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Abstract. In this paper, the convective heat transfer coefficients for pool boiling of
milk during khoa making in a stainless steel pot were investigated. A simple linear
regression analysis was performed by using the experimental data in the Rohsenow
correlation. The convective heat transfer coefficients were determined in the range of
283.02 to 783.97 W/m ° C for the heat inputs varying from 240 to 360 W. The boiling
heat transfer rate per unit surface area was predicted in the range of 2830.2 to
7839.7 W/m?° C at 10 ° C excess temperature to the saturation temperature of the milk.
The experimental error in terms of percent uncertainty was also calculated.
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1. INTRODUCTION

India is the largest milk producing country in the world with an annual production of
more than 91 million tons. About 7% of the total milk production is being utilized for
making khoa due to its large scale consumption. Khoa is an important indigenous heat-
coagulated partially-dehydrated milk product which forms an important base for prepara-
tion of various milk sweets. It is obtained by heat desiccation of a milk quantity to 65 to
70 percent milk solids without using any foreign ingredients [1], [2]. Khoa is a rich source
of energy containing fat, protein, lactose and other minerals. Khoa making involves inten-
sive heating during the desiccation process in order to stimulate evaporation of the large
quantity of water present in the milk. The natural and boiling convection heat transfers are
the major heat transfer mechanisms which occur during the heating process. Evaluation of
the convective heat and mass transfer coefficient is necessary for the proper design of an
evaporator for the given shape [3], [4].
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In the last seven decades, heat transfer under boiling has been investigated by many
scientists worldwide. Many theoretical and empirical correlations have been proposed to
estimate the heat transfer coefficients as well as the critical heat fluxes under boiling in
different conditions [5]. A number of researchers have also studied different aspects of
the nucleate pool boiling heat transfer with a variety of liquids. Constant values of the ex-
ponents in dimensionless numbers and a list of values of Cy for some surface-fluid com-
binations were proposed by [6] that have been further extended by [7]. The Rohsenow
pool boiling correlation has also been evaluated experimentally by many researchers at
sub-atmospheric, atmospheric, or higher pressure [5], [7], [8], [9], [10], [11], [12]. Many
varieties of boiling surfaces like plates [8], [13], [14], single tubes [15], wires [16], [17]
and strips [18] have been used. The convective heat and mass transfer coefficient under
pool boiling condition for sugarcane juice during preparation of jaggery were found to
vary from 50.65 to 345.20 W/m”° C for heat inputs ranging from 160 to 340 watts [4]. An
analysis of these earlier works shows that the main parameters that affect the heat transfer
coefficient under pool boiling are heat flux, saturation pressure, thermo-physical proper-
ties of the working fluid, and some characteristics of the boiling surface materials like
thermo-physical properties, thickness, surface finishing, micro-structure, dimensions, etc.

The lack of thermal design data or correlation including that of the heat transfer coefti-
cient as a function of heat flux, thickness of heater wall and surface geometry, poses a seri-
ous problem in the design of the heat exchanger. This calls for the development of a simple
and easily adoptable procedure to determine the heat transfer coefficient for heating milk
under the pool boiling conditions. In the present study, an attempt has been made to experi-
mentally investigate nucleate pool boiling of milk in a circular stainless steel pan for differ-
ent heat inputs. A heat transfer analysis of the experimental data obtained for pool boiling of
milk has been carried out by using the Rohsenow correlation for the surface boiling of lig-
uids to determine the constants, the convective heat transfer coefficients and the heat flux.

2. EXPERIMENTAL SET-UP AND PROCEDURE

The schematic diagram of the experimental set-up is shown in Fig. 1. It consists of a
hot plate of 1000W capacity connected through a variac to control the rate of heating of
the milk in a stainless steel pot of capacity 3.2 liters. The heat input was measured by a
calibrated wattmeter (accuracy within +£0.5% of full scale value 1500 watts), having the
least count of 1 watt. The calibrated copper-constantan thermocouples connected to a ten
channel digital temperature indicator (least count of 0.1 ° C, accuracy + 0.1%, range of -
50 to 200 ° C) were used to measure the milk temperature (T)), the surface temperature of
the stainless steel pot at the bottom (T,) and side (T;) and room temperature (T,). The
milk surface temperature (Ts) has been measured by an infra-red thermometer (Raytek-
MT4), having the least count of 0.2 ° C with accuracy of + 0.2% on a full scale range of -1
to 400 ° C. The relative humidity (y) and the temperature above the milk surface (Tg) have
also been measured by a digital humidity/temperature meter (model Lutron-HT3006 HA).
It had the least count of 0.1% relative humidity (accuracy within + 3% on the full scale
range of 10 to 95%) and 0.1 ° C temperature (with accuracy of +0.8 ° C on the full scale
range of 0 to 50 ° C). The mass of water evaporated during heating of milk has been
measured by using an electronic weighing balance of 6 kg capacity (Scaletech, model TJ-
6000) with the least count of 0.1g with accuracy + 2% on the full scale.
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Fig. 1. Schematic diagram of experimental set-up

In order to determine the convective heat transfer coefficient of milk during khoa
making under the pool boiling mode the following procedure has been employed:
The locally available fresh milk (obtained from a herd of 15 cows) is heated in a stainless
steel cylindrical pot of 200 mm in diameter, 102 mm deep and 1.6 mm thick without any
cover for different values of heat inputs ranging from 240 to 360 watts. Light manual stir-
ring and scraping of milk are done by means of a Teflon scraper to avoid any scaling and
burning of the product. The necessary data of temperature and the other parameters dur-
ing heating of milk start to be recorded once the milk temperature becomes equal to 90 °
C (i.e. pool boiling mode range) and are taken before the solidification of concentrated
milk. Temperatures and relative humidity are measured at various locations as shown in
Fig. 1. The mass of water evaporated during heating of milk for each set of observations
is obtained by subtracting two consecutive readings in a given time interval. All the ex-
perimental parameters are recorded at every 10 min time interval. Different sets of milk
heating are obtained by varying the input power supply from 240 to 360 watts to the elec-
tric hot plate with the help of variac. The experimental results for different sets of heating
are reported in Tables 1-4.

Table 1. Observations for pool boiling of the milk in open pan for heat input=240 W
at atmospheric pressure

Time T;(°C) T»(°C) T3(°C) T4(°C) Ts5(°C) T, (°C) Y w Meyy
interval (%) (2 (2
(min)

- 92.1 994 474 200 90.6 284 93.0 5124 -

10 94.4 98.5 477 204 91.6 269 91.6 4772 352
10 96.9 1014 477 206 956 31.6 922 4420 352
10 97.8 101.0 482 208 942 31.1 92.7 4102 318
10 97.9 1013 478 209 956 343 92.0 3749 353
10 98.3 1045 475 210 950  30.1 91.1 3435 314
10 97.7 1057 467 21.0 936 309 924 3103 33.2
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Table 2. Observations for pool boiling of the milk in open pan for heat input=280 W
at atmospheric pressure

Time 7,(°C) T»(°C) T:(°C) L (°C) T5(°C) Ts(°C) v w Moy

interval %) @  (®
(min)
- 94.2 98.1 509 213 89.8 30.1 92.5 605.9 -
10 95.7 98.3 50.8 21.6 94.6  30.8 932 561.7 442
10 96.1 99.3 510 21.8 94.0  30.6 922 5198 419
10 97.9 102.1 50.6 22.0 94.6  37.6 92.0 4754 444
10 98.2 1023 49.7 223 95.2 36.3 929 4353 40.1
10 99.2 1022 502 224 944 377 934 3928 425
10 99.1 106.8 50.8 22.6 95.2 343 919 3513 415
10 99.0 107.3 498 22.8 94.6 359 93.1 3069 444

Table 3. Observations for pool boiling of the milk in open pan for heat input=320 W
at atmospheric pressure

Time

T, (°C) TL(°C) T5(°C) T4 (°C) T5(°C) Ts(°C) v w My
interval (%) (g) (g)
(min)
- 93.3 96.7 506 209 846 293 924 6798 -
10 96.0 982 509 209 89.0 312 933 6309 489
10 96.0 99.0 512 212 948 332 939 5809 50.0
10 982 1003 50.8 213 952 356 93.0 5303 50.6
10 98.5 1004 494 214 920 372 941 4784 519
10 99.0 101.6 499 21.8 946 365 937 4268 51.6
10 99.0 1047 479 21.7 952 423 929 3747 521
10 992 1049 483 220 958 350 932 3259 488
10 97.6 1085 474 22.0 950 340 930 2774 485

Table 4. Observations for pool boiling of the milk in open pan for heat input=360 W
at atmospheric pressure

Time 7,(°C) IL(°C) T:(°C) T, (°C) T5(°C) Ts(°C) v w Moy

interval ©%)  ©® (@
(min)
- 93.6 953 51.7 19.0 874 369 95.2  808.8 -
10 95.6 973  52.1 19.0 89.0 36.8 95.6 7550 53.8
10 96.6 98.4 526 190 924 334 949 6966 584
10 96.7 99.3 524 192 934  39.1 95.5 6393 573
10 98.6 100.0 52.2 19.3 93.0 46.5 952 5812 58.1
10 98.4 1004 523 19.5 94.6  44.1 945 5213 599
10 98.7 101.0 50.8 196 942  41.6 939 4632 58.1
10 99.3 106.0 51.1 199 954 479 94.0 4055 577
10 99.3 1052 51.6  20.1 952  41.6 945 3482 573
10 98.6 107.0 492 204 962  43.1 939 2903 579
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3. COMPUTATION PROCEDURE

The heat transfer analysis of the experimental data obtained for pool boiling of milk
has been performed by using the most widely acknowledged correlation proposed by [6].
The correlation is expressed as

1
T -T [ i
Cp[ s s:t = va qmwl@ate ] ( 1)
h,g Pr “lh;g g(pl - pv)

Eq. (1) can also be written as

% 3
gp,=p) " CuL -T.)
YD vucieare = “Ihfg |: : i| - " ()
c C,h, Pr
The Prandtl number is calculated by using the following expression,
C
pr=tro 3)
kl
The average convective heat and mass transfer coefficient can be given by
h _ QIW('](‘(Ite ( 4)

_T\_—T

The Rate of water evaporated is determined by dividing Eq. (2) by enthalpy of vaporization
and multiplying the area of pan
mm, - Qbﬂi[f“g — Aqnucleme (5)
h h

/4 4

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

s ¥
sz(T\-_];m) ﬂ |:g(p1_pv):|6

C, Pr= (6)
' hy, m, 6
After substituting
s %
ko G -T)| An, [g(p,—pv)}"
h/x niev ©
Eq. (6) becomes
K=C,Pr (7
Taking logarithm both sides of Eq. (7),
log K = nlogPr+logC, ®)

The above equation represents the straight line in the following form,

y=mx+c 9
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Where, y = log K, m = n, x =logPr=log(n,C, /k,) and ¢ = log Cyf

K in the above expression is calculated for various excess temperatures, (7 -Ty,) re-
corded during the pool boiling experiments by using the thermal physical properties of
milk. The corresponding values of x and y are also computed.

Thus the values of m and ¢ in equation (9) are obtained by using the following formu-
lae obtained by the linear regression method

XD
Nsz —(Zx)

e ZXZZy—ZxZ;xy
Nsz —(Zx)

The following expressions are used for calculating different physical properties
of milk such as density p; [19], viscosity p, [20], thermal conductivity &; [21], specific
heat C,; [22], surface tension ¢ [23] and enthalpy of vaporization /4 [24]:

(10)

an

p, =—0.2307x1077T* —0.2655T +1040.51

12
—F(—0.478x107T* +0.969x10™ T +0.967) (12)
Iny, =4.03x10°7* =2x107T +0.827 (13)
Where , is in Pa.s x107
k =0.356439 X +0.223544 (14)
C,=2976T +3692 (15)
6=1.8x10"T>-0.163T +55.6 (16)
Where o is in N.m'x107
h, =(h, of water)x.X, (17)

The physical properties of milk are determined at an average temperature in the time
interval.

The experimental error is evaluated in terms of percent uncertainty (internal + external).
The following two equations are used for internal uncertainty [25]:

B \/safl2 +sd, +...5d]
- N

o

U, (18)

Where sd is the standard deviation and is given as

sd = ’Z(X—N—X) (19)

Where X — X is the deviation of observation from the mean and N are the number of sets.
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The % internal uncertainty therefore has been determined using the following expression:
% internal uncertainty = (Uy/mean of the total observations) x100 (20)

For external uncertainty, the least counts of all the instruments used in measuring the
observation data have been taken.

4. RESULTS AND DISCUSSION

The values of m and ¢ have been evaluated from Eqgs. (10) and (11) by using the ex-
perimental data from Tables 1 - 4. After evaluating m and c, the values of Cyrand 7 can
be obtained as Cyy = e and n=m. The values of Cy and n are reported in Table 5. The
convective heat transfer coefficients have been computed from Eq. (4) by using the values
of Cyand n for different values of heat inputs which are also given in Table 5.

Table 5. Values of the constants (Cy, n) and /

Heat input Cy n h
W) [-] (W/m”° C)
240 0.964 1.240 283.02
280 0.935 1.317 417.69
320 0.886 1.345 578.33
360 0.867 1.473 783.97

Fig. 2 illustrates the variation of convective heat transfer coefficient for the different
values of heat input. It varies from 283.02 to 783.97 W/m® ° C for the given heat inputs
ranging from 240 to 360 W. The increase in values of convective heat transfer coefficient
with the increase in the heat input may be due to higher surface temperature of the pan
and activation of more nucleation sites which causes rapid formation of the vapor bubbles
at the pan-liquid surface.

200 -
200 4
700 4
&00 4
500+
400 ~
300 A
200 4
100 4

D T T T T 1
200 240 280 320 360 400

Heat mpoat (Watta)

Comvecttve heat tmnsfer coefficient (Wim * )

Fig. 2. Convective heat transfer coefficient variation with heat inputs
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Fig. 3 illustrates the variation of the heat flux with excess temperature for different
values of heat inputs. The general trend is that the heat flux rises exponentially with an in-
crease in excess temperature as well as heat input. These results are in accordance with
those reported in the Refs. [4], [26], [27], [28]. It is further observed that the heat transfer
rate is increasing with excess temperature at low values of heat input. This is desired for
khoa making to avoid any product burning or its sticking to the pot surface.

+ 240 =« 280 - 320 - 360

40000 -
35000
30000

A 25000 1
g 20000
= 15000 *
10000
5000 4

D T T T T
4 2 12 16 20 24

ATexcess=Ts-Tey (°C)

Fig. 3. Heat flux variation with excess temperature for different heat inputs

An analysis of the inaccuracies involved in the measurement of temperatures, mass
evaporated and power input was carried out to obtain the experimental errors in terms of
percent uncertainty (internal + external). It was estimated in the range of 7.27% to
14.02% and the different values of convective heat transfer coefficients are found to be
within this range. The experimental percent uncertainties are reported in Table 6.

Table 6. Experimental uncertainties

Heat input Internal uncertainty External uncertainty = Total uncertainty

(W) (%) (%) (%)

240 5.67 1.6 7.27

280 10.7 1.6 12.3

320 12.42 1.6 14.02

360 10.92 1.6 12.52
CONCLUSIONS

The convective heat transfer coefficients under pool boiling mode have been determined
for milk using experimental data in the Rohsenow correlation by using a simple regression
analysis. The values of the convective heat transfer coefficients are found to increase from
283.02 to 783.97 W/m ° C for the heat inputs ranging from 240 to 360 W. This can be as-
cribed to a higher heating surface temperature which results in the formation of more active
nucleation sites and rapid formation of the vapor bubbles at the pan-liquid surface. The
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variation of the heat flux with excess temperature of milk is also predicted since it is found to
vary exponentially with increasing excess temperature as well as heat input. The experimen-
tal errors in terms of percent uncertainty are found in the range of 7.27 to 14.02%. The pre-
sent study may be helpful in the design of an evaporator or for similar drying systems.

Nomenclature

Area of pan, m’

Specific heat, J/kg ° C

Experimental constant depending on surface-fluid combination
Fat content %

Gravitational acceleration, m/s’

Convective heat and mass transfer coefficient, W/m*° C
Enthalpy of vaporization, J/kg

Thermal conductivity of milk, W/m ° C

Mass evaporated, kg

Rate of mass evaporated, kg/s

Number of observations in each set of heat input
Fluid-dependent experimental constant
Prandtl number

Gnucieare  Nucleate boiling heat flux, W/m?

Temperature, ° C

Average surface temperature, ° C
Saturation temperature, ° C

Weight of milk, g

Average water content % in time interval
Viscosity of milk, kg/m.s

Density of milk, kg/m’

Density of vapor, kg/m’

Surface tension of milk, N/m

REFERENCES

Rajarajan, G., Kumar, C.N., Elango, A., 2007, Distribution pattern of moulds in air and khoa samples collected
from different sections of khoa plants, Indian Journal of Dairy Science, Vol. 60, No. 2, pp. 133-135.

Kumar, M., Prakash, O., Kasana, K.S., Dabur, R.S., January 2010, Technological advancement in khoa
making, Indian Dairyman, Vol. 62, No.1, pp. 64-70.

Tiwari, G.N., Prakash, O., Kumar, S., 2004, Evaluation of convective heat and mass transfer for pool
boiling of sugarcane juice, Energy Conversion and Management, Vol. 45, pp. 171-179.

Das, S.K., 2006, Process heat transfer, Narosa Publishing House, New Delhi.

Pioro, LL., 1999, Experimental evaluation of constants for the Rohsenow pool boiling correlation,
International J Heat Mass Transfer, Vol. 42, pp. 2003-2013.

Rohsenow, W.M., 1952, A method of correlating heat transfer data for surface boiling of liquids, Trans
ASME, Vol. 74, pp. 969-976.

Vachon, R.I, Nix, G.H., Tanger, G.E., 1968, Evaluation of constants for Rohsenow pool boiling
correlation, Journal of Heat Transfer, Vol. 90, pp. 239-247.

Berenson, P.J., 1962, Experiments on pool boiling heat transfer, International J Heat Mass Transfer, Vol.
S, pp. 985-999.

Labuntsov, D.A. 1972, Heat transfer problems with nucleate boiling of liquids, Thermal Engineering, ,
Vol. 9, pp. 21-28.



70

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

M. KUMAR, O. PRAKASH, K.S. KASANA

Sauer, J.H.J., Medrow, R.A., Sinnarwalla, A.M., 1975, Effects of surface condition on nucleate boiling
of refrigerant-11. ASHRAE Transactions, Vol. 81, No.2, pp. 274-280.

Lal, G., Verma, R.D., 1987, Evaluation of constants for Rohsenow pool boiling correlation for ghee,
Indian J. Dairy Sci., Vol. 40, No. 4, pp. 431-434.

Jabardo, J.M.S., Silva, E.F.D., Ribatski, G., Barros, S.F.D., 2004, Evaluation of the Rohsenow
correlation through experimental pool boiling of halocarbon refrigerants on cylindrical surfaces. J. of the
Braz. Soc. of Mech. Sci. and Eng., Vol. 26, No. 2, pp.218-230.

Cichelly, M., Bronilla, C., 1945, Heat transfer to liquids under pressure, Trans AIChE, Vol. 41, pp. 755-787.
Clark, H.B., Strenge, P.S., Westwater, J.W., 1959, Active sites of nucleate boiling, Chem Eng Prog
Symp Ser, Vol. 55, No.29, pp.103-110.

Cryder, D.S., Finalbargo, A.C., 1937, Heat transmission from metal surfaces to boiling liquids. Effect of
temperature of liquid on liquid film coefficient, Trans AIChE, Vol. 50, pp. 346-362.

Addoms, J.N., 1948, Heat transfer at high rates to water boiling outside cylinders, DSC Thesis, Chemical
Engineering Department, Massachusetts Institute of Technology MA.

Farber, E.A., Scorah, E.L., 1948, Heat transfer to water boiling under pressure, Trans ASME, Vol. 70,
pp-369-384.

Young, R.K., Hammel, R.L., 1965, Higher coefficients for heat transfer with nucleate boiling, Chem Eng
Prog Symp Ser, Vol. 61, No.59, pp.264-270.

Bertsch, A.J., Bimbenet, J.J., Cerf, O., 1982, Density of milk and creams between 65 and 140 °C, Lait,
Vol. 62, pp. 250-264.

Bertsch, A.J., Cerf, O., 1983, Dynamic viscosities of milk and cream from 70 to 135 °C, Journal of Dairy
Research, Vol. 50, pp. 193-200.

Murdia, L.K., Verma, R.D., 1982, Thermal conductivity of liquid dairy products by line heat source
method, Journal Institution of Engineers (India), Vol. 63, pp. 30-33.

Bertsch, A.J., 1982, The specific heat capacity of whole and skimmed milk between 50 and 140 °C, Lait,
Vol. 62, pp.265-275.

Bertsch, A.J., 1983, Surface tension of whole and skim milk between 18 and 135 °C, Journal of Dairy
Research, Vol. 50, pp. 259-267.

Cengel, Y.A. 2002, Heat transfer-a practical approach, Tata McGraw-Hill Publishing Company Limited,
New Delhi.

Akpinar, E.K., 2004, Experimental investigation of convective heat transfer coefficient of various
agricultural products under open sun drying, International journal of green energy, Vol. 1, No. 4, pp.
429-440.

Incropera, F.P, Dewitt, D.P., 1990, Fundamentals of heat and mass transfer, 3"ed., John Willey & Sons, USA.
Bejan, A. and Kraus, A.D., 2003, Heat Transfer Handbook, John Willey & Sons, USA, pp. 654.
Ozdemir, M, Pehlivan, H., 2008, Prediction of the boiling temperature and heat flux in sugar- water
solutions under pool boiling conditions, Heat Mass Transfer, Vol. 44, pp. 827-833.

JEDNO EKSPERIMENTALNO PROUCAVANJE PRENOSA

PRENOSA KOEFICIJENTA TOPLOTE KLJUCANJA MLEKA

Mahesh Kumar, Om Prakash, K.S. Kasana

Ovaj rad ispituje koeficijent provodenja toplote za kljucanje mleka tokom pravijenja koe u sudu

od nerdajuceg Celika. Prosta linearna regresiona analaliza je obavijena na osnovu eksperimentalnih
podataka uz pomo¢ RoSenove korelacije. Koeficijenti provodenja toplote su odredeni u opsegu od
283.02 do 783.97 W/m o C za ulaze toplote u rasponu od 240 do 360 W. Stota prenosa toplote
kljucanja po jedinici povrsi predvidena je u opsegu od 2830.2 do 7839.7 W/m2 o C na 10 o C viska
temperature do temperature zasi¢enja mleka. Uracunata je i eksperimentalna greSka u smislu
procentualne neizvesnosti.

Kljuéne reci: mleko, pravijenje koe, kljucanje, koeficijent provodnog prenosa toplote

" Vrsta pakiskatnsko-indijskog mle¢nog proizvoda, prim. lek.
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