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ABSTRACT

This thesis presents an experimental investigation
on pool boiling of water and ethyl acetate at atmospheric
and subatmospheric pressures. The test section was a
horizontal stainless steel tube 25.5 mm O0.D. and 173 mm
long. The tube was internally heated by means of an
electric heater made of nichrome wire wound on a porcelain
rod. Galibrated copper constantan thermocouples were used
for measuring wall and ligquid temperatures. The energy
input to the test section was meaéured by a wattmeter.
The liguid temperature was varied to cover the regions
of natural convection tﬁrough subcooled to saturated
boiling. The heatflux ranged from 12_.44X103 to 43.54x103
Kcal/hr,mz. The pressures used were 725, 625 and 470 mm

of Hg.

The experimental data for distilled water during
both natural convection and satufated boiling at 1
atmosphere pressure were found to compare well with the
results of earlier workers. The values of heat transfer
coefficient for both the systems,Water and ethyl acetate,
were found to increase with the increase in pressure
during boiling. The increase in degree of subcooling
was found to decrease the value of heat transfer coeffi-
cient. The value of heat transfer coefficient increases

with the increase in heat flux.



ii
All the experimental data points for water and
athylacetate were correlated by the following equation
with a maximum error of + 20 percent .

Mg = 2.17x10"4(PeB)0'65 (Kp)o‘65 (B )"0'45(z<éub)'-0‘5

The physical properties used in various dimeunsion-
less groups were taken at the saturation temperature of

the liquid corresponding to the system pressure.
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CHAPTER 1

INTRODUCTION

Boiling is a familiar but an extremely complicated
phenomenon. With the development of the nuclear reactors,
rocket nozzles and space crafts great interest has deve-
loped in the boiling process as a method of increasing
heat transfer rates at modest temperature difference.
Critical heat flux density in nucleate boiling is of great
importance for determining the highest safe thermal limit
of nuclear reactors. Liguid agitation, pressure, liguid
properties and degree of subcooling.are éome of the
factors to affect the peak heat flux. Modern enginecring
requires a knowledge of the heat transfer rates to boiling
liquids over a wide range of pressures upto the critical
point. Yet, even for water, the lack of systematic expofi—
mental data is keenly felt when designing heaf exchangers

and other heat transfer equipments.

Amongst many others the boiling of industrial
solvents is an important area of boiling héat transfer. In
some of the process industries organic liquids boil at
pressures usually lower than 1 atmospheré. Therefore it
is considered important to obtain experimental data on the
boiling of organic ligquids at subatmospheric pressures.

The present investigation, therefore, was undertaken

with the following objectives:



1.

To collect experimental data on saturated
and subcooled boiling of water and ethyl
acetate at atmospheric and subatmospheric

pressures.

To develop, as a result of data analysis, a
generalized correlation to predict heat transfer
coefficient for both subecocoled and saturated

boiling.of water and ethyl acetate,.

To check the validity of the correlations
available in the literature to the liquids .

investigated.



CHAPTER 2
LITERATURE REVIEW

There doeg not seem 10 be a correlation which alone
can correlate the experimental data for nucleate pool
boiling. The reason is due to the difference in surface
_ characteristics“of heat transfer surfaces besides many

other factors.

A number of workers have obtained the correlations

of the following general form:

hg = ¢ (%, - ts)n - (2.1)

The value of constant € in Eq.(2.1) depends on the
thermodynamic and transport properties of the liquid and
its vapor. The value of n genefally varies from 1 to 3.
The values of ¢ and n are also affected by the microrough-
ness and wettability of the heat transfer surface. It
may be mentioned that the value of n has been found to

vary from 1 to 25 if the surface is polished [1,2].

Rohsenow [3] undertook a serious study of heat .
transfer in nucleate pool boiling. The results obtained

by him were correlated by the following equation:

My = @-—1; (Rep)?*07  (pr)0+7 (2.2)

The value of Csf depends upon solid liquid combination



and is given in Table 2.1.

Table 2,1 Values of C__ in Eq. 2.2 [4]

sf

Liquid-Surface C Liguid-surface C

combination st combination st

Water - nickel 0.006 Benzene~chromium 0.010

Water - platinum 0.013 n pentane-chromium 0,015

Water - Gopper 0.013 Ethanol-chromium 0.0027
Water -~ brass 0.006 Isopropanol-copper 0.0025
Water - stainless
gteel 0.014 35 percent K2003-
copper 0.0054
0014 - copper 0.013% n butanol~-copper 0.0030

In his study Rohsenow [3] was of the opihion that
the movement of bubbles at the instant of breaking
away from thg surface is of prime imporfance_and the
agitation caused by bubble release breaks the stagnant

ligquid fidm and thus provides an excellent convective

heat transfer in boiling.

Sciance et al [5] modified Bq.(2.2) for correlating
most of the saturated hydrocarbons namely methane, propane
and n-butane, Ethane data could not be fitted in the

modified correlation which is given below:

; — T

. qi xE-% - [ ,.C./\.'t ( T.R. )1.18Jn
PO PN Pr .

(2.3)

where $R is reduced temperature.



The values of constant ¢ and exponent n are given

in table 2.2

Table 2.2 Values of ¢ and n in Eq.(2.3)

Liguid cx107° n

Methane 3.25 2.89
Propane : 5.77 2.60
n~-Butane 2.33 2.84

Forster and Zuber [6] studied the\mechaﬁism of
boiling heat transfer. They held the opinion that the
bubble boundary layer moves even when the bubble may remain
attéched to the heat transfer surface. The bﬁbble.boundary
movement has been reported to have a velocity of about .
10 ft/sec. It is important to note that the mechanism
proposed by Forster'and Zuber is very mudh different
than the mechanism of Rohsenow. Based on this meéhanigm,
the following correlation has been recommended by the

authors [6]

Ny = 0.0015 (ReB)O‘62 (pr )0+ 337 (2.4)

Forster and Grief [7] also studied the mechanism
of boiling heat transfer. They conclude that the high
heat transfer rate in nucleate boiling can be explained

by the mechanism of liquid wvapor eXchange. They



recommended & correlation for computing the pool boiling
heat flux, g for water at pressures ranging from 14.7 to

700 psia in the following form:

~ skt (AP)? .
Q= 4.3x%10 5(\9?)?/2 ", [(CtSaL)l/4(;£—)5/8(Pr)l/3]
v

(2.5)

However Eq.(2.5) is not as widely verified as the
correlation recommended by Rohsenow.
Gilmour [8] recommended the following equation

for the beciling of saturated liquids

I 2
B DGy-0.3 ,Cp y=0.6 ,_P= ,0.425
CG‘ - O.OOl ( U--). ( k ) (S'HLG ) 0000(2'6)

72

where G = ~d— K
Ny L

It may be pointed out that the experimental data of many
other workers have besn correlated satisfactorily by

the Bq.(2.6).

Huber and Hoehme [9] measurcd fthe heat trensfer
coefficient for pool boiling of saturated benzene on a
3/8 in 0iD. tube. The pressure range was from 1%.5 to
488.5 peia, They found that the heat transfer data
were in best agreement with the predicted values‘from the

equations of Rohsenow [3], Gilmour' [8] and Levy [10].

Minchenko and Firsova {11] studied the pool
boiling for water over a wide range of pressure from 0.05

to 2,02 Kg/cm2. Three test sections of 11, 12 and 13 nm



0.D. and 400, 427 and 435 mm length respectively were used.
They found that the value of heat transfer coefficient
decrdases with an increasc in pressure. Data were

correlated in the following form:

Nup = 0.55 (Kp ReB)O‘7 | | (2.7)

Kruzhilin [12] suggestedthe.follewing dimensionless

equation:

Mag = o.osz(Pr7Q*45(Kq)O'7O(KJ1/3 | (2.8)

The Eq.(2.8) can be reduced to a simple and
convenient form for the saturated boiling of water at

pressures ranging from~0,2 to 100 atmospheres,
h o= 3qY7 pO 15 (2.9)

Veneraki [13] conducted experiments for obtaining
heat tfansfer data for poel beiling of water., The pressure
was varied from 1 to 0.1 atm. and the heat flux from 4X103
to 55xlO3 Kcal/hr.m? Heat{ transfer surface was a brass
pipe. He also studicd the effect of orientation of pipe

on the value of heat transfer coefficient. The following

equation correlated the heat transfer data.
h=cqp" - (2.10)

The value of m in Eq. (2.10) depends on the liquid

and on the orientation of the heating surface. For



vertical pipe m was 0.37 and for horiczontal 0,17,

At 1 atmosphere pressure, heat transfer coefficient for

a vertical pipe was higher than for a horizontal pipe by
20 percent at high heat flux. At low heat flux this value
was 40 percent. Corresponding to 0.1 atm. pressure, the
value of heat transfer coefficient for wertical pipe was

25-30 percent higher than for horizontal pipe.

Cryder and Gilliland [14] studied nucleate boiling
of water and five organic liquids on the outside of a
1.04 in O.D.brass tube at 1 atmosphere pressure. The

following equation correlates their experimental data.

/‘.) 2.39 2097 0043 7 3-1 2.1
(4%) kg C, ¥ d

1.65 = 3.45 (.11)
oy

= (constant)

&)

Jakob and Linke [15] studied nucleate‘boiling at
low Eubble populations for water andcarbon:tetrachloride.
They used flat vertical and horizontal chromium surfaces
Their experimental data were found to be correlated by
the following cquation:

% )
0.5 ( )2 .5 (' t )4

h =(constant) kg (2.12)

where Cl = f.db

Cryder and Finalborgo [16] obtained experimental
]
data for the boiling of liquids outside single tubes with

variable pressure at low fluxes. The cequaticn for



calculating heat transfer coefficient recommended by them

was in the following form:

) (2.13)

Jakob [17] recommended the following equations for
“calculating the heat transfer coefficient at pressures

other than atmospheric.

For subatmospheric pressures, )

(-2 /4 (2.14)
atm. -

h = hatm.

For super atmospheric pressurces upto 226 psia.,

(2 — )1/6 (2.15)

h=nh
Patm.

atm.

Bonilla and Perry [18] recommended the following
correlation for water and numerous organic liquids on

horizontal plates.

1.85, 1.8560.85 3.7 2.7

1.85: 0.85 2.7 2.7 2.7 2.7
)L m. b Yatm,>!atm. Cl

- ([_)_t)zor]k
h=(constant)

Hy,

where Cl = f.db

Chi-Fang Lin et a2l [19] conductsd boiling heat
transfer studies for both pure liguids and the binary
liquid mixtures. Heat flux ranged from 4000 to 40,000
Kcal/hr.m2 and pressure from 200 to 760 mm of HE. The
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correlation recommended for the:boiling of pure liquids
is given in the following general form:

b= Canm » (2:17)

The values of congtant ¢ and exponeunts n and

m in Eq.(2.17) are given in Table 2,3.

Table 2,3 Values of ¢, n, and m in Bq.(2.17)

Liquid | ¢ n n
Water | . 4,0 0.2 0.69
Benzene 4.5 0.2 - 0.6

Toluene 3,1 0.7 - 0.6

e e~

Borishanskii et al [20] have investigated the effect
of pressure on boiling heat transfer. = They used stainless-
steel tubes of different diameterss 6j94 mm, 4.99 mm and

6 mm. Pressures were changed over a wide range from

[

1.03 to 100 Kg/cmz. Bxperimental results showed that the
relation relating the effect of pressure on boiling

heat transfer rate is complicated.

- Pujishiro et al [21] studied the pool boiling at
subatmospheric¢ pressure and its relation to nucleate
boiling.. The boiling curve with pressure as a parame%er
was discontinuous at the starting point of boiling with

160 mm Hg. absolute as a boundary. Below 50 mm Hg.
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absolute incipient boiling was immediately followed by film
boiling. The superheat necesgsary for incipient boiling

increased with decrease in pressure.

Kozitskii [22] obtained data for the boiling of
n-butane on horizontal tubes. The stainless steel tubes
of different roughnesses were used. The tubes were of
6.0x107°n in 0.D, and 0.18m in length. The heat transfer

coefficient was described by the following cquation:

0.3
b=g,2 7 080 _Fo

(2.18)
ToO.SSMO.lS ‘ c

F(-§~) is a functlon which characterlées the effect
c
of pressure on hcat transfer coefficient. They recomuend
that the value of the function depends on the value of tho

ratio of ( =} as given below:

C
For 0.02Z - € 0.127, F (E—) = 2.14 (5)02
c ' c c

and  0,127£—4- ‘< 0780 ; F (&) = 2.6 (-5)04
P ~ P

c c
Recently much significance hres attached to surfacc
boiling because the bubbles form and collapsc on and ncar the
heating~surface. This causes additional turbulence to the

normal and the heat transfer coefficient between surfaCe
and liguid increases. Subcooled boiling is used profitably

in the cooling of Tocket motors, nuclear beiler tubes cte.
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Ellion [1] seems to have conducted an excellent work
about the growth and collapse of bubbles at a heating
surface in a degassed subcooled liquid.

Tolubinskii and Kostanchuk [23] carried out the
investigation of heat transfer during the subcooled boiling
of water over a pressure range of 1 to 10 bars. The
heat flux was changed from 0.14 to 1.2 MW/mQ, The liquid
was subcooled upto 20°¢. The experimental data were
correlated by the following equation: .

r"'o.z

Nug = 75 g0-7 p (2.19)

where K = ~5ga~f
: R}v b

Alam [24] studied the surface boiling of three
pure liquidsj water, acetic acid and acetone and four
binary mixtures at 1 atmosphere pressure. The test
sections were made of brass. The heat flux range was
6»9X103 to 39.97x103 Kcal/hr.mz, He correlated the
experimental data by the following equation with a
standard deviation of 20.54 per cent and an average

devistion of 20,16 per cent.

-0.5

Nu, = 0.084 (PeB)O‘é(K (2.20)

B sub

Besides the above correlations there exists other
correlations for computing heat transfer coefficient.
These correlations are given in Table 2.4, These equa-
tions have been used for ccmparihg the experimental

data of the present study.
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Table 2.4 Correlations for Pool Beiling of Liquids

w0

AUTHORS CORRELATIONS
Rohsenow [3] Nug = g 1 (ReB)O'67 (Pr)-o’7
sf
McNelly [25] ‘ Nué = 0,225 (%gt)o'69(—§g)o‘3l(Bu)O'33(Pr)0’69

Kichigin and ‘
Tobilevich  [26] Yu, = 1-04xl0'4(PeB)O'7(KP)O°7(&r)O°125

1

Xutateladze [26] Nu 7.ox10‘4(PeB)O'7(Pr)"0'35(KP)O‘7

Borishanskii .
and Minchenko[ 26 ] Fug

]

8.7x10™% (PeB)O°7 (KP)O'7

Kruzhilin and

Averin [27] NuB = 0.082 (PeB)O'7(Pr)”O'5(Kt)O‘377
o
Labuntsov  [28]  Nuy = 0.125 (P, )0 0% (pr)™02(k, )0 2°
Rice and . T
_ 0.7 (o 10,7 (lsW_ 14
Calus [29] Nug = B (Pep) (Kp) ( T )
Alam [24] Mug = 0.084 (PeB)O’6(KSub)—O’5(Kt)0’37
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CHAPTER 3

EXPERIHENTAL INVESTIGATION

3.1 BXPERIMENTAL SET:UP

The'expefimental‘set up for obtaining experimental
data on pool boiling of liquids has been shown in Fig.3.1l.
It consisted of a cylindrical vessel (5) which was made
of stainless stéel. The vessel was 381 mm long, 232 mm
internal diameter and 1.5 mm thick. A ligquid level
indicator (10) was fitted to know the level of liquid
in the wessel, Two diametrically opposite sight glasses
(6) were provided to the vessel for.visual observation of
the bubbles' formation and their collapse on and near the
heat transfer surface. An anxiliary heater (9) of 2 K.VW.
capacity was provided at the bottom of the vessel. This
helped indeaergting the test liquid. The vessel body
was thoroughly lagged with rockwool to reduce the heat

A water-cooled condenser (3) was fitted béneath the
top cover of the vessel and to condense the vapors which
were generated dﬁring boiling. An external condenser (1)
was put in series with the above condenser. It condensed
the remaining vapors which could not be condensed by
internal condenser. Cold water was used as the cooling

medium.
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An entrainment separator (11) was used, at the top
of the vessel, .for separating the noncondensable gas from
the liquid. The separator had a tangential entry for
separating the noncondensable gas from the entrained
ligquid. The separated liquid was returned back tc the
pool of the test 1iquia via liquid seal (12). A care was
taken that the returned liquid did not disturb the vicinity
of heat transfer surface., The test section was kept
submerged in a ligquid height of 100 mm, This was accompli-
shed With an aim that the condensate drips, after joining
the pool, did not disturb the liquid near the heating
surface. Vacuum was created by a vacuum pump.f It was

measured by a vacuum gauge.

The test section has been shown in Fig.3.2. It
was made of 304 stainless stecel. It had 25.5 mm O.D.,
18 mm I.D. and 173 mm length. A blind flange (8) was
welded to the right end of the fest section and the
loft end with a flange (3). The test section was kept
in horizontal position by attaching the left end of it
to the vessel wall (1), This arrangement is shown
clearly in Fig.3.2. The right end of the test section
remained floating in the pool of the liquid. A tcst
heater was inserted in the test section., It was made of
nichrome wire (26 gauge)‘uniformly wound on a poralain rod
of 12 mm diameter, Mica sheet was used for’ol@ctfical
insulation between test surface and heater. The power to

the heater was alternate current. It was regulated by an
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autotransformer and was measured by a calibrated wattmeter.

The tesf surface temperature was measured-by means
of calibrated copper-constantan thermocouples., It was
measured at two positions, 900\apart as shown in Fig.3.2.:
T accommodate the thermocouples 2 holes of 2 mm bore were
made in the wall thickness of the test surface upto a distance
of 97 mm from the left end of the test section. The
surface temperature was takea as arithmatic average of the
thermodouple readings. The liguid femperature was also
measured by a copper-constantan thermocouple. The pbsition
of the thermocouple was 30mm off the test section in a
horizontal plane passing through the axis of the test
surface, This distance was selected to be well beyond the
boundary layer having temperaturc gradient based on the
observation of Alam [24]. 411 the thermocouples were
connected through cold junction to a potentiometer. The
cold junctiQﬁs weré kept in a melting ice bath tc obtain
a reference temperatﬁre'of 0°C. The e.n.f. of the fhermocou-
ples was measured by a potentiometer and a sensitive spot
galvanometer, The measurements were made upto 0.0l.ﬁv with

an accuracy of 0.0l per«eent.

3.2 BEXPERIMENTAL PROCEDURE

The thermocuuples were calibrated against a
standard mercury in glass thermometer of 0.1°C least
count. The average reading of the thermocouple was 0.6°C

less than the actual reading of the thermometer.
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The test surface was stabilized till the
experimental data were reprodﬁced. It took a period of
about 72 hours of aging and 12 hours of boiling. Before
conducting the series of the experimental runs, the test
liquid was boiled for a period of about an hour by auxiliary
heater. This was done to reuove the dissolved air from the,‘
liquid. The liquid temperaturcs were brought back to the
desired wvalue. The test surfaéé was energized and the heat
flux was adjusted. It took about 20 minutes for attaining
steady state. The thermocouple and wattmeter readings were
noted. It may be mentioned that no reading was taken just
after switching aff the auxiliary heater, If took about
10 minutes before the turbulence caused by the auxiliary
heater subsided. The heat flux to the heat fransfer surface
was varied progressively by an autotransformer. The
experimental data covered mnatural convection through
surface boiling to saturated boiling. The:data were taken

for distilled water and ethyl acetate.

The experimental parameters were varied over

a respective ranges as enlisted in Table 3.1.
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Table 3.1 Expérimental Parameters

Parameters Water Ethyl Acetate
Heat flux, peity— l2.44xlO§ %0 12.44xlozto
43.,54%10 - 43,54x10
Pressure, mm Hg * 470,625 and 470,625 and
; ’ 725 725

Liquid temperature,°C 60 to 98.7 49 to 71.85
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CHALZPTBR 4

RESULTS AND DISCUSSION

Experimental data were obtained for the nucleate
pool boiling of distilled water and ethyl acetate at
pressuresy 470 mm, 625 mm and 725 mm of Hg. The results
of the present invéstigation have been represented in
Figures 4.1 to 4.19. The study covers regions of natural
gonvection through surface boiling to saturated boiling.

4,1 HEAT TRANSFER DATA FOR DISTILLED WATER AT ATMOSPHERIC
PRESSURE

4.1,1 Natural Convection

The experimental data for natural convection have
been compared with the predicted wvalues of heat transfer
coefficient in Fig.4.l. The plot shows an indiscernable
scatter between experinmental and predicted valués. The
maximum scatter is T 10 per cent., The predicted values

of heat transfer coefficient are calculated usingthe

following equation [12]
. ’ n '
M= ¢ (Gr x Pr) (4.1)
The values of ¢ and n depend on the value ofthe

product of Gr and Pr.

4.,1.2 Pool Boiling
Fig. 4.2 shows a plot between heat transfer

coefficient and heat flux for saturated boiling of watecr.
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The experimental data of other workdrs [32,26,30,31]
for saturated boiling of water at 1 atmosphere pressure
have also been plotted in Fig.4.2. From this plot it
is clearly seen that there exists deviation amongst the
data points of various workers. The deviation might be
due to the difference in surface liquid combination and
experimental error. The plot also shows that the data
points of individual worker, if considered weparately

can be represented well by a power law as given. below:
h= gl (4.2)

where ¢ has different values for individual
studies. This'differenoe is due to different surface

liquid combinations used by various workers.
4,2 EFFECT OF PRESSURE ON BOILING HEAT TRANSFER

Figs.4.3 and 4.4 have been drawn to show the
variation of heat transfer coefficient with heat flux
at pressureé 725 mm, 625mm and 470 mm of Hg for water
and ethyl acetate respectively. bBoth the figures are

found to have the following common features:

a. The variation of heat transfer coefficient with
heat flﬁx can be represented by a power law, h o;qn.
The value of n is 0,7f0r :water and 0.6 for ethyl
acetate, |

b. A decrease in pressurc does not alter the above

power law, but the lines start shifting to the
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right, i.e. for a given value of heat flux heat
transfer coefficient becomes smaller with the

decrease in pressure.

The above two points can be rcasoned out by
consi&ering the mechanism of boiling heat transfer. The’
increase in the value of heat transfer coefficient with the
increase in heat flux can be attributed to the fact that
number of favorite sites for bubble nucleation becomes
greater due to incfease in heat flux; This, inturn, leads
to increased turbulence, and so does the heat transfer
coefficient, The increase in heat transfer coefficient
with the increase in pressure can be easily explained. An
increase in pressurc lowers the value of the. surface tension
of a ligquid. Due to lowering of surface tension the
ninimum radius of curvature for nucleation of bubbles
becomes smaller. Therefore at higher pressures a larger
number of sites for bubble formation become active than

at lower pressure.

The Piesults of Figs. 4.3 and 4.4 suggest that
heat transfer coefficient for saturated boiling can be
plotted as a function of product of héat flux and pressure.
The exponents of q and p were obtained bj drawing
suitable graphs for both the ligquids. TFigs. 4.5 and 4.6
represent such a plot. Allghe-data points-are found to be

represented well by the following equation:

h=c qp" (4.3)
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The values of constant ¢ and exponents n and m in

Eq.(4.3) are given in Table 4,1 -

Table 4.1 Values of ¢, n and m in BEq.(4.3)

Systen c ' ﬂ o m
Water S 2492 0.7 0.16
Ethyl. acetate 5.25 0.6 0.35

. o~ vt b

Pressure p in BEq.(4.3) is in Kg/cmz. The above equation is
simple and convenient for computing heat transfer
coefficient for saturated boiling of water and ethyl-

acetate.
4,3 EFFECT OF DEGREE OF SUBCOOLING ON BOILING HEAT TRANSFER

Figs. 4.7 and 4.8 are the typical plots to show the
effect of degree of subcooling on heat transfer coefficient
for water at 625 mm of Hg and for ethyl acetate at 470 mm
of Hg fespeotively. The degree of Subcdoiihg and heat
trapsfer coeffiéien% are expressed in their reppective
dimensionléss forms, Kéuh ‘
defined in the nomenclature. From these figures the

and NuB, which have been

following points ecan be noted:

a. NuB decreases linearly with the increase in Kéub
which can be represented by the following relation-

ship:
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- ' -0.5
Nup = cl(Ksub) (4.4)

The values of constant Cl depends on the heat

flux and the liquid. The negative value of

exponent is reasonable because high degree of
subcooling, or Kéub’ suppresses the size of the
turbulence due to bubble formation. Therefore heat
transfer coefficient or NuB decreases. It may be
mentioned that the possibility of wsing the criterion
for degree of subcooling as suggested by Alam and
Varshney [32] was examined for the presentAinvestigaé
tion. It was found that the expérimental data of
this study at 1 atmosphere pressure can be well
fitted with the criterion [32]. The data for
subatmospheric pressures do not yield an expected
trend therefore it was argued to modify the form ‘

of Ksub in the following form:

————

K! . =1+ V'/LL— P )2 Atsl’-ll
sub v Pata. by

At 1 atmosphere pressure Kéub assumes the form of
sub”’
The effect of degree of subcooling on NuB is inaccord-

_tance with the results of Jiji and Clark [33]

b. An increase in the value of heat flux shifts the
curves to the right. This behaviour is for the

reasons stated in section 4.2,
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4.4 EFFECT OF PECLET NUMBER ON BOILING HEAT TRANSFER

Figs.4.9 and 4,10 show the variation of NuB with
PeB for saturated boiling of water and ethyl acetate
respectively. In these figures pressure has becn taken
as parameter. All the curves appear to belong to a family
of parallel lines. Further it is clearly seen that the
variation of Nug with Pey can be well fitted into the

following equation:

Nup = Cz(PeB)O'GS. (4.5)

The value of 02 depehds on the preésure and the

liquid.

4.5 GENERAL CORRELATION

The effect of pressure is in confirmity with the
mechanism of heat transfer which has been explained in

detail in section 4.2.

From the theory of similarity for boiling heat trans-
fer it is well known that pressure can be represented

in the dimensionless form as belows

P

S
RS P 4

The data pcints of Figs.4;9 and 4.10 have been
plotted in Fig.4.11. NuB/(PeB)O'65 is ordinate and K
is abscissa. From the figure it is found that the experi-

mental data of respective ligquids can be represented by
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two parallel lines. The equation of such line is

given below:

B 0.65 0.65
Nug = 03(PeB) (KP) (4.6)

The value of C3 in Bq.(4.6) depend on the ligquid.

Since C3 is believed to dependgon the liguid only,
therefore-it was argued to choose the suitable physical’
properties of the liquids in the dimensionless form.
Prandtl number, which contains only physical properties
of liquid, was chosen for this purpose. Prandtl number
was found fo unify the values of coﬁstant 03 in Eq.(4.6)

This has been shown in Fig.4.12.

The results of Pigs.4.7 and 4.8 and 4.12 leads to
the following general correlation which can correlate
most of the experimental data for both subeooled and

saturated boiling as shown in Fig.4.13.

Nugy = 2.17x10‘4(PeB)O‘65 (KP)O'65(Pr)_0'45(Kéub70.50

(4.7)

Almost all the data points are found to lie within
+ 20 percent of the line represehted by Eq.(4.7).

All the physical properties used in the Eq.{4.7)
are determined at the saturation temperature. Surface
tension has been calculated using the method recommended

by Meissner and Michaels [34].



10

Pr

/"
|

30

( co0dM) go.0l%2d ) /80N )

FIG. 412 Nug/(Peg)®®%(Kp)°® AS A FUNCTION OF Pr.




- —— — e iy

_;z
|
§
1
60

+ + # - —
L .
+ + 0 T % ”.fw
| = ¢ 2
: N PSS 9
+ o+ 4+ + Q et -
o AR x | L % E
+—4 o+ + u._E ~ 7o) F Wm.m-
| e e : aQ 2
! | > |q . — 53 0
Ppr—= 8 Z48 '3 T 38 o
I 1
_ W W % —
| - P n
+ o+ o+ + T/ X ~ 3
m °1 Y s v
_ e A il M o -
) A— o N Sl n
+ o+ o+ -4 + b Bt — @) <
+ o+ + -+ + + _Pr h.v
. , ]
+ b+ + + - +-— o o~ m -~
-4+ + + +o 6 —_ o
o o
+ 4+ + + + + ((s) a Q w0
| x =z @
.‘_r. St U O)
L a
{ < ~
_ . [To]
) | 195 (%]
2 e M e s e it e < o
{ I ——
" ' I m
i
! _ _ _ UB T
1 S N U z ¢
— v
_ _ X N M
O o O O O o n O o <
o K~ n < n N — - .
O
(I




41

4.6 EXPERIMENTAL DATA OF PRESENT INVESTIGATION CHECKED
AGAINST THE CORRELATIONS OF EARLIER WORKERS

Some of the correlations [3,24,25,26,27,28,29]
were used for calculating NuB theoretically for comparing
the experimental values of NuB. These correlations are
applicable for saturated boiling only.

Figs.4.14 to 4,16 show the comparison between
experimental and theoretically calculated NuB for
saturated boiling of water. From these figures the

following can be concluded:

a. The values of predicted NuB using wvarious
correlations do notcoincide amongst themselves.
They form seperate groups. This seems to be
reasonably justified since these authors have used
different surface ligquid combinations in deriving
their correlations. It can be mentioned that
suitable values of surface-liquid factor should
be multiplied to individual correlation and then
the predicted values of NuB are likely to'coincide

between themselves.

b, Correlations due to Kichigin and Tobilevich[26],
and Bofishanskii and Minchenko [26] appear to
correlate the experimental data of the present

.investigations.,
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Fig.4.17 and 4.18 have been 'drawn to show a
comparison between experimental and predicted values of
Nug for ethyl acetate. These figures are also found to

have separate groupings as in the case of water.

It was not possible to check the validity of the
correlations due to Rohsenow [3] and Rice and Calus [29]
for the data of ethyl acetate., These correlations require
surface liquid combination factor which is not avaiiable

in the literature.

The correlations recommended by Kutateladze [26)]
and Kichigin and Tobilevich [26] are"found to best represent

the experimental data for ethyl acetate.

The correlation proposed by Alam [24] im applicable
for both subcooled and saturated boiling. Thus the
experimental data of this investigation for subcocoled and
saturated boiling have been compared with the predicted
values using the correlation of Alam.[24] in Fig.4.19.
Almost all data points can be rcpresented by a line parallel
to the line of equivalence. The reason for the deviation
is obvious since the present author used heat transfer
surface of stainlesslsteel while the heat transfer surface

in the investigation ccnducted by Alan was made of brass.
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CHAPTER 5

CONCLUSIONS AND RECOIMMENDATIONS

1. Heat transfer coefficient has been found to
increase with increase in the value of heat

flux and system pressure. ‘

2, Heat transfer coefficient decreases with the

increase in degree of subcooling or Kéub'

3., The experimental data for subcooled and saturated
boiling can be correlated by the following

equation:

Nu

B=2017Xlo-4(PeB)O.65(KP)O.65(PT)—O.45(K' "'Oo5

sub)

4, Heat transfer coefficient for saturated boilihg
can be computed by the following simple and
convenient dimensional equations: '

For water, h = 2,92 qO.7 PO-'l6

and

[ RSV A

For ethylacetate, h = 5.25 qO'6 PO'35

Recommendationsg:

1. The results of the present investigation suggest
the need for a systematic study of other indust-

rially important organic liquids.
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2. The study should cover a wide range of
pressures both for subatmospheric and super-

atmospheric,

. 10718 1L,
R oo

ROORKEE,
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Table A.1  Physical Properties of Ethyl Acetate

Formula: CH3COOCZH5, Molecular weight = 88.1

P, = 39.2 Xg. /en®, t_ = 250.1%

1. Density, Viscosity and Surface Tension [35]

t $1 2y b ox10"

Og Kg/m3 Kg/cm2 gm/cnm. sec dynes/cm2
40 876.2 0.0008 0.380 21.7
50 863.6 0,0012 o 20.5

60 850.8 0.0018 0.308 19.3

70 837.6 0.00256 18.1
80 824.5 - 0.00349 0.250 16.8

90 819.2 0.00467 15.6
100 797.2 0.00616 0.212 14.4

2. Specific heat [35,36]

t,°0 20 77.1
o 595%— 0.457 0. 480
- Kg. C

3. Thermal Conductivity [35,37,38]

£,°c 20 30 77.1

X Kecal
*hr.m.oC 0.101 0.123 0.155
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Table B.l Experimental Data for Heat Transfer to Water at
725 mm of Hg pressure

Run Temperature, °a Run Temperaturgioc Run Témperature,oc
No. ty 7 No. ty t, No. ~ ty L
q=12.44x10° Kcal, q=24.88x103Kca12 q=37o32xl03K9§l2
hr.m™ hr.m hr.m
1 96. 20 83.35 28  95.96  72.45 54 94.89  61.55
2 97.00 84.65 29 97.08 74.35 95 100.64  70.90
3 97.70 85.50 30  98.08 76,05 56 104.24  77.80
1 98.45 86.35 31 100.17 79.80 57 105.74 82.15
5 99.83 87.00 %2 102,76 8%.75 58 106.19 87.35
6 100.26 88.10 33 104.49 90.25 59 106.29 89.20
7 101.43 89.65 34 104.76 91.15 60 106.49  90.90
8 101.95 90.95 3% 105,05 9%.55 61 106.49 94.60
9, 102.38 91.80 36  105.05 94.65 62 106.02 95.60
10 102.70 93.30 37 105.29 95.65 63 106.12 96.60
11 103,20 94,20 38  105.29 96.80 64 106.24  97.25
12 103.50 95.60 39  105.47 98.30 65 106.24  98.10
13 103.73 96.80 40 105.47 98.80 66 106.24 98.80
1 10383 o160 Kol 3
3.8 97. oz 3 Acal q=43%.54x10"Keal
16 103.85  08.25 =31+ 10%10% 1 [ f b n
_ 3 41 97.92  70.70 67 97.53  61.70
9=18.66x10° K¢al, ;5 99160  73.25 68 106.95 85.50
. 43 102,55 79.30 69 107.2% 86.80
17 96.27 76.65 44 10%.55 82.35 70 106.83 88,10
18 101.95 85.95
19 102.35 86.60 45  105.33 88.10 71 107.23 90.95
20 102.79 ~  88.95 46  105.45 90.90 72 106.935  9%.80
47 105.32 92.45 73 106.9%3 94,20
21 103.42 92.05 48 105,32 94.60 T4 106.93  96.00
S 103 8 49  105.72 .96.60 75 6
23 104.25 94,80 . . 96. 75 106.93  97.05
24 104.25 96,60 50  105.85 97.25 76 106.93  98.10
51 105.92  97.65 77 106.93  98.80
25 104.25 97.85 52 105.95 98,10
26 104.25 98.10

27 104.25 98,70 53 105.95 98.80
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Table B,2 Experimental Data for Heat Transfer to Water
at 625 mm of Hg pressure
Run Temperature, ¢ hwun TemperatureLOC
No. ty tL -~ No, tw ‘tL
- e (00 2 3 2
4=12.44x10"Kcal/hr.m q=31.10x10"Kecal/hr.m
78 96.03 83.15 97 100.57 83.15
79 97.50 85.70 98 100.78 85.50
80 98.25 88.95 99 100.78  86.35
81 98.35 89.80 Y100 101.12 87.25
82 99.34 93.40 S.101 101.20 88.10
83 99.86 94.25 :102 101.60 89.70
- 3 2  '103 101.60 91.60
q=18,66x10”Kcal/hr.m - 20 101.60  92.20
105 101.90 94.25
84 97.29 82.75 3
85 98.17 85.55 q=37.32x10"Kcal /hr.m
86 98.77 87.65
‘106 101.60 84,00
87 99.60 90.70 *107 102.16 85.70
88 100.07 92.85 108 102.47 87.55
89 100.38 "93.85
_ 5 1109 102.47 88.7%
- 2 ;110 102.47 90.1
9=24.88x10"Keal/br.m 111 102.47  90.45
90 98.80 84.65 112 102.47  94.25
gé gg:gé gg:gg q=43.54xlO3Kcal/hr.m
. . 113 102.38 83%.05
o 100 5 9059 vam 105.11  86.80
35 10079 31780 .. 115 103.21  88.50
: -~ 17 102.§5 92,25

-- #4118

10

Jeli

94.25
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Table B,3  Experimental Data for Heat Transfer to Water
~at 470 mm of Hg. pressure

Run Temperature, ¢ i.Run Temperature,oc
No. tW tL " No. tW tL
q=12.44X103Kcal/hr.m2 q=31,10x103Kcal/hr.m2

119 82.88 76.10 | £ 142 91.48 76.80
120 84 .86 18.45 143 92.22  77.75
121 85.95 79.50 144 93.79 81.20
122 87.48 81.10 145 94,82 84,45
123 88.62 82.65 146 95.10 86.60
124 90.42 85.00 147 95.10 86.80
125 91.86 85.95

126 92.88 86 .60

4=37.32x10°Keal /hr.m°

0=18,66x10°Kcal /nr.n® 248 92.56  76.45
249 93.56 78.20

‘ ‘150 95.72  82.15
156 eier 8992 151 95.81  82.65
129 91.62  83.60
» ' /152 96.54  83.75
130 92.82 85,00 i§3 92.24_ 82.00
| 4 . 96.34 86,00
135 opel 88200 355 9613, 8680
133 . 94,07  86.80 - ,
q=43.54x10"Keal/hr.n
q=24.88x10°Keal /hr.n?
g
157 4. .7
5% golde  4oed? 158 95.43  78.25
136 91.96  79.95 159 96.31 81.30
327‘ 92.81 81.55 160 92,2§ 82.35
y . 161 96.66  83.75
igg -ggjég gi:ig - 262 96 .81 85.70
140 94,11 85.35 163 96.81 86.60

141 94.74 86,80
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Tatle B.4  Exzperimental Data for Heat Transfer to Bthyl
. Lcetate a2t 725 mm of Hg pressure.

Run Temperature,oo . Run Tgmpgratgxg.og Run Temperature,oQ_

To. ty by o By o No. b, tp
q=12.44x10°Keal q=24.88x10°Kcal, 206  83.37 7T1.35
hr.m® hr.m2 207  83.72 T1.85

164  79.02  64.95 185 79.38  61.60 q=37.32x10°Keal,

165  79.42 66.05 186 82.01  64.95 br. mo

166 79.77 67.75 187  82.40 67.25 208 82.74 59.55
. . 209 84.64 65,65
167 79.62  68.55 188 82.54 68.15 210 84.74 67.95
168 79.62 69.25 189 82.62 68.85
169 79.62 69.55 190 82.82 69.25 211 84.84 68.95
: 212 84.64 69.95
170 79.72 70.25 191  83.06 69.75 213 84.64 T1.10
171 79.72 71,35 192 82.71 70.45 '
172 79.72  71.55 193  82.56 71.35 214 84.84 T1.40

3 215 85.04 71.85
q=18.66x10"Keal, 194 82.83 71.50 77

hr.m° 195 82.8%  7T1.85 q=43.54x10°Keal,

hr.m
i;i %8:%2 giﬁgg q=31'10X103K§§l-2 216  78.38 49.65
175 80.97 66.55 T 217 81.75 52.60

196  78.20 60.85 218 83.88 59.45

176 80.97 67.60 197 79.28 63.35
177 80.97 68.15 198  79.48 64.45 219 85.68 63.85
178 81.09 68,65 199  79.68 66.05 220 86.11 66.05
. . 221 86.75 67.25

279 81.07 69.25 200  79.80 67.95
180 81.07 69.55 201 79.90 . 68,15 222 86.38 68.45
181  81.17 69.95 202 82.27 - 68.45 223 86.75 69.45
224 86.75 70.45

182 81.19 70.60 203 82.80 70.45
183 82.07 70.85 204 82.80 70.60 225 86.65  71.60
184 82,55 71.80 205 83.22 70.85 226 86.75 T1.85
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Table B.5 Bxperimental Data for Heat Transfer to 8thyl
Acetate at 625 mm of Hg Pressure

Ahm Temperature, °C Run, Temperature, °C Run Temperaturce,’C
No. ty T No. t 't No. t t

L W L W L
q=12.44x10°Keal, 248  77.30 65,40 q=37.32x10°Keal,
br.m® 249 77.30  65.85 hr.m
250 77.42  66.05
227 72.78  58.15 o 3 269 77.95  57.85
228 73.25  59.55 4=24.88x10%keady; 575 79034 61.05
229 75.85 60,15 271 79.44 62,00
230 74.35 . 61.10 272 73.59  63.35

251  74.81 56.95
231 74.03 61.50 252 75.96 59.05 273 79.59 64.05
232 T74.03 62.65 253  76.76  60.15 274  79.49  65.65

233 T3.93 63.15 254 77.11  63.15 275 79.59 66.25
234 T73.93 63.55 .
255  77.11  63.55

235 74.03  64.05 256  77.23  67.05 _ 3
236 T3.96  64.45 257 77.13  64.45 4=43.04x107keal,
237 73.86  64.95 258 77.13  64.95 -
258 75.86  65.65 |
259 75.92  66.05 259 77.43 65.65. 276 T4.86 56.70
260 77.43 65.85 277 79.15 58.75
q=18.66x103Kcal 261 T7.43 66.05 278  79.85 60.85

hr.m2 ; 279  80.53  62.65
| q=31:10x10 Kh%il—z 280 81.15 64.25
240 73.54  56.25 ‘M7 581 80.88  65.45

241 T4.62  58.%5
242  75.51  61.30 262 76.50 56050

563  78.88 61.05
243 75.68  62.20 27 Aoeso 2202

244 75.84 63.15 265 79.78 64.05

245  15.74 63.85 . 266 79.83 64.95
246 76.42 64.25 267  79.83  65.65
247  T7.33 64.65 268  79.83 66.25

282 81.05 66.25
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P2ble B.6 Experimental Data for Heat Transfer to BEthyl
Acatate at 470 mm of Hg pressure

G o) - 0
Temperature, G Run Tenperature, e Run Temperature, C

_ No. tw tL No. tw tL No. tw tL

0=12.44x10°Keal, 301 71,09 58.55 319 71.78 56.95
SR 305 71.09 59.00 320 T72295  58.05
503 71.09 59.15 321  72.95 58.80

"283  64.58 50.40 322 73.05 59.00
284  65.93  51.90 q=24.88X103Kca12 323 7%.38 59.15
285 66'83 53.95 hr.m

q=37.32x107Kcal,

286 67.20 54.60
hr.m

287 66.95 55.35 305 69.11 SL.30 320 70.76 46.60

589 66 .83 56. 45 306 70.41 54.15 325 72.19 52.10
307 70.61 54.85 326 72.59 54.15
290 67.73 57.25 327 72.72 55.80

304 66,66 48,50

291 67.58  57.85 308 70.65 55.80

2 | 309 70.72 56.25 328  72.59 55.80
o e 3 B @i sos T Dl
. .2 04 57,
294 68.05  59.13 531 74.29 58.80
N gig ;g.za 5835 552. 74.29 59.15
q= i X _;92__ 024‘ 58'8 - 7
hr.mZ2 314 72.24 59.15 Q—43.54Xl03%%%%2
- = 333 71.08 46.60
295 68.30  51.50 4=31.10x107Keal, 234  72.70 53.75
296  69.17 53.95 =2 335 73.55 55.05
297  69.22  54.60 336 . 73.65 55.80
238  69.29 56.75 515 68.87 49.90 337  T3.65 56.45
316 70.%8 51.85 338  T4.53 57.50
599  70.05 57.25 317 71.50 54.15 539 75.35 58.80

300 71.09  57.65 318  71.70 55.55 340 75.28 59.15
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C.1 GENERAL

a. Calculation of heat transfer surface

3

Outside diameter of test section = 25.5x10 “m
Tength of test section =l73x10'3m.
Heat transfer area = 7x25.5%107°
x 173x107°
= 1.382x107%n®

b. Calculation of heat flux

o o 0860 _ 0.86U_
A 138251072
2

62,22W  Kcéal/hr.m
where W is in watts.

c. Calculation of temperature drop in the wall cf
test surface

Using the equation of conductive heat transfer foreyli.-
. -ndrical test surface, the temperature drcp for Run No.90

is calculated as below:

q dg

- -9 O_
Atw - 2k in dh
where
dO = 0,D. of test surface
— 1 -
dy = I.D. of test surface + 3 [(dO di)

+ diameter of thermodouple hole]
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_ 24.88x10°x25.5x107° | ___25.5
w  2x14.012 o 18+%(7.5+2)

At
= 3.44°C .

C.2 EXPERIMENTAL AND PREDICTED VALUES OF NATURAL CONVECTIVE
HEAT TRANSFER COEFFICIENT

Run No.l7
Heat flux , ¢ = 18.66x10° Kcal/hr.m
Wall temperature , tw = 96.27°¢C
Liquid temperature, t; = 76.65°¢
. Experiméntal~h
g _18,66x10°
h-'(-_E__ - =
WL (96.27-76.65)
= 950 Kecal/hx

b. Predicted h

The value of natural convective heat transfer coeffi-
~cient of water is computed using the following equation:
¥u = ¢ (6r x Pr)™
Gr = —2 BAt
-2\3 -4
_9.81x(2.55x10 “) " x6.67x10_"x19.62
- 2
(3.67x10" )2

1.58x10"

i

Pr 2.02

I



(GrzPr) = 1.58%10 x2.02

3.186%10

Thé value

0.135.
0.333

i

]

0.135 x (3.185x107)°

63

of ¢ and n are taken from Mikheyev [12]

333 ¢ 0.58%0

hpred.. -2
‘ (2.55x10° )

2

955 Keal/hr.m<.°

C

]

955-950
955

Perccent error

0.525 Per cent

C.3 CALCULATION OF NuB

The values of experimental NuB during saturated

and subcooled beilingmare compared against the predicted

values by a number of other correlations and by the

proposed correlation.
(i) Experimental Nug
| 3
— q _ _24,88x10 _ . 2 0
h = t - £ = 160 96-54-35" = 3640 Kcal/hr.n“, C
| e =/
_h o _ 3640 61.50x10_7

®)

15.
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(ii) Predicted Nup using correlations of Table 2.4

a. Rohsenow

o1 0.67 ~0.7
Nup = 50T (Re ) (Pr)~
24.88x10° . 61.50x10~% -2
Rey, = —24 y bl = 10.42x10
S 1.108%543 962.5-0.5
. 1.,008x1.116 _
Pr = 0.5858 = 1,865
Nug = '%76i4 (10.42x10°2)9+67 (1,865)70:7
= =t x 0.220 x 1.546
= 0.014d . .
= 11,70

b. McNelly

24.88xlo3x25.5x10'3

€42)= 1 116x 539 = 1.052
. -3
%@ - 09842}(2535‘3‘(10 - 3.575}(104
61.50x10
{1, = ¢y 962.5-0.5
-~V e =L, AV

T = (—25522 } = 4810

Nug = 0.025 (1.052)9°09(3,575510%)0+ 31 (4810)0+ 33

(1.865)9-69

]

)
O
(@]
O



65

¢. Kichigin and Tcbilevich

V Nu

5 = 1.04x107% (PeB)O'7 (K?)O’7.(§r)o'125
e, - _24.88x107 [ 61.50x10”%
5 =
0.5858%539x6.05x10~4  (962.5-0.5)
= 38%.0
4 :
Ky = -2=84X0 . - ¢ 76x100°
V61.50%10 7(962,5-0.5)
...4 A
| 9.81 61.50x10"%\3/2,. 0.5858
Ar = , ( *‘*y) (1- 525 )
= 1.598x10°
0.125
Nug = 1.04x10~% (383)°°7 (6.76x10°)% 7(1.598%10°)
= 15,9
Kutateladze
Nuy = 7.oxlo‘4(PeB)O'7 (pr)~0-3° (KP)O’7~

7.0010"% (383)°7 (1.865)"035(6.76x10°)° 7

10.88

Nu

B

]

]

16.80

., Borishanskii and Minchenko

8.7x10" % (PeB)O‘7 (KP)Q‘7

8.7x10~% (383)°7 (6.76x10°)0"7
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Kruzhilin and Averin

- 007 - -005 00377
Nup = 0.082 (PeB) (Pr) (Kt)
© - 427 (0.5%543)°

t 1.005%94. 25%962.5\61.50x10 *(962.5-0.5)

= 142

oy = 0.082 (383)%7 (1.865)70"7 (142)°777
= 25.35

Lgbunfsov

Nup = 0.125 (Pey)®+® (pr)70-32 (x,)°:7°

0.125(363)°°%% (1.865)70:32 (142)0:35

24,30

il

. Rice and Calus

. _ 0.9 T
NuB = 6,.3x10 4 (PeB)O'7 (K?) (“Tiw*)4
= 6.3x10~% (383)0’7 (6.76x10° )07 (1)%
= 12.18
Alam
Nu, = 0.084 (PeB)O'6 (Kt)0°37 (Ksub)"o'50
K .p = 1:00
Nug = 0.084 (383)0'6 (142)0'37 (l)'o’50

= 18,80

et s otrnn.
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3. Propoped correlation

VNuB 70.50

]

—4 0.65(; 10.65 5 y=0+45 1,
2.17x107%(Pep) ™7 ()77 (2r) (iun

2.17x10~4(383)°:65 (6. 76x10°)9+65(1,86570- 45

i

12.82

(iii)per .cent error in the values of NﬁB calculated
as above -

(NUB)calcd. - (NuB)exptl.

Per cent error =

(Nug) o9 6q.

The calculated values of percent error have

been shown in Table C.1.

Table C.lPer cent Error in Predicted NuB

Correlation Per: cent. Correlation Percent
error error

a Rohsenow - 34,20 f Kruzhilin and + 38.00
Averin
b McNelly - 57.00 g Iabuntsov + 35.40
¢ Kichigin and + 1.56 h Rice and Calus - 26.10
Tobilevich '
d Kutateladze - 44.40 i Alam + 16.50
e Bonshanskii + 6.55 J Propcsed + 9.45

and Minchenko
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[aEaEe!

~

[

C

1

)

o

SQCO

gl— OUTER

W(I)
wWALL

GUPTA

NATTAGE

GENERAL

REC

SURFACE AREA sB2-
sQ(I) HEAT FLUX
INCORPERAT InG COki

DIFMENSTON W(€)s QLE)Y oDT(6)

READ

1N

FORMAAT (12)
2 o (W(I)eI=1oN)

READ

FCRMAT

(EF4,0)

B1=301414%0,.255%0,1737

B2=3e

1414%y

ol

2175%0,173C

Bia={bl+32)1/2.0C

Lo 3
Geoy |

DTC(I)

PUNCH

I=1sN

= 0o86%W(I)/EL
DT(I)=0086%u(1)%#0e001675/(14o012%L M)

= DT(

4 oW {I)YsQUI)DT(I)-

Iy

~0ob

PUNCH 5s01s52s6M

FORMAT
FORMA
STOP

ZND

{(3E 1565)

T (3E 15605)

ZGa300eb 0065006600 TC0

I

2

C

R .
RE IR 48 ‘,'C\';)

. ey
Lo 2} .

SUC\'}

3.

GUPTA
£+03
E+073

Thb G LUE+0U3
2D 2JIVE+D3
o 65000 E+03

T TOULC

c+03

1. 13858E-01

sTOP

cND AT

q
&

CALCULATION
[MNNER SURFACE AREA

69

sUi~ MmEAN AREA

sUT (1) TEMPERATURE DRCOP ACRUSS

b A T A I
-R E S U L T
GENERAL  CALCULATION

Col2411E+0G5
0c18617E4L15
Qe24823E+uT
Uo31C28E+05
U3 T7234E405
Dot 3440E+UD
0011820E~C1
s $OGHY + U1

Le

Gell926E+01
Go208869E+01
0s.98652E£+01
0.35316E+01
GobTTT9E+C1
0¢56742E+01
U012839E~01
Z

TION FACTOR OF CGo6
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C S C GUPTA NATURAL COMVENCTION CALCULATIGCNS
DIMENSICH Q(6)s TWIE)sTL{1D)sCOMNDILD) s(10)s PRIIO)ISDT(10)
DIMENSICN HNEW(10)s HCAL({10)s HEXP(10)s GR{10)s CR(10)
READ 1 oMsMeCRITISCRIT2s CRITS
FORAAT (2165 3E10.5)
READ2s(QUI)sI=1sM)sDsG
2 FORMAT ( 6F 7ol e F8ob4sFBu2)
DO 11 J=1,t
DO 11 I=15N
READZ, TWT)sTLCIY sCONDIT Y sHNSW (Lol PR
3 FORMAT(2FT620F50392E1065,F5.2)
STCI)=TW(I)=TL(T)
HEXP(I)=G(J) /DT
GROI)=BI)RD#32GRDTII) Z (HNEW (T )%%2) .
GRUIY=GR(I)*PUT)
IFIGRII)=CRITL) &4sbksh
4 GRUTI=GRII)*%0.125
HCAL{I)=COND(I)*#1418%GR{T) /L
GO TO 10
IF{GR(I)=CRIT2) 65657
ORUIN=GR(II*%0.25
FCAL(T)=CORD (1) %0 54%GR(1) /D
GO TO 1¢
7 IF(GRIIY~CRIT3) 898512
§ CRIT)=0R(1I#%0.3333
HCAL(T)=CONDI(I)*0u135%GR(I) /D
1J ER(IV= (HCAL(I)=HEXP(I)) /HCAL (1)1%1QC,
PUNMCH 14 sHEXP(I)sHCAL(IILER(ID)
L FORMAT(3510.%)
1
2

o

v\

CONTINUE
STJP
ERD

D A T A I M P U T
2 605500 E+ 3,200k ut+ BollUUCE+LG
12411 186170 248230 310266 372346 63440 0.0255 9,81
97,70 8B5.50 05856321106~ 6,704128~ 5 1,91
5,485 B6:35 ,586030310E- 6.73718- 3 l1l.82
95,27 T6a0h o0582:34000E~ Ga6T469E~ 3 26,06
101097 85595 55866312808~ 6.71760E~ 3 1,87
95638 12645 oL826348600~ 665858~ 3 2:10
276,28 74535 oDETB34270E~ 6.568503E~ 3 2.06
97:92 T3078 0582034820E~ 6.605715E~ 3 2,10
960 T2025 0587034000k~ 6,67250kE~ 3 2.0
F4,5Y 01055 09T 373U0E~ 06209601~ 3 2027
LO0,64 T390 0584,54250E- 600668635E~.53 2,00
97«.;')?‘ 6107@ 058(7036("‘)9()‘6“" f)o?.‘/..{:}(‘)QE"‘ f) ZCZZ
106,53 85450 0086030UOT2E~ 6,73045E~- 3 1,03

ol IB3E+04 Vo950 +03~06T79GE+C
Jol 2E+74 Uo950E+{3=20T7S0F+C1
CeB311E4uG Qe lU2F+s4=ColbuE+D2
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- R £ S U L T S -

CoB43E4+03 D 1U4E+04 0.88UE+U1
GLu10E4+04 J01C8E+u8 00252E+01
Qe 109E+5S U 1U8E+ 40,803

Tell4B4+04 DG1146E+(4=C.115

Cerl1d3f+dbd J,114E54+.4-0,303E+01
To112E404 0. 116F+04 003958401
Mo 129404 e ll9E+u4=0eH42E8+01
LolZ1E+08G Jo129E+44 CoDGCE+D]
Go2U03E+04 v 114E+4~0.780E+02

STOP END AT S¢ CQ12 + (00 Lo Z

C S C G GROUP CALCULATIGHS
PUNCH 10 . )
1o FORAAT (1Xs 3HRNeSX s LHH e TX o 5rHNU o TX s 3HPER s TX s 4HSUB K 9 TX 9 3HHKP s TX 9
13HHKT 777}
IT=1
16 READ 30s SIGsCOMsPVsPLsHV,TS,CP
33 FOR:"AT (FonSngFlOcJ)
1C READZOsNRsTWsTLsQsPSSEY
27 FORMAT(I395F10e3)
DT=Tw-TL
1=Q/DT
ALPHA=CON/Z(PL*CP)
VGR=SQRTF(SIG/(PL=PV))
riNU=({H/CON) *¥VGR
PES=(Q/IPVRHV#ALPHA) ) #VGR
SUBK=1 o C+HISQRTF{PL/PVIIX{{TS=-TLY/TS)
AKP={PS/SIG) #VGR
HKTR=EJ* ((PVH#HV ) %%2.0)
HCTD=(CP*TS 'PL/JIG)ﬁVGH
HET =HKXTN/HKTD
PUNCH 53 sNRoHsHMUIPEL s SUBK s HKP o HK T
SCOFCORMAT (1496F1063)
IT = [7T+1
IF{IT-57110: 916515
5 IFCIT-97)100 416912
2 IFUIT-135)10.,9100.20C
L0 STOP
END

) e gt
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22244194
2075+418
1886,170
1790,909
1571.013
1379, 000
13250319
1173.,062
1128,273
1010:668
3027154
2908,906
24335595
1970.053
1769.677
1637379
1345,159
1182,1232
1163.563
3721.586G
3462,064
29235793
2561713
23856,327
2158222
1323.880
1743,188
13057866
12185506
43294280
3952,511
3751.874
3607907
3402,193
26944403
24105878
21325509
18500813
14630585
1334,538
500,570
457452901
q'l/“‘lu 713

9565
30953
80137
To726
6777
50,949
50696
50060
4,867
4,360
13,059
12,549
10.468
3o499
To634
7,003
5,803
5,099
5,019
16,055
1406935
12,613
11,051
10,297
96312
7868
76520
56633
50257
18072\)
17,051
160185
15655%
14,677
12.486
1&0400

- 9.19¢

ToT69
6314
50757
216589
19,733
17,867
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& C G GROUP CALCULATIONS
HNU

Pt

1640240
164,240
1640240
164,240
164,240
16["02‘1‘-0
164,240
164,240
164,240
164,240
266, %606
245,366
245635606
246,360
246,366
246, 3C6
246,368
2460320606
2[4’()0 366
328,453
328,495
323,493
328,493
328: 493
32604953
32804%5
328,495
228,493
328,493
410,606
410,606
410,506
410,606
410,606
410,600
410.606
415,606
410,606
4106606
4100606
492,733
452,735

452,753

s
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1c220
1391
1.638
1,823
20317
20893
3204
30881
46251
40766
lo285
ie3%1
1905
2:646

36387,

Zo 17U
5003@
6,021
o239
1,00V
1,200
1.823
22317
26708
56161
40148
40519
T0194
Eob20
1000
loZUd
1o473
1638
20729
30613
4odb1
50404
70770
9a(26
1,000
1,288
1638

N
i

HLXP

40950038
4095035
40950035
40950038
409500386
4095,036
40950038
49950038
40354035
40950038
40950030
4095,033
40950036
4095.038

40950036

43950038
4095,038
40‘7‘)00}8
40950038
405,038
405950033
405,038
40950035
405,038
40950033
40950035
4095038

H055,038

40950038
49950038
40954038
40950038
40950038
40950038
40950038
40950036
40950038
46956038
4G95:038
40950038
40950038
4095.038
4055.038

HCT

10560183
10560183
10560183
1056.183
10560163
10560183
1056.183
10560183
1056 .163
10560183
105661563
10566183
10560183
1C560163
10560163
105601863
1056.153
10560183
10560143
1056183
10560153
10560163
10560185
106163
10560183
lOiﬂD 183
10960103
10560153
10560183
10560103
10560143
105601863
10560183
10360183
10560103
10560163
10560163
105¢ 163
10560183
16564183
1U56.183
1036.163
1056.183
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39116134
35736321
3131.539
23880326
2178701
19760327

16190574 -

5409714
4441,718
40480462
34120412
3323,845
23194274
22126299
20890394
1451.579
1334.516
1051780

963,587
30370031
2578s532
2091,798
16746191
1475,198
12800399
23699404
27616179
26320344
26326344
16659,731
2072,037
1803,997
17540,276
4055, 948
33000851
3102300
2607.395
2368.5590
2237.058
21506243
2030.628
1781171
4529.684
30975671
2713848
2495,576

T 2262,090

21156568
4582,278
3878.571
33260187
29550102
2663297

16.872
156415
13,509
106303
90399
80526

60937

230337
190161
17.465
140721
140382
10,005
90545
90015
60263
56758
40538
40158
130,104
11.126

9,026
10224
6.365
5525
15.962
11,914
11.358
11.358
716882
86940
ToT784
106569
17500
140242
13388
11,250
100220
920652
90278
BoT62
7685
19544
13,366
11,709
10,768
96760
90128
19,771
150735
140352
12750
11492

492,733
492,733
492,733
492,733
492,733
492,733
492,733
5744859
574,859
574,859
574,859
574,859
5744859
191,142
1910142
1910142
1910142
191c142
1910142
2860721
286,721
266,721
2860721
286,721
2660721
382,300
382,300
382,300
3824300
382,300
382,300
382,300
362,300
4774863
4774863
477863
477,863
4770863
477,863
4770863
4770863
477,863
5736442
5736442
573442
5730442
5730442
5736 42
6690021
669,021
665,021
669.021
669,021

1.905
2¢317
20729
40251
4,951
5712
Te606
1.000
1,720
20152
26893
3.058
50404
1,000
1396
30,072
3064067
40980
60167
1,000
lo652
20653
40072
50,050
60353
1,000
20141
26559
20559
_10118
30956
40864
50469
1,000
10954
20234
3,118
30863
0259
4o678
50,073
60107
1,000
20769
36560
40119
40980
5,772
1000
16931
2.862
30672
4ol €S

4095,038
40950038
4095.038
40950038
4095.038
40950038
40950038
40950038
40954038
40950038
4095,038
4095,038
40950038
34826237
34626237
34820237
34820237
34826237
3482237
3462237
3482.237
34824237
34826237
3482,237
34820237
34826237
36526237
3482237
34620237
34826237
34526237
34820237
34820237
34820237
34826237
34820237
34820237
34820237
34826237
3462237
34820237
54620237
34820237
34820237
3482,237
3482,237
34820237
34826237

34820237.

34820237
34820237
34820237

3482.237

10564183
1056-183
1056.,183
10564183
1056.,183
10560183
10560183
1056183
1056.183
10560183
1056.,183
1056183
1056.183
836,649
8360649
8360649
836,645
8360649
3360649
8360649
360649
836,649
8366649
8360649
8360649
830600649
836,649
8360649
8360649
836.649
836649
8360649
8360649
83650649
8350649
8360649
8360649
5360649
53600649
5350649
33605649
5360649
8360649
836.649
836,649
8360649
83600649
8360649
836,649
63000649
826649
85360649
836649
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The test surface was stabilized till the
experimental data were reprodﬁced. It tcok a period of
about 72 hours of aging and 12 hours of boiling. Before
conducting the series of the experimental runs, the test
liquid was boiled for a period of about an hour by auvxiliary
heater. This was done to rcemove the dissolved air from the
liquid. The liquid temperatures were brought back to the
desired value. The test surfaée was energized and the heat
flux was adjusted. It took about 20 minutes for attaining
steady state. The thermocouple and wattmeter readings were
noted. It may be mentioned that no reading was taken just
after switching aff the auxiliary heater., It took about
10 ninutes before the turbulence caused by the auxiliary
heater subsided. The heat flux to the heat fransfer surface
was varied progressively by an autotransformer. The
experimental data covered natural convection through
surface boiling to saturated boiling. The :data wecre taken

for distilled water and ethyl acetate.

The experimental parameters were varied over

a respective ranges as enlisted in Table 3.1,



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Appendix

