefficient
(h~,,) with temperature.

7. Conclusions

On the basis of the present studies, the
following conclusions were made:
• The design of a distillation unit with a semi-

cylindrical shape of a condensing cover is
more convenient than that of spherical shape.

• The distillate output is significantly increased
due to the increased condensing cover area
which resulted in (a) more heat loss from the
condensing cover and, (b) minimum number
of droplets falling to the evaporative surface
from the condensing cover.

8. Symbols

A,~ —- Surface area, m2

C — Unknown constant in Nusselt number
expression

Gr —- Grashof number
hcw — Convective heat transfer coefficient

from water to condensing cover, W/m2

°C
h~w —- Evaporative heat transfer coefficient,

W/m2 °C
Kv — Thermal conductivity of the humid air,

W/m2 °C
L — Latent heat of vaporization of water,

J/kg
Lv — Characteristic dimension of condens-

ing cover, m
rh.... — Distillate output

100

90

oO 80

70

60

50

40

30

5
I

- 70-80(PM) ~ 70-80(DM)

65 8570 75 80

Temperature (°C)

Fig. 6b. Variation of evaporative heat transfer coefficient
(h~) with temperature.

n — Unknown constant in Nusselt number
expression

Nu ~ Nusselt number
PcJ — Partial saturated vapor pressure

at condensing cover temperature, N/m2

Pr ~ Prandtl number
Pw — Partial saturated vapor pressure at

water temperature, N/m2

Q ~ Rate of heat transfer by convection, W
qew — Rate of evaporative heat transfer,

W/m2

Tc~ — Inner temperature of condensing cover,
°C

T~ — Evaporative surface temperature, °C
Tw — Water temperature, °C
71 — Temperature of the boundary layer

away from the evaporating surface, °C
/ — Time interval, s
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