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ABSTRACT

This research paper reports the study on heat and mass transfer during pool boiling of milk in an aluminum pan under
closed conditions. Various indoor experiments were conducted for different heat inputs varying from 240 to 360 W.
During heating of milk the evaporated water was condensed at the inner surface of the condensing cover and collected
as fresh water. Experimental data were analyzed by using Rohsenow pool boiling correlation with the help of simple
linear regression analysis. The convective heat transfer coefficients were estimated in the range of 186.32 to 567.56
W/m2°C for the heat inputs varying from 240 to 360 W. The nucleate boiling heat flux was observed to increase exponen-
tially with the increase in excess temperature. The experimental errors in terms of percent uncertainty were also evalu-

ated.
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1. INTRODUCTION

OILING isa very effective and efficient mode

of heat transfer, and it is encountered in various
engineering applications. Khoa making is one of the
important applications which involves boiling of milk
with an aim of evaporating the large quantity of water
present in it. Khoa is a heat desiccated milk product
which forms an important base for the preparation of
variety of milk sweets [1]. During the last seven
decades, many theoretical and empirical correlations
have been proposed to estimate the heat transfer
coefficients aswell as critical heat fluxes, under boiling
in different conditions [2]. Rohsenow proposed
constant values of the exponents in dimensionless
numbers and provided a list of values of constant for
some surface-fluid combinations for nucleate boiling
which was further extended [3, 4]. Rohsenow pool
boiling correlation has been evaluated experimentally
by many researchers [2, 4-11]. The convective heat
and mass transfer coefficient for pool boiling of
sugarcane juice during preparation of jaggery were
reported to vary from 50.65 to 345.20 W/m?°C for

heat inputs ranging from 160 to 340 watts [12].
Recently, the pool boiling behavior of milk for khoa
making under open conditions have been
experimentally studied [13]. The values of the
constants and were determined as 0.941 and -
1.472 respectively for the heat inputs ranging from
240 to 360 watts. The convective heat transfer
coefficient was reported to vary from 334.48 to
837.78 W/m?°C and the heat flux was observed to
vary from 272.711 to 34089.27 W/m? for the excess
temperatures ranging from 4 to 20 °C. During khoa
making under open conditions the evaporated mass
of water from the milk is lost in the atmosphere. If the
evaporated mass is allowed to condense, then the
condensed water can be reutilized for human
consumption or other use. The aim of the present
experimental work is to investigate nucleate pool
boiling of milk ina circular aluminum pan under closed
conditions for the different heat inputs. Experimental
data were analyzed by using the Rohsenow correlation
for the surface boiling of liquids to determine the
convective heat transfer coefficient which is required
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for the proper design of an evaporator. Several indoor
experiments were performed for pool boiling of milk
ina closed cylindrical aluminum pan by varying the
heat inputs from 240 to 360 watts and the condensed
water was collected as fresh water. The present
research work would be useful in designing a
distillation cum khoa making system.

2. MATERIALS AND METHODS

2.1 Experimental set-up and observations

The schematic view of the experimental set-up is
shown in Fig. 1. It consists of a hot plate (1000W
capacity; 178 mm in diameter) connected through a
variac to control the rate of heating of the milk in a
closed aluminum pot (200 mm in diameter, 102 mm
deep and 1.6 mm thick). The pot was closed by a
vertical cylinder (192 mm high) covered by a hemi-
spherical shaped condensing cover (60 mm high)
brazed at its top. Both the vertical cylinder and
condensing cover were made of 24 gauge thick
galvanized sheet. An arrangement for collection of the
condensed water was made by welding a copper
channel inside the condensing cover around it. It is
pertinent to mention here that the distillate output
during heating of milk under closed conditions was
observed at a higher temperature (>90 °C). This range
is generally referred as pool/nucleate boiling conditions
which is preferred for making khoa [13, 14].
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Fig. 1: Schematic view of experimental set up

Temperatures were measured at various locations
as shownin Fig. 1 by calibrated copper-constantan
thermocouples using aten channel digital temperature

[92]

indicator with least count of 0.1°C (accuracy
+0.1%; range of -50 to 200 °C). The heat input was
measured by a calibrated wattmeter having a least
count of 1 watt. An electronic weighing balance of 6
kg weighing capacity (Scaletech, model TJ-6000)
with a least count of 0.1g was used to measure the
evaporated mass of the milk.

2.2 Experimental procedure

Locally available fresh milk (obtained froma herd
of 15 cows) was heated in an aluminum cylindrical
pot covered by a vertical cylinder for different values
of heat inputs ranging from 240 to 360 watts. The
experimental data were recorded for pool boiling
range (>90 °C) and were taken before the
solidification of concentrated milk. The following
parameters were recorded after every 10 minute time
interval: milk temperature (T ), pot bottom
temperature (T,), outer pot side temperature (T,),
room temperature (T,), vapor temperature (T,),
condensing cover temperature (T,), and mass of the
milk evaporated. Temperatures measured at various
locations have also been shown in Fig. 1. The mass
of water evaporated during heating of milk for each
set of observations has been obtained by subtracting
two consecutive readings in a given time interval.
Different sets of heating of milk have been obtained
by varying the input power supply from 240 to 360
watts to the electric hot plate with the help of the
variac. The experiments follow a path of increasing
heat inputs. For every run of the milk heating, constant
mass of the milk sample was taken i.e. 935g. But at
heat inputs of 360 watts the quantity of the milk sample
was reduced to 735¢g because of the spillover due to
high rate of bubbles formation. For each run of the
test, fresh sample of milk was taken from the same
herd of cows. The experimental results for different
sets of heating are reported in Appendix-I. In order
to make a comparison the same process was also
repeated for water.

2.3 Thermal model

The experimental data obtained for pool
boiling of milk were analyzed by using the correlation
proposed by Rohsenow [3] which is expressed as
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T,-T q o I
C s sat | _ Cs nucleate l
pl|:hfg Prn :l f|: /ulhfg g(pl_pv):l ( )

The Eq. (1) can also be written as

3
q —uh g(Pl _Pv) 7 Cpl(Ts _Tsat)
nucleate :ul fg o Csf hfg Prn (2)

The Prandtl number is calculated by using the
following expression,
C
Pr = % @3)
|

The average convective heat transfer coefficient
can be given by

h — q nucleate

Ts - Tsat (4)

The Rate of water evaporated is determined by
dividing Eqg. (2) by enthalpy of vaporization and

multiplying the area of pan
' Qboiling Aqnucleate
Mey = h - h ()

fg fg
Now with the help of Eg. (5), the Eq. (2) can be
rearranged as follows

Cy Pr= (6)

h o

CaT, —Tsat){AH, ]%[g(pl - pv)}%

fg m

ev

After substituting

%
C pl (Ts _Tsat ) A,u|

h;

K =

[g(p. —pv)}%

9 m o

Eq. (6) becomes

K=C, Pr" )
Taking logarithm both sides of the Eq. (7),

logK =nlogPr+logC, ®

The above equation represents the straight line in
the following form,
y=mx+c )

Where, y =logK , m=n, x=logPr= |09(H|Cp|/k|)

and ¢ =logCy

K in the above expression was calculated for
various excess temperatures, (Ts -Tsat) recorded
during the pool boiling experiments by using the thermal
physical properties of milk. The corresponding values
of xandy were also computed.

Thus the values of mand c in equation (9) were
obtained by using the following formulae obtained by
linear regression method

LR EPRIN
NS - (EAf o

NDRDONEIRIN!
N> x*- (Z x)2
Where N is the number of observations in each
set of heat input.
2.4 Thermal physical properties of milk

The following expressions were used for calculating
the different thermal physical properties of milk such

as specific heat (C , ), surface tension (o ), density
(p, ), viscosity ( 4, ), thermal conductivity (k, ), and

enthalpy of vaporization ( h,, ) which were determined

at an average temperature in the time interval [15-
20].

C, =2.976T +3692

o =1.8x10"T?*-0.163T +55.6

Where o is in N.m™*x10?®

p =-0.2307x10°T? —0.2655 +104051
—F(-0.478x10°*T%+0.969x10°T +0.967)

In g, =4.03x107°T? - 2x107°T +0.827

Where g is in Pa.s x10°

k, = 0.356439 X ,+0.223544

hy, = (h;, of water)x )(W

2.5 Experimental error

(53]
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The experimental method used is an indirect
approach for determining the convective heat transfer
coefficient based on the mass of the water
evaporated. This indirect method is certainly has a
considerable degree of experimental uncertainty. The
experimental error was evaluated in terms of percent
uncertainty (internal + external). The following two
equations were used for internal uncertainty [21]:

U - \/sdlz +sd,” +...sd °

! N

Where N, is the number of sets and sd is the
standard deviation which is given as

0

Where X — X is the deviation of observation
fromthe mean N and is the number of observations in
each set of heat input.

The % internal uncertainty was determined by using
the following expression:

% internal uncertainty =

(U /mean ofthe total observations) x100  (20)

For external uncertainty, the least counts and the
accuracies of all the instruments used in measuring
the observation data were considered.

3. RESULTS AND DISCUSSION

The values of m and ¢ were evaluated from Egs.
(10) and (11) by using the experimental data from
Tables A1- A5. After determining the m and c, the

values of C, and n were calculated as C; =e°

and n=m. The values of the constants C, and n

were observed to vary from 0.899 to 0.976 and
-1.363 t0 -1.496 respectively for the given heat inputs
which are reported in Table 1. The convective heat
transfer coefficients were computed from Eq. (4) by

using the valuesof C and n for different values of
heat inputs which are also given in Table I. The average
values of the constants C and n were determined
as 0.952 and -1.432 respectively.

[94]

Table- 1
Values of the constants and convective heat transfer
coefficients
Heat input C, n h
w) [-] (W/m?°C)
M ilk
240 0.976 1.363 186.32
280 0.963 1.375 249 .85
320 0.971 1.492 343.04
360 0.899 1.496 567.56
W ater
240 1.000 3.879 316.51

The variation in convective heat transfer coefficient
for the different values of heat input is illustrated in
Fig. 2. It increases from 186.32 to 567.56
W/m? °C for the given heat inputs ranging from 240
to 360 watts. The increase in values of convective
heat transfer coefficient with the increase in the heat
input could be due to higher surface temperature of
the pan and activation of more nucleation sites. This
causes rapid formation of the vapor bubbles at the
pan-liquid surface resulting in increased evaporation
rate. The experimentally determined convective heat
transfer coefficients are also compared with the
Rohsenow correlation (Fig 2). It is found that the
convective heat transfer coefficients are lower than
that of Rohsenow correlation and are observed to
vary ina range of 0.56 to 20.07%.

—— Bqparinertal -+ Rihsenowcorrehtion

h(W/m?°C)
,oBBEB 88

3
g
g
g

Feat input (W

Fig. 2: Variation in convective heat transfer coefficient
with heat inputs

Fig. 3 illustrates the prediction for variation of heat
flux with excess temperature ranging from4to 20°C
for different values of heat inputs. From Fig. 3 it can
be seen that the heat flux increases with the increase
in heat inputs which could be due to increased mass
evaporation rate. The general trend is that heat flux
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rises exponentially with the increase in excess
temperature. These results are in accordance with
those reported inthe literatures [12, 13, 22, and 23].
The average value of heat flux was found to vary from
115.17 to 14394.70 W/m? for the given excess
temperature range.
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q nelese (W/m°)
-8 B8E8EE

I
®
]
5
B

Toes= (0
Fig. 3: Variation in heat flux with excess temperatures

For comparison purpose, the convective heat
transfer coefficient and the heat flux values for water
have also been determined at 240 watts. The results
for convective heat transfer coefficient of water are
also reported in Table1 from which it is observed that
the convective heat transfer coefficient of milk is
69.87% lower than that of water. The variation in heat
flux with excess temperature for milk and water has
been shown in Fig 4. It can be seen from Fig 4 that
the values of heat flux for milk is about 4 times lower
than that of water. This may be due to the presence
of fat, sugar and other milk solids particulates.

240 = 280 320 « 360 x Average
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Fig. 4: Variation in heat flux for milk and water at 240 watts

The percent uncertainty (internal + external) was

evaluated in the range of 7.85 to 19.15% and the
different values of convective heat transfer coefficients
were found to be within this range. The experimental
percent uncertainties are reported in Table I1. Error
bars for convective heat transfer coefficients are
depicted in Fig. 6.
Table- 11
Experimental percent uncertainties

Heat Internal External Total
input uncertainty uncertainty  uncertainty
W) (0 (&) (L)
Milk
240 11.95 13 13.25
280 17.85 13 19.15
320 6.55 13 7.8
360 17.30 13 18.6
\Water
240 12.04 13 13.34
1000.001
500,00
600,00
9
:
3
o 400,004 1
200,00 T I

00 T T T T
240 280 320 360

Heat input (W)
Fig. 5: Error bars for convective heat transfer coefficients

4. CONCLUSIONS

The convective heat transfer coefficients for pool
boiling of milk in an aluminum pan under closed
conditions were determined by using Rohsenow

(5]
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correlation with the help of simple linear regression
analysis. The values of the constants C_ and n were
determined as 0.941 and -1.472 respectively. The
values of convective heat transfer coefficients were
found to increase from 186.32 to 567.56 W/m?°C
for the heat inputs ranging from 240 to 360 watts.
This could be due to higher heating surface
temperature which results in formation of more active
nucleation sites and rapid formation of the vapor
bubbles at the pan-liquid surface. The variation of heat
flux with excess temperature of milk have also been
predicted which were found to vary exponentially with
increasing excess temperature and were observed to
vary from 115.17 to 14394.70 W/m?. The present
study would be useful in designing a distillation cum
khoa making unit. The experimental errors in terms
of percent uncertainty were found in the range of 7.85
to 19.15%.
Nomenclature
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APPENDIX -1
Table.Al : Observations for pool boiling of milk under closed conditions at heat input=240 W

copyright © samriddhi, 2010

Time T, T, T3 Ty Ts Te Mgy,

interval  (°C) (°C) (*C) CC) (C) (*C) @)

(min)
10 95.6 98.6 57.8 27.1 88.3 57.0 9.9
10 100.1 100.6 58.4 27.2 93.6 61.4 2.1
10 100.1 100.8 58.8 274 94.8 60.6 21.9
10 100.0 100.7 58.8 27.5 95.0 61.4 21.2
10 100.3 100.7 58.5 27.8 95.7 61.4 21.1
10 100.2 100.7 59.0 27.9 95.9 62.4 21.2
10 100.1 100.9 58.5 27.9 96.6 62.2 21.4
10 100.1 100.8 58.9 28.0 96.6 63.3 20.9
10 100.2 100.6 59.2 28.2 96.3 64.2 21.4
10 100.1 100.7 59.0 28.3 96.3 64.3 21.9
10 100.3 101.0 59.5 284 97.3 63.9 21.2
10 100.3 100.8 59.2 28.3 97.5 64.2 21.7
10 100.3 100.7 58.9 28.6 98.1 62.8 21.3
10 100.3 100.7 59.2 28.6 97.8 63.0 21.2
10 100.4 101.0 59.4 28.8 98.3 65.3 21.9
10 100.2 100.7 60.0 28.6 98.2 63.1 20.9
10 100.3 100.8 60.1 28.6 98.5 64.0 21.4
10 100.4 100.7 60.4 28.6 984 64.4 21.5
10 100.5 100.9 60.1 28.7 98.6 63.5 22.6
10 100.4 101.0 60.1 28.7 98.7 61.1 20.7
10 100.4 100.9 60.1 28.7 98.7 61.7 21.3

o7]
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Table.A2 : Observations for pool boiling of milk under closed conditions at heat input=280 W

Time T]_ T2 T3 T4 T5 T6 Mey

interval (°C) (C) (C) (C) (C) (*C) )
(min)

10 93.1 93.9 57.6 275 90.9 56.2 8.8

10 100.1 100.6 58.3 217.7. 97.2 64.4 28.9
10 100.4 100.9 58.4 28.0 98.3 64.3 30.1
10 100.3 100.8 58.8 28.2 98.6 63.0 29.4
10 100.3 100.8 58.9 284 98.7 63.3 29.3
10 100.4 100.8 59.0 28.2 98.6 63.1 29.7
10 100.3 100.8 59.7 28.5 98.6 62.6 24.1
10 100.4 101.1 58.6 284 98.6 62.9 28.6
10 100.1 101.0 60.1 28.7 98.7 62.8 29.2
10 100.3 101.0 58.5 28.5 99.0 63.3 29.1
10 100.5 101.2 60.3 28.9 98.8 61.3 29.8
10 100.5 101.2 60.9 28.9 98.9 62.9 29.2
10 100.6 101.3 61.0 28.9 98.8 64.6 29.9
10 100.6 101.2 60.9 28.9 99.0 63.6 30.2
10 100.6 100.8 61.2 29.0 98.9 64.3 30.8
10 100.6 100.9 60.7 29.2 98.9 61.6 29.4
10 100.6 101.0 61.6 29.3 98.9 64.3 30.0

Table.A3 : Observations for pool boiling of milk under closed conditions at heat input=320 W

Time T, T, Ts Ts Ts Te Mgy
interval ~ (°C) (°C) (°C) (°C) (°C) (°C) @)
(min)
10 96.2 97.9 58.9 27.3 91.8 64.1 29.3
10 99.9 100.4 58.4 27.6 98.2 65.6 39.0
10 100.0 100.5 58.4 27.6 98.4 65.4 3.1
10 100.2 100.6 57.3 28.0 98.4 67.0 37.4
10 100.1 100.6 57.6 28.0 98.5 67.4 36.9
10 100.3 100.7 58.7 28.3 98.4 67.0 37.7
10 100.3 100.7 59.2 284 98.5 66.1 37.9
10 100.3 100.7 58.9 284 98.6 66.9 38.1
10 100.2 100.8 58.7 28.3 98.7 65.6 37.2
10 1004 100.7 59.1 284 98.7 67.3 37.3
10 100.3 100.7 59.3 28.5 98.8 67.2 39.7
10 100.3 100.7 59.2 28.5 98.7 67.3 38.0
10 1004 100.7 59.3 284 98.8 67.5 37.6

[98]
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Table.A4 : Observations for pool boiling of milk under closed conditions at heat input=360W

Time T, T, Ts Ta Ts Te Mgy
interval ~ (°C) (°C) (°C) \) (C) ("C) @)
(min)
10 95.8 96.5 59.5 274 904 61.6 21.8
10 99.8 100.2 58.6 274 98.6 64.7 46.1
10 100.0 100.6 59.5 275 98.5 65.6 48.1
10 100.1 100.7 60.2 27.6 98.7 65.4 46.8
10 100.1 101.0 59.7 27.8 98.6 66.8 47.7
10 100.1 100.9 59.6 27.8 98.6 66.1 46.3
10 100.2 101.2 59.4 28.0 98.6 66.4 45.4
10 100.1 101.1 60.3 28.2 98.7 66.3 45.6
10 1004 100.6 59.8 28.2 98.7 65.1 46.9
10 1004 101.0 60.0 28.2 98.7 64.0 47.4
10 100.6 104.1 61.6 28.3 984 65.4 41.6
10 100.6 109.1 67.2 28.3 98.8 65.7 33.7

Table.A5 : Observations for pool boiling of water under closed conditions at heat input=240 W

Time T, T, T3 Ts Ts Te Mgy

interval  (°C) (°C) (*C) ("C) (°C) (°C) @)

(min)
10 93.2 9.6 54.9 25.9 88.2 54.4 11.7
10 9.2 97.3 56.5 25.9 93.6 57.3 17.1
10 9%.9 98.0 57.0 25.9 9%.0 60.2 19.6
10 97.2 98.1 57.3 25.9 97.1 60.2 20.3
10 97.8 98.6 57.2 26.0 97.6 61.2 21.3
10 97.7 98.4 56.7 26.0 97.5 61.6 21.2
10 98.1 98.6 57.4 26.2 97.9 61.3 20.9
10 98.4 98.9 57.2 26.1 97.9 61.7 20.4
10 97.3 98.6 57.3 26.1 97.1 62.9 21.4
10 97.4 9.1 57.1 26.2 97.1 62.0 21.8
10 97.4 98.6 57.1 26.4 97.2 62.6 21.3
10 97.2 98.4 57.0 26.5 97.1 63.0 21.0
10 97.4 9.0 58.3 26.8 97.2 63.3 21.2
10 97.5 98.9 58.6 26.8 97.2 63.5 22.0
10 97.4 98.4 59.1 27.0 97.3 64.0 22.4
10 97.7 98.9 59.0 27.0 97.3 64.1 22.9
10 97.5 98.7 59.1 27.0 97.2 64.5 23.0
10 97.4 98.9 59.0 27.0 97.2 63.8 2.2
10 97.0 98.7 58.9 27.0 9.5 64.6 23.6
10 9.7 98.7 58.9 27.1 9.2 64.5 22.9
10 96.7 98.9 58.9 21.2 96.2 64.5 23.6
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