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ABSTRACT

The present investigation has been carried out to study
experimentally the condensation of low pressure steam on four
horizontal short +tubes(L/d = 13.6), placed in a vertical grid.
The +tubes wereé housed in a rectangular vessel of 300 mm length,
316 mm breadth; and 750 mm height. Each tube of the condenser was
341 mm_long with an inside diameter of 25 mm and outside of 28.8
mm. The tubes were held in perfect horizontal position by means
of specially fabricated check-nuts. The clearance between two
nearest tubes was 97 mm. In order to measure the temperature of
outer surface of each tube, twelve copper-constantan
thermocouples were embedded at four ‘locations at distances of 21,
121, 221, and 321 mm, respectively measured from the leading edge
of the +tube. Every location had three thermocouples, one placed
at each of the top-, the side-, and the bottom-regions of the
tube. The thermo-e.m.f. signals from all the +tube wall
thermocouples on analysis showed periodic variation with time.
Due +to the large amplitude of variation a hardware-based signal
integrating system "comprising of Keithley programmable DMM with
GPIB interface and Z-80 micro-processor was adopted to find out
time-averaged value of the fluctuating signals. This scheme was
thought adequate in view of its being fast in processing large
number of data points.

A specially designed and developed home-made mechahical
hand was employed to measure the temperature of steam bulk‘around
the +tubes 1in a vertical plane by means of thermocouples. It had

two arms each containing a copper-constantan thermocouple. It was



possible to control the vertical and horizontal positions of the
thermocouples in a vertical plane, containing tubes, from outside
the test condenser with a minimum accuracy of 1.0 mm.

The steam used in this investigation was raised in an
0il fired boiler. To ensure that the steam entering the condenser
was dry and saturated, extra precaution . was, exercised by
employing an upright. U-loop having a vertical idrain pipe with
steam trap at its free end in the pipe line_ connecting.the boiler
to the test condenser. In fact this helped in removing the

condensate coming along with steam from the boiler before

entering the test condenser. The temperature of steam was
monitored by copper-constantan thermocouples attached to
mechanical hand. An air vent with continuous steam purging was

used to keep the test condenser free from noncondensables. To
check the absence of noncondensables, the temperature of the
steam was measured. When the temperatures maintained by the
thermocouples placed near the top and bottom tubes were found
equal to saturation temperature corresponding to the pressure of
steam, it was taken that the steam was free from noncondensables.
To maintain & quiescent environment of steam around the tubes of
the condenser "the incoming steam through a steam nozzle placed
off-line +to the vertical grid of tubes was allowed to impinge on
a cup and then passed through a perforated plate. The above
arrangement reduced the velocity of steam to a practical possible
minimum value.

The cooling water was pumped into the tubes through

rotameters. The provision of inverted U-bend at the exit of each

Zi)



tube ensured that the tubes were always full with cooling water,
which was very necessary.

The temperature distribution: of cooling water was
determined theoretically for the pestimation of heat  flux
distribution along different segments of each tube. This was done
by iterating = the heat rate equation with heat balance equation
and finally matching the calculated exit'temperature of cooling
water with experimentally determined value. For this purpose each
tube was considered to be made of four isothermal segments of 71,
100, 100,. and 70 mm length, respectively.

Experiments were conducted for steam pressures ranging
from 146.75 to 269.38 kPa and cooling water flow rate from 11.6
1o el By

The present investigation has shown thé expected

behaviour that the temperature of the wall of the tubes varies

circumferentially. It is alse®™ observed Fhatl®due™ito the
continuously decreasing values of cooling water—éide heat

transfer coefficient, wunlike +that of "long tube YL/ /d > 5L
having high flow rate of cooling watér, the value of the average
circumferential wall temperature continuously increases
throughout the =~ length of the tubes irrespective of the row in
which the tube 1lies. Thus the surfaces of the tubes become
nonisothermal when condensation occurs on short tube condensers.
fige is established +that for a given +tube-row +the average
circumferential wall temperature of the tube is found to possess
a specific functional relationship with the cooling water flow

rate, it’s inlet temperature, steam pressure, and distance from
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the leading edge of the tube.

For the calculation ot condensing heat transter
coefficient from an available correlation for the first row tube,
a relationship for the weighted wall temperature for short tube,
in terms of operating parameters is also obtained. These
experimentally determined weighted wall temperatures of the first
row tube of the bundle show a good agreéement with the model of
Bromley within a maximum deviation of +35%. The experimental data
for - the condenéation of gquiescent steam on first row tube of
the= bundle are correlated best by the Mikheyev.correlation
within a maximum deviation of -18.0 % to 10 %, followed by
the correlation due to Henderson and Marchello within a
maximum deviation of -26 % to 6%. For the determination of
weighted condensing heat transfer coefficient for short tubes in
second-, third-, and fourth- rows, based on the present
experimental data, an empirical correlation 1is recommended
within a maximum devistion r of +40%, whiclh eBStablishes that
heat ‘transfer coefficient of a tube in rows other than the first
row possesses a functional relationship with the heat transfer
coefficient of first row tube and the row number in which the
tube lies.

It is also = foundl that.| th® predictions from Kern’s
correlation and the experimental values of weighted condensing
heat transfer coefficient of second-, third-, and fourth-row
tubes agree excellently within a negligible deviation. The
finding of the present investigation is;that Jakob’s correlation

for heat transfer coefficient for tubes in different rows of the

iv



tube bundle is a conservative one is in conformity with the

observation reported by Marto.
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CHAPTER 1
INTRODUCTION

The subject of condensation of vapours over horizontal
tubes 1is extremely important,since it has a wide range of appli-
cations in chemical= ,petrochemical-,refineries-, refrigeration-,
power plant-and many other allied industries. Becausé of this, the
condensers are manufactured worth several crores of rupees annu-
ally. This' ™ signifies the need of reliable and economical design
of condensers. One of the important requirements for the design
of condensers 1is the knowledge of accurate values of heat
transfer coefficient during condensation of vapours as a funetion
of geometric-and operating-parameters, and physico-thermal
properties of condensing vapours.

Nusselt was the first to undertake the study of condensa-
tion of pure vapours on vertical plates to obtain condensing heat
transfer coefficient. Based on theoretical model ,he derived an
equation relating condensing heat transfer coefficient to charac-
teristie » Tength, ;, physico- thermal properties of condensate at
the film temperature, and the difference between saturation
temperature of vapour and wall temperature of the plate. He also
succeeded 1in recommending an equation for condensation of pure
vapours on a single horizontal tube. Later on, the experimental
data for the condensation of pure vapours of differing physico-
thermal properties were carried out by other investigators.

As regards the correlations for the condensation of

vyaponTs on Horlromtal -tubes, some of the investigators have



recommended +that the Nusselt equation could correlate their_data
only when its constant was modified +to some suitable values;
whereas in other investigations it has been suggested that the
Nusselt equation was capable of correlating their data if the
physico- +thermal properties of the condensate appearing in it
were evaluated at the film temperature rather than at the satura-
tion temperature  of the condensing vapour. Yet another group of
investigators has - attempted to make the Nusselt equation more
rigorous by incorporating the effects of those factors which were
neglected by Nusselt in an attempt to simplify his model, though
these factors influence the condensation process. The merit
of these correlations lies in the fact that they account for
one or more factors 1like latent heat transfer accompanied by
sensible heat transfer from the condensate(17,18), acceleration
in the condensate film(14), nonlinear temperature distribution in
the condensate film ( 17,18 ) ,drag at the vapour-liquid inter-
face ( 59,60,61,62 )and others.

Attempt has also been made to modify the Nusselt
equation by taking into account the droplet detachment which
occurs in the bottom region of a horizontal tube (11). Some of
the correlations have also been recommended by extending the
theory of similarity to condensing heat transfer process(23).

An examination of the available literature reveals that
inspite of many research investigations there is no single corre-
lation available which 1is able to correlate all or most of the
experim;htal data of various investigators for the vapours of

differipg physico- thermal properties.



It is important to note that these correlations facili-
tate the calculation of condensing heat transfer coefficient from
the knowledge of characteristic length of the tube,the physico-
thermal properties of condensate at the film temperature, and
the difference between saturation temperature and that of the
tube surface , or alternatively , condensate flow rate per unit
length of the tube.

Therefore, the calculation of condensing heat transfer
coefficient of a vapour at a given pressure is possible provided
the distribution of tube wall temperature, in addition to other
parameters, is known. As a matter of fact ,in industrial conden-
sers the temperature distribution of tube wall is not a predeter-
mined value ; 1instead it attains a continuously varying value
from the inlet to outlet of the tube ,dictated by the flow rate
of cooling water inside +the tube , its inlet temperature ,
pressure of condensing vapour and the ratio of length to diameter
(L/D) of the tube. For tubes having L/D ratio less than 50 (known
as short tubes) the value of heat transfer coefficient of flowing
water keeps on decreasing continuously along the tube-length,
unlike in tubes having L/D > 50 where the heat transfer
coefficient decreases initially and then becomes constant.
However, the temperature of water increases progressively due to
heat pick-up as it flows down the tube length. These adverse
thermal characteristics of flowing water are likely to provide an
appreciable compound thermal insulation effect to the condensa-
tion of vapour over the length of short tubes. As the magnitude

of this adverse effect increases from inlet to outlet of the tube



A ihy i impedes the condensation rate progressively along the
tube-length. A review of literature shows that most of the
experimental data on condensation of vapours pertain to long
tubes. Therefore, it seems necessary to carry out investigation
in which condensation of vapour is carried out on short tubes
for the generation of new data for design engineers and for the
furtherance of knowledge in the area of condensation.

For specific reasons , the horizontal. industrial
surface condensers consisting of tube-bundles inside a shell
employ water as a coolant flowing inside the tubes whereas
vapours condense over the tubes. Tubes for these condensers are
arranged on a specific pitch in vertical rows. When condensation
of vapours occur on the tubgs, they get enveloped with conden-
sate layer. With the passage of time the thickness of condensate
layer on the tubes keeps on increasing and attains a value beyond
which the condensate no more remains adhering on them,but drops
off the bottom-region of the tubes( 11 ).

Like many industrially important organic vapours', the
condensation of: steam over horizontal tubes is important. Depen-
ding upon the _application of steam,  its condensing pressure
.varies from low to high values. The condensation of steam at high
pressures has been extensively studied. But the studies related
to condensation of steam under low pressure are scarce.
Therefore,there is a need to study the various thermal charac-
teristics associated with the condensation of steam at compara-
tively low pressures.

In this process the condensate from the tubes lying



in the top-most row of the bundle, hitherto called first row ,
flows down on the tubes in the second row and thus thickness of
the condensate layer on them becomes greater than that on tubes
in the first row. Consequently, the thermal resistance to conden-
sation of vapours on tubes in second,row also increases corres-
pondingly. Thus , +the tubes in the second row become less effi-
cient thermally vis-a-vis those in the first row. For the same
reason, the condensate layer thickness on tubes in the third row
becomes. still greater. As a result they become still less effec-
tive | in causing condensation. This behaviour continues for rows
in the downward direction. To appreciate this thermal deteriora-
tion of the tubes , it is necessary to measure the wall tempera-
ture of the tubes in different rows at different points on them
both circumferentially as well as longitudinally. As a first
step, an experimental investigation can be programmed for a
limited number of rows with a single tube in each row. This , in
fact , would provide a facility to study thermal behaviour of the
tubes for their entire surface exhaustively and thus wouid lead
to an in-depth knowledge of the condensation of wvapours on tubes
in different vertical rows for future research related to indus-
_trial horizontiml gurface gGondensens.

It will not be out of place to point out that most of
the research outputs for the design of condensers remain in the
files of R & D organizations, where such investigations have
been carried out. Unfortunately, +the published work is not
adequate enough to help the des{gn engineers +to carry out

economic design of condensers for various industrial applica-



tions. As

a result this calls for concentrated research efforts

to optimise the various parameters in the design of condensers.

Keeping the above considerations in view ,the present

investigation for +the condensation of steam on four short tubes

in horizontal rows placed in a vertical grid was planned with the

following major objectives:

L

To conduct experimental data for the condensation
of steam, at low pressures ,on horizontal short tubes
including measurement of circumferential and longi-
tudinal wall temperatures of the condenser tubes in
different rows with different flow rates of cooling

water.

.To determine the thermal response of short tubes, one

in each of +the four vertical rows, to changes in
pressure of the condensing steam, and the flow rate of
cooling water with the specific aim to obtain a
procedure for the calculation of wall temperature of
tubes lying in different rows of horizontal surface

condensers.

Also to scrutinize +the available model for the
prediction of wall temperature of the tubes of the
condensers with the help of present experimental data.
To scrutinize the applicability of available corre-
lations for condensing heat transfer coefficient for
single tube and horizontal tube bundle with the help

of the data obtained=in the present investigation.



CHAPTER 2

LITERATURE REVIEW

Because of ever-increasing industrial applications of
condensation heat transfer, a concentrated research effort has
been made to investigate the different aspects involved in it.The
studies have been carried out +to determine the parametric eff-
écts of physico-thermal properties of condensing fluids, the
system.  pressure , the presence of noncondensables , the
orientation of a tube ( horizontal, vertical or inclined ) over
which condensation occurs ,the condensation over a bundle of
tubes, etec. Accordingly literature related +to a variety of
aspects is available.

2. PRESENT INVESTIGATION

The present investigation deals with condensation of
pure vapours of steam on four short horizontal tubes placed one
over ~the wother in vertical .rows. Therefore, in the following
sections attempt has been made to compile the literature related
to condensation of pure vapours on a single horizontal tube,
condensation on horizontal tubes spaced in vertical rows,and heat

transfer in the thermal entrance region of a tube.

2.1.0 CONDENSATION ON A SINGLE HORIZONTAL TUBE

In 1916 , Nusselt(1) conducted his pioneering
research on film condensation of pure vapours on surfaces. In
his efforts he idealized the progiem by assuming a pure quiescent

vapour around the surface, uniform surface temperature, linear



temperature distribution 1in condensate tilm, laminar flow of

condensate film due to gravity , absence of vapour shear
effects, condensate-vapour interface at saturation temperature
and no acceleration in the condensing film. His analysis

resulted in the following forms of Nusselt equation for local

heat transfer coefficient, h and average heat transfer

coefficient, %

h = 0.893(k3p2gsina/Tu)l/3 2. 18
By = 0.725(k3Ap2g/(dopat) )l /4 (g, 29
. ue
hi e | "—————rmee | = 1 2o Rel /3 = 1.51(4T /n)-L/3 s 38
k2 p2 g
BN 1
L/ B) S a0 . 908LL /1 )T B/3 (2.4)
k g1/3
%Ndo
Nijimm = =ven 7 2h (G kPr'/H )3 A4 & .5)
k
Nusgselt’s copstant~ , ==0.72% @n Eq.2" 2.0 .dependsfon the

e

value of rthe integral 4/%55in1/3ada .According to him ,the
value of the integral comesoout to be 3.428.Later on ,the same
integral was resaluated more precisely by McAdams( 2 ) using the
value of gamma function as given by Pierce( 3 )and reported to be
3.4495. Using +the above corrected value, the constant of Eq.2.2
comes out to be 0.728.Therefore,the modified Nusselt equation
takes the form: 1/4
k3p1 (p1 -pv)gA

Ty = 0.728 (2.6)
dopAt

Parr ( 4 ), in his analysis, assumed the local rate of



condensation to be uniform along +tube perimeter., instead of
assuming temperature drop across the condensate film to be
constant. Thus based on his assumptions,Parr derived a constant
of 0.75 compared to +the wvalue of 0.725 as obtained by
Nusselt,Eq.2.2.

2.1.1 PREDICTED ERROR LIMITS FOR NUSSELT EQUATION

McAdams = (2) undertook a comprehensive study to compare
the experimental data of several -authors (5-9).for steam and
eighteen organic vapours condensing outside "~ horizontal “tube with
Eq.2.2. He found that the experimental values of heat transfer
coefficient ranged from 36% lower to 70% higher(10) than those
predicted by Eq.2.2. Later on, Henderson and Marchello (11) also
compared the experimental data of sixteen authors with Eq. % 2. and
reported a deviation of -30% to +140%.

Chen ( 12 ) observed that the heat transfer coeffiecient
often varied between 80 to 170 percent of Nusselt’s predicted
value.

2.1.2 NUSSELT TYPE EQUATIONS

Othmer and Berman ( 13 ) planned a comprehensive
experimental study. on eighteen alcohols, esters, ketones and
water for the estimation of heat transfer coefficient during
condensation on a horizontal tube.. Based on their own
experimental data they have recommended the following correlation
for average heat transfer coefficient within + 5% accuracy at a

positive pressure of 5 to 10 mm of mercury

h M 2/8 1 -
——~[ —i] = R G S - (B o e S C2r )
%~ B e 7%
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It 1is important to note that the cerretatlion,; « -RKg:
differs from equation due to Nusselt, Eq. 2.4 with regard to ths
constant and the exponent of ( I'/u ) .The constant in Eq. 2.7
is 1.62 compared to a value of 0.955 1in Ed. 2:4 while the
exponents of the guantity (f I'fome) are -1/2 and -1/3,
respectively. They _have further argued that the deviation from
the theoretical exponent of -1/3 may be due to " the effect of the
condensate collecting on the lower portion of the condensing
surface in a heavier layer than what can be accounted for by the
equilibrium between opposing forces of viscosity and gravity
acting on the fluid film.

2.1.3 VARIABLE WALL TEMPERATURE AND ACCELERATION IN CONDENSATE
FILM

Peck and Reddie ( 14 ) have conducted studies based on
analytical approach to calculate the average rieat transfer coeff-
icient. Their analysis accounts for a variable temperature drop
across the condensing film around the tube and also an accelera-
tion in the film . In other words ,they have attempted to make
Nusselt’s analysis more rigorous. They have recommended the
following equation,; wherein the variation in.temperature drop

across the condensing film around the tube has been incorporated:

: 3/4
l L to- Tzl Ko p2 gA
W =-0.725 4/ (2.8)
(ts ~ao ) do

It may be noted that, for a symmetrical temperature distribution

Faen e ~-3 (O ,the Eq.2.8 reduces +to the Nusselt equation,

i PR 4
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They also carried out a comprehensive study on the
effect of acceleration in condensate film on average heat
transfer coefficient. Accordingly ,they have proposed the
following equation:

m
—_— s K- + M R
hn MoA
where K and- m are variable parameters and M a numerical
constant.They have not discussed +the possible improvement in
Nusselt theory due +to the inclusion of acceleration effects in
the condensate film.

Later on, they undertook a more comprehensive work to
scrutinize their own data and those of 17 other investigators
( 5-9,15,16)for water and 16 organic vapours over a period of 26
years. As a result of this work they succeeded in obtaining the

following empirical equation within -40% to +10% deviation
h = BN[ 0.0206( A u/kat)l/2z +0.79 ] ; (-2 1Oy

Bromley et al (17) undertook a serious investigation,
both experimental and theoretical ,to determine the extent of
effect on heat #ransfer coefficient due to the variation of
temperature of condensing film around the tube . In fact ,this
investigation was an attempt to modify the Nusselt equation,
which made use of the fact that condensing film temperature
around the tube was constant.

They have recommended correlations for calculating the

temperature drop across the condensate film, At,for the following
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cases:

(a) Tube of infinite thermal conductivity (a -> o )

Att /Atavg = 1+40.8057 [(B3/4 (Att /Atavg )1 /4 El )
where : 1/3
Rx4k3p(p-pv)g A
3ropudtt
ro ( ro=rsr }ro
Bx = + ——— + gcale resistances {8y
i xre kt rm
kt (ro-ri) ( 1 (r&=%i
= + iz, 149
rm hi ri 2kt rm

The dimensionless number « is a measure of the tendency of the
tube to conduct heat circumferentially rather than radially.

(b)Tube of zero circumferemtial thermal conductivity(a -> 0)

At it
i/ 8 11/3
Aty B] sina| Att | -
e Ly Ll (2. 15}
lo tgav o |
J E 4
where
L. Ix
tavg = —| At da (2 1TER
n JO
1 &
tx ,av 0~ = — Aty da 21T
a J 0

Finally, they have concluded that the effect of the variation in
the temperature in +the condensing film on heat transfer
coefficient 1is not appreciable and thus Nusselt Eq. 2.2 does not

require any modification due to this effect alone.

iz



2.1.4 EFFECT OF SENS1BLE HEAT TRANSFER

It may Be noted that at moderate pressure the latent
heat of vaporization of liquids is large. Thus ,for condensing
vapours under moderate pressure, the possible contribution of
the sensible heat of the condensing film to the latent heat will
be small. However, at high pressure and larger temperature diffe-
rence . between. the saturated vapour and the tube temperature, the
contribution of sensible heat term becomes appreciable in
comparison to the latent heat of vaporization, since the value of
the latter quantity decreases with pressure.

Bromley ( 17 ) has attempted to study this important
aspect pertaining to the relative contributions of sensible
heat ;nd latent heat of vaporization during condensation.As a
matter of fact,the contribution due to sensible heat to the total
heat +transfer +to the coolant becomes more and more significant
when condensation of +vapour passes from low pressure to high
pressure. He finally recommended the following equation for the

average heat  transfer coefficient which accounts for condensate

cooling and heat capacity effect

. 11/4
= k3p(p-pv)gi(1+0.4( AtCp/N )2
h =-0.7Z8 7 )
dop At
The above equation 1s Dbasically a modified Nusselt

equation incorporating the effect of sensible heat transfer from
the condensate film. It is precisely valid for Cp & t/x values

upto 3.0.
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Bromley has further observed that the effect of the
quantity Cp &8/ on heat transfer coefficient fends to be
negligible when the value of Cp At/s does not exceed 0.5. It will
be important to note that the heat transfer coefficient predicted
by Nusselt - equation correlates most of the data of earlier
investigators as referred in( 14 ) , the deviation being -40% to
+10%. §f For g El*" flwids the yaluesiof Cp A8 ans, withig 0.5. To
this . deviation "~ Bromley has agreed that either the data are not
entirely reliable or there is some other predominating effect

which tends to give increased heat transfer coefficient.
2.1.5 EFFECT OF CROSS FLOW IN THE CONDENSATE FILM

Bromley ( 17 ) has performed an analysis to find out
average heat transfer coefficient by including nonlinear tempera-
ture.“distribution in " condensate film but omitted the effect of
crod&™ il ow skithin the  fillm.

Rohsenow ( 18 ) has attempted to find out the correct
nonlinear temperature distribution -across the film of a vertical
plate by including cross flow in condensate film. In his investi-
gation ,he made all the assumptions as made by Nusselt,except the
nonlinear temperature distribution in condensate film. The
temperature distribution in the condensate could not remain
linear since condensate at the saturation temperature was conti-
nuously getting into the condensate film.

For the vertical plates the equation arrived at by him

is as follows

14



- 11/4
I .
2 K3p(p-pv)igh(1+0.68( AtCp /A )
h = 0.848 gL =

mAY b |
ol

He has observed that similar analysis for laminar film condensa-
tion on inclined plates and on the outside of horizontal tubes

results in an identical type of; correction factor as given below:
(1+0.68(CpaAt/N ))o.25

The - Nusselt eguation,Eq.2.2 'takes the following form when the
correction,factor is included

(ki* pZgh (1+0.68( AtCp/Aa )31/4

0 - ‘G5 | FZ.20)

dopu At |
L. J

The effect of the refinement in the Nusselt analysis

becomes morc prominent at higher values of liquid subcooling, or

more precisely,at higher values of Cp At/.

White & 19 ) has conducted experiments - for the
condensation of R-12 over a horizontal tube. He, based on his own
experimental data, has observed that the Nusselt equation
overpredicts heat transfer coefficient Pws13%. He has
recommended the . .following form of Nusselt's egunation

~1/4
- k3 p2g X
h = 0.633|———o —_ g2 21
dopat |
2.1.6 REFERENCE TEMPERATURE FOR EVALUATING THE PHYSICO-THERMAL
PROPERTIES OF CONDENSATE LAYER

Many investigators ( 20-22 ) have attempted to evaluate

16



Nusselt’s equation by altering retference temperature at which the
physical properties of condensate film should be evaluated.

Drew ( 20 ) has recommended following expression to’
find reference temperature for viscosity of the condensate

tf = tw + .20 (5] —LLa® 2. 22}
Minkowycz and Sparrow. (21 ) have defined the reference
temperature for condensing steam as follows

s =ty O MT(1s - fw) (2. 2%
According to Poots and Miles ( 22 ), the reference temperature
can be calculated as

tf = tw + B(ts -tw) (2.24)
where +the values of multiplier @ depend on the value of parame-
ter (ts-tw) and are given in Table 2.1

Table 2.1 Values of B in Eq. 2.24

Lo
n

B 0.33 oL % 0.30 0.

(tsitw) 100 ™ 40 10

Chen { 34 ) has used boundary layer concept for laminar film
condensation for single horizontal +tube as well as a vertical
bank of horizontal tubes. For the single tube he has included
inertial effect and has considered the.vapour to be stationary
outside +the vapour-boundary layer. He has obtained the velocity
and temperature profiles for pvuv/prm1 <<1 and has pointed out
the existence of similarity near the top stagnation point and
approximately for +the ‘most part of the tube. He has arrived at

the following expression
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1/4

Thn 1+0.68H+0.02 EH

- nl/4 = [1+0.2 H(n—l)} - (2= 253
hni 1+0.95€ -0.15€H

where;
Cpat

Hai 2L 1 (Heat capacity parameter)

. kat
? SN 3 (Acceleration effect parameter)

The range of applicability of Eq.2.25 is

O b = = o L

H < 2 ] é <m 20 for single tube,

é < 8.01"andy H{n-1)%& 20 for multipleftubsa.

2.1.7 EFFECT OF SURFACE TENSION AND TUBE DIAMETER

Henderson and Marchello (11) have studied condensation
on the outside of horizontal c¢ylinder for tubes of differing
diameters. They have found that the data have not been adequately
correlated " by Nusselt’s equation. They. have argued that the
deviation is due to the fact that the condensate layer thickness
at the bottom falls in the form of drops along the bottom of
the +tube and depends upon surface tension. The force necessary
to support the weight of the drop in fact is equal to the surface
tension force times the circumference. Thus ,the surface tension
and diameter should be considered as parameters affecting the
condensation phenomenon around the tube. They have been unable to
go further deep ihté‘the mechanism and behaviour of condensing

film at the bottom. In the absence of a rigorous analysis they

plag §



have opted to include a dimensionless group ( u/( pdo)l/2)
known as Ohnesorge Number ( Non ) for correlating the Nusselt

equation as follows

h
~—— = 0.057 Nonh-0-373 (R 5y )
hN

Mikheyev: ( 23 ) has studied the condensing heat
transfer by means of the theory of similarity and has recommended

the following correlation for computing condensing heat transfer

coefficient
Nu = 0.42 Ko%. 28 (Prs/Prw)0.25 227
where ; Ko = Go X Pr x K

This analysis is based on a number of assumptions, such
as, the film flow is laminar, the inertial forces appearing in
the film are negligible compared to viscosity and weight, the
transport of heat by convection in the film is small compared to
conduction of heat across the film , there is no friction between
the condensate and vapour, the temperature at the outer surface
of the film 1is equal to vapour saturation temperature ,and the
physical ‘'properties of the condensate do not' depend on the
temperature. Eq.2.26 has been tested against the experimental
data of condensation of steam and vapours of ethyl alcohol,
acetone, benzene, ammonia and air, on horizontal and vertical
tubes and has been found to be 1in excellent agreement with
experimental wvalues.
2.2 CONDENSATION ON HORIZONTAL TUBES SPACED IN VERTICAL ROWS
The condensation of vapours on a single horizontal tube

is of much academic interest. Accordingly, a large number of
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investigations related to condensation on horizontal tube are
availéble in literature. The condensation of' vapours in a
condenser differs widely from the-condensation on a single tube,
since +the former represents a bundle of tubes placed on a pitch
inside a shell. The heat transfer coefficient due to condensation
on a tube in a bundle depends on the row on which the tube in
question = is placed. This happens so due to the reason that the
condensate from the tube in top row of a tube bundle falls on
the +tube 4n the row below it or may follow a sideway path in the
form of discrete droplets causing splashing and turbulence in the
condensate film around. The magnitude of this phenomenon will
increase for tubes placed in further down rows. Keeping this in
view ,it can be concluded that the value of the heat transfer
coefficient for condensation of vapours on a single tube cannot
be considered as a representative value for the design of a
condenser having a bundle of tubes.

Jakob ( 24 ) has attempted to extend the Nusselt’s
analysis for film condensation on a single tube to a vertical in-
line row of horizontal tubes. He has assumed that the condensate
from a given tube drains as a continuous sheet directly on to the
top of the +tube below it in a smooth laminar film. He has also
assumed that the temperature difference (ts-tw) remains the same
for all +the tubes, in all the rows. Based on these assumptions,
Jakob has recommended the following equation

hn
= n3/4 - (n-1)3/4 (2.28)

Ny

where hn is the heat transfer coefficient for nth tube and
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hN1 is the heat transfer coefficient of the top tube as obtained
from Nusselt equation,Eq. 2.2.

(Berman ( 25 ) has tested Jakob’s equation, Eq.2.28
over a range of experimental data. He has found that most of the
data 1lie above the theoretical curve based on Jakob’s equation.
This discrepaney can be attributed to the following reasons

(a) the actual condensate flow pattern is much
different from laminar sheet wise flow as
considered by Jakob.

(b) some of the tubes encounter high vapour
velocities which tend to increase the coefficient
as a result of vapour shear effects.

Kern ( 26 ) has realized that the condensate falls down
as discrefe droplets or jets of liquid instead of a continuous
sheet,depending upon its surface tension . In fact, drops cause
ripples in the condensate film and lessen the inundation effect.

He,therefore, ~has proposed a less conservative relationship as

follows
*hin
i = =176 (2.283
hN1
hin

or — = no7em - JEn-"5 A6 (2.30)
hnN1

Grant ( 27 ) and Grant & Osment ( 28 ), based on
experimental data ,have proposed the following empirical eguation

which is in close agreement with Kern
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e = ('n/Yn)-0.288 { 2. 3T)

where I'm is the rate of condensate drainage from the nth tube and
Yn is the rate of condensate generated on the nth tube.

Short and Brown ( 29 ) have experimented on the
condensation of Freon-11 on bundle of horizontal tubes arrayed in
vertical rows for different condensate rates under stagnant

vapour.They have put forward following equations

hn
— = plomoM W1 A4 (M:32)
hNi
or g
hn
+ B (' /Yn ) 9= 23 LB 3
hni

Butterworth (30) has shown that the empirical equations
of both Grant and Osment ( 28 ) and Kernm ( 26 ) are in close
agreement with that proposed by Short and Brown ( 29 ).

Nobbs ( 31 ) has used an active tube in a dummy tube
bundle. He has simulated additional condensate flow from above by
using three porous tubes supplied with water. He has obtained a
widely scattered data and has concluded that the value . of hn
depends on steam to cooling water temperature difference and
steam velocity. At a low steam velocity (5.4 m/s) the hn/hm
passes through a minimum.

Withers and Young ( 32 ) have carried gut a

-



comprehensive experimental study for condensation of steam on
vertical rows of horizontal corrugated and plain cupronickel and
copper tubeskarrayed in a scattered mode. The tube diameters for
the above experiment were 25 mm (1") and 16 mm (5/8"). They have
recommended following correlations for hn:
144
- k¥ .p2gh
hn'lg 0 .7250% fri=te—— (2.34)
ndop At

where  Cn is a correction factor applicable to Nusselt’s multi-

tube expression. The values of Cn are as follows
for 25 mm bare cupronickel tube Cn=1.07(n)0-1790 (& .38
for 16 mm bare copper tube Cn=1.20(n)0. 0557 (& 36)
Young et al ( 33 ) have conducted experiments for
condensation of saturated Freon-12 on five 18 mm O0.D. ,102.5 cm.
long copper tubes arranged horizontally one over other. The
temperature range of condensing Fr-12 ~vapours was 29.4°C to
51.6°C and the inlet water flow rate ranged from 2.2 kg/min to
3.2 kg/min. They have attempted to correlate the total Qeight of
condensate flowing over each tube with Reynold’s Number (4T /u) to
predict the condensing heat transfer coefficient but have not
been successful . It has been pointed out! that the Nusselt’s
equation underpredicts the data, except for the first tube. They

have recommended following equations for the calculation of

condensing heat transfér coefficient for tube number one to five:

Ti= 0.655(NC)1/4 (E5T)
hz= 0.576(NC)1/4 (3. 38])
ha= 0.551(NC)1/4 (2.39)

23



ha= 0.498(NC)1/4 (2.40)

hs= 0.464(NC)L /4 (2.41)

Where NC = e

Chen (34) has developed a modified Nusselt’s equation
considering +the -additional effect of the momentum gain of the
falling -condensate and the condensation of wvapour'.on the sub-
cooled condensate sheet between tubes. He arrived at an approxi-

mate expression that is valid for most ordinary applications

hn
= palasg [ 140. 20 B(rEk P (R.42)

hi
peovided that H (n=1)< 2.0.

Eissenberg (35) has experimentally investigated the
"eifects of condensate inundation by using a test bundle

containing 163 tubes in a tightly spaced (s/d =1.33), staggered

arrangement. Based on his observation , he has postulated that
the condensate does not always drain _onto tubes aligned
vertically. but, instead can be diverted sideways, due to local

vapour flow.conditions,to follow a staggered path. Assuming a
gravity- dominated situation, he has conceptualized that in this
side drainage condensate strokes the lower tubes on their side
rather than on their top, and the inundation influences the
condensate flow only on the bottom portion of the tubes, which
carry away less heat than the top. For this situation, he has
derived an expression that predicts a minimum effect of

inundation
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Experimental measurements have been made in studying
the effect of condensate inundation ( 28,29,31,35,38-42 ).
Marto( 36 )has shown.that ,in general,®' .the data are very scatt-
ered. For a system of four tubes in a row hn/hi. varies from 0.50
to 0.95. Out of the different expressions discussed:,Jakob ( 24 )
predicts the most conservative effect =whereas the side. drainage
model " of Eissenberg (35) is the least. comservative. The
available data ( 36 ) show considerable scatter around each of
these theoretical expressions. Recently Berman (25 ) has
conducted a compilation of film condensation data on bundles of
horizontal tubes and has concluded that the wide variation in

experimental data for +tube bundle inundation is 'due to many

variables, such as, bundle geometry (in-line or staggered) , tube
spacing, “type of condensing fluid, operating pressure ,  heat
flux , local vapour velocity and, of course, the difficqlties in
attempting to measure directly or indirectly the local

condensing coefficient.

2.3 HEAT TRANSFER IN THE THERMAL ENTRANCE REGION OF A TUBE

The effect of different entrance conditions on turbu-
lent forced convection heat transter has been studied experimen-
tally as well as theoretically for a variety of entrance shapes.
Experimgntal results are available for a range of Reynold and

Prandtl numbers for varied entrance conditions.

. In general ,there exist three types of entrance condi-
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tions. In the first, the velocity distribution at the entrance to
the heat transfer tube is fully developed. The second condition
is represented by uniform velocity distribution at the entrance.
In the third condition , the entrance shape causes extra turbul-
ence as the fluid enters_ the heat transfer tube. The
heat transfer inside the tube for present work falls in the first
category. A detailed literature reView on this aspect is included
in the following Sections.
2.3:1 FULLY DEVELOPED FLOW AT THE TUBE ENTRANCE

This condition occurs when the heat transfer tube is
preceded by a calming section of sufficient length. Most @f the
available data for the above case are given in the form of local
heat transfer coefficient vs tube length curves. The general
shape of these curves shows that local heat transfer coefficient,
hx , decreases with tube length asymptotically. The asymptotic
value he is equal to the average heat transfer coefficient to be
expected from a tube of infinite length. To obtain thé average
heat' transfer coefficient for any tube length, M ,the graphical
integration of hx vs length curve is done upto that length( 44 1

Boelter et al( 45 ) have suggested an equation of the
form:

hi d
- = 1 + 85 — (2.44)

how b4

to show functional relationship of 1 with X. The advantage of
this type of equation is that it is valid for the whole range of
tube length. At x/d =0, i = @ and, at x/d = =, hi =heo. They have

further suggested that S may be considered approximately constant
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for x/d > 5. However, Kays and Perkins( 46 ) suggested that it is
true when x/d > 20. Since then lot of investigations have been
carried out for different fluids to cover a wide range of Reynold
and Prandtl numbers. M.Al-Arabi ( 44 ) has analysed the data of
seven investigators generated for air;water, and oil for Reynolds
number ranging from 5,000 to 100,000 and Prandtl number 0.7 to 75.

He has proposed the following equation for the estimation of S

OmPrisgd 3000

— et .68+ . (2.45)
(xA/dnd. 1 Re0. 81

The equation is valid for air, water and 'wlim sy¥Stems

for values of x/d » 3, values of Reynold number from 5,000 to
100,000 and values of Prandtl number from 0.7 to 75. The maximum
deviation from the experimental data ,as reported by the author,
is 30% . According to the author, the 30% deviation in S yalues
will correspond to around 12% deviation in M /he values and

hence it does not pose much problem in the. use of [Eq.2.45.

For .small tubes, W Y L/d »5.20Hagwen M 47 ) has
proposed-the following eguation for the estimation of inside heat

transfer coefficient
Nu=0.116[Re2/3 -125]Pr1/3 [1+0.333(d/%32/3 ] [ub/uw 0. 14 (2 e

The physical property values for above equation are
calculated at bulk temperature , tTb . Experiments by
Hartnett( 49 )and analysis by Deissler( 50 ) have indicated that

for Prandtl number of the order of 1 or more, the heat transfer
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coefficient drops faster with increasing length, x than that

indicated by the eqdation.

| Hartnett ( 49 ) has conducted experimental investiga-
tion to study the dependence of the thermal entrance length for
two different fluids , water and o0il in a 16.5 mm I.D. ,19 mm
0.D. 304 stainless steel tube of 122 mm length.The tube was
heated by resistance heating .The range of Reynolds number
covered in this experiment was 104 to 106 .The “ author has
compared his results with constant wall temperature analysis of
Latzko( 51 ) and the boundary layer analysis of Deissler( 50 )
and ~has reported good agreement for constant heat rate ecase.He
has further concluded that for flow in circular +tube with a
constant heat input per unit length ,the thermal entrance length
for the case of established flow at the position where heating
begins is 10 to 15 diameter and is independent of Prandtl
numbe® (MWHeniPr > 01 =)=
He has put forward the following  correlation for
(Le/d)sx. - the position on the heat transfer coefficient versus
length 'curve at which the local heat transfer coefficient devi-

ates 5% from the ultimate value

[le uCp ? {dvp 1 gt %

112 |- e (e o)
td k ! M 2
5%

Eq.2.47 1is wvalid where variations of physical properties of the
fluid along the length are negligible.
Allen et al( 52 ) have conducted experiments to study

the variation of friction and local heat transfer coefficient for
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the case 1in which hydrodynamically developed turbulent flow of
water enters an uniformly heated circular tube .For their work
they have selected a 19 mm I1.D.,20.6 mm O.D. ,9560 mm long stain-
less steel tube heated electrically by resistance heating.They
have concluded that the trends of the measured heat transfer
coefficient in the thermal entrance region agreed .with those of
Hartnett( 49 ) within 1 to 2% for nominal ' test ' _condition of
Re=50,000 and Pr=7 ,and moderate heating at a bulk temperature
rise of 1.68°C per 30 diameter.

Mikheyev( 23 ) in the course of analysis and subsequent
generalization of test data for turbulent flow ( Re > 10,000 and
L/df > 807 ) PSrfdmooth straight tubes extended following

equation

Nu = 0.021Ref0.8 Prr0. 43 (Prf /Prw)0.25 (2.48)
The reference temperature for Eq.2.48 is the mean temperature of
the fluid +tt . while the reference diameter is the eguivalent
diameter, deq, which is equal to the quadrupled cross-section
area of the conduit divided by the wetted perimeter :Eq.2.48 is
valid forfg aspange Ligil 104, < Re pKESEI05 and’™S. 67 < Pr < 2500.
For a case where L/d < 50 ,Mikheyev has suggested that the heat
transfer coefficient calculated from Eq.2.48 should be multiplied

by a correction factor €1 from Table.2.2
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Table 2.2 Values of € for Eq.2.48

L/d ¥ 2 5 10 15 20 30 40
Ref i

10000 1.65 1.50 1:0%yd M. 17 1.13 1.07 1.03
20000 1291 J.400V27 118 T 18108 05 1.02
50000 .34 1™ 0 AFBIQAES LGP wd 08 1404 sl 02
100000 1. %80 .22 1 oibbeloit@=i 08 1 P 303 1802

1000000 . 14.07.11.1.08 1.05%1.04 188 1.05%1 .01

29



CHAPTER 3

EXPERIMENTAL SETUP

Figure 3.1 shows the schematic diagram of the experi-
mental facility for obtaining experimental data for the conden-
sation of steam on ‘short tubes in horizontal rows placed in a
vertical grid. The photographic view of the same is in Figure 3.2
3.1 DESIGN CONSIDERATIONS

The main aim of the present investigation was to obtain
thermal response of short tubes of a condenser in horizontal rows
in a wvertical grid at distances along the tubes from their
leading edges to the changes in cooling water flow rate ,and
condensing steam pressure. For accurate and reliable data , it
was important that the tubes were in horizontal position, ‘the
measurement of wall temperatures of the tubes, temperature of
steam bulk was accurate, and the steam entering the test cond-
enser was dry, saturated and free from air/noncondensables.
Therefore, a provision of suitable air vent to purge continuously
the air/noncondensables was also necessary.

To meet the above requirements , the following design
considerations were taken into account
3.1.1 LAYOUT OF TUBES

For the sake of fabricational and experimental conven-
ience ,it was considered desirable to limit to four rows’ conden-
ser with one tube in each row in a vertical grid. The tubes
employed were 341 mm long and 25 mm insiae diameter, having 1/d

ratio of 13.64.
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One of the important conditions for accurate data was
to hold the tubes in horizontal position. As a matter of fact, any
deviation from this makes the condensate slide also along the
length of the tubes . But for accurate data the condensate should
only slide circumferentially. To safe-guard against this possible
error of the condensate sliding along the tubes, special home-
made check-nuts were used to hold the tubes in horizontal posi-
tion. With the provision of these check-nuts the pitch between
the tubes could not be less than 5d ,which is about three: times
greater than the usual pitch of 1.6d. It is important to mention
that the pitch between the tubes is not going to affect the value
of condensing heat transfer coefficient. This, in fact ,is HEn
accordance with the findings of Chen(34). Thus the data conducted
on tubes lying on a pitch of 5d will also be applicable to the
condenser with its tube layout on a pitch of 1.6d.

Calming section of 70d upstream and 20d downstream of
each "of the condenser tubes ensured the fully developed hydro-
dynamic flow condition of the cooling water in each tube.

'The measurement of temperature of cooling water at the
inlets and outlets of the test condenser’s tubes was another
important consideration. As the inlet cooling water temperature
was the same for all the tubes , its measurement at the inlet of
first row tube was considered sufficient. For the temperatures of
the cooling water at the outlets of the tubes, thermocouples were
employed. Copper- constantan thermocouples measured these temp-
eratures. A thermgcouple, installed before the upstream-calming

section of +the first row tube, measured the temperature of
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cooling water entering the tubes. For the outlet temperature of
‘the cooling water , each tube had its own thermocouple installed
after its downstream-calming section . This was necessary,
otherwise the installation of thermocouples just at the inlet and
the outlet of a given condenser-tube would have caused a change
in the flow pattern of the cooling water flowing in it and
thereby its heat transfer coefficient. Further, to eliminate any
possibility of change in temperature of cooling "water while
flowing through the calming sections of the tubes due to
exchange of heat with the atmosphere,the calming sections were
thermally insulated. Thus, the respective readings of the thermo-
couples were taken as the temperatures of cooling water at the
inlet and outlet of a given condenser tube.

It was equally important to ensure that condenser tubes
were full of cooling water for all values of flow rates. This was
achieved by installing an inverted U-bend +to the exit of each
tube:

3.1.'2 MEASUREMENT OF THE WALL TEMPERATURES OF THE CONDENSER TUBES

To obtain the thermal response of ' each condenser
tube, it was necessary to mount thermocouples over the entire
surface of each tube at as many places as possible both along its
length and circumference.  In view of the small diameter of the
tubes (0.D. 28.8 mm) , and practical difficulties of embedding
thermocouples in the wall of the tubes, it was possible to embed
only three thermocouples 90¢ apart along the circumference of
each tube.

Due +to variation in +temperature and heat transfer
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coefficient of the cooling water flowing inside the tubes of the
test condenser , the wall temperature of each tube varies conti-
nuously along the 1length . It.is a fact that it is not practi-
cally possible to obtain experimental values of wall temperature
at too many places so as to represent.a continuous distribution
of it along the tube. This, indeed , is in view of the fact that
the installation of too many thermocouples on the outer surface
of the +tube will alter the flow pattern of the condensate along
the +tube and thereby the wall temperature distribution. This
demands that the number of thermocouples should be the minimum so
as not to affect the pattern of flow of the condensate appreci-
ably and at the same time the temperature distribution along the
length Qf the tube based on the readings of these thermocouples
should not deviate much from the actual distribution. As a
matter of fact , for such situations it is adequately enough if
the tube is considered to be consisting of several small segments
in series and in every segment the wall temperature is assumed to
be constant but of different magnitude to'that in neighbouring
segments. To measure the temperatures of these segments; thermo-
couples are installed at around mid-points of the segments. Thus
the reading of each thermocouple is taken, without any appre-
ciable error , as temperature of the entire length of the
isothermal segment. Keeping in view the fact that the tubes of
the test condenser were of short length , it was considered
sufficient to divide each tube in four segments for the purpose
of measurement of its wall temperatures.

The fact that the heat transfer coefficient of the
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cooling water decreases at a maximum rate in the leading edge
region of a tube suggests that the segment containing the leading
edge should be smaller than the other segments. With these
considerations in view the segments were 71 mm, 100 mm, 100 mm,
and 70 mm long as shown in Figure 3.4 (a).

The _thermocouples were of copper-constantan of 32
gauge having bead diameter of about 0.5 mm. They had insulating
coating, followed by sleeves. At each predetermined position , a
hole of 0.25 mm depth was drilled on the wall thickness of the
tube by using a 1 mm drill bit. The hole was filled .up with
solder after filling it first with special flux. The thermocouple
bead was finally coated with solder and was inserted into the
hole in the wall of the tube by the help of a hot soldering iron.
When the bead dipped half into the molten solder in the hole the
extra solder vpresent in the hole oozed out by the side of the
bead. Then the protruded portion of the bead was levelled with
the solder so as to give a curvature similar to that of the tube.
After this, the solder around the bead was carefully érounded
using emery paper. In fact, the installation of the thermocouples
and the measurement of the temperature by them were carried out
as detailed in 53,54,55). "While grinding,é care was exercised to
ensure that the surface did not have any crest or trough left on
it. This was considered very important otherwise +the thickness
of the condensate at the crest would have been different tﬁan on
the smooth surface of the tube, and thus the temperature main-
tained would have been more than the actual value. If the surface

had a trough ,then the condensate collected there would have
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remained without being rolled down the circumference of tube
Thus +the thermocouple readings would have been lower than the
actual value.

The condensate, if allowed to come in contact with the
thermocouple wire, would impair its insulation and cause erratic
functioning of the thermocouples. To circumvent over this diffie-
ulty,the thermocouple wires were cdovered with the teflon sleeves.

A proper colour coding was adopted for different
thermocouples for the identification of thermocouple wires.
3.1.3 TEMPERATURE OF STEAM BULK

The measurement of steam bulk temperature was. another
important consideration. Due to distinct difference in the densi-
ties of steam and air, a stratification between them is inevi-
table. This amounts to a temperature variation in the steam bulk
from bottom to top of the test condenser. When the steam is free
from air , its temperature shall be uniform throughout and equal
to saturation temperature corresponding to the steam pressure.
Therefore, in order to be sure that the steam is not contaminated
with the air, it was felt necessary to install +two copper-
constantan thermocouples to measure the temperature in the
) vicinity of the +top - and the bottom-tubes and compare ‘their
readings.

3.1.4 DRY, SATURATED AND QUIESCENT STEAM

The present investigation was to conduct experiments
for the condensation of dry , saturated and quiescent steam on
tubes . Any deviation from this evidently would lead to error in

the experimental data. Therefore, a provision of an upright U-
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loop having a vertical drain pipe with steam trap at its 1free
end in the pipeline connecting the boiler to test condenser was
necessary 1in order to remove the condensate from the steam
coming from the boiler before entering the test condenser. As a
matter of fact , the condensate flowing with the steam while
passing through the U-loop will obviously fall into the vertical
downtake pipeline and finally emerge out to atmosphere via steam
trap. Also there was a need to thermally insulate the steam
carrying pipeline adequately in order to eliminate the econden-
sation “of steam in it due to the dissipation of heat to  -atmos-
phere.  In this way the steam to the test condenser was made dry
and saturated. The steam pressure was maintained by means of
steam pressure regulator manufactured by M/s. Spirax Marshall,
Poona (India). To maintain a quiescent environment of steam
around the +tube bundle it is imperative that the steam should
impinge on a suitable baffle before it comes in contact with tube
bundle, +thereby reducing its velocity to a practical possible
minimum ~value. For this purpose the steam inlet nozzle of the
condenser should be  off-line +to the vertical grid of the
condenser tubes.
~ 3.1.5 PURGING OF AIR/NONCONDENSABLES FROM THE TEST CONDENSER
The presence of small percentage of air/noncondensables
in condensing steam reduces the condensing heat transfer coeffi-
cient drastically. For instance, a concentration of just 2.0 % in
the condensing steam lowers the heat transfer coefficient to 30%.
Therefore, it was of utmost importance that the condensing steam

was free from air/noncondensables. This was achieved by providing
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a vent. To check that the condensing steam was free from air/non-
condensables,the temperature of the steam was measured. When the
reading of thermocouple was found equal to saturation temperature
corresponding to the pressure of steam , it was taken that the
steam was free from air/noncondensables.
3.1.6 INSTRUMENTATION

The measurement of the wall temperature of the
condenser tubes was the most ticklish.

Calibrated copper -constantan thermocouples were  emp-
loyed to measure wall temperature of the +tubes at various
points. The temperatures of outer surface of the +tubes were
likely to undergo considerable fluctuations. This was so due to
the periodic enveloping of the tube surfaces with condensate
layer followed by detachment at the bottom-regions of the tubes.
The above behaviour of condensate flow produces periodic wall
temperature fluctuation and ,in turn,makes the measurement of it
difficult. The above problem was tackled through quasi-steady
state concept. Plotting of wall temperature profiles showed‘that

it was periodic in nature and repeated itself after a certain

interval of time. It was also found that a wave with a small
amplitude rode this periodic wave . To find the time averaged
value of the temperature signals, a hard-ware integration scheme

seemed to be reasonably suitable in view of its being fast in
processing large number of data points accurately.
3.2 EXPERIMENTAL FACILITY

Figure 3.1 shows the schematic diagram of the expeti—

mental facility. It mainly consisted of test condenser[2], vapour
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generator{4], condensate vessel[5], overhead cooling water
tank[1],  steam pressure regulator[16],cooling water pump[8],
condensate pump[9] and instrumentation for temperature and liquid
flow measurements.

3.2.1 TEST CONDENSER

Figure 3.3 exhibits the details of the test condenser
employed in -the present investigation. It was a rectangular
hollow vessel[l] made of 304 stainless steel having 750 mm
height, 300 mm length and 310 mm breadth. It had a flange [15] on
the left hand side of the condenser. A perforated plate with cup
[6,7] served as a baffle to the entering steam to the condenser.
As a matter of fact, the perforated plate had many holes such
that the sum of the flow areas of the holes was several times
greater than that of the steam-carrying pipe to the condenser.
The cup was oriented inline with the steam inlet nozzle of the
test condenser so that the entering steam after undergoing an
impact with it and thus losing its velocity, rebounded ‘up to
the 'top wall "of the condenser vessel . Then the steam flew
through +the holes of the perforated plate . During the above
process the velocity of the steam was practically reduced to a
very low value;  thus an almost gquiescent steam atmosphere around
the tubes of the condenser was achieved.

The test condenser had four 304 stainless steel tubes
of . 288 mm O0:D. , 25 mm I.D. and 341 mm length placed hori-
zontally in a vertical grid. The distance between two tubes was
97 mm. The top tube was placed 130 mm below the perforated plate.

Eight home-made check -nuts with matching rings and
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gasket Lkept the four condenéer tubes in perfect horizontal
position in a vertical grid without any leak of steam. Figure
3.5 (a) shows the details of this arrangement. A special fabrica-
tional +technique with stress relieving made it possible to keep
the check-nuts in perfect alignment even after welding. With the
help of different matching ring pairs,the check-nuts could
accommodate any tube diameter equal to or smaller than 40 mm.

Figure 3.4(a) shows the lengths of isothermal segments
in which each tube was considered to be divided. The length of
I,II,TII and 1V segments were 71 mm, 100 mm,100 mm and " 70 mm
respectively.

For the measurement of outer surface temperature of the
tubes, forty eight 32 gauge copper-constantan thermocouples in
all were embedded on the condenser tubes at various points, as
shown in Figure 3.4(b). As a matter of fact there were twelve
thermocouples on each tube at four cross sections marked by x
[=1,2,3,4]. Each cross section was provided with three thermo-
couples, placed at top-,side- and bottom - regions of thev tube,
as shown by the dots[.] on the tube.

Thermocouples marked 1,2 and 3 measured the wall temp-
erature of the segment I of the first row tube at the top-, side-,
and bottom-regions; respectively at x = 1. Number and position of
these thermocouples and also of other wall thermocouples for all
the four isothermal segments of each +tube are shown in

Figure 3.4 (b) and Table 3.1.
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Table 3.1 Number of thermocouples on tubes of the bundle

tube row

segments position first second third fourth

thermocouple No.

Y I 13 25 37
I S 2 14 26 38
B 3 15 27 39
'y 4 16 28 40
11 S 3] i 29 41
B 6 18 30 42
T 7 19 31 43
1RT S 8 20 32 44
B 9 21 3 45
T 10 Zé 34 46
IV S 11l 23 35 47
B 12 24 36 48

T = Pop .Sk s18€ 5B = boltcm

The arrangement for taking out thermocouprle leads from

the test condenser is shown in Figure 3.5(b) . The surface
thermocouples were divided into four Dbunches. Each bunch
containing twelve thermocouples was passed through a 12 mm

stainless steel tube sealed with araldite and m-seal at its both
ends. Compression +type fittings were used "to hold the stainless
steel tubes with the test condenser without any leakage to atmos-
phere . A similar arrangement was used for the mechanical hand,
as detailed in Figure 3:5(c)..  The speciality of these fittings
was to give a perfect leak proofing by applying a small torgue
on the nut(4].

Figure 3.6 gives the details of mechanical hand . It
had two projected arms [1] soldered to the main scale [9]. The

free ends of the arms had leaf springs [8]. The free end of each
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leaf haa a 32 gauge copper -constantan thermocouple[10]. These
thermocouples were used to measure steam bulk temperature around
the tubes of the test condenser. A rack [2] and pinion ([§]
arrangement was attached to the body [3] of the mechanical hand.
The rack, in turn, was screwed to the main scale[10] . Thus the
scale could move up and down as rack did. The vertical motion of
the rack was achieved by rotating the driving rod [7]. With the
help of main scale [9] and the vernier scale [8], attached to the
body([3], the vertical position of each thermocouple in the vapour
space could be determined within an accuracy of 0.1 mm. The
thermocouples were moved horizontally by sliding the body [3]
horizontally. A linear push / pull of driving rod ([7] from
outside the test condenser made the body slide in the horizontal
direction on the graduated rods. The horizontal position of the
thermocouples could be determined from the readings of ‘the
graduated rods [4].

Condensate tray({4] as shown in Figure 3.3 collected
the condensate from the tubes. It was 100 mm wide, 300 mm léng and
100 mm deep. The tray was placed on the bottom surface ' of the
test condenser vessel with an ineclination of 20° with the hori-
zontal plane. The tray was pitched so that the condensate could
drain completely through the drain pipe[l] of Figure 3.3.

The wvent [11]in Figure 3.3 was one of the most vital
parts of the test condenser. This helped in driving off air/non-
condensables from the system. For the present experimental faci-
lity it was found that during start-up ._air/noncondensables accu-

mulated in the vicinity of the fourth row tube . The vent, which

47



was placed at fhe mid-height of the test condensers was found to
be less effective in removing noncondensables from the test
condenser. To get rid of this problem a copper pipe(l], as shown
in Figure 3.3,was attached to the condenser side end of the vent.

The pipe was bent to form a Z- shape [16] with top horizontal arm
and bottom horizontal arm 20 mm and 280 mm long, respectively
with a vertical middle arm. The longer arm of the tube was made
perforated and kept 50 mm below the fourth row tube. The Z-shaped
pipe is detailed in Figure 3.3.

View ports [3] diametrically opposite on each side of
the test condenser, as shown in Figure 3.3, allowéd wisual
inspection of condensation phenomenon on all the four tubes.

The test condenser was thermally insulated to avoid
condensation of steam due to heat dissipation from steam to
atmosphere.

3.2.2 VAPOUR GENERATOR

A vapour generator was designed for producing organic
vapours. for studying their condensation on the tubes of tﬁe test
condenser. The vapour generator had four immersion type electric
heaters of 3 kW each, with a total Edpacitw ol 12 kW It had a
. vertical slit +to measure the liquid 1level accurately. The
vapour generator was fitted with a demister made of 200 and 400
stainless steel wire mesh to remove entrained liguid particles
from vapour and thus to supply a dry and saturated vapour. Safety
valve, pressure gauge and temperature probes were mounted on the

top lid of the vapour generator. -
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3.2.3 CONDENSATE VESSEL

It was a cylindrical vessel made of 304 stainless steel
having diameter 250 mm and height 450 mm. This unit was to.store
steam condensate flowing from the condensate tray and then
drained via valve V16, as shown in Figure 3.1. The condensate
vessel was connected to the condensate pump to transfer organic
condensate to  the vapour generator. The vessel was properly
insulated to ensure that the condensate did not dissipate heat to
the atmosphere.

3.2.4 OVER-HEAD COOLING WATER TANK

It was a mild steel rectangular tank of 900 mm. length,
450 mm breadth and 450 mm height painted with lead oxide to avoid
rusting. The tank was connected with a 75mm overflow.pipe[17], as
shown in Figure 3.1, projected inside the tank to a height of 380
mm from its bottom so as to provide a constant water head in the
tank. A 50 mm diameter pipeline connected it to the centrifugal
pump(8].

3.2.5 COOLING WATER DISTRIBUTION SYSTEM

The water header [20] in the discharge line 'of +the
centrifugal pump [8] distributed cooling water to each of the
- tubes of the test condenser via respective rotameters [

A provision of inverted U-bend in the down stream end
of the each tube helped in ensuring that each tube was always
full of water for all cooling water flow rates.

3.2.6 INSTRUMENTATION

The main parameters requiring accurate measurement were

wall temperatures of the condenser tubes, bulk +temperature of
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steam in the condenser vessel, inlet and outlet temperatures of
cooling water , temperature and flow rate of the condensate from
the condensate tray , and flow rate of cooling water in the
condenser tubes., Figure 3.7 shows the detailed position of
transducers and instruments employed in the present experimental
set-up.

Accurate measurement of wall temperatures of the tube
was important 1in view of the fact discussed in Section 3.1.6,
that +the wall temperatures were likely to undergo periodic fluc-
tuations due to periodic variation in condensate layer thickness
on the tubes. To understand the nature of signals and their
amplitude of fluctuations , and the time periods of the periodic
thermo-e.m.f. , the signals from all the thermocouples were
first amplified 100 times with the help of a Kiethley 172 model
DMM and +then fed to a Digiscribe Series 5000 plotter. The chart
speed was 12.5 cm/min and the plotter amplification was 1 volt
full scale . Figures 3.8 (a),(b),&(c) show the nature of the
fluctuations of +the thermocouple signals for top—,side—, and
bottom-regions of the first row +tube respectively at a
particular section.

From these plots it is eclear that the fluctuations were
of such a magnitude that it was necessary to find out the time-
averaged value of thermocouple signals. For this purpose a
suitable time period of integration was required which should be
greater than the largest of all the time periods . An analysis
of the plotted thermocouple signals showed that the maximum time
period of the periodic wave was 6 seconds. Hence a time window
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of 20 seconds for integration was Considefed adequate enough.
Integration of signals of a thermocouple were done in
two steps. In the first step the signals were integrated for a
period of 20 ms by using Keithley 192 model programmable DMM with
IEEE-488 (GPIB) interface. The digital equivalents of +the
integrated signals were termed as data. These data were then sent
to a Z-80 microprocessor once in a 125 ms interval for further
integration for a period of 20 seconds. The necessary hard-ware
and soft-ware for +the interfacing of 192 model DMM and 7Z-80
microprocessor were developed in the Heat Transfer Research
Laboratory, Chemical Engineering Department ,University of
Roorkee , Roorkee(India). The listing of the soft-ware is given
in Appendix D. Figure 3.9 shows the details of the hard-ware
used for interfacing GPIB interface with Z-80 PIO. A provision
for ~changing the integration period to 5,10 or 20 secends
through a selector switch B was there in the hard-ware. For the
above scheme the DMM was used as a talker and Z-80 microprocessor
as listener. The push-to-on switch A was used to initialize the

timer of the Z-80 microprocessor. Once initialized, -the timer

started counting time and , depending upon the value of integra-
- tion time period selected by selector switch B, it caused
interrupt. At the same time,on the other hand, Z-80 microproce-

ssor started scanning the intermittent data stream sent by the
DMM. The DAV, NRFD and NDRC hand shaking signals were used for
reading individual bits of the data. After one complete data (18
bytes) Z-80 microprocessor stripped off unnecessary information

and the ASCII value was converted into binary integer value. Then
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svery subsequent data sent by the 192 model DMM was added to the
previous one and a count of readings was updated. When the timer
interrupted the CPU after a set interval of time , the total sum
of the data values, along with the total number of data, were
stored in a file with a predetermined file name. When the integ-
ration of a éarticular thermocouple’s signals was over, the
programme waited and the microprocessor blinked a green LED. The
next push of the switch A restarted the programme for the integ-
ration of the next thermocouple’s signals and so on. After the
integration for all the 48 thermocouples’ signals ,the integrated
values were automatically stored in a file with a predetermined
file name and were sent to a cassette recorder for storage.

The digital multimeters manufactured by Keithley
Instruments ,0Ohio ,U.5.A. were used . The 192 model programmable
DMM ~was a € 1/2 digit DMM with 1 microvolt least count in 200 mV
range. The 177 model DMM had a least count of 1 microvolt in 20
mY range.

Top-and the bottom-thermocouples of the méchaniéal hand
(Figure 3.6) measured the bulk temperature of steam in the test
condenser , whereas the seathed calibrated thermocouples manufac-
tured by M/s Thermo Electrics Ltd, Netherlands measured the
cooling water inlet and outlet temperatures . The thermocouples
of the same +type were also used +to measure the condensate
temperature.

The calibrated rotameters with a least count of 0.1 lpm
mea;ured the cooling water flow rates. A home-made calibrated

rotameter with 0.01 lpm least count measured condensate flow rate.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

For conducting the experimental data for the condensa-
tion ‘of steam on .the tubes of the -condenser the following
procedure was followed

The -experimental facility was assembled as shown in
Figure . 3.1. The test condenser and condensate vessels were
tested against the pressure integrity for twenty four hours after
creating a pressure of five atmosphere and also against a vacuum
of 600 mm of Hg. for the same duration of time.

The respective steam and water circuits were also
tested against the leakage pneumatically and hydraulically.

All +the thermocouples were calibrated before install-
ation and wére found to be accurate.After installation they were
tested for their continuity. Their resistances were also measured
with the help of 192 model DMM and compared amongst themselves
to check for +their satisfactory installation. They were also
calibrated for a second time after embedding them in the walls of
the tubes as follows: Cooling water at a given temperature was
passed through the condenser tubes. After some time it was
observed that the outlet temperature of the cooling water became
equal to 1its 1inlet temperature. Then the readings of the wall
thermocouples were noted . The off-sets of each thermocouple‘with
respect to temperature of cooling water flowing through the tubes
was calculated. Similar readings of the off-sets were obtained

for different temperatures of +the cooling water. It was found



that for different temperatures of the cooling water the off-sets
for a given thermocouple was almost & constant value. While
calculating the wall temperatures of the tubes, these values were
considered along with the readings of the thermocouples. The
pressure gauge was' calibrated by dead weight pressure gauge
tester . The rotameters were calibrated by collecting water for a
given interval of  time and accordingly the graduations on the
scale were corrected.

First of all, the overhead water tank [1] was filled
with the cooling water upto a given level by opening valve V1 in
the water mains . In fact ,the overflow pipe line [17] regulated
the water level in the tank and thus maintained a constant head
on the suction side of the pump [8] . After this the water pump
was switched on to push cooling water to water header [20] §F Trom
where water passed through rotameters [7] to the test condenser
tubes™y I Iy TR ,II1I & 1V-when valves V3. V4,.V8 and V6 wbre opened.
The  water emerging out of the tubes was taken to vessel [6] and
from +there "drained +through valve V18. The flow rate of cooling
water through all the four +tubes of the test condenser was
maintained the same by means of valves V3,V4,V5 and V6 and the
by- pass valve V7.

An oil-fired boiler using demineralized water as boiler
feed generated the steam. Before routing the steam to the test
condenser , it was kept on passing through the downtake pipeline
and draining via valve V19 till there was no scale coming out
with the steam. After this valve V19 was closgd and V20 opened.

Thus any condensate formed in the steam pipeline during its flow
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through U-loop fell into the downtake pipeline and flew to the
drain via steam trap [14]. This way the steam was made dry and
saturated . Now steam was sent to the test condenser by opening
valve V9 and V10 after adjusting pressure regulator [16] at a
given value of pressure. Before steam ‘entered the condenser, air
( non-condensables) was present there. For conducting data for
condensation it was absolutely necessary that the steam should be
free from air/non-condensables. To achieve this , wvalwves, Vi1,
V12 and V21 were kept open for some time.As the steam entered
the test condenser , it displaced air to the atmosphere via
air-vents {157 ! During +this process +the readings of the
thermocouples attached +to mechanical hand (Figure 3.6 ) were
intermittently recorded . The process continued till the readings
of these thermocouples were the same and equal to the saturation
temperature corresponding to the steam pressure in the test
condenser .. As a .matter of fact , these thermocouples were
installed to monitor +the bulk temperature of steam. When bulk
temperature was found equal to the saturation temperature of the
steam ) bl indeed represented a steam with no air
/noncondensables.

Now the wvalve V12 was closed and V13 opened to allow
the condensate to flow from the tray to the condensate vessel [5]
and finally to the drain via valve V16 . After this the experi-
mental runs were conducted for a given value of cooling water
flow rate in each +tube and pressure of steam in the condenser
vessel. Temperatures ;} cooling water at the inlet of first row

tube and exit of each +tube, bulk temperature of steam,
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temperature of condensate and wall temperatures at various
points on each tube were measured. The locations of all the
cooling ‘water, steam bulk-,condensate- and tube surface-thermo-
couples are shown in Figure 3.7 . After some time, the steady
state was attained and then ‘readings of all the thermocouples ,
rotameters, and pressure gauge were recorded. This was repeated
thrice at intervals of 30 minutes each to.check the steady state
and thereby +the reliability and reproducibility . of the data
recorded were ensured.

Similar experiments were conducted for other values of
cooling water flow rate keeping steam pressure constant.
Similarly, experiments were conducted for different steam
pressures. Table 4.1 lists the range of these parameters.

Table 4.1 Range of operating parameters

Steam pressure, kPa Cooling water flow rate, lpm
269. 38 ; 13886 , 13 . BVl el 7
244 .85 1176, 138°0 =0, a7 .
185.80 1wl T3 WELG o8 15
146.75 1% ey 8, 158 .17 .1
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CHAPTER 5

RESULTS AND DISCUSSION

The present Chapter discusses the salient results
obtained from the analysis of data of the present investigation
and others, along with their interpretations. The experimental
data are listed  in Appendix A for the range of operating

parameters given in Table 4.1.

5.1 ' CONSTRAINTS OF DATA ANALYSIS

One of the main objectives of the present investigation
is to determine experimentally +the distributions of local and
average heat transfer coefficients for the condensation of steam
on four short +tubes in horizontal rows , placed in a vertical
grid. This reguires knowliedge of wall temperaturse distribution
along the circumference of each segment of the tubes(Figure
3.4(b)) and also the corresponding values of the heat flux.

Thermocouples for the measurement of wal} températures
of the condenser tubes along their circumferences have been
embedded , as described in Section 3.2.1 , to a depth of 0.25 mm
from their outer surface. This penetration depth is much smaller
compared to the tube wall thickness of 1.5 mm. In fact , the
temperature drop across a thickness of 0.25 mm is negligibly
small. In view of this, the temperatures monitored by the
thermocouples have been considered to be the outer surface
temperature of the +tubes at the respective thermocauple

positions.



The appropriate method generally employed for calculating
heat flux distribution is  to consider the condenser tubes
consisting of several isothermal segments as depicted in Figure
3.4(a). The heat flux for each isothermal segment is calculated
indirectly by determining the change in enthalpy of the cooling
water across .dAt. This requires the knowledge of variation in
temperature of cooling water along the tube.

| In the present investigation , experimental facility
allows the measurement of the temperature of water at dinlet and
outlet” of the tubes only. The temperature of water = at other
distances from the leading edge of a tube ,required for heat flux
calculation, have been obtained by iterating the heat rate
equation with heat balance equation and finally matching the
calculated exit temperature of water with the experimentally
determined value,as detailed in Appendix B.

The circumferential condensing heat transfer
coefficient at the top-,side-, and bottom-regions on the tubes
are calculated from the knowledge of the heat flux-and the
temperature drop across the condensate film at these places.
Subsequently , employing the One Third Simpson rule , these
values are used for calculating average heat transfer coefficient
for various segments of each tube . The weighted average heat
transfer coefficient for the entire tube is then calculated by
summing-up the products of the average heat transfer coefficients
of various segments and their lengths followed by dividing the

value thus obtained by the length of the tube.
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5.2 CONDENSATION OF VAPOURS

The condensation of saturated steam on the tubes lying
in the first row of a horizontal tube bundle is different from
that on tubes in other rows. As a matter of fact , the thickness
of condensate on first row tubes is independent of the presence
of +the +tubes in the other rows whereas the vice-versa is not
true. For example , the thickness of condensate on second row-
tubes is owing to two counts - condensation of wapours on them
and ‘also  Jjoining of condensate from first row tubes..' Thus the
thickness of condensate on second row tubes is greater. than that
on the first row tubes. Likewise , it increases further with the
tube rows 1in a vertical downward direction. In this respect the
condensation on tubes in the first row of a tube bundle is
essentially the same as on a single tube. The condensation of
vapours on a single horizontal tube has been widely studied.
However, the condensation on tube bundles has not received the
same amount of attention. In view of this ,the analysis of the
data of the present investigation has been carried out' in two
separate sections 'dealing with condensation of steam on first
row-tube on one hand ,and condensation on Fhe tube-bundle on the
other.
5.3 CONDENSATION 6F QUIESCENT STEAM ON FIRST ROW TUBE

During the process of condensation of steam on a
horizontal +tube , the condensate flows from top-region to side-
and thén to bottom-region of 1 7l Consequently, the
circumferential thickness of condensate _layer at a given cross

section of a tube becomes uneven being maximum at the bottom -
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region, minimum at the top-region and in-between at the side-
region of the +tube. To appreciate the ‘magnitude of thermal
resistance offered by the condensate layer gualitatively for the
condensing heat transfer |, it is imperative to determine the
variation in circumferential wall temperature of the tube as a
function of operating and geometric parameters; namely,cooling
water flow rate, steam pressure and distance of the cross section
under consideration from the leading edge ‘of the tube.
5.3.1 EFFECT OF COOLING WATER FLOW RATES ON CIRCUMFERENTIAL WALL
TEMPERATURE OF FIRST ROW TUBE AT A GIVEN PRESSURE
Figures 5.1 and 5.2 have been drawn to represent the
typical effect of cooling water flow rates on circumferential
wall temperature of first row tube for the cross section(x=2) at
& distance of 121 mm from +the leading edge of it for steam
pressures of 146.75 kPa and 269.38 kPa, respectively. The cooling
water flow rate varies from 11.6 lpm to 17.1 lpm. An examination
of these plots reveals the following characteristic features:
1.At fixed steam pressure and cooling water flow
rate, the circumferential wall temperature at any
cross section of the tube decreases from top-, to
side- , to bottom- region of the tube.
2.The +trend in change of temperatures at the top-,
the side—-, and the bottom- region of the tube is
same for all water flow rates. However, the
respective temperature values decrease with
increase-in water flow rates.

The above typical behaviour is attributed to the fact
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that the thermal resistance to heat flow across the condensate
layer increases from top- to side- to bottom- region due to
increased layer thickness. Consequently wall temperature at the
top-region attains a value followed by side-, and bottom-
regions in decreasing order.

The decrease in circumferential wall temperature for a
given steam pressure and cross section of tube-with the rise in
cooling water flow rate is attributed to the following facts : An
increase in cooling water flow rate raises water- side heat
transfer coefficient, which, in turn ,enhances the steam
condensation on the tube. This increases the +thickness of
condensate layer 'on: the tube, thereby an increase in thermal
resistance to condensing heat transfer. As a consequence of it ,
the circumferential wall temperatures decrease with the increase
in eooling water flow rate.

5.3.2 EFFECT OF STEAM PRESSURE ON CIRCUMFERENTIAL WALL
TEMPERATURE OF FIRST ROW TUBE AT A GIVEN COOLING VATER
FLOW RATE

Figures 5.3 and 5.4 show the typical effect of pressure
on circumferential wall temperature of first row tube for a cross
section at (x = 2),, 121 mm away from tube inlet, when cooling
water flow rates are 11.6 lpm and 17.1 lpm, respectively. From
these plots the following characteristic features are noted

l.For a given cooling water flow rate , steam
pressure, and cross section of the tube the
circumferential wall temperature at the

top-region of the tube is greater than that at the
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side-region and still greater than that at the
bottom-region of the tube.

2 . With the rise in steam pressure, for a given
cooling water flow rate, the circumferential wall
temperatures increase consistently.

As regards this typical trend of circumferential wall
temperature distribution, the possible reasons have been
discussed in Section 5.3.1. The above mentioned effect of steam
pressure on the values of circumferential wall temperature can be
argued as follows: When pressure of condensing steam increases,
there is a corresponding increase in its saturation temperature.
This, in turn ., results in increasing the overall temperature
difference between condensing steam and cooling water,thereby the
rate of heat flow from condensing steam to cooling water also
inereases. This 1is possible only when temperature difference on
water side, (tw. - tb) also increases, since water-side heat
transfer coefficient remains almost constant. Further, the values
of average bulk temperature of cooling water, tb , in vieﬁ of the
high flow rates of cooling water in short condensing tube, do not
change appreciably. This fact has been experimentally
established in the present investigation. Hence any increase in
the values of (tw-tb) is possible only if the wall temperature of
tube, tw also correspondingly assumes greater value.

5.3.3 VARIATION OF CIRCUMFERENTIAL WALL TEMPERATURE ALONG THE
LENGTH OF FIRST ROW TUBE
As shown in Figure 3.4(b), the present investigation

provides information of circumferential wall temperature distri-
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bution at four different cross sections ,21 mm ,121 mm , 212 mm
and 321 mm away from the leading edge of the tube. Figures 5.5
and 5.6 have been drawn to represent the top-, the side-, and the
bottom -region temperatures at these cross sections for respec-
tive steam pressures of 269.38 kPa and 195.80 kPa with corres
ponding cooling water flow rates of 11.6 Tpmand 17.1 1pm. On
inspection of these plots, the following observations are made

1.A decreasing trend of circumferential wall temp-
erature distribution from top-to side -to" bottom-
regions of the tube is observed at all cross
sections investigated.

2 .For a given flow rate of cooling water, and steam
pressure,the circumferential wall temperatures at
all cross sections of the tube increase steadily
along the length of the tube.

This characteristic behaviour can be explained in view
of “the fact that the value of the water-side heat transfer
coefficient decreases, while the bulk temperature 'of water
increases along the length of the tube. Section 5.3.1 details
this aspect of this observation. Due to this, the ability of

cooling water " to_ absorb heat from condensing steam wWorsens

progressively along the tube and accordingly the rate of
condensation decreases. Consequently the +thickness of
condensate layer also decreases. Thus the value of thermal

resistance due to the condensate layer becomes less and less
along -the tube length which obviously makes the wall temperature

rise progressively.
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5.3.4 EFFECT OF COOLANT FLOW RATE ON AVERAGE CIRCUMFERENTIAL WALL
TEMPERATURE ALONG THE LENGTH OF FIRST ROW TUBE

A knowledge - of the dependence of average value of
circumferential wall temperature at various cross sections of the
tube on cooling water flow rate is important to design engineers.
The average values of circumferential wall temperatures have been
determined as given in Appendix B.

Figure 5.7 represents a typical variation of average
values of "circumferential wall temperature along the length of
the tube under a pressure of 244.85 kPa for various flow rates of
cooling water. A scrutiny of this plot reveals the following
characteristic features:

1.For a given flow rate of cooling water,the average
wall temperature increases along the length of the
tube. This observation is in conformity with the
results discussed in Seétion ST sl

2.For all cross sections of the tube, the‘ average
wall temperature depends on the cooling water flow
rates: - the highep‘. the water flow rate, the
lower is the average wall temperature.

This issprimarily due to the inerease in heat transfer
coefficient of cooling water 'side with the rise in its flow
rate. It, as a matter of fact, causes the condensation rate of
steam +to increase. In other words, thermal resistance across the
condensate layer increases and +thereby the average wall

temperature falls with the increase in water flow rate.

i



HE

temperature,

average wall

116

112
108 4
104 J
100
-
92 water flow rate, lpm
o ] ¥k
h a 13 ob
g 1 548
88 . X [Wg%
84
I I I I | I I i I 1 ] I
0.00 0.08 0.16 0.24 0.2 0.40 0.48
length _of tube, m
Fig.5.7 wvariation of average wall temperature

along the length of first row tube
for various cooling water flow rates
(Ps=244.85 kPa)

74




5.3.5 EFFECT OF STEAM PRESSURE ON AVERAGE CIRCUMFERENTIAL WALL
TEMPERATURE OF FIRST ROW TUBE
Figure 5.8 depicts the typical effect of steam pressure
on average wall temperature of the tube when cooling water flow
rate is maintained at-«11.6 1lpm
1.For a given pressure, the average wall temperature
of the tube increases along its length. In other
words, the surface of tube becomes nonisothermal.
This is explainable in view of decreasing value of
water- side heat transfer coefficient and
incpelser in the bulk temperature of water along
the length of the tube. This causes a rise in the
average wall temperature; as explained in Section
&..a 3.
2.For &ll cross sections of the tube, +the average
wall +temperature increases with the rise in steam
pressure. The possible reason for this bghaviour
is clearly explained in Section 5.3.2.
5.3.6 VARIATION OF COOLING WATER TEMPERATURE ALONG THE LENGTH OF
FIRST ROW TUBE
For the . condensation of steam on horizontal tube , it
is important to know the variation in temperature of cooling
water along its length. This information , in fact, helps in the
determination of heat flux across various segments of the tube.
Figure 5.9 represents a +typical variation of cooling water
temperature along the length of the first row tube ,when conden-

sing steam pressure 1is maintained at 147.38 kPa . The cooling
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water +temperature for all the flow rates of water increases

linearly along tube length.The lines representing the temperature

along the +tube keep on shifting to left as the flow .rate of

cooling water is decreased. This , in fact, is an expected

behaviour.

5.3.7 COMPARISON BETWEEN EXPERIMENTALLY- .AND THEORETICALLY-
DETERMINED COOLING WATER EXIT TEMPERATURE

Following the procedure, as detailed in Appendix B, the
values of theoretically-determined cooling water exit
temperature for different values of steam pressures and water
flow rates have been calculated. The experimental set-up has the
provision to measure these temperatures experimentally with the
help of a copper-constantan thermocouple installed at the exit
of-ithe tube.

To compare these values , Figure 5.10 has been drawn
between theoretically calculated and experimentally determined
exit temperature of the cooling water. As is clearly seen from
this plot, the two values agree well with each other, within 10%.
In other words, it can be concluded that techniques used for
the measurement of wall temperature ,cooling water inlet and exit
temperatures and water flow rates are reasonably reliable , since
cooling water exit temperatures , based on these values , compare
well with the experimental values.

5.3.8 GENERALIZED CORRELATION FOR CIRCUMFERENTIAL WALL
TEMPERATURE OF FIRST ROW TUBE
A nonlinear optimization method along with regression

technique is employed to process the experimental data of
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Appendix A. Based on this method the following correlations are
obtained to relate tw,top,tw,éiae. and tw,bottom with cooling
water flow rate w, inlet +temperature of cooling water ti,
pressure P and distance L , from the leading edge of the tube:

a. For top-region

tw,top =30.456 =0.50452%w + 2.6995%ti +0.08577%P + 19.432%L
i R R

b. For side-region

tw,side =52.38 -0.7241%w + 1.6326%ti +0.07538%P +21.3662%L
AR o

c¢. For bottom-region

tw, bottom=76.77 -0.9309%w + 0.6162%ti + 0.05150%F +26.2375%L
o V)

The wvalues of wall temperatures predicted by Egs.
6. 1pd g and 5wE are plotted against the experimentally-
determined values in Figures 5.11, 5.12 and 5.13, respectively.
From these plots it 1is clearly seen that the two values match

excellently within a maximum deviation of * 2% oall vy

5.3.9 GENERALIZED CORRELATION FOR AVERAGE CIRCUMFERENTIAL WALL
TEMPERATURE ALONG THE LENGTH OF FIRST ROW TUBE
It » would be of practical importance if a correlation
describing distribution of average wall temperature ,tw over the
tube length is obtained . Using the technique of Section 5.3.9 ,

the following correlation has been obtained.

tw = B1.626 -0.7286%w + 1.30300%ti + 0.07164%P + 21.7857*L
M S

The average values of wall temperatures predicted by

Equation 5.4 are plotted against the experimental values in
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Figure 5.14. The match among them is once again excellent, with
the maximum deviation being only + 2% |
5.3.10 GENERALIZED CORRELATION FOR WEIGHTED WALL TEMPERATURE OF
FIRST ROW TUBE

A design engineer would also like to have a correlation
capable of predicting weighted wall temperature, twt as a
function of cooling water flow rate,inlet temperature of cooling
water and steam pressure. This, in fact, provides simplification
in the design calculations. With this in view a correlation based
on the present data is obtained as follows

twt = 57.489 - 0.7183%w + 1.6306%ti + 0.07096%P
...(58b)

Figure 5.15 is a plot between the predicted values of
weighted wall temperature of the first row tube from Eq.5.5 and
the experimental values. Here again the match is within a
maximum error of + 2 %

5.3.11 WEIGHTED WALL TEMPERATURE OF FIRST ROW TUBE

Bromley ( 17 ) , based on experimental data of
investigators ( 57,58 ), 1including his own , has succeeded in
correlating the average wall temperatures of the condenser tubes

with a dimensionless parameter B, a function of steam temper-

ature, cooling water flow rate and its inlet and outlet temper-
atures , tube diameter and thermal conductivity of the tube. Due
to this reason , it is considered desirable to compare the exper-

imental data of the present investigation with Bromley’s model
(Has. 25186 through 2.17) in Chapter 2
Figure 5.16 shows a plot between A tavg/At and (3. It

is found that the present experimental data are correlated by
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Bromley’s model within a maximum error of +27 to -25%. It is also
interesting to note that even Bromley’s (17) and Brodkey’s(58)
data have shown a scatter of + 35 % from the above model. This,
of course, seems to be within practical limits of error.
HEAT TRANSFER TO COOLING WATER

In. the present investigation for the condensation of
steam on a short horizontal stainless steel tube, water at room
temperature has- been chosen as the cooling medium. For the
calculation of ~heat transfer coefficient for such tube the
sﬁecific correlations, described in Section 2.3, are used and, of
course, they are not applicable for long tubes.
5.3.12 VARIATION OF COOLING WATER SIDE HEAT TRANSFER COEFFICIENT

FOR FIRST ROW TUBE

In the present investigation the operating parameters
include cooling water flow rates varying from 11.6 lpm to 17.1
lpm and steam pressure from 146.75 kPa to 269.38 kPa,respectively.

Figure 5.17 represents a typical variation of-cooling
water | side heat transfer coefficient for various values of water
flow rate at a given steam pressure of 268.38 kPa. Values of heat
transfer coefficient have been calculated wusing Mikheyev’s
correlation Eq.2.48. From the plot it is clearly seen that the
heat transfer coefficient decreases continuously from inlet to
exit of the +tube. This variation in the value of heat transfer
coefficient is an expected behaviour in view of the short length
of the tﬁbe used. This is not so for the long tubes where the
heat transfer coefficient attains a value asymptotically and

thereafter remains constant along the length of the tube. With
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the increase 1in cooling water flow rate, the heat transfer
coefficient increases. This 1is evidently so due to increased
turbulence of cooling water.
BEAT TRANSFER COEFFICIENT

For the desigm of a condenser with vapour condensing on
its bundle of tubes , it is important to know the variation of
condensing heat transfer coefficient both along the circumference
and the - length-of the tube considering the effects of cooling
water - flow rates and steam pressure. This information is
immensely helpfui for the accurate calculation of heat transfer
area needed for a given duty of condenser whigh ".af gturn,
eliminates the possibility of over-design or under-design of the
condenser. The former results in the wastage of money specially
when - the material employed for the tube bundle is costly
whereas the latter would lead to non-operability of the condenser.

In the following sections, an attempt has been made to
describe the manner in which condensing heat transfer coefficient
of steam on the top row tube changes when cooling water flow rate
and steam.“presSure are altered. The calCulation prSeedure for
heat transfer coefficient is given in Appendix B
5.3.13 EFFECT OF COOLING WATER FLOW RATE +ON CIRCUMFERENTIAL

CONDENSING HEAT TRANSFER COEFFICIENT FOR FIRST ROW TUBE

Figures 5.18 and 5.19 represent the effect of cooling
water flow rate on circumferential heat transfer coefficient when
condensing steam pressures are 146.75 kPa and 269.38 kPa,
respectively. These ploté reveal the following typical trends

1. For a given steam pressure and segment of the
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tube, heat +transfer coefficient during steam
condensation varies circumferentially. Its value
changes from top- to side- to bottom-regions in
decreasing order.

This observation is .quite understandable in
view of +the fact that thickness of condensate
layer increases progressively along the ciréum—
ference of the tube from top to bottom region.

2.With increase in cooling water flow rate, the
decrease in value of circumferential heat tramsfer
coefficient is quite appreciable at the top-region
of the tube. However the magnitude of decrease in
its value reduces significantly at the side-and

the bottom-regions.
The above fact can be explained as follows : The con-
densation rate is largely dependent on cooling water flow rate ,
if 4dts inlet  temperature 1is kept constant. The increase in
cooling water flow rate results in enhancement of water side-heat
transfer eocefficient. This , in fact,  1ncreases.the rate of
condensation : especially when water side _ heat +transfer
coefficient 1s much smaller than that of steam-side. Due to this
the condensate layer thickness keeps on increasing and
consequently the heat transfer coefficient of condensing steam
depreases. Among +the top-, the side-, and the bottom-regions of
the +tube -the +top-region 1is +the most effective 1in causing
condensation as the drainage of condensate formed here is quite

appreciable. Owing to this there exists a thin condensate layer
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over it. Hence, any small additional change in the thickness of
condensate layer would amount to a steep reduction in heat
transfer coefficient . The same is not true with the side-region
where the thickness of condensate layer is appreciably more than
that at top-region. The thickness of condensate layer at bottom-
region is still much higher. In view of the already existing
thick layer of the condensate over the side—- and the bottom-
region, an additional change in its value due to the increase in
cooling = water  flow rate does not reduce the wvalue of heat
transfer coefficient as steeply as at the top-region. This fact
explains clearly that the increase in cooling water flow rate has
a continuously diminishing effect on condensing heat transfer
coefficient at the side-, and the bottom-regions of the tube.
5.3.14 EFFECT OF STEAM PRESSURE ON CIRCUMFERENTIAL CONDENSING
HEAT TRANSFER COEFFICIENT OF FIRST ROW TUBE
Figures 5.20 and 5.21 have been drawn to show the
typical variation of circumferential condensing heat transfer
coefficient when steam pressure is changed and the respective
cooling water flow rates are 11.8 lpm and ¥r.1- 1'pm
From these plots the following characteristic features
aré distinctly noted
1. The condensing heat transfer coefficient
decreases from top- to side- to bottom-regions
for all the steam pressures investigated. This
behaviour is easily explainable in view of the
progressively increasing thickness of condensate

layer along the circumference of the tube from
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the top- to the bottom- region.

5 With the rise in steam pressure , the rate of
condensation increases and so also the thickness
of condensate layer. As a result , the heat
transfer coefficient _reduces. This, of course
happens at all the three regions of the tube.

The influence of steam pressure on condensing ‘heat
transfer coefficient is more pronounced . .at the top-region and
decreases substantially at the side and the bottom regions. The
dgcreasing inflaence at the bottom -region is perhaps due to the
increased frequency of detatchment of condensate in the form of
droplets. This, in turn , develops pulsations in the condensate
layer especially lying in the bottom-region. When steam pressure
is raised , the condensate layer thickness rises around the tube
and thus a reduction in heat transfer coefficient should occur
circumferentially. Perhaps due to the substantial pulsations in
the condensate layer -at the bottom-region, this reduction is
annulled somewhat. Of course the extent of annullment decreases
as one moves from bottom-to side- to top -regions. Hence the
appreciable effect of pressure on top-region is evidently
understandable.

5. 3315 EFFECT OF COOLING WATER FLOW RATE ON AVERAGE
CIRCUMFERENTIAL CONDENSING HEAT TRANSFER COEFFICIENT
ALONG FIRST ROW TUBE LENGTH
The experimental data of circumferential condensing heat
transfer coefficient for different segments along the length of

tube are averaged , as shown in Appendix B
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Figure 5.22 shows a typical effect of cooling water
flow ré%e on average condensing heat transfer coefficient of the
tube. From the plot the following note-worthy observations are
made

1.For a .given cooling water flow rate , the
average condensing heat transfer coefficient
increases from inlet of the tube to its outlet.*

This is an expected behaviour and is easily explainable
from the fact that cooling water side heat transfer coefficient
decreases from inlet to outlet of the tube, whefeas the cooling
water temperature increases. Both these factors combined together
reduce condensation rate continuously from inlet to outlet of the
tube. Consequently, the condensate layer . thickness keeps on
decreasing along the tube length. Thus the Values of the conden-
sing heat transfer coefficient increase along the tube length.

2 .Decrease in the wvalues of condensing heat
transfer coefficient with the increase in cooling
water flow rate is obvious. When water flow rate
is raised, the condensation rate over the tube
length = increases resulting in a higher condensate
layer thickness. This evidently decreases the
value of heat transfer coefficient.

5.3.16 EFFECT OF STEAM PRESSURE ON AVERAGE CIRCUMFERENTIAL
CONDENSING HEAT TRANSFER COEFFICIENT ALONG FIRST ROW TUBE
LENGTH
Figure 5.23 is a typical plot showing the effect of steam

pressure on average heat transfer coefficient. It is noted that
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for all cross sections along the length of the tube, the average

condensing heat transfer coefficient decreases with increase in

steam pressure. This fact is understandable in view of greater

thickness of condensate layer at higher steam pressures.

5.3.17 VARIATION OF WEIGHTED CONDENSING HEAT TRANSFER COEFFICIENT
WITH STEAM PRESSURE AND COOLING WATER FLOW RATE

Fromt"=ictifes | 2.22 " and® 5 .28 Milihs noted that &he
average condensing heat transfer coefficient changes: along the
length of tube. This information in this form is not convenient
for the design calculations. In fact, a design engineer prefers
to know the weighted heat transfer coefficient which is-& single
value for +the entire length of a particular tube for a given
cooling water flow rate and steam pressure. The weighted values
are calculated based on tube length, the procedure followed for
its ecalculation is given in Appendix B.

Figure 5.24 represents the values of weighted heat
transfer coefficient as a function of steam pressure with cooling
water flow rate as a parameter. It is noted that weighted heat
transfer coefficient decreases with increase in steam pressure
for a given flow rate. Further it is also noted that for a given
steam pressure the walues of weighted heat transfer coefficient
decrease with the increase in cooling water flow rate. This is
obviously an expected observation.

5.3.18 A TYPICAL VARIATION OF OVERALL HEAT TRANSFER COEFFICIENT
FOR. CONDENSATION OF STEAM ON FIRST ROW TUBE
In Sections 5.3.12 and 5.3.15 the parametric effects

on cooling water heat transfer coefficient and average condensing
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steam side heat transfer coefficient along the tube length have
been discussed. Now it is important to understand the respective
contributions B water-side, and steam-side heat transfer
coefficient, and the tube wall conductance to the overall heat
transfer coefficient of a condenser having short tubes.

Figure B provides the variation of average
condensing heat transfer coefficient, tube wall rconductance,
water :side heat transfer coefficient and overall heat rtransfer
coefficient w@along the length of tube. It is noted that the
average condensing heat transfer coefficient increases whereas
the water-side heat +transfer coefficient decreases and the
conductance due to tube wall remains constant. As regards the
overall heat transfer coefficient, it fairly remains constant.
5.3.19 COMPARISON BETWEEN EXPERIMENTAL WEIGHTED CONDENSING HEAT

TRANSFER COEFFICIENT OF FIRST ROW TUBE AND PREDICTED
VALUES FROM AVAILABLE CORRELATIONS
A literature review reveals that many investigators have
studied” the .condensation of vapours including steam on horizon-
tal +tubes. Based on their experimental/ theoretical studies they
have recommended correlations of condensing heat transfer coeffi-
cient for the horizontal tube as a function of wall temperature ,
physico-thermal properties of condensate, saturation temperature
of vapour and diameter of the tube.

In this section attempt has been made to compare the
experimental values of weighted heat transfer coefficient of top
row tube with those predicted from various correlations. These

correlations are due to Mikheyev(23), Henderson and
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Marchello(11), Nusselt( 1 ), Othmer and Berman(13), Peck and
Eeddie(l4), Bromely( 17 ), Rohsenow(18), Chen(34), and White(ig).

The above mentioned correlations have been extensively
described in Literature Review of Chapter 2 . The important
points regarding these. correlations, which merit emphasis, are as
follows

Correlation due to Mikheyev(23) 1s based on lagge
number of _ experimental data for condensation of steam on tube
including some data for Ethyl alcohol, Acetone, Benzene, Ammonia
and. air

The Henderson and Marchello(ll) correlation represents
one of the recent studies and is an attempt to modify Nusselt
correlation by incorporating the effect of condensate falling in
the form of drops from the bottom of tube. They, in absence of
any rigorous analysis, opted to include Ohnesorge Number in their
correlation.

Correlations recommended by Nusselt( 1 ),Bromley( 17) ,
Rohsenow(18) and Chen(34) are based on their respective
theoretical models considering one or other assumptions.

The correlation due to Othmer and Berman( 13 ) is
purely empirical in mature and is based on experimental data for
the condensation of vapours of 18 alcohols,. esters and ketones.
The experimental data for steam are not included.

Correlation due to Peck and Reddie(14) is based on mass
of experimental data related to condensation of many organic
vapours and comparatively limited data of steam condensation.

White’s correlation(l19) is based on the experimental
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data for the condensation of R-12 on horizontal tube only.

Figures 65.26 +through ©5.34 have been drawn between
Ewt,exptl/ﬁwt,predt and steam pressure for different cooling
water flow rates in order to compare the experimental values of
present investigation with those predicted from earlier
correlations . [The'.matio .%wt,exptl/iwt,predt is represented by
R and steali’ twfessti¥a fHy" P 1n~ above™ gilots "idor “the sake‘of
convenience . The predicted values of heat transfer coefficient ;
%wt,predt formithe calculation/pf R, in Figures, 5.28B thromgh 5.34
are calculated using the respective correlation of Mikheyev (23),
Henderstn. ) wghd " Marchello” (11), Nusselt (1), Othmer and Berman
(13), Peck apd Reddie (14), Bromley (17), Rohsenowi (18), Chen
(34) and White (19), respectively.

A scrutiny of these plots reveals the. following . -note-
worthy observations

1. The wvalues of R in Figure 5.26 for all the steam
pressures and cooling water flow rates are
scattered around the horizontal line ,representing
a value. equal to unity ,-within +10% and -18 %.
This 1indicates that devi;tion between Bwt,exptl
and Ewt,predt from correlations due to Mikheyev is
within +10% to -18%. This seems to be a reasonable
agreement between Mikheyev’s correlation and the
present experimental data . This agreement is
perhaps due to the fact that Mikheyev’s correla-
tion 1s based on experimental data largely for

steam condensation.
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2.Figure 5.27 , based on the values Qf %wt,predt
:from correlation of Henderson and Marchello(11)

shows a deviation within +6% to -26%. This also
represents an acceptable agreement.

This seems to be owing to the fact that
this! correlation is a modification of Nusselt’s
correlation accounting for the effect of falling‘
of condensate in the form of drops.

3. For all steam pressures and cooling water flow
rates , the values of R in Figures 5!28 through
5.34 are always greater than unity suggesting
that correlations of Nusselt( 1 ), Othmer and
Berman (13), Peck and Reddie (14), Bromley (17),
Rohsenow (18), Chen (34) and White (19) always
underpredict the values of %wt,predt.

The underpredicted values of Ewt,predt from
correlation due to Nusselt(l) vary from 2% to 42%
as pressure decreases from 269.38 kPa to 146.75
kPa whereas for the same pressure range the
underpredicted values are 8% to 48% , . 26% to 78%,
0% to 40% , 0% to 40% , 2% to 40% and 2% to 40%
for the respective correlations due to Othmer and
Berman( 13) , Peck and Reddie(14), Bromley(17),
Rohsenow(18), Chen(34) and White(19).

The underpredicted values from the above
correlations are evidently understandable as these

correlations are either theoretical in nature or
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empirical based on experimental data of either
organic vapours only or limited data points of
steam condensation on horizontal tubes.

4.Finally , it can be concluded that correlation
due to* Mikheyev (23) eorrelates the present
experimental “data the best, ~followed by that due
t6 Henderson and Marchello(l1):. The remaining
correlations always underpredict.

It~ is important to mention that from Figure 5.26 it is
found that the value of R at a steam pressure of 146.75 kRBa is
greater than unity. As pressure increases the wvalue of R
decreases, becomes unity and then further on it attains value
smaller than unity. The possible reason for this behaviour
perhaps is +that the present experiments are for short tubes
where cooling water heat transfer coefficient hi decreases from
its inlet +to outlet continuously from a large value. Indeed it
never attains the asymptotic value as 1is the case with long
tubes. The .lowest value of hi in short tube always remains
greater than the asymptotic value as seen in Figure 5.17. For
short +tubes due to6 higher value of hi the condensation rate is
higher than that -for 1long tubes. This results in making the
condensate layer thicker in case of short tube for a given set of
cooling water flow rate and steam pressure. In other words,
experimental values of weighted condensing heat transfer
coefficient for short tubes are likely to be smaller than those
for long tubes. This explains the value of R smaller than unity

at steam pressures greater than 195.8 kPa. At pressures below
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195.8 kPa, it seems logical that the values of R should be
greater than unity. fiis may be perhaps due to the fact that at
lower pressures, in the range from 146.75 kPa to 1895.8 kPa, the
condensation rate gets reduced due to small value of steam
pressure. As the value of R changes from values greater than
unity to those less than unity when steam pressure increases
from 146.7 kPa to 269.38 kPa, one can expect value of R equal’ to
unity at some intermediate steam pressure beﬁween these pressure
values. In the present investigation this occurs at 195.8"kPa.

A similar behaviour is exhibited in all the remaining
plots of Figures 5.28 through 5.34, and the value of R is always
greater +than unity at lower steam pressure. With increase in
steam pressure the difference by which R is greater than unity
keeps on diminishing. This observation is in accordance with the
arguments already attributed to explain the variation in values
of R'with steam pressure, P in Figure 5.26.

5.4 | CONDENSATION OF QUIESCENT STEAM ON THE TUBE BUNDLE

Keeping in view the physics of condensation over a tube
bundle of a multitubular condenser it may be mentioned that it is
characterized by simultaneous condensation of vapours on all the
tubes of the bundle. As a result , the condensate layer thickness
on a tube keeps on inereasing upto a certain value , beyond which
the +tube cannot bear it any more and the condensate begins to
drop off till it attains some specified minimum thickness. Now
due to furtﬁer condensation the condensate layer thickness again
reaches a value when condensate dropping off repeats. Thus a

periodic fluctuation of condensate layer thickness between
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maximam and minimum values sets in. This phenomenon takes place
on all the tubes of the bundle. It is important to me;tion that
the thickness of condensate layer on second row-tube is always
greater thah that on first‘row—tube for a given set of operating
and geometric parameters. Similarly, for all downrows of tubes
of the bundle respective values of the condensate layer
thickness ~vary. in increasing order. This 1is_. so due to the
downward - flow - of the condensate from tubes. In other words ,the
thermal resistance due to the condensate. layer around tube;
increases in the downward direction of the tube bundle.

Circumferential and longitudinal variation of
condensate layer +thickness on tubes lying in different rows
should implicitly possess the same characteristic behaviour as
demonstrated by first row-tube that the thickness of the conden-
sate® layer | at top-region is less -than that at 'side—region and
sti1l1l less than that at bottom-region at a given cross-section of
the @ tube. Further, the values of the thickness of condensate
layer at various cross-sections keep on decreasing continuously
along the tube for a given value of steam pressure and cooling
water flow rate.

It is important to mention that the present
experimental setup 'does not have the facility to measure the
thickness of condensate layer either longitudinally or
circumferentially . But it has the provision of thermocouples
embedded in the wall of the tubes. Thu; the respective readings
of the thermocouples can be considered as measure of condensate

layer thickness at various positions on the tubes, since the
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latter is a measure of the thermal resistance. As a matter of

fact , for given steam pressure and cooling water flow rate the
wall +temperature of a tube at any position is dictated by the
magnitude of thermal resistance due to steam condensate
Therefore, .the values of the  circumferential wall
temperature of the tubes of the bundle employed in the present
investigation should be examined. ‘
5.4.1 CIRCUMFERENTIAL WALL TEMPERATURE OF TUBES IN DIFFERENT ROWS
Figures 5.35 and 5.36 have been drawn to represent the
typical variation of circumferential wall temperature of Fop-,
side-, and bottom-regions at different distances from leading
edges of first,second, third and fourth row +tubes for steam
pressures of 269.3 kPa and 146.7 kPa, respectively. The data
related to all the tubes are for similar conditions of steam
pressure , cooling water flow rate and distance along tube-

length. These plots help in identifying the effect of condensate

falling down from first row tube on the second ; from second row
tube on the third , and from third row tube on the fourth row
tube.

The following characteristic features emerge out of
these plots
1.For a .given cooling water flow rate, steam
pressure and a distance along the tubes from their
leading edges, the temperature at the top-region
is consistently greater than that at the side-
region and still greater than that at the bottom-

region for all the four tubes of the bundle.
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2.For a given cooling water flow rate, steam
pressure and distance for all the tubes from their
leading edges the respective temperatures of the
top-,side-, and bottom-regions of first row tube
are always higher than the corresponding values
for the second row tube. They are still higher
than those for third row- and still further higher
than those of fourth row- tubes. In‘other words,
for similar operating and geometric parameters,
it can be concluded that the temperature -for a
given region and cross section is the highest for
first row tube followed by the second, third and
fourth row tubes in decreasing order.

The above behaviour of tubes lying in different rows is
expected one in view of the progressively increased thickness of
condensate layer on tubes from first row down to fourth row. As a
matter of fact ,the condensate dropping off first row tube. joins
the eondensate layer already existing on second row tubé.. This
results in increasing its condensate layer -thickness. Likewise,
the condensate layer thickness of third row tube still increases
and still further for fourth row tube . As a result, the thermal
resistances for them for —steam condensation . assume values in
increasing order from first row tube to fourth row tube. Owing to
this, at any given region on tubes the wall temperature decreases
continuously from first row tube to fourth row tube. This , as a
matter of fact , 1is in accordance to the phySics oflcondensation

of steam on tube bundle as stated in Section 5.4.
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5.4.2 AVERAGE CIRCUMFERENTIAL WALL TEMPERATURE ALONG THE LENGTH

OF TUBES IN DIFFERENT ROWS

As stated in Section 5.4.1, there exists a temperature
variation along the circumference of first, second, third and
fourth row-tubes for a given set of steam pressure, cooling water
flow rate and distance on tube-length. However; for the sake of
convenience ', it is considered desirable to show the effect ‘of
cooling water flow rate and steam pressure on the average values
of circumferential wall temperature along the - length of +tube
lying in first-, second-, third-, and fourth- rows.

Figure 5.37 represents average values of circumferential
wall temperature versus tube length with steam pressure as para-
meter. Figure 5.38 1is also a similar plot with cooling water
flow rate as parameter. From these plots it is clearly seen that
the characteristic features shown by first row- tube are also
exhibited by second, third, and fourth row tubes.

The following points are noted from these plots

1.For all the +tubes the average wall temperature
increases along the tube length for all values of
cooling water flow rate and steam pressure.

2.At fixed " steam pressure and distance from the
leading edge , +the average wall temperature of
tube decreases with increase in cooling water flow
rate. This is an expected behaviour. With the rise
in cooling water flow rate, the waﬁer side heat

transfer coefficient 1inereases , which in turn

enhances the rate of steam condensation. Conse
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quently , the condensate layer thickness becomes
greater gf%ing rise to greater thermal resistance.
Due to this the wall temperature assumes lower
values.‘
3.For a given set of cooling water flow rate, steam
pressure and distance from leading edge of tube,
the value of average wall temperature decreases
progressively from first row tube down to fourth
row tube.
The above behaviour is evidently justified due
to continuous increase in the value | of the
condensate layer thickness from the first row

tube to fourth row tube.

5.4.3 AVERAGE CIRCUMFERENTIAL WALL TEMPERATURE DISTRIBUTION OF
TUBES OF THE BUNDLE : GENERALIZED CORRELATIONS

It 1is worthwhile to obtain«éenerﬁiized correlation to
determine the average wall temperature as a function of cooling
water flow rate , inlet temperature of cooling water -, steam
pressure and distance from the leading edge of +the tube for
various rows.

Employing nonlinear optimization regression technigue
the following equations have been obtained

First row-tube

tw = B1.628 -0.7286%w + 1.303%ti + 0.07164%P + 21.7857%L
o o a0

Second row-tube

" Iw = B0.560 -0.8153%w + 1.3756%ti + 0.06805%P + 21.727%L
LR

2T



Third row-tube

Tw = 60.945 -0.8171%w + 1.3348%ti + 0.06668%P + 20.105%L
e

Fourth row tube

tw = 61.274 -D.9072%wghmi. 3561%t1 + 0.083684%P + 21.3613%L
R |

The wvalues of average wall temperature predicted by
Eqs.5.6,5. 7§ "add BT8 iBré plotted agaimns% ,the experimentaliy—
determined values in Figures 5.39, 5.40, and 5.41, respectively.
It 1is observed from these plots that the two Values mateh exce-
llently within a maximum deviation of + 2 % only.

Equation 5.4 for the first row tube has been written
above for the sake of totality of information . In fact, this
equation and Figure 5.15 arising out from it have been already

discussed in Section 5.3.10

5.4.4 LOCAL CONDENSING HEAT TRANSFER COEFFICIENT FOR TUBES OF THE
BUNDLE

As stated in Section 5.4, the value of condensate
layer thickness changes circumferentially as well as
longitudinally for all the tubes of the bundle in different rows.
This suggests that heat transfer coefficient during condensation
should also change circumferentially and longitudinally in a
likewise fashion. It is worthrepresenting the experimental data
in a suitable manner S0 as to reinforce the above
conceptualization of Section 5.4.

Figure ©5.42 represents typical values of top-region

condensing heat transfer coefficient for tubes of all the rows
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of the bundle as ordinate and the tube léngth as abscissa, for.a
steam pressure of 269.38 kPa and cooling water flow rate ok RS
lpm. From this plot, the following note-worthy observations are
made
1.For the entire lengths of the tubes, the top-
region ' wall temperatures for the first row tube
are always the highest followed by those for the
second—,third;, and fourth-row tubes in decreasing
order.

This* behaviour is attributed to the fact that the
thickness of condensate layer at the top-region of the first row-
tube is the lowest and hence the thermal resistance at the
top-region is also the lowest, followed by thermal resistances of
corresponding-region of second, third, and fourth row tube in
increasing order. Accordingly the value of heat transfer coeffi-
cient of first row-tube at its top-region along the length is the
highest followed by +the values atlthe corresponding region of
second-,third- and fourth-row tubes in decreasing order.

Figure 5.43 is a typical plot between side-region con-
densing heat transfer coefficient and length of tubes lying in
first-, second-,third-, and fourth-row for steam pressure of
269.38 kPa and cooling water flow rate of 11.6 lpm. From this
plot ,it is amply clear that the values of side-region heat
transfer coefficient of first row-tube are always the highest
followed by those for second, third, and fourth row-tubes in
decreasing lorder. This behaviour follows from the continuously

increasing thickness of condensate layer from first +to fourth
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row-tube.

Figure 5.44 provides the distribution of bottom-region
condensing heat transfer coefficient over the entire length of
the tubes in different rows of the bundle for a steam pressure of
269.38 kPa and cooling water flow rate of 11.6 lpm. This plot
also exhibits the expected similar trend as in Figures 5.42 and

8.43,

-

A re-examination of Figures 5.42, ©5.43 and 5.44 also
reveals ” the fact that the heat transfer coefficient 1increases
along theg length of tubes. This, s easily understandable in view
of the fact that along the tube length the heat transfer coeffi-
cient of cooling water decreases continuously whereas its temp-
erature increases. These two factors combined together reduce the
condensation rate progressively along the tube. Consequently the
condénsate layer thickness or thermal resistance decreases longi-
tudinally. Due to this the condensing heat transfer coefficient
along the tube increases.

5.4.5 AVERAGE CIRCUMFERENTIAL CONDENSING HEAT TRANSFER
COEFFICIENT ALONG TUBES OF THE BUNDLE

The average values of condensing heat transfer coeffi-
cient for the tubes in different rows are shown'in Figures 5.45
and 5.46 for different steam pressures but a fixed cooling water
flow rate of 11.6 lpm: It is found that the experimental data for

all the tubes exhibit a similar trend showing a gradual increase

in the value of average heat transfer coefficient along the
tube. It is also seen that the average heat transfer coeffi-
cients of first, second, third, and fourth row-tubes are in the
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decreasing order.
5.4.6 GENERALIZED CORRELATION OF HEAT TRANSFER COEFFICIENT FOR _
THE TUBE BUNDLE

In order to obtain a generalized correlation, it is
thought adeguate and desirable that the values of average heat
transfer coefficient of Section 5.4.5 should be expressed as
weighted values, hwt. This,  indeed, is "more meaningful gnd
convenient from the ‘point of view of design of such condensers.

Appendix B details the method of calculating the values
of hwt .for a given test run. After obtaining. the values of hwt
for tubes . of the bundle for various steam pressures and cooling
water flow rates a plot is drawn between %n,wt/%l,wt and the row
number n, as shown in Figure 5.47. The quantity En,wt/%1,wt
represents a ratio between weighted value of heat transfer
coefficient of nth row-tube and weighted average value of heat
transfer coefficient of first row-tube for -a set of given
operating parameters.

All +the data points of present investigation tabulated
in Appendix A are found to be correlatedl by the following
equation within + 10 % for the range of steam pressure from
146.7 kPa to 269.38 kPa and cooling water flow rate from 11.6 lpm

to 17.1 lpm, respectively
____________ = no. 83 - (n-1)0.83 CAPTER c e |

Refering to Section 5.3.19 it can be recalled that the
experimental data of present investigation for the first row tube

are best correlated by Mikheyev’s correlation within +10% to
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~18%. Thus +the value of hi,wt required for Eq.5.10 can be
calculated from Mikheyevs correlation Eq.2.27 for the prediction
of the values of hn,wt for the tubes in rows other than the first
YOW.
5.4.7 COMPARISON BETWEEN PRESENT CORRELATION (EQ.5.10) AND
EARLIER CORRELATIONS

An examination  of Section 2.2 reveals that the corre-

lations relevant to present investigation ,i.e., condensation of

pure ‘quiescent . vapours on horizontal tube Dbundle arrayed in

vertical rows, are due to Jakob(24), Kern(26),Grant and
Oshent(28), Short and Brown(29),Withers' and Young(32) and
Young et al(33). They have recommended their correlations for

computing %n,wt/%l,wt for condensation of vapours on tube bundies
employed in their studies. These have been described in
Chapter 2. However , their salient features are given below
Jakob(24), using Nusselt’s model and assuming the
condensate falling as continuous sheet directly on to the top of
the tube below and taking (ts-tw) the same for all the +tubes,has

recommended his correlation as follows

hn,wt
e = n3/4 - (n -1)3/4 k2. 28)
hN1 , wt
Kern(26), assuming that condensate falls down as

discrete droplets causing ripples in condensate film, obtained

the following correlation

___________ = n®.833 - (n-1)0.833

v GG o)
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Grant and Osment(28) have also succeeded in correlating

their experimental data by the following Equation : =
_____ = (Cn/Yn)-0.223 wrs’ oA

Short and Brown(28), based on their experimental data
for the condensation of Freon-11 on' a bundle of horizontal +tubes

arrayed 1in  vertical rows,, have recommended a correlation -as

follows
hn
i - = (In/Yn)-0. 25 e o )
hn1
Wither and Young(32) have recommended following

eguation for the calculation of weighted condensing heat transfer
coefficient for horizontal tubes in a vertical row

hn = 0.725 Cn n-1/4 (NC)l/4 ] )
where NC is (k3¢2g \) / (LdoAat) and for 25 mm tube
Cn = 1.97 n®'170

Young et al(33) have recommended Equations 2.37 through
2.41 to calculate the condensing heat transfer coefficient. These
equations can be expressed in the following form

hn = K1 (NC)L/4

where the respective values of the constant K1 are
0.655, 0.576, 0.551, 0.498 and 0.464 for row number 1,2,3,4,5.

Figure 5.48 provides a comparison among the predicted
values from above correlations and the present correlation,
Eq.5.10. It may be mentioned that the values of %n/LNl from

correlations of Grant and Osment(28) and Short and Brown(29) for

the purposes of comparison are obtained using the present
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experimental data. ; L
From this plot the following important conclusions are
drawn
1.The predictions from Kern, Egn. 2.30 and the
present correlation, Eq.5.10 agree excellently
with a negligible deviation.

I+ is important to mention that Eq.5.10 of present
investigation and Eq:2.30 due to Kern(26) are of same.form having
the respective values of exponent Qf n. as 983 andi 0."833 & Due to
this an.  excellent agreement between present investigation and
that lof Kern(26) is easily understandable.

2.The values due to Grant and Osment(28), and Short
and Brown(29) are always greater than those of
present investigation, However, the deviation is
within a maximum of +5.0%

Ik 18 important &0 mention that
Butterworth(30) has also observed that the
correlations due to Grant and Osment Kern, and
Short and Brown are in close agreement amongst
themselves. - This is further supported by the
present investigation.

3.The maximum deviation between the predicted values

from the correlations due to Withers and Young

(32),Young et al(33) and the present experimental
results are -16.8 % and 18.28 respectively,

' 4.Correlation due to Jakob(24) underpredicts the

values with a maximum deviation of -18.3%.
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It may be emphasized that the predictions
from' Jakob’s correlations are the most
conservative. The observation that Jakob’s
correlation is a conservative one is in conformity
with the findings reported by Marto(36) who
undertook a comprehensive comparison amongst

various available correlations.
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The

CHAPTER 6

CONCLUSIONS

main conclusions drawn from the present

investigation are as follows:

A. For the First Row Tube

d .

In +the present investigation it is distinctly and
evidently established that the wall tgmperature of
the first row tube changes not only
circumferentially but also longitudinally. It is
also found +that the wvalue of the average
circumferential wall temperature continuously
increases along the entire _length of tube. This
is so due to the continuously decreasing wvalues
of cooling water-side heat transfer coefficient.
Iﬁ this respect the average circumferential® wall
temperature distribution of short tube is ‘unlike
that of long tube ( L/da™ > .54 having high
flow rate of cooling water. Based on the present
experimental data the simplified generalized
correlation for average circumferential wall
temperature of first row tube has been
obtained in terms of cooling water flow rate ,
its inlet temperature , steam pressure ; and
distance from the leading edge of the tube as

follows

tw=61.626- 0.7286%w+1.3030%ti+0.07164%P+21.7857%L



In view of the nonisothermal surface attained in
the case of short tubes it is important to know
the wvalue of weighted Wall temperature for the
calculation of condensing heat transfer
coefficient from an available correlation. The
present investigation has succeeded in
recommending ~the following empirical functional
relationship for the weighted wall temperature for
the short tube in the following form, based on
the present experimental data

twt = 57.489 -0.07183%w +1.6306%ti +0.07096%P
The experimentally-determined welighted wall
temperatures of the first row tube of the
bundle show a good agreement with the model of
Bromley within a maximum deviation of +35 %
The experimental data for the condensation of
quiescent steam on first row tube of the bundle
are correlated best by the .Mikheyev correlation
within a maximum deviation of -18.0 % to 10 %,
followed by the correlation due to Henderson and
Marchello. within a maximum deviation of -26 % to
6% . The maximum deviations between the experi-
mental data of the present investigation and
those predicted by Nusselt ,0Othmer and Berman,
Peck and Reddie ,Bromley ,Rohsenow, and White are

40% , 48%, 78%, 40%, 40% , and 40% respectively.
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B. For the Tube Bundle

1=

Like +the first row tube, the wall temperatures of

.second- Sekhelrd=, and fourth-row tubes also

change both circumferentially and longitudinally.
The wvalue of the average circumferential wall
temperature for the short tube in each row also
continuously increases along the entire length of
the tubes. The proposed equations relating average
circumferential wall temperatures of short tube in
different rows to other parameters are as follows:
(1) Second Row Tube

tw=60.560 -0.8153%w+1.3756%ti+0.0680%P+21.727%L
(i3 Third Reol+«Tubs

tw=60.945 -0.8171%w+1.3348%ti+0.0666%P+20.105%L
(&ii) Fourth row tube '

tw=61.274 -0.9072%w+1.3561%ti+0.0636%P+21.3613%L

For the determination of weighted condensing heat

transfer coefficient for short tubes in second-,

thirxd-, and fourth- rows , based on the present
experimental data, the following empirical
correlation is recommended within a maximum

deviation of +10%.

_______ = no.83 - (n-1)0.83

It is further recommended that hi, wt can be calcu-
lated from Mikheyev’s correlation. The predicted

values from the correlation deviate from experi-
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mental values of hi,wt within a maximum range of
-18% to 10% only. Now with the values of hi, wt
from Mikheyev’'s correlation , a design engineer
can calculate hwt for the tubes lying in second-
third-, and fourth -rows using above correlation.
3. It is also found that the predictions from Kern’s
correlation and the experimental values of
weighted condensing heat transfer coefficient of
the present investigation agree excellently
within a negligible deviation. The values due to
Grant & Osment ,and Short & Brown are always
greater than those of present investigation within
a maximum deviation of 5%. This, of course,is in
conformity with the observations of Butterworth.
Furthér s is to underline that the predicted
values from the correlation due to Withers and
Young differ from the present experimentél values
within -16.8 % . The maximum deviation between
the predictions frbm the correlation of Young et
al and experimental value 1is within 18.3%
Correlation due to Jakob underpredicts the values
with a maximum deviation of -18.3%
It may be emphasized that the predictions from the correlations
due to Jakob , and Withers and Young are the most conservative.
The observation that Jakog’s correlation is a conservative one is

in conformity with the findings reported by Marto.
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CHAPTER 7

RECOMMENDATIONS FOR FUTURE STUDIES

For the furtherance of knowledge in the area of conden-
sation of vapours including steam on the bundle of horizontal

short tube condensers the following recommendations are made

1.°In wview o0f the wide applications of condensers in

process industries employing condensation of vapours
of organic liquids, ol shall be of rraetical
importance if the investigation be also carried out

for the condensation of organic vapours in order to
provide circumferential and longitudinal temperature
distribution of +tubes in different rows of the
bundle for the design of short tube condensers. Such
data shall also help in obtaining a more generalized
correlation for the average cifcumferential wall

temperature of the condenser tubes.

2. It shall. be of yet another practical importance and
immediate_ application if the experimental data for
the circumferential and longitudinal temperature
distributions of the short tube condenser, during
condensation of vapours, are also obtained for the
bundles having their tubes oﬁ a +triangular/square

pitch as practiced in' industrial condensers.



Experiments should be conducted to colle@E data for the
condensation of steam and other organic vapours on
bundles of tubes of different diameters. ThiS shéll
provide the effect of tube diameter on condensing heat

transfer coefficients.
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TABLE-A.1 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, x , cooling
no. position water exit
; 1 & 3 4 LEIIP = .
top b2 50 9408 E16eaEe 117 1
first side LOZ, 468" 10477665 TOTSB4E 410 .30 a2 82
bottom ggd .88 &6 270 88:.12 10Z.186
top 209588 1M=l=mB6 R118 34 114,54
second side: 201.38 104000 106.36 U8, 14 3218
bottom 92.56 Sbe 14 g8._ 70 "10#. 72
top M85 100.54 ° 1111 Sl Bi-12 "94
third side 100.74 103.20 106.00 "107.96 31568
bottom 82,2 25,66 98 %, 1U1.5b
top 104.90 107.12 109.14 110.98
fourth side 99 . 68 #0262 | 185.005 10m 34 .54
bottom B1f 72 94.83 of SR 101 .80
average steam bulk temperature = 129.82 °C run ey 1
condensate temperature F 129,68 6
cooling water inlet temperature = 23.90 °C
condensate flow rate = 0.80 lpm
cooling water flow rate St 1] 6 Blpa heat loss =~ 5%

TABLE-A.?2 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, x cooling
no. position water exit
i 2 3 4 temp., °C
- top 111.790 okl ¥ a8 - W5 .40 LI .50
first side 101.34 103.78 106.36 108,38 31.80
bottom 92.56 95.40 97.92% 100848
top BOS. 34  “jummmEre 112 43850 384
second side LB 0B 0g n o0 Sl S BB 2 B6" 1078768 31.09
bottom gt 58 95.08 97.48 100.33
top 07 28 108=42 =TH.64% 1711.68
third side 100.00 102.72 104.74 106.32 30.63
bottom 91.12 94.68 97.00 100.04
top 104.54 106.70 108.54 110.04
fourth side 992 104,78 103162 . 105.68 30,27
bottom 90- 55 94.18 96.66 99.75
aQerage steam bulk temperature = 129.83 °C raninoc. 2
condensate temperature =L YRTed . o :
cooling water inlet temperature = 24.09 °C
condensate flow rate = 082 1 pm ,
cooling water flow rate = EESaa Al i heat loss =~ 6%



TABLE-A.3 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross—-section, x cooling
no. position water exit
1 2 3 4 temp.,°C
top 112 M6 GRS B M s 2y A S 105 7 LR 51l Tl P o 0 L)
first side 100.40 103.18 105.00 106.96 309, 85
bottom 2 N 94.14 96.45 99. 30
top FOT74950 108805 J11D .88 112.06
second side 99095 101m85 103. %2 MY, 16 30.24
bottom 90.10 93. 35 96.02 98. 26
top 28BS 108,10 TOS edrs 10 "3
third side 98 .56 101..25 =02 95 5§04 .50 29.83
bottom 89.54 92.92 g95.34 97.34
top 1030 74 "S105. 88" 1O%. 361" TRY .04
fourth side 98 20 L0 =40 N2 . 51y 10%; 34 29 .46
bottom 89.08 e 94 .66 96.65
average steam bulk temperature = 129.85 °C run nos 3
condensate temperature = 1Ag g O et O
cooling water inlet temperature = 24.02 °C
condensate flow rate = 0.7  lpm
cooling water flow rate =t . 8 §lEm heat loss =~ 2%

TABLE-A. 4 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, x cooling
no. position water exit
1 2 9 4 temp., °C
top 109.95 111.74 113.22 114.30 '
first side 98..6806. Tl 0 E03.33 JHO05. 0 30.24
bottom 89.54 92.85 95. 58 97.05
top 5Q7 . 23" N OBmEE™ 110 168 Bdal 1 . 05
second side 98 J06,.. 100 .50 = d@# "6 103982 283.66
bottom 88T 5 918. 56 93.80 95. 96
top 105502, 1028 H¥08.66 %0926
third side 978 43 §9 .54 10k 102.36 AT &)
bottom 88.24 ] Spp IS =Bdls R5.6H
top 102:.34" 104.45 _166.96  107.35
fourth side 96.17 (2 X2 I B o S (0 (OS2 B 6 1 s S 5 29.11
bottom 88.03 91.06 93.34 5 TS
average steam bulk temperature = 129.87 °C _ yun ho. 4
condensate temperature Sl da T 2 ]
cooling water inlet temperature = 23.890 °C
condensate flow rate = 0.87 lpm
cooling water flow rate = Sl P heat loss = 9%



TABLE-A.5 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES
row thermocouple cross—section, X cooling
no. position water exit
1 2 B temp. , 20
top 1489 118 HES RhALEdE 148 .80
farst side Lo, 48> 103 85 . %43 Les10 BRNE S
bottom 92.91 896.11 onati ST~ 0 s
top ROBR77l YIi056 Jilp.o@ 113,79
second side 1005 102525  1@4. 90 #@g.35 3o 8h
bottom 92.156 6585 97 . 60mm 1 08" 15
top %0688 108 .86- "1HLGN EGE111"80
third side 100 08 ™102.29 s=b04 . 90 p" 106 . 35 o B a
bottom 91.75 94.81 97 mg2 1450.83
top 104.46 106.48 108.05 109.88
fourth side 9oeEh " IO 00 NG . 80, 105 . 9% D08 3
bottom 91.15 94 .03 gy pp2f 100587
average steam bulk temperature = 126.59 °C FON §iCmm O
condensate temperature = RS £
cooling water inlet temperature = 23.92 °C
condensate flow rate = 075 Ipm
cooling water flow rate =a_ 3 6 gr]lpat heat loss = 6%
TABLE-A.6 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES
row thermocouple cross—-section, x cooling
no. position water exit
1 2 3 temp., °C
top T10MME & 1 )¢ Oofa i 4 .°48 ~ L2 . 85
first side 10090 Y0 2875, R1LOb. 16 S0 E16 3092
bottom 92.16 95.14 97. 40~ 1085
top 107 . 95" 0881111 . 0§ &"12. 95
second side gargs. 102,51 0BT EE™ 10831 SO0
bottom 91.58 94 .75 97.06 99.76
top 106=84 107 86 wik9. 82 W10, 58
third side g8d.61 020007y 108 105.37 29.98
bottom e 94.15 96.686 99.55
top 10271 185.76 140%.94 LO08.4B
fourth side 98.98 101.39 102.90 104.62 28.56
bottom 90.55 93 .55 96.48 99. 35
average steam bulk temperature = 126.61 °C ran fg. D
condensate temperature = 172 S R B
cooling water inlet temperature = 23.80 °C
condensate flow rate = 0.80 lpm
cooling water flow rate = 0 L8R i heat loss =~ 8%



TABLE-A.7 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

YOW thermocouple cross—-section, X cooling
no. position water exit
1 2 & 4 temp., °C
top 169.86 111.68 -133.51° 114.76
first side g9 .75 102.%5 -193.85 10H.90 13002
bottom 91.05 93.88 96.06 99.02
top 7 25l 106mi's B1CH 320 112.16
second side 98.65. 100s96 102.75 104,86 29.63
bottom SQg2E 92.98 95.386 97875
top 185 38 107.25 108.78 4 109.065
third side 98.08 100.36 102.15 r103.41 29.29
bottom 89.48 92.52 94 .81 96.90
top 102.74 104,66 106k11 167.45
fourth side 97.16 88 "46-" 19T . 36 g 103 10 D=3 7
bottom 88.92 AR 94 .31 96.66
average steam bulk temperature = 12 6mE A u K FUT: O T
condensate temperature 2126 43 &8y
cooling water inlet temperature = 23'180g: €
condensate flow rate = 0.75 lpm
cooling water flow rate =he1"5" "1 BLTID heat loss = 3%

TABLE-A.8 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, X cooling
no. position water exit
= 2 3 4 temp., °C
top 108 B "1 038" MT1.51 133.44
side g5 100071 %02.25 JMU39E BOL12
bottom 88.76 92 .15 94 .56 896.06
top 106.38 108735 109.40 11.184
second side 97.06 99.46 100.68 102.00 29.75
bottom 91.58 95.08 9% 48 10Q,.38
top 10498 160632 #1087 . 76 ™UB.39
third side 96. 56 98.91 100.38 101.75 29.41
bottom 86.98 90.25 92.52 94 .55
top 100.65 102.99 104.45 -10b.55
fourth side 94.75 97.58 99.30 100.64 29.16
bottom 86.35 89.55 92.16 93.56
average steam bulk temperature = Zaiaay ™ =G run no. 8
condensate temperature =228, 4%F.  =C
cooling water inlet temperature = i e I L &
condensate flow rate = 0.80 lpm
cooling water flow rate =) ETE e L heat loss = 6%



TABLE-A.9 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, Xx cooling
no. position ' water exit
1 2 3 : 4 temp., °C
top 107.86 106.83 112.37 114,09
first side g8 11 101799 ~108.80 " 10610 3t 4,69
bottom 91.40 94.18 96.95 99. 36
top NG00 10R=l8 H1LE.58" 112.80
second side 08 ™0 10035 102.79p . YOH. 86 31.00
bottom 90.94 93.33 96.55 99:09
top To8-"75 106.38 107 E110 TS
third side 97.35 99.500 hmeQl. 65% pAfls. 76 30 .68
“mt otk G 90.55 92.96 96 &b 98.99
top 1030 19 "A85. 58 1071 56; 19QB.BE
fourth side 96.98 go.68" 108 .76 . 102, 78 N0
bottom 90.35 g2.68 95.96 98 .86
average steam bulk temperature = 11969 = 95 tn Bome 9
condensate temperature 2 LIRS Bt
cooling water inlet temperature = PAR 1708w
condensate flow rate = 0.65 lpm
cooling water flow rate e 1T . 8 §lpm heat loss =~ 5%

TABLE-A.10 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

oW thermocouple cross—section, x cooling
nol position water exit
i z 3 4 temp., °C
_ kap 10606 " 09 8" R0 .73 135,08
first side 98.55 100.56 103.06 .104.56 30.41
bottom 90.52 93.29 95. 58 98. 38
top 105.56 VhomdZ™ 108 961 " &l1l.31
second side 98.19 g9 95 = sl "G 10 3882 29.93
bottom 89.81 92.85 95.05 98.05
top 103.00 105.89 107.36 109.76
third side 97.13 69 M5 T 10440 102.36 29.61
bottom 89 .45 92.14 94.55 F1ES
top 10178 104 38 10678 107.38
fourth side 96.54 g8.32° 1L00-31- 101.35 29.26
bottom 88.95 91.71 94 .38 Q7 35
average steam bulk temperature = 118672, 70 run no. 10
condensate temperature e S B e
cooling water inlet temperature = 28518 00
condensate flow rate = 0.63 lpm
cooling water flow rate (TS I B S 1 oY} heat loss = 2%
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TABLE-A.11 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross—-section, x cooling
no. position ‘ water exit
1 2 | 4 temp.,°C
top 105,75 VORS00, 88 SE2 30
first side 96.75 99 35, MOL.0Z To3:02 29.61
bottom 88.50 31 bk 93.78 96. 38
' top 103048 100718 Wiy 48 %G9, 31
second side 96.13 98964 100. ¥ _w10m 75 29- 16
bottom Bz 15 90. 45 #8507 95.80
top 10] . 56 b33, 106" 1B 07 . 76
third side 95.54 BT S 99.36 100.74 28.87
bottom 86 .86 90.03 92.5% 96 . e
top 99765 TO R 96 » 0dl. 03° 176 . 86
fourth side 94.53 96.40 98.565 99.15 26 .82
bottom 86.55 89.463  91.956 94 .25
average steam bulk temperature = 119.568 °C run MeuR11
condensate temperature E 1958 D R YR
cooling water inlet temperature = 23.92 °C
condensate flow rate = 0.67 lpm
cooling water flow rate ==15.8 Flgh heat loss =~ 4%

TABLE-A.12 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, X cooling
no. position water exit
1 2 3 4 temp., °C
top 104 .78 NEQOS @86 F1'08.36- &0 62
first side 895.50 98 206 99 35 .71 0 lg. i 20 43
bottom 86.51 B o 91.95 94.52
top 102.16 104.00 104.89 106.58
second side 94 .58 97 518 SELTH 108 30 29.02
bottom 86.58 88.51 91.12 94 .06
top 1008159 12851 B164.48 105.80
third side 93.56 B5 .05 97785 99.06 28.74
bottom 84.65 (O 90.51 93,16
top 9%, 82 EHeONGT JROHT2 3 S HORL 58
fourth side 92.15 94.39 96.53 96.96 28 87
bottom 83.62 86.52 89.47 91.18
average steam bulk temperature = 119.62 °C w-Xafiino. 12
condensate temperature = ST de. . C
cooling water inlet temperature = 23.82 °C
condensate flow rate = 0.74 lpm
cooling water flow rate E sl ilvem heat loss =~ 8% °



TABLE-A.13 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross—-section, x cooling
no. position : water exit
1 2 3 4 temp., °C
top 101,985 108,00 105.%4 106,982
tirst side 93.68 95.58b o7 86 LOTL3H o e AT
bottom 88.52 91.95 94 .65 97 .45
top 90 Bl 10%msfo BLOA 14 106.35
second side 83 .26 95.02 96.64 100.16 29.73
bottom 87.88 90 .84 938 72 96582
top 99.01 100.25 102.06- 105.08
third side 92.88 94 .66 96.06 89.90 29.38
bottom 87.54 90.35 93.41 96.35
top 98.50 99.78 101.48 104.36
fourth side 92.38 94.086 95.42 98.61 28.99
bottom 87.01 89.93 93.00 95.90
average steam bulk temperature = 110.71 b Yun el 3
condensate temperature = 1730, fis. =
cooling water inlet temperature = 23.92 °C
condensate flow rate = 0.53 lpm
cooling water flow rate ==}l .6, Blpm heat loss = 3

TABLE-A.14 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross-section, X cooling
no. position water exit
i 2 5 4 temphgs °C
- top 100 .66 GE02Jas F04.38 166,48
first side 92.76 95.04 97.08 98.:r37 29.26
bottom 87.01 89.96 92.58 95.86
top g8. 34 “Formgg’ 102808 505 . 34
second side 92.53 94 .58 96.25 97.92 218}, i
bottom 86.83 89.51 92.06 94.88
top 97.80 99.55 100.69 104.44
third side 92.00 94.08 95.66 T 32 2868
bottom 86.22 88.97 91.44 93.93
top (€ R et o2 98.68 99.89 103.28
fourth side 91.42 93.25 94 .68 97.86 2838
bottom 85.53 88.61 90.81 92.71
average steam bulk temperature = 110.69 °G run no. 14
condensate temperature = LlEQudids - 20
cooling water inlet temperature = 23.87 °C
condensate flow rate = 0.57 lpm
cooling water flow rate =l HB=E0 P heat loss =~ 8%



TABLE-A.15 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

row thermocouple cross—-section, X cooling
no. position water exit
1 2 8 4 temp., °C
top 99568 A0dGE8 il 0. 165 28
first side 91.11 23,09 g8,.356 96.71 26,82
bottom 84.87 838 89.38 91.02
top o6k, 75 899 .89 R1OC™E. 104.22
second side 90.32 92.56 94 .24 &5 . 72 28.47
bottom 83.84 86.82 88.75 90.12
top 96.02 97.88 g9 2% = 103507
third side 89.42 91.88 93.56 94 .56 28.28
bottom 8. 11 85.86 gomel 5 89.57
top 95,27 97.03 98 18. w01 . Bl
fourth side 89.02 90.96 95 .56 98 .75 28.06
bottom 82822 85.48 87.58 88.98
average steam bulk temperature = 110.70 °C »n Bo. 15
condensate temperature = EEO%E g B T
cooling water inlet temperature = 23.81 °C
condensate flow rate = 0.59 l1lpm
cooling water flow rate — T (RS heat loss = 4%

TABLE-A.16 CORRECTED WALL TEMPERATURES OF CONDENSER TUBES

rOwW thermocouple cross—section, X cooling
no. position water exit
1 . 3 4 temp., °C
top 97 B8E " 1008 08 N2 "97="10%. 1,8
first ® sdéde BS 56 91.78 (s P 94.98 28.84
bottom 81.85 84.62 BB (8 88.86
top 95.46 98.26 109.40 11.184
second side 88.15 90. 34 92.36 84 =86 28.62
bottom BREZ2 ) 8.8 85.26 8% . 55
top 94 .44 96.58 98.00 "HOZ.18
third side 87.57 89.88 91.48 92.86 28.42
bottom 80.06 B3 .34 84 .88 Enaias)
top 93.68 95.27 96.66 100.68
fourth side 86.45 88.65 90.32 91.45 28.25
bottom 79.08 82.50 84.28 86.25
average steam bulk temperature = 110.73 °C run no. 16
condensate temperature S+ 0,4  °C =
cooling water inlet temperature = 24.03 °C
condensate flow rate = 0.65 lpm
cooling water flow rate 5 LT e heat loss = 7%



APPENDIX B

SAMPLE CALCUiATION
The calculations shown in this Appendix has been
performed with the help of :DEC—2050 main frame computer at
computer centre , University of Rorrkee, Roorkee . The necessary
computer programme in Fortran-IV language is given in Appendix C.
B.0 DIMENSIONS OF THE CONDENSING TUBE
. outside diameter, do = 0.0288 m

0.0250 m

inside diameter ,di

length , L 0.341 m

11

B.1 HEAT TRANSFER AREA OF THE CONDENSING TUBE

skl |

outside surface area , Ao
: 0.0308529 sgq.m

w di.k
0.026768 sqg.m

inside surface area ,Ai

B.2 COOLING WATER TEMPERATURE PROFILE ALONG THE LENGTH OF THE
CONDENSER TUBE
In the present investigation , temperature profile of
the cooling water along the length of the condenser tube has not
been measured for reasons explained in Section 5.1 .Therefore, an
iterative procedure, detailed below , was employed to develop it.
The length of the condenser tube is considered to be
devided in four segments, designated by symbol s( =I,II,III and
1V). The method of division of the length into various isothermal
segments is depicted clearly in Fig 3.4 (a).
| Following step-wise procedure is used to calculate
temperature of cooling water ,to,s , at the end of a given

segment



step-1 A value of to,s is considered based on the assumption
that the temperaiure il cooling water rises
linearly along the length of the tube.
step—2 Heat pickedup by cooling water in a given segment ,Qs
is calculated by the following equation
Qs = -mdl Bokay B Ba ) S0 R
step—3 Using experimentally determined valu of two,s the valu
of twi,s is calculated by the following eguation
twi,s = twols + Q5/(2xskwkhs) In(do/di)g..m(B.2)
step-4 The- value of  hia,s , an value of average water side
heat transfer coefficient from leading edge to the
segment 1in question, 1is determined from following

equation

hia,s = 0.021 Re0.8 Pro.43 (Pr/Prw)0.25€s k/di
R -G8

The value of Re,Pr and k in Egq. (B.3) , are determined

corresponding to the mean temperature
, TRt P Rto, 5 ) /2 38 Wrereas Prw is calculated at
tempreature , twi,s.

step-5 Heat transfer coefficient based on inside surface
area,Ui,s "is calculated by the following equation:
1/0i,8 = 1/8&, 8 +,d1/028kw )t 1 dag¥di) P

step-6 Substitution of Ui,s and mc in the following equation
provides new value of temperature,t’o,s:

(ti(mec-Ui, s*Ai,s/2) +Ui, s *XAi, s *two,s)

SR

{mc + Ui,s*Ai,s/2)
e e

step—-7 Deviation between to,s and t%'o,s [ :lto,s—t’o,s' ) is

-



calculated

step—8 If the deviation | to,s “tieim] ¥ ¢.0% , Step-1 to T ars
repeated using t’o,s as the new value of to,s till
deviation becomes < 0.01

step-9 Calculation for the next 'segment is carried out
as ‘given below
() Valuafd® hi(hiwres) for the region comprising of the
segment n question and that preceding'’ one 1is
calculated using Step 1 to 4.
(1i)Heat .transfer coefficient ,hi,s , for the segment
in guestion is obtained by the following equation

hia,s*1 .. g dest - hia, s;LeSs
LR, i1 = 0 40B. b))

(3ii) =Etep 5 tox" Ul pAre reperated to gety the desire

convergence.
step—-10 Step 9 is repeated for other segments

e demonstrate the above  procedure of
calculation ,Run No. 13 of Table A-13,as reproduced

below , is selected.

Atmospheric pressure(at Roorkee, India) 735 mm of Hg.

Flow rate of cooling water = 44 Bl bha

Steam pressure = 146.75 kPa
Steam temperature =3 5 1 P o el T
Inlet temperature of cooling water =2 128 ARk P
OQutlet temperature of cooling water = B0, 24 %G

wall temperature at the top-,side-, and

bottom-positions of top-row tube 1in various segments are as

B-3



follows

Wall . temperature(s) ,°C

segment No. top side bottom
N 101.05 §3.68 G8.5E
1 LO8: 50 SR 55 21. 856
IT1 105.34 87.86 Sa G5
i 106.92 1017 39 97.45
step-1 :. Temperature of cooling water at the end of segment-I is:

. 1 F01 B De's Gtgme="3 ) /s

H

Aoro 2% 8. 0T1(30. 2222308 A0 4 1

g 23 * C
step-2: Heat picked by cooling water in segment -1 is
QI = mebon . =14 )
Valﬁes of specific heat ,Cp and density , P are
determined corresponding to the mean temperature of to,1 and ti.
nenp temperatures= il = 5 (@3 H23092)0 =24757 @
Density and specific heat of water at 24.58 °C are
994.98 kg/m3 and 4.1829 kd/kg °C.

Substituting the above values in Egq. B.1

Q = 1%T.6"* 894, 98%4.1829%(25.23-23.82)/60
= 1054.04 W
step-3: Average temperature of cooling water side wall is

determined from Eq. B-2. The average temperature of wall
in a given segment is calculate by:
Ttwa,8 = 1/3(two,top * two,sidg + two,bottomn) P

twa, 1 = 3/3f 101.06 + B3B8 +86.02) = B4.42 "C

B-4



Similarly twg,ll = §FL00 *C , wearr = 9. 28X0%E and

eV = A0Sy YO

Substiotuting the above values in Eq. B.2

two,1 =94.42 - 1054.04 ln(0.028840.0250)/(2n16.432%0.071)

= 74.048 °C

Thes, vdlue_ ofy " thermall conductivity €f the material of

tube has been taken from Perry et. al(63).

step-4 : Physical prcperties of cooling water at mean temperature

of 24.58 are

p

A
Cpl= 48P 0 R /Ke’ O

2442 .83 kJ/kg k= 0088852 W/ m°C

velocity of water = 11.6%4%10-3/(n*0.0252%60)

= 0.3938 m/s

994.98 kg/md pep="806_2116 10-9 Nais

Re = 0.0250%0.3938%994.98%10% /806.2116 = 10,808.1

Pry = #.1828%x10%%806. 2116%10-6 /0~ 60850 = 8. 2284

The value of Prw is calculated at the +temperature

twi, 1 (=78 C) . A5 this temperature the required physical

properties of cooling water are
Cp = 4.1898 kJ/kztl i = 385.72%10-86Ns/m2
k= 0,00 LA SN me s

Prw = 4.1898%103%385.72%10-6/0.67012 = 2.4116

Substituting the values of Re,Pr,Prw,k,di and €1 in Eq.

value of e e is
hia,s=0.021(10809)0-8(6.2284)0. 423 (5.2284/2.4116)90. 25x%

x1.4286%0.60859/0.0250

B i



= 3417.48 W/m2°C
The value of €1 has been taken from Table 2.1.
step-5: Heat transfer coefficient based on inside surface area

Ui,1 1s obtained from Eq. B.4.

1 Als 1 = 1/3407 . 48zm 0.025/(2%16.435)1n(0.0288/0.0250)
Ui,1 = 2498.2 W/m2°C |
step-6: Temperature i SR 1 is' calculated by the Eq. 3.5

where mc ='11.6%994.945%4.1782/60 = 803.70 kJ/°C
and Ui, I'*%Ai /T = 2498.2%mx0.025%0.071 = 13.931 W/°C
Substituting the value of me and Ui, 1% Ai,1 in Bg="®.5

the value of t’0,1 comes out to be

23,92(803.7-13.931/2)+ 13.931%94.42

40, §
(QQ38 T s+ 1310031 A2

=Bl 125 °C
step-7: Deviation in the assumed and calculated value of €0 T
deviation = L"23, 28-26.114| = 0, M5% 0,01 o.C
step-8: Calculations are made from step-1 to step-7 using the
next trial value of to,1 as 25.114 °C. The results are

as follows:

Twi 0 = 750334 °C T@r 2 971+68"W; hia,F = 3450.4 W/m2°C

Ui,1 = 2504.46 W/m2°C ; t’0,1 257130 °G;
hi,1=3450.4 W/m2°C
Deviation = | 25.114-25.130)= 0.005 < 0.01

step-9: Calculation for hia,11 in the region comprising both the
segments I and II are made in a similar manner as for

segment I. The details are as follows

(1) Mean temperature of wall of the segment I + II is



(11)

(ded)

two, 1 +#11

two, I %L1 + two,11L2

B, + kb2

(B4.42%0 D71 + 97 .0%D.10)/0.171 =85.928 °D

Heat picked, QI+I{ up by cooling water in segment I and
IT is calculated- based on physical properties of
coolingnwater at Lol 1 1= (Lid#to,1+11 2]

toll +11 AP + (JleddnBded2) k0. TPLF0L 341 ET7.077 °C
Py s il properties of cooling water at this

temperature are:

Pac 909 .48 5 Cp=4.18141 ; u = 891.57 ; k =0.60984
Q+11 = 11.6%994.48%4.1814%(27.079-23.92)/860

= 2540.5 W
Mean temperature of wEll , Fted .11 l - in_ both

segments(I+II) can be calculated by Eq. . B.2 as:

2540 .5%1In(0.0288/0.025)
Pgaie 180 1 =Y O0s ~

2%x*16.435%0.071
=75.5T7 °C

The value of hia,11 is calculate using Eq. A.3

tiaji1 S URE2 . i/pe °C

Value of water side heat transfer coefficient hia,I1
for segment II is given by Eq. R.6

hi,11 = (3192"F%0 BT W - B488 497 071)/(0.171-0.071)

= 3008.7 W/m2 °C

Steps 5 to 7 are repeated to get Ui,11 and t’o,11 and
the deviation. These are
.31 =a2888 BavNmel f B2 fter11 <—z26.v0E 20

Deviation = |26.702 -27.077| = 0.375 > 0.01

BT



Calculations are repeated from step 2 to 9 using to,11
as 28. 702 °*C. Results of zll tha iterationa made for
segment 2 are given in Table-B.Z2.

Table B.2 Results of iterations fer segment II

( Iteration(s) #
Parameter(s) i
| : : &
1 b
to , 47 g a7 26.702 28, 728
two, 1 +11 95.93 B89 95.93
Q1 +11 2540 A o) 2253
twi, I+11 B 57 T 1= 5% T
hia, 17 3182 3219 3217
hi, 11 3009 3055 30562
Ui, 11 2263 2289 2288
s = 26.702 26.720 28.719
Deviation 0.375 @1 0#°8 0.001
step-10: Calculation for segments 3 and 4 are made in the same

manner as for segment 2. The final values of variables
for different segments are given in Table B.3.

Table B.3 Values "of different variables for various segments

] segment(s)

Parameter(s)
{ 1 P =) 4 )
te. 8 AT AN | 26.675 2E. 145 29.108
Qs 971.5 TATH 3 120 .0 786.7
Qe , s 971.5 2248 .8 3349.8 4236.5
hi, s - 3450 30562 2772 2482
>Qs=4236.5W

B~8



* based on indivedual length of a segment since length of various
segment on condensing tube are different (0.071,0.1,0.1,and 0.07
m), heat picked up by cooling water Qs do not show any particuler
trend. However, based on the normalised length of L/d ,they
represent a décreasing trend in conformity to the variation of
to, s

B.3. HEAT.PICKED UP BY COOLING WATER IN TOP ROW TUBE

Average temperature of cooling water = ¥%(ti +to)

(23.92430.22)

2
= 293071°0
Density and heat capacity of water correspondong to 26.97°C are
994.399 kg/m3 and 4.1782 kJ/kg°C respectively.
Heat picked up by cooling water = Vpc(to-ti)

=11.6%084 3093%4 F1782(30. 22-23. 92780

S D
B.4 HEAT PICKED-UP BY COOLING WATER IN VARIOUS SEGMENTS OF TOP

ROW TUBE
The ‘calculated value of heat picked -up by cooling

water is 824( =5060.5-4236.5) W less than- that observed
experimentally. Theé&ore, the balance o0f 824 W is distributed

amongst the segments based on the calculated value of Qs by them.

The final values of Q8! are

Q'r = 9715 + 971.5%0824/4288.5 = 1160.40 W
Q'11 = 1277.83 + 1277.3%824/4236.5 = 1625.73 W
Q’111 = 1201.0 + 1201.0%B24/4236.5 = 1434.59 W

Q1v 786.7 + 786.7%824/4236.5 = 939.71 W

i

Z2Q’s = 5060.5 W



B.5 ESTIMATION OF CONDENSING HEAT TRANSFER COEFFICIENT, ho
Value of condensing heat transfer coefficient at a
given circumferential positon of a given segment, hos, position 1S

calculated by
Qs

hos, pogi ti opme=
ndobs (tv-tws, position)

Where subscript, position! represents the top-, the side-,

and the bottom- region on the condenser tube.

hotl, top P60 8 /(nk0 . 0288x0071(1107%1-101.85)7

18700.3 W/m2°C

hol .58%ge = 1160.%95/(xr0.0288%0.071 (AP0 715937368 )3

10607 W/m2°C
hot, botlt om batl 160 "45/ (%0  BIBB %0  O7 1V 110 1-88.92))
=8140.86 W/m2°C
Values of condensing heat transfer coefficients for other
segments at) the +top-, the side-, and the'bottom-regions of [the
tube are calculated in the same manner and tabulated below

Table B.4 Heat Transfer Coefficient In Various Segments

pesition Heat Transfer Coefficient, W/m2°C
Segment
I i 13 iR IV
top 18700 23328 29421 39023
side 10607 11098 12301 15813
bottom 8141 8969 9843 11164
The average value of condensing heat transfer

coefficient for a given segment is given by

B-10



ho,s = 1/3[hos,top+thos,side+hos, bottom]

Bo,l = 1 /30Rg T % 10607"+ Bld1) = 128482 .8 W/m2>0
Similarly

Eo,ll z 1 /8[ 28828 1 +11088 . 6+8063.4) = 144683.3 W/ m2°C

ho,111 = 1/3[29487.8 + 112301.95+9843. 5= 17188.7 W/m2°C

1/3[39023.8+156813.4+11164.1] =22000.4 W/m2°C

“ho,IV
Weighted valuwe " of heat transfer coefficient for the whole

tube is’calculated as

= ho, 1 *Li +ho, 11 %L1 1 +ho,,111 %Li11 +ho, 1v*L1 v
hwt

1

( Lig+Br a ™k 19 +51 538)

(12482.6%0.071+14465.3%0.1+17188.7%0.1+22000.4%0.07)

0.67+0. 1+0" 1+0: OF

13697.9 W/m2°C

1

B.6 WEIGHTED HEAT TRANSFER COEFFICIENT PREDICTED BY EARLIER
INVESTIGATORS
Weighted condensing heat transfer coefficient for the
first row tube at pressure 146.75 kPa and cooling water flow rate
of 11.6 1lpm has been calculated by wusing models of Nusselt
(Eq.2.2), Mikheyev (Eq.2.27), Othmer and Berman(Eq.2.7), Peck and
Raddie (Eq.2.10), Bromeley(Eqg.2.18), Rohsenow(Eq.2.20), Chen(Egqg.
2.25), Henderson(Eq.2.26), and White (Eq.2.21) for comparison
with experimentally obtained value.
Weighted wall temperature, twt

two, I %L1 + two,11XLII +two, 111 XLIT1I +two, 1 VvkLivV

twt =
L k. #largs + L3V

B=11L



=(94.42%0.071+97.%0.1+89.28%0.1+101.90%0.07)/0.341

I

g8.14 "G

Physical properties of water at 98.14 °C are

1]

It 287.78E-06 Ns/m2 . p =959 fE2gkg/m?

2261.7 kJ/kg Cp ™3 2183 kJ/E@'C fk &ab.68243 W/m°C
Prw = (Cpu/kise= H. 48
Film temperatute =.(98.14 + 110.71)72 = 104.43 °C

p = 270.98E-06 Ns/m? o) = 956.14 kg/md

= @S O W/ kg k 0.68348 W/m°C Cp =4.22561 kJ/kg°’C

v =omG0i85=kay/mS ; O 57.9898E-03 N/m
Pr =( 270.98E-06%4.22561E 03)/0.68348 = 1.675

(0.683483%956.142%9.81%2245.0)

hiwswelt = £ .725
270.98E-06%0.0288%(110.71-98.14)

= 1189%% 39 W/mE S0

hothmige =& . 1%111.3 PN /malfC

hBromliey = 11692.2 W/m2°C

hreck 1d'2 13 W/m2°C
hRohseneow =.11685.9 W/m2°C

11647 W/mz2°C

hchen
hEenderson = 15503 "W/m2°C

hwhite = 11639.3 W/m2°C

Physical properties of water at saturation temperature
LA™ &
i = 257.44E-08 Ns/m®2 ; p = 950.08 ke/mt

2228 07 ®¥J/kg ; k = 0.68520 W/m°C ; Cp =4.23418 ki/kg°C

hMi xheyev = 14818.8 W/m2°C

B=d'z2



B.7 CALCULATION OF AVERAGE AND WEIGHTED CONDENSING HEAT TRANSFER
COEFFICIENT FOR THE BUNDLE OF TUBES
The average and weighted condensing heat transfer
coefficient for second -,third-, and fourth -row tubes has been
calculated as per procedure shown for first row-tube given in
Section B.5. Thercalculated value are given in Table B.5.
Table B.5 Average | condensing heat transfer coefficient for

tube bundle

Segment (s)

L T IT1 LV
First-row tube 12482 14465 17188 22000
Second-row tube 10666 11186 13673 18099
T rd~-roi tube greb 10040 10923 14599
Fourth-row tube 8788 9046 9747 12228
he weighted condensing heat transfer coefficient for

the bundle of tubes are given below:

Weighted condensing ‘heat transfer

coefficients
First;row tube 1. 16388 gkem2 <6
Second-row tube m el Wime " C
Third -row tube 0 11178 W/ mZ§C
Fourth-row tube : 9887 W/m2°(C

B.8 CALCULATION OF hn, wt /h, wt VALUES

hi,we/ht,wt = 1.0 ; hz,wt/h1,wt = 0.B06

T, owe /B wk = 01681 ¢ he, we /s we = -0.BOS

B=13



B.9 CALCULATION OF hn,wt/h1,wt DUE TO GRANT AND OSMENT(28) AND

SHORT AND BROWN(29)
Heat picked-up by
First-row tube : 5060.5 W
Second-row tube : 4667.9 W
Third -row tube : 4391.4 W
Fourth-row tube : 4075.4 W

hi, we Fh1, wysd IS haa%t /I, wt =[({5080.5+460% 9 /4687 . F]-08233

0.8427

h3,wt/h1,wt:[(5060.5+4667.9+4391.4+4075.4)/4391.4]-0-233
=M. ELY

Similarly ha,wt /hi,wt = 0.7056

In the same way the values of hn, wt /hi, wt have been

calculated for Short and Brown’ model.

B-14
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LANGUAGE

: FORTRAN COMPUTER : DEC=2050

THIS PROGRAM PERFORMS FOLLOWING JOBS 3
(A) CONVERTS THERMOCOUPLE E,M,F. TO TEMPERATURE

CORRECTS IT CONSIDERING OFFSET VALUES, AND TABULATES
(B) IT DOES COMPLETE ANALYSIS TAKING RAW DATA AVAILABLE FROM

THE Z=80 MICROPROCESSOR UPTO FINAL RESULT

SUBROUTINES

-u-—.--—ﬂn-n—------—a---"-'-'—

1. CONV =
2. CORR 3

CONVERIS E,#,E,; TO TEMPERATURE
CORRECTS TEMPERATURES AND CALCULATES. ACTUAL
FLOW RATE OF COOLING WATER FROM CALIBRATION

DATA OF RUTAMETERS

3, TABLE #=, TABULATES THE PRIMARY DATA (RAW.DATA) FOR

4, LAGINT:

LAG
5., PROP 1
6, COMB™:
T ERET 5
B, EXER
9, AVG :
10, TABLE @

EACH RUN
USE FQR LAGRANGIAN INTERPOLATION FOR PHYSICO=

THERMAL PROPERTIES AND , DETERMINATION OF SIGHA

RETURNS PHYSICAL PROPERTY OF LIQUID AT
DEMAND TEMPERATURES TO MAIN PROGRAMME
DOES PRIMARY ANALYSIS OF DATA

DOES COMPLETE ANALYSIS OF DATA ,

‘PRIDICTS COOLING WATER TEMPERATURE PROFILE,

HEAT TRANSFER COEFFICIENT, COMPARES IT

wITH AVAILABLE CORRELATIONS AND GENERATES

PATA FILES FOR=PLOTTING

DOES ERROR AWALYSIS EOR EACH RUN

CALCULATES AVERGAE TEMPERATURES jFOR TUBE BONDLE
TABULATES! INBERMEDIATE CALCULATIONS OE EACH RUN

S K K o o KKK K KK R K K OK R ARSOK K K K R ORR K K OK R R R ROk R R R

DIMENSION EMF(70),TE(70),ECC15),AML15),CIC15Y,RN1(5),ELL(5,5)



20

33

30

51

1,F(5),RE1(12),BKD(12),CURR(?O),NTTtBJ,PPT(B,BS),PPL(8,33J
2,PACT(4,30),PSCR(4,30),NSC(4),DEL(4),X(33),Y(33),V(5),0(5)
1,CF(5),CFT(4,4),5P(4,50)
OPEN(UNIT=1,DEVICE=*DSK®,DIALOG)
READ(1,10),(EC(CI),AM(I),CI(I),I=1,11)
EC(I) EMF VALUES FOR WHICH TEMPERATURE EMF LINEAR RELATIONS
ARE GIVEN
AM(CI) ,CI(CI) ARE THE SUOPE AND INTERCERI UF THE STRAIGHT LINE
EQUATION TE(I)=EME(I)*AM(I)+CL(I)
FRC FLOWRATE'OF CONDENSATE
FC(I) FLOWRATES OF COOLANT THROUGH RGTAMETER
PR VAPOUR-PRESSURE IN"KG/SQ,CMH
N=56
READ(C1,%*), (RE1(1),1I=4,12), (BKO(CI),I=1,12), N1
READC1,¥)(RN1CI)sI=1,5)

READ(1,¥)(CEL1CT,d),J=1,5),I=1,5)

DO 20 KP=1,7

READC1,%),NT

READ(C1, %), (PPL(KP,JJ) ,JdJ=1,0T), (PPT(KP,dd) ,JJd=1,0T)
NTT(KP)=NT

CONTINUE

- READ(1,%),(CORR(JJ) ,JJ=1,56)

DO 33 ILsly4

READ(1,%), (CFT(IL,IT),1T=1,4)

pO 30 KT=1,4 -
READ(1,%),N8

READ(1,%), (PACT(KT,JJ),Jd=1,NS) pLPSCR (KIyJJ) ,JJ=1, NS)
NSC(KT)=NS :

CONTINUFE

DO 51 KK=1,4

READ(1,*),(SP(KK,K1),K1=1,48)

C=2



DO 32 KTT=1,1
DO 31 IRP=1,4
DO 52 K2=1,48
52 SP1(K2)=SP(IRP,K2)
READ(1,%),(F(I),I=1,4),FRC,PS
READ(1,%), (EMF(I),I=1,1)
60 CONTINUE
CALL CONV(N,EMF,EC,AM,CI,TE)
70 CONTINUE
DO 40 KL=1,4
40 DEL(KL)=TE(49+KL=1)=TE(54)
CALL CORRT(TE,E,CORR,PACT,PSCR,NSC,N,CF,S5P1)
DO 34 IKL=1,4
34 CF(IKL)=CFT(IRP,IKL)
TS=TE(55)
DO 50 KT=4,4
50 DEL(KT)=TE(49+KT=1)=TE(54)
PRINT 42
42 FORMAT(///10X,’ TABLE=23;CORRECTED TEMPERATURE DISTRIBUTION®)
CALL TABHE(TE,DEL)
10 FORMAT(6F10,6)
CALL COMB(TE ;CE,FRC,TS,PS,RN1,ELL,REL,BKO,PPL,PPT, NTT)
31 CONTINUE
32 CONTINUE
STOP
END
SUBROUTINE cONV(N,ENF,ECHAN,CT51E)
DIMENSION EMF(70),¥E(70),RC(15) ,AM(15),CI(L5)
DO 30 I=1,N
DO 40 J=1,11
EEMF=ENF (1)

C=3



60
40
50

70
30

EEC=EC(J)

IF (EEMF)50,50,60

IF CEEMF=EEC)70,70,40
CONTINUE

TE(IL)=

0,000

IF(EEMF.EQ,5,646)TE(55)=129,85

GO TO

TE(I)=

30
EMF(I)*AM(JI+CI(J)

CONTINUE

RETURN; END

SUBROUTINE TABLE(TE,DEL)
DIMENSION TE(709,DELT4)
IA=1;IB=2;1C=3;1D=4

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

10

20

30

10

40 J(TE(J) sJ=24,3373)

50,IA, (TE(J) ,J=25,34,3),TE(48),TE(49) ,DEL (1)
60,(TECJ) ,J=26,35,3)

10

404 (TE(D),J=36,45,3)

50,18, (TE(J) ;J=37,46,3) ,TE(46), TE(50) ,DEL(2)
60 ¢ (TE(JY =38, 44,3) ,TE(L)

10 ]

40, (TE(J),J=2,11,3)

50,1IC, (TEG) ,J=3,4243), TE¢42),IE (549 7DEL (3)
60,(TE(J) J=4,13,3)

10

40, (TE(J) ,J=14,23,3)

50,ID, (TE(J) ,J=15,21,3),TEC4T) ,2EL47) ,TE(52) ,DEL(4)

C=4



C

80

10

20

30

40
50

60

PRINT 60,(TE(J),J=16,22,3),TE(48)

PRINT 10

PRINT 80,TE(55),TE(55),TE(53),TE(54)

WRITE(10,%),(TEC(J) ,J=24,33,3)
WRITE(10,%),(TECJ),J=25,34,3)
WRITEC10,%),(TE(J),J=26,35,3)

WRITE(C10,%),(TECJ) ,J=36,45,3)
WRITE(10,%*),(TECJ),J=37,46,3)

WRITE(10,%*),(TEC(J) ,J=38,44,3) ,TEGCL)

WRITE(10,%), (TEWI)wJ=2,11,3)
WRITE(C10,%*),(TECJ),J=3,12,3)
WRITECL10,%¥) ,(TECJ) ,J%4,13,3)
WRITEC(L10,%),(TECI),J=14,23,3)
WRITE(10,%),(TEWI),J515,21,3),TE(47)
WRITE(10,%), (TEWI) ;J=16,22,3),TE(48)

FORMAT(T14, " VAPOUR TEMPERATURE DEG, C=",2(2X,F6,2)/T11
1, CONDENSATE TEMPERATURE DEG, C=°,F6,2/T11,°COOLANT

2 TEMPERATURE DEG, C=",F6.2)

FORMAT(10X,B80(’="))

FORMAT(10X,16X, “POSITION FROM LEFT<,16X, “MECHANICAL®,2X,7COO0OL
1ANT* , 4%, "TEMP" /7)
FURMAT(lOX,l?X,'l',7X,’2',71,'3',?X,'4',13X,'HAND',4X,’OUT',
18X, RISES?)

FORMAT (18X, °TOP %, 2K 4(F6,2,2X)/)

FDRMAT(lOX,'TUBE *,11,2X,"SIDE",2X,4(F6,2,2X) ,8X,E0,2;3XyF6,2,
13X,F6.27)

FORMAT(18X, “BOTM®,2X,4(F642,2X))

RETURN; END

SUBROUTINE LAGINT(X,¥,NXINT,YOUT)

THIS SUBROUTINE PERFORMS LAGRANGIAN.INTERPOLATION "WITHIN
A SET OF (X,Y) PAIRS To GIVE THE.Y. VALUE CORRESPONDING

C=5
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20

T0 XINT,THE DEGREE OF THE INTERPULATING POLYNDMIAL IS
ONE LESS THAN THE NUMBER OF POINTS SUPPLIED
PARAMETERS ARE =

X ARRAY OF VALUES OF THE INDEPENDENT VARIABLE
Y ARRAY OF FUNCTION VALUES CORRESPONDING TO X
N NUMBER OF POINTS

XINT THE X=VALUE FOR WHICH ESTIMATE-OF,Y IS DESIRED
YOUT THE Y~VALUE RETURNED T0 _CALLER

DIMENSION X(33),Y(33)

YOUT=0,0

DO 20 I=1,N

TERM=Y(T)

DO 10 J=1,N

IF(1,EQ,J) 60 TO 10

TERM=TERME(XINT=X (J) )/ (X(I)=X(J))

CONTINUE

YOUT=YQUT+TERM

CONTINUE

RETURHN

END

SUBROUTINE PROP(XINT,YOT,PPL,PPT,NTT)

DIMENSION X(33),Y(33),Y0T(8),PPL(8,33),PPT(8,33),NTT(8)
XINT THE X=VALUE FOR WAICH ESTIMATE OF ¥ IS DESIRED
YOT(1) |, VISCOSETY NS/M¥%2 X 10¥%6
YOT(2) LIQUID DENSITY KG/M¥%3
YOT(3) LATENT HEAT KJ/KG,

YOT(4) SURFACE TENSION. N/M “X.10%%3
YOT(5) THERMAL C€ONDUCTIVITY W/M.K
YOT(6) SPECIFIC HEAT KJ/KG,K
YOT(7) VAPOUR DENSTTY KG/N¥%3
YOT(8) VAPOR PRESSURE KN/M*%2

C=b6



‘4

va

10

10

30

po 10 I1=1,7
NL=NTT(I)
PO 20 KL=1,NL
Y(KL)=PPL(I,KL)
X(KL)=PPT(I,KL)
CONTINUE
CALL LAGINT(X,Y,NL,XINT,YO)
YOT(I)=YO '
CONTINUE
PRINT *, (YOT(I),I=1,7)
RETURN
END
SUBROUTINE CORRTCTEMP,F,CORR,PACT,PSCR,NSC,NL,CF,501)
DIMENSION TEMP(70Y,CTEMP(70),CORR(T0),F(5),CF(5),ACTU(30)
1,PACT(4,30),PSCR(4,30),NSC(4),SCR(30)
TEMP » . TEMPERATURE READ BY THERMOCOUPLE
CTEME. CORRECTED TEMPERATURE
CORR DOFF SET VALUES FOR EACH THERMOCOUPLE
F,SCR FLOW RATE READ BY ROTAMETERS
CF,ACTU CORRECTED FLOWRATES
DO 10 I=1,56
RP1=0,0
IF(I.LE.48)RP1=1,5
CTEMP (I)STEMP(TI)+CORR (1)
CONTINUE
DO 30 J=1,Ni
TEMP (J)=CTEMP(J)

RETURN

END

SUBROUTINE COMP(TE,F,FRC,TS,PS7RN1,EL],REL1VBKO,PPLTPPT,NIT)
FRC CONDENSATE FLOW RATE LPM

C=Y



|43

5 VAPOUR TEMPERATURE DEG, C

PS VAPOUR PRESSURE KN/SQ,M

QcId HEAT PICKED UP BY COOLANT
HICK3) HEAT TRANSFER COEFFICIENT W/S5G,M,K
D1 INSIDE DIAMETER OF TUBE

DO QUTSIDE DIAMETER OF TUBE

v VELOCITY OF COOLANT M/S

TWI INSIDE WALL TEMPERATURE PEG, C
TWO QUTSIDE WALL "TEMPERATURE DEG. C
RN REYNOLDS WNUMBER

PRN PRANDTL NUMBER

TCO,TCI COOLANT OUILET ~TINLET TEMP,

TQ TOTAL"HEAT GIVEN BY CONDENSATE

DIMENSION TE(70),F(5),Q(5),HTCI(5),HTCO(S) ,PRN(5),

ARNC5) , TAV(S)  TWI (5) , TWO (5 ,A(5) ,HF (5) ,DEV(5),TCO(5),00(5)
2,RN1 (59%RE1(12),BK0(12),EL1(5,5),Y0T(8),PPL(8,33),PPT(8,33)
3,NTT(8),V(5),PEEXP(5),ATIN(C3,4,4) ,HTTH(3,4,4) ,ATC(3,4,4),
{DEV1(3,4,4) ,DEV2(3,4,4),HTA(5,5) ,T12(5,5) ,TAO(5,5)
1,TAV1(5,5),012(5,5) ,AFT(5),AL1(5),BP(200),AK2(5,5)
pD1=0,025;00=0,02887

TCI=TE(S4); TCON=TE(53)

DO 113 IKL=1,4

AFT(IKL)SECIKL)

CONTINUE

DO 10 I=1,4

III=I+48

PLQ=(TE(54)+TE(LIII)) /2,

TAV(I)=FLO

TCOCI)=TE(I+48)

CALL PROP(PLQ,YOT,PPL,PPT,NTT?

TKLO=23900; PRINT¥, TKLO, (YOT CKLP) ,KLP=1,17),PLE

C=8



QCI)=F(I)*YOT(2)*YOT(6)*(TE(I+48)=TE(54))/60.,LQ WATTS
PRN(I)=(YOT(6)*YOT(1)*%1,E=03)/YOT(5) ICF USED
V(I)=F(I)*0,004/(3,14%(D1%*2)%60.) L V IN M/S
RNCI)=(DL1*V(I)*YOT(2))/(YOT(1)*1,E=06)
RN4=RN(I)/1000,
CALL ACT(TE,RN1,EL1,RN,TS,TCI,F,PPL,PPT,NTT,HTTN,HTTM,
1DEV2,DEV1,HTC,HTCI,HTA,Q12,T12,TAD, TAVY,ALL,Q,AK2)
.06 CONTINUE
> PRINT*,(F(IP),IP=1,4)
TSA=112.0
CALL TABLE6(PS,TS,TSA,FRC,TCON ,PHL, TCI7AET,RN, TEO, ALL, TAQFT12,HTA
1,TAV1,Q12,Q)
07 CONTINUE
RETURN ; END
SUBROUTIN®: TABLES (TE,Ps,FRC,F,HTC,HTTN,DEV2,
{HTTM,DEV4, PEEXP,PHL,Q,RN ,HTCI,TCO,TS)
DIMENSION F(5),HTC(3,4;4) ,HITNC3,4,4) ,DEV2(3,4,4) HITH(3}4,4)
1,HTCI(5),TCO(5),PEEXP(5),TE(70),Q(5),Ri(5),DEV1(3,4,4)
THIS SUBROUTINE GIVES OUPERATING PARAMETER ALONG WITH
COMPARISON BETWEEN EXPERIMENTAL AND THEORITICAL VALUES
IT ALSQ “TABULATES EXPERIMENTAL DATA ALUNG WITH DEDUCED
VALUES
TCI INLET TEMP  OF COOLANT
TCOGI) OUTLET TEMP, OF COOLANT TUBEWISE
HTC  EXP, HEAT TRANSFER COEFFICIENT

L a -

L4 v 4 o4 4 Na

s HTTN =THED, o oy DUE_48 NUSSELT
3 HTTM  THEQ) - i BUE TG MIKHEYEV
. DEV2,DEV1 * & DEVIARION' FROM. EXPERIMENTAL-VALUE'

2 PEEXP % PEVIALION FROM ERROR ANALYSIS

& PHL % HEAT LDSS

TCI=TE(54); TCON=TE(55)

C»9



11

180

65

110,
100

10

20
30
40

PO 11 JJU=1,4
TCOC(JJI=TE(JI+48)
PRINT 10
PRINT 20
PRINT 30
PRINT 40,PS,TS |
PRINT 50,TCI,(TCO(I),I=1,4)
PRINT 60,(F(I),I=1,4)
PRINT 70,TCON,FRC,PHL
DO 180 J=1,4
PRINT 160,J,TCI,TCOCJ)ZENI),Q (1) pRNCI)#HICI(I) ,
$ CCHTC (KT, 1,00 %= L%, KU=491)
CONTINUE= .

PRINT 10
PRINT 80
PRINT 90
PRINT 80
DO 100 I=1,4
IF(I.GT,1)G0 TO 65
G0 TO 100

PRINT
I, ¢ (HTCCKd, J7T1), HITN (KJgd , 1) ,DEV2(KJ ,J, 1) ,d=1, 4) ;KJI=1,1)

CONTINUE

PRINT 80
PRINT 120
FORMAT(///T11, TABLE~3 CaNMPARISON BETWEEN EXPERIMENTAL RNSULTS
{ AND/T20, THEORITICAL' PRNDICTIONS DUE TO. NUSSELT AND MIKHEYEV®)
FORMAT(T11,*OPERATING PARAKETERS :°///)
FORMAT(T11,VAPOUR 3 STEAN®//)
FORMAT(T11,*PRNSSURN (KG,/80.CMY=’ , FS5+2, TA07T SATURATION TEMP
1 (DEG, C)&*,F6,2//)

C=10



0 FORMAT(T11,°COOLANT : INLET TEMP.(DEG, C)=’,F6,2/T21,°0UT
{LET TEMP,(S) DEG, C :°/T21,°TUBE(1)=",F5,1/T21,"TUBE(2)=",
1F5,2/721,°TUBE(3)=",F5,2/T21,“TUBE(4)=",F5.2//)

50 FORMAT(T11,*COOLANT FLOW RATE(S) IN L.P.M:®//T21,°TUBE1(TOR)
1=’ ,F8,2/721,TUBE 2=*,F8,2/T21, TUBE 3=",F8,2/
1721, TUBE 4(BGTTDM)=',F8.2/})

10 FORMAT(T11,°CONDENSATE : TEMPERATURN (PEG,C)=*,F6,2,/T21, FLOW
1 RATE(L,P,H)=",F8,3/T21, "RHEAT LOSS=%,F6,2/7)

10 FORMAT(T11,60("="))

)0 FORMAT(T11,’TUBEsNG,Z/T48,2% ;T22, "H(EXP) 4,132,717 ,1736 4 H(NUST
1,)",T46,°%5°,750%°% DEW/RTSE, - L’ ;P62 HEMIKYV)” ,TI2,%L°, T8,
1{*% DEV’,T84% 'S ECORRB_"/T485°1’,T722, "W/SQ,M,K*™132,*!",T364
1*W/8Q,M.K",T46, *E™, T62, "W/SQ,M. KL, T84, IN EXP,")

110 PORMAT(T14,12,724,F7,.2,T38,F7.2,T52,F5,2,T643F7,2,1783F5,2,
1T86,F5, 2%

120 EORMAT(///T11,%% N,B = CALCULATIONS ARN BASED UPON~THE
1CALCULATED
1 WALL TEMPERATURN VALUES */T11,°NOT THE MEASUED WALL TEMPERA
1TUE VALUES®////)

160 FORMAT(T11,I2,7(2X,F10,3))
RETURN
END
SUBROUTINE"ACTC(TE,RNI1,EL1,RN,TS,TI,F,PPL,PRTNTT,HTTN,HTTNM
1,DEV2,DEV1,HTC,HTCI4HTA,Q12,T12,TAD,TAVL ,ALL1,Q5,AK2)
DIMENSION ALLC5) ,AL2(5),RN(5),RN1(5),EL1(5,5),T0(5),F(5)+EQ(D,S)
1,TE(70),AK2L5,5) ,HTC(3,474) ,HTTN(3,4,4),DEV1(39%,4),0EV2
1(3,4,4),Y0T(8) JTAV1(5,5)EHO(3,4,4) PERR(3,4,4) ,HTTM(3,4,4)
2,PPL(8,33), PPT(8533),NTT(8),HTCL(5),TA0(5,5),012(5,5)
3,T12(5,5) ,HTA(5,5) ,BUMIC4,4),5UM3 (4) ,45(5) ,AK5(B,5)yHTC5(3,4,4)
1,0T1(5),0T2¢5),RRM(3,%,4),RRNC3, 4 ,4), HTATTI(5) ,AKEC4,4) ,AK3(4,4)
1,AK7(4,4) ,AK8(4,4) ,BETA(5),TSUML(S)
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CALCULATION FOR OUTSIDE CONDENSING HEAT TRANSFER COEFFICIENT
BASED ON MEASURED WALL TEMPERATURE
pO=0,028B7:D1=0,.025

AO=3,14%D0%,341;A1=3,14%D1%,341

PP1=TE(24) ; PP2=TE(25) ;PP3=TE(26) ;PPA=TE(47)

CALL AVGCTE,TAV1)
TE(24)=PP1;TE(25)=PP2;TE(26)=PP33TE(47)=Pp4

DO 30 I=1,4 '

TOCI)=TE(48+1)
AL1(1)=0,071;AL1€23.=0.174;AL1(3)=0,2713AL1C4)=0,341
AL2(1)=0,071;AL2€2)=0. {;AL2(3)=0,47AL2G(4)1=0,07

DO 31 IT=1,4

TAI=TI

POD=A0/ (AL¥HTCICIT) ) #ALOG(DO/D1)¥AO/ (2%3,14%0,341%16,435)
uop=1,/P0D

DO 32 10=1,4

ADO=AL2(I0)%3,14%K(DO*D1)*%0,5
TD=TI+(TOC(IT)=TI)/0,341%AL1CIO)

DO 33 IKN=1,30

TD1=(TATHID) /2,

CALL PROP(TD1,YOT,PPL,PPT,NTT)

PDS=F (TT)XYOT(2) ¥YOT (6) /(60 ¥UOD*ADO)
TAOCIT,I0)=(TAVL(TT, I0)4TAI¥(PDS=0,5))/(PDS+0,5)
T1=TAOCIT, I0)

IF(ABS(TD=T1)4LT,0,01)G0 TU 34

TD=T1

IF(IKN,EQ.30)YPRINT 35

13
14
12
31

CONTINUE
TAI=T1

CONTINUE
CONTINUE



5

393

FORMAT(5X, * CONVERSION NOT COMPLETE®)

DO 110 L=1,4

Vi=F(L)*0,004/(3,14%(D1%*2)%60,) ! V IN M/S
TAI=TI

TSUM=0,0

DO 393 ILP=1,4

TSUM=TAV1 (L, ILP)*AL2(ILP)*10,+TSUM

CONTINUE

TQ1=(TAI+TO(L))/2,;TR2=T6=T01; TA3=TS~TSUN/ 3,41
TSUM1 (L)=TG3/TQ2

DO 100 M=1,4

SUM=0,0

GO TO 449

T1=TAL+ (D20 (1) ~TAIY/ ,341%AL1 (M)

DO 89 JJ=1%30

TA1=(TAT+I1)/2,

CALL PROP(TA1,YOT,PPL,PPT,NTT)
Q13=(T1=TI)*F(L)*YOT(6)*¥YUT(2)/60,

QL1=F (L) *YOT(6)¥(T1~TAI)*YOT(2)/60 1QG11 IN WATTS
RN4=( (D1%¥V1%Y0T(2))/(YOT(1)%1,E-06))/1000,
JP=M

CALL LAGCRN1,EL1,5,JP,RN4,ELD)
TH1=SUM=QI3%ALOG(DA/D1)/ (2%3,14%16,435%AL1 (H))
AK120,024% (D1 ¥VIXYOTL2)/ (YOT (1) %1 ,E=06)) ¥*0,8%(YOT(6)*YOT(1)
1%1,E=03/Y0T (5))%%0,68%Y0T(5)/D1*ELD

AMC=F (L) *YOT (2)*YOT(6) /605

CALL PROP(TW1,YOT,PPL,PPT,NTT)

AK=16,435
HTAI=AK1*(YOT(6)*YOTC 1) ¥4 4F=03/Y0T (5) )¥¥=0.25
P=AQ/ (AL¥HTAI)+ALOG(DO7D1)*AQ7 (2. %3,14%,341%16,435)
U=1,/P



UA=U¥3,14%D1*AL1(M)
T11=(TAI*(ANC=UA/2,)+UAX*TAV1(L,M))/ (AMC+UA/2,)
TOT=ABS(T11=T1)

T1=T11

CONTINUE

CONTINUE

DO 14 IG=1,M

SUM=SUM+TAV1 (L, IQ)*AL2(IQ)*10,

SUM=SUM/ (ALL(M)*10)

IF(M,EQ,1)TI3=TI
T1=TAI+(TOCL)=TAL)/,341¥AL1 (M)

DO 80 JJ=1,30

TAL=(TAI+T1)/2,

CALL PROP(TAL,YOT,PPL,PPT,NTT)

Q11=F (L) *¥QT (6)*®(T1~TAI)*YOT(2)/60 1Q11l IN.WATTS
TY1=(T14#T13)/2,

CALL PROP(TY1,YOT,PPL,PPT,NTT)
Q13=(T1=TI3)*F(L)*YOT(6)*YUT(2) /60,
RN4=((D1*V1*Y0T(2))/(YOT(1)*1,E~06))/1000.
JP=M

CALL LAGCRN1,EL1,5,JP,RN4,ELO)
TW1=SUM=QL1*¥ALOG(DO/D1)/(2%3,14%16,435%AL1 (M)
AK1=0,021%¢D1¥VIAYQT(2)/ (YOT(1)*¥1 ,E~06))¥*0, 8% (YOR(H) *¥OT (1)
1%1 ,E=03/YQT(5))%*0,68%Y0T (5)/D1I*ELO

AMC=F (L) *YOT(2) *Y0T(6)760.,

CALL PROP(TW1,YOT,PRLyPPT#NTT)
TLK1=60400; PRINT¥, TLK1, (YOT (KPLI»KPL=1,7
AK=16,435
HTAI=1,00%AKL¥(YOT(6) *YDE (1) *1,E=03/Y0T(5)) *¥=0,25
HTAI1(M)=HTAT

IF(M.EQ.1)HTAT2=HTAI1(1)

Cel4



IF(M,EQ.1)G0 TO 445
HTAT2=(HTAT1(M)*ALL1(M)=HTAIL1(M=1)*AL1(M=1))/(ALL(M)=ALL(N=1))
445 CONTINUE
P=1/HTAT2+ALOG(DO/D1)*(3,14%0,025)/(2%3,14%16,435)
U=1,/P
UA=U¥3,14%D1¥AL2(M)
IF(M.EQ.1)T11=(TAI*(AMC=UA/2,) +UASTAV L (L, M) )/ (AMC+UA/2,)
T11=(TI3X(AMC=UA/2,)+UAXTAV1(L,4)) /CAMC+UL/2,)
TOT=ABS(T11=T1) |
TKL2=61700
T1=T11
IF(TOT,LT,0;01%60 T0%90
30 CONTINUE
90 AKS5(L,M)=QI3% !FOR HEAT FLUX OUTER DIA
AK6 (L, M)=G13
TI3=T1
Q12(L,M)=011
T12(L,M)=T1
HTA(L,M)=HTAT?
100 CONTINUE
PSUM=0,0
RRT=AK6(L,1)
PO 540 JJi=1,4
AK6 (L, JJL)=AK6 (liyJJ1) /RRT
PSUM=PSUM+AKE (L, JJ1)
540 CONTINUE
EXTRA=Q5(L)=Q12(L, 4)
EXT1=EXTRA/PSUM
DO 541 KK1=1,4
AK2(L,KK1)=(AK6 (L, KK1)¥EXT1+AKS (L, KK1))
ADG=(TI+TO(L)) /2,
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110

CALL PROP(ADG,YOT,PPL,PPT,NTT)
AK3(L,KK1)=AK6(L,KK1)*60*%EXT1/(F(L)*YOT(6)*Y0UT(1))

AK8 (L,KK1)=AK6 (L,KK1)*EXT1

AK7(L,KK1)=AK3(L,KK1)

AK3(L,KK1)=AK3(L,KK1)+T12(L,KK1)
AK2(L,KK1)=AK2(L,KK1)/(3.14%DO*AL2 (KK1))

CONTINUE

PLK=TE(47)

TAC=(SUM+TS) /2.

CALL PROP(TAC,YOT,BPL,PRI,NTT)

Q33=0,0

PGH=TE(47)

TIT=(TI+TO(LY) /25

DELT=(TS~TT™

CALL PROP(IS,YOT,PRL,PPT,NTT)

KLPT=66500

RX=DO/ (HTAI1(4)*D1)+(DE~D1)*D0/ (2%16,435% (DU¥D1) %%0,5)
BETA (L) = (RX**4X¥YOT (5)%*3*YOT (2)*(YOT(2)=Y0T(7))*9,81%Y0T(3)/
1CYOT(1)*1,E=09%1, 5¥DO%DELT) ) %%0,333

CONTINUE

P=TE(47)7Q=TE(48) ;R=TE(1) ;P1=TE(24);01=TE(25)

DO 10 I=1,4

IF(I.EQ.3)K=27IF(I,EQ,1)K=24;1F (I1.EQ,2)K=367IF(T1.EQ,4)K=14
DO 20 J=1,4

IF(I.EQ.2,ANDsJ.EQ,4)TE(47)=R
IF(I.EQ.4,AND.J,EQy4YTE(24)=P
IF(1.EQ,4,AND.J.EQ,4)TE(25)=0

1K=K
DO 51 KJ=1,3
PKJI=KJ

IF(I.EQ.4-AT]D-J.EQ.‘%.RND.KJ .EQ.Z)TE(IK)=P‘GI1
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HTC(KJ,J,1)=AK2(I,J)/(TS5=TE(IK))
HTCS(KJ,J,I)=AK5(I,J)/(TS=TE(IK))

ERROR ANALYSIS FOR LOCAL HEAT TRANSFE COEFFICIENT
EQ(I,J)=YOT(2)*YOT(6)/60,*%(((T12(I,J)=TAI)*0,1)**¥2+(F(I)
1%¥0,025)%*2%(T12(I,J) *%2+TAI**2))%%0.5

DEL=(TS=TE(IK))

EHO(KJ,J,I1)=AK2(I,J)/DEL¥((EQ(T ,J)7Q12(L,J))*%2+(0.,025/253,)
1%%24 (0,001 /AL2CJ) ) *¥2+(0,025/DEL) ¥¥2¥(TSH*24TE(IK) ¥%2) ) *¥%0,5
PERR(KJ,J,I)=EHO(KJ,3,I)%400,/HTC(KJyd, 1)

ERORR ANALYSIS END

TA=(TE(IK)+TS8)/2,

CALL PROPCTA, YOT,PPLyPPT,NIT)
HITN(KJ,J,I1)=0,72B8%(YOT(5) *¥*3%YOT(2)**2%9 ,81*YOT(3)/(¥OTC1)*
11,E=09%DO¥ (TS=TE(IK))))*%0,25

CONVERSION. FACTOR USED =KJ(1000)/5T0 WATIS

DEV2 (KJyidyeT)=(HTC(KJ,J,I)~HTTN (KJ,J,I))/HTC(KJI,J,1)*100,
TEE=TECIK)

CALL PROP (TEE,YOT,PPL,PPT,NTT)
PRW=YOT(6)%YOT(1)*1,E=03/Y0T(S5)

CALL PROP(TA,YOT,PPL,PPT,NIT)
PRN=YOT(6)*YDT(1)*1,E~03/Y0T(5)
HITM(KJ,J,I)=0,42*(9.81*DD**3*YUT(2)**2*YUT(3)*1.6 037 CPOTLAD
1%¥1 E~06XYOT (S)X(TS=TECIK)))) %%0,28%(PRN/PRW)*%¥0 ,25%Y0T(5)7D0
DEV1 (KJ, J, 1)=CHECCKJgd , 1) =HTTM (KJ ,Jd, 1)) /HTC(KI, J,T) %100,
RRM(KJ,J,I)=HTC(KJ,J, I)/HTTM (KJ,J,1)

RRNCKJ,J, I1)SHTC(KJ,JyT) /HTIN (KJ,J,T)

IK=IK+1

K=K+3

CONTINUE

CONTINUE

TE(47)=P;TE(24)=P1;TE(25)=Q]
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PRINT 120
PRINT 130
PRINT 140
PRINT 150
PRINT 200
pO 190 I=1,4
PRINT 160, C(HTC(KJ,J,I),PERR(KJI,Jd,;1),J=1,4),KJ=1,1)
PRINT 170,I,(CHTC(KJ,J,X),/PERR(KY,dyid,J=1,4D,K0=2,2)
PRINT 180, ((HTC(KJ,J§1) ,PERR(KI;JyL)pdsl,q) ,KJ=3,3)
190 CONTINUE
DO 390 I=1,4
SuUM2=0,0
DO 391 J=1,4
sUM=0,0
DO 392 K=1,3
SUM=SHTCCK, I, I)+5UM
392 CONTINUE
SUM1(I,J)=SUM/3.
PN=1,0
IF(J.FQ. Y. 0R.J.EQ.4)PN=0,7
SUM2=PN*SUM1 (I,J)+SUM2
391 CONTINUE
SUM3(I)=5UM2/3,4
390 CONTINUE
WRITE(8,*),(SUM3(I),I=1,4)
PRINT 130
120 FORMAT (Z47/T11, "TABLE 4:EXPERIMENT#L HEAL TRANSFER
T0EFFICI
1ENT(S) /)
130 FORMAT(T11,100€¢"=7))
140 FORMAT (TS50, *THERMOCOUPLE POSITION(S)™
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150 FORMAT(T30,%1" ,152,72"F ,T73,"3" ,T92,74")

160 FORMAT(/T18,°TOP*,2X,4(F8.2,4X,F5,1,4X))
170 FORMAT(T11,"TUBE=",I1,T18,°SIDE" ,1X,4(F8,2,4X,F5.1,4X))
180 FORMAT(T18,°BOT*,2X,4(F8.2,4X,F5.,1,4X)/)
200 FORMAT(T20,4(4X,“EXP®,9X,"% DEV®))
PRINT 210
PRINT 230
PRINT 240

pa 300 I=1,1
po 310 II=1,2
IF(II,EQ.1)PRINT 250
IF(ITI.EQ,2)PRINT 251
PRINT 260
Kii=II+(II-1)
K22=K11+1
PRINT 270,((HTC(KJ,J,I),HTTH(KI,J,I),DEVI(KJ,J,I)
1,HTTNCKJ,J,I),DEV?(KJ,J,I),J:Kll,K22),KJ=1,1)
PRINT 280, ((HTCC(KJ,J,I);HTTM(KJ,J,I),DEVL(KJ,J, 1)
1 ,HTTNC(KJ,J,1),DEV2(KJ,J,I),J=K11,K22) ,KJ=2,2)
PRINT 290, ((HTCC(KJ,J,I),HTTM(KJ,J,1),DEVL(KJ,J,I)
1,HTTNCKY,J,1),DEV2(KJ,J,1),Jd=K11,K22),KJ=3,3)
310 CONTINUE
300 CONTINUE
PRINT 230
PRINT 320
320 FORMAT(T18,%% HEAT TRANSFER COEFFICIENTS" ARE "IN W/SQ.M.K*)
210 FORMAT(///T11,°TABLE-5:COMPARTSON BETWEEN. EXPERIMENTAL AND
1THEORITICAL HEAT TRANSFER COEFFICIENTS®/)
230 FORMAT(T11,100("="))
240 FORMAT(T72, THERMOCOUPLE PROSITIONS®)
250 FORMAT(T42,°1°,T92,°2°)
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70
80
90

FORMAT(T42,73°,T792,°4°)

FURHAT(T24,2C'EXP',7X,'MIK’,6X,'% DEV’,5X,’NUS’,6X,"% DEV'
1,5X))

FORMAT(T16,°TOP",1X,10(F8.1,2X))
FDRMAT(TIO,'TUBE-l',Tl&,'SIDE',lO(FB,i,ZX))
FORMAT(T16,°BOTM®,10(F8,1,2X))

PRINT*,(F(1IP),IIP=1,4)

pa 501 L=1,1

po 501 M=1,4

TLi=TAV1(L,M)

CALL PROP(TL1,YOT,PPL,PRT,NTT)
PRW=YOT(6)*YOT(2) %1 E=03/YUT(5)

TLA=(TS+TL1)/2,

CALL PROP(TLA,YOT,PPL,PPT,NTIT)
PRN=YOT(6)®YOT(2)*1,E~03/Y0T(5)
ANUS=0.725*(YDT(5)**B*YDT(Z)**2*9.Bl*YDT(B)/(YDT(lJ*
11,E=09%D0¥ (TS=TNL1)))*%0,25

AMEK=0,42%(9,81%D0O*%3%YQOT (2) **¥2%YOT(3) *1,E 03/(YOTCL)
l*l.E—Ob*YOTLSJ*(TS-TLIJ))**0.ZB*CPRN/PRW)**0.25*YUT(5]/UD
0THM=1.620*(05(LJ/(.341*YUT(3)*YUT£1)*1.E-03))**-0.5*
1(YGT(iJ**?*(l.E~12)/(YﬂT(2)**2*YUT(5)**3*9.81))**-0.3333
PECK:AMUS*(0.0ZD&*(YDT(3)*YUT(l)*l.E-OB/(YUT(S)*(IS-ThljJJ**.b
1+0,79)

SA1=YOT (5) %%3*xYOT(2)¥(YOT (2)=-YOT(7))*9,.,01

SA2=YOT(3)% (140, 4*(TS=TL1)*YOT(6)/Y0T(3))**%2
SA3=DO*YOT(1)*(1,E~Q9)*(TS5=TL1) '

BROM=0,728%( (SAL¥SA2)/SA3)*%0.25
RUHS:ANUS*(1+0.68*(TS-TL1)*YDT(EJ/YUT[3J)**0.25
Cl=YOT(6)*(TS=TL1)/YOT (39
CZ:YDT(B)*(TS-TLl)/(YOT(I]*YUT(BJ*l,EwU3)
CHEN:ANUS*((1+0.68*C1+0.02*C1*C2)/(1+0,95*C2-0.lS*Cl*C?])**0.25

C»20



01

HEND=ANUS*0.057*(YDT(1)*1.E-Ob/((YDT(2)*DO*YOT(4J*1.E-03)**.5)

1)%%=0,373
HHIT=0.723*(YDT(5)**3*YOT(2)**2*9.81*YOT(3)/(YUT(l)*

11 ,E=09%D0O*(TS=TL1)))*%0.25
HRITE(3,57),AMEK,ANUS,DTHM,PECK,BRDM,RDHS,CHEN,HEND,wHIT
FORMAT(10(F7,.1,2X))

CALCULATION OF WEIGHTED AVERAGE HEAT TRANSFER COEFFICIENT

CONTINUE

poO 502 KK=1,1

SUM=0,0

po 503 KL=1,4

SUM=SUM+AL2 (KLY®TAVL (KK, KL)¥10,

SUM=SUM/3,41

CALL PROP(SUM,YOT,PPL,PPT,NTT)
QP1=85100PRINT*5GP1, (YOT (IKL) ,IKL=1,7)
PRW=YOT(6)%YOT(2)%1,E=03/Y0T(5)

TLA=(TS#SUM)/2,

CALL PROP(TLA,YOT,PPL,PRT,NTT)

QP2=854003; PRINT*,0P2, (YOT (IKL),IKL=1,7)
PRN=YOT(6)*YOT(2)*1,E-03/Y0T(5)

ANUS=0,725% (YOT(5) ¥%3%YOT (2)*%%2%9,81¥YUT(3)/(YOT(1)¥
11 ,E=09%DO¥ (TS=5UM)) ) **0,25

CALL PROP(Ts,YDT,PPL,PPT,NTT)

QP3=85750; PRINT*,QP3, (YOT (IKL) ,IKL=1,7)
PRN1=YOT(6)*YOT(2)*1,E=0E/YOT(S)

AMEK=0,42% (9, 81¥DO*%I*YOT (2) **2*YOT(3)¥1,E 03/ (¥OT(1)
1%] E=06%YOT(5)%(TS=SUM)II**0 , 28K (PRN/PRE) **0, 25%YAT(5)/BY
CALL PROP(TLA,YOT,PPL,PPT,NTT)

OTHM=1,620% (05 (KK)/ (s 34L%Y0T (3)¥YOT(1)%1,E=-03) ) *&~0,0%
LCYOT(1)*%2%(1,E=12)/(YOT (2)¥¥2%YOT(5) ¥¥3%9561)) ¥¥=0,3333

PECK=ANUS*(0.0206*(YUT(3)*YOT(1)*1.5-03/(YUT(SJ*(TSnSUF)JJ**.b
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140,79)
SA1=YUT(53**3*YGT(2)*[YDT(2)-YOT(7))*9.81
SA2=YDT(3J*(1+0.4*(TS-SUM)*YUT{6)/YDT(3)J**z
SA3=DO¥YOT(1)*(1,E-09) *(TS=5UM)

"BROM=0.728%( (SA1%SA2)/5A3)%%0,25

ROHS=ANUS*(1+0,68%(TS=SUM)*¥YOT(6)/YOT(3))%%0,25
C1=YOT(6)*(TS=SUM)/YOT(3)
C2EYOT(5)*(TS=SUM) /(YOT (1)¥YOT(3)*1 sE=03)
CHEN:ANUS*((1+0.6B*C1+0.02*C1*C2)/(1+d.95*€2-0.15$C1*C2)J**0.25
HEND=ANUS*0,057%(YOT (1) %1, E=06/( (YOT(2) ¥*DO¥YOT(4) *¥1 B 03)%F*,0)
1)%%=0,373
WHIT=0,728% (COTCS) % 3%Y0T (27 %*%2%9,81%YOT(3) /(YOI (1) ¥
11,E-09*D0*(TS-SUM)))**0.25

CONTINUE
RETURN
END
SUBROUTINE AVG(TE,TAV1)
DIMENSION TE(70),TAV1(5,5)
P=TE(47);Q=TE(48) ;R=TE(1);P1=TE(24);Q1=TE(25)
pO 10 I=1,4
IF(I.EQ.3)K=2;IF(I,EQ,1)K=24;1F (1,EQ,2)K=36;1IF(I1.EQ,4)K=14
DO 20 J=i,4
IF(I.EQ,2,AND.J.EQ¢4)TE(4T)=R
IF(I.EQ, 4, AND.JyEQ,4)TE(24)=P
IF(I.EQ,4,AND.J.EQ,4)TE(25)=Q
TAVLC(T,d)=(TE(K)I+TECK+1) +TE(K+2))/3,
K=K+3
CONTINUE
CONTINUE :
TE(47)=P;TE(24)=P1;TE(25)F01
RETURN; END
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SUBROUTINE EXER(HTCI,HTCU,UD,TS,TCI,TCD,PEEXP,V,Q,PPL,PPT,NTTJ
DIMENSION HTCI(5),U0(5),TCO(S),PEEXP(5),V(5)
1,Y0T(8),HTCO(5),Q(5),PPL(8,33),PPT(8,33),NTT(8)
EDO=0,000025;ETS=0,025;EV=0,004747;EL=0.001;D0=0,02887
pD1=0,025;AL=0,341;AK=16,435 I'GIVE THE VALUE
PRINT*, (HTCO(I),V(I),I=1,4)
PRINT*,(Q(I),I=1,4)
po 10 1=1,4
AK1=HTCICI)/(V(1)**0 B*D1%%=0,2)
TAV=(TCI+TCO(I))/2.4CALL PROP(TAV,YDT,PPL,PPT,NIT)
EHI=((AKL1¥0,8%V (L) *%=0 2KD1¥¥=0, 2%EV) %424+ (AKL*¥ V(T ) *%0,8%=0, 2%
1D1%X*¥=1,2%EDO) ¥%2) %% 0,5
DELT=TCO(I)=TCI
EQ=(YOT (20 ¥%2%YOT (6) ¥% 2% ( (EVXDELT) *¥2+2 ¥ (V (1) ¥ETS) ¥%2) ) ¥%0.5
AO=3,14%0,02887%0,341;DET=TS=(TCI+ICO(L)) /%2,
EUD=(1.f(AD*DET)**2*(50**2+(Q(I)/DD*EDU}**2+(G(IJ/AL*ELJ**E)
1+1,5%CQ(I)/(3,14*%DET*%2) *ETS) ¥%2) %%0,5
EHO=HTCO (L) *¥¥2% ((EUD/UQCI)*%2)%*2+ (DO¥EHL/ (HTCI () ¥%2%D1) ) ¥*2
14C(1./(HTCICI)+D1)+1,/(2,*%AK)*¥ALOG(DO/D1)+1,./(2,%AK))*EDD)
L ¥%2+ ( (DOY (HTCICI)*¥D1*%2)#D0/ (2, ¥AK¥D1) Y¥EDO) **2,)%%0, 5
PEEXP(TY=SEHO/HTCO(I)*100,
CONTINUE
RETURN ; END
SUBROUTINE LAGCX,¥YY,N,N1,XINT,YOUT)
THIS SUBROUTINE PERFORMS LAGRANGIAN INTERPOLATION WITHIN
A SET OF (X;¥) PAIRS T0 GIVE THE Y VALUE CORRESPONDING
TO XINT,THE DEGREE OF THFE. INTERROLATING ROLYNOMIAL-TS
ONE LESS THAN THE NUMBER OF POINTS SUPPLIED
PARAMETERS ARE =

ARRAY OF VALUES OF THE“INDERPENDENT-VARIABLE

Y ARRAY OF FUNCTION VALUES CORRESPONDING TO X
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N NUMBER OF POINTS

XINT THE X=VALUE FOR WHICH ESTIMATE OF Y IS DESIRED

YOUT THE Y-VALUE RETURNED TO CALLER
DIMENSION X(5),¥(20),Y¥(5,5)
po 30 J=1,N
YCJ)=YY(NL,J)
YOUT=0,0
DO 20 I=1,N
TERM=Y (1)
DO 10 J=1,N
IF(I,EQ,J) GO TO:10
TERM=TERNM¥ (XITNT=X (J) I/ (X (II=X (J))
CONTINUE
YOUT=YOUT+TERH
CONTINUE
RETURN
END
FORMAT (10X, ” PRESSURE OF VAPUUR PHASE(KG./SQ,CM,)=",F5,2,10X
1,7SATURATION TEMP,(DEG,C)=",F5.1)
FORMATC10X, * MEASURED TEMPERATURE(DEG,C)=*,F5.1)
FORMAT(T0X, * COOLANT INLET TEMPERATURE(DEG,C)=*,F5.1)
FORMAT ¢ 4471 0X7 “.COQLANT FLOWRATE(S) LeP.M,",10X,"RE. NO.", 10X
1,*0UTLET. TEMP(S) (DEG,C)”)
FORMAT ( /10X,  HEAT' FLUX DISTRIBUTION ALONG THE LENGTHIY
1/10X,4(F8,1,3X))
FORMAT(/10X;* TUBE=* ,I2,T3%,F5,2,T47,F7.1,774,F6,%2)
FORMAT(/10X, *DISTANCE OF GRID "PQINTS FROM.BEFT HANR 'IN METER™
1/2X,5(5X,F5,3,5%))
FORMAT(//10X,  DISTRIBUTILON OF TEMP, ALONG THE EXROSED LENGTH
{ OF TUBE®/10X, CONSIDERING INSIDE HEAT TRANSFER COEFFICI
{ENT TO BE CONSTANT*/)
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FORMATC(S(5X,F7.42,3X))

FORMAT(//10X, DISTRIBUTION OF TEMP, ALONG THE EXPOSED LENGTH
1 OF THE TUBE’/10X,“CONSIDERING VARIABLE HEAT TRANSFER CO
{EFFICIENT’ /)

FORMAT(/10X, *DISTRIBUTION OF INSIDE HEAT TRANSFER COEFFICIENT
1S(WATT/SQ,M,DEG,C)*/)

FORMAT(/10X, DISTRIBUTION OF AVERAGE OURER WALL TEMP,(S)7/)
FORMAT(//10X, DISTRIBUTION OF HEAT PIGKED UPIALONG THE LENGHT
{ OF TUBE (WATT)*,10X,*ACTUAL HEAT PICKED UPCWARLY® /)
FORMAT (10X, CONDENSATE FLOW RATE (L. Py M) =7 ,F5 .3/ 0X, “CONDENSA
\TE TEMP,(DEG,C)=",F5,{/10X, ' PERCENTAGE-HEAT LOSB=",F5,1)
FORMAT (5 (5X F7.4,5%) ;10X,E7,1)

FORMAT (1H1)

RETURN; END



APPENDIX D

SOFTWARE FOR INTERFACING OF Z-800P WITH DMM

The progamme given below was used for interfacing Z-80

uP with Keithley 192 model programmable DMM with IEEE-488
interface.
1800 C3001A JP START
1803 14 PASETUP: DB 14 ;Int.Low bit mode
1804 CF DB CF
F¥ DB FF
97 DB 97
FF DB PE
1808 16 PBSETUP: DB 1.8
i DB CF
A7 DB A7
97 DB a7
FEF DB FF
130D e CTCO: DB 0011 0101B 2b Timer
21 DB 21 H time constt.
18 DB 18 e LW
1810 D7 ERCE: B101 G011B Counter reset
DE DB DEH
1A DE 1A INT. LOW
1818 00 COUNT: DB 00H No of reading in
buffer block
1814 00 00 DW PA int. service addr.
1816 00 00 DW PEr—dog
IS of 00 00 DW CTCO imt Raddr.
181A 20 18 DW 1820 CTC I nda "o ghF .
810 00 00 DW CTE? idwt's adFe.
181E 00 00 DW gTC3 Wt . addn
1820 L8 L6 IS TR SPACE
1822 00
1Ee 00 00 STREE: DW 00 00
18256 00 00 DW 00 00 Current data string
1827 00 00 DW 00 00
1829 00 00 SUM: DW 00 00 Temp.sum started here
182B 00 00 DW 00 00
182D 00 00 DW 00 00 (6 kbytes)
182F 00 00 COUNT : DW 00 00 No of readings in
current channel (BCD)
1831 00 20 MOHANTY DW 20 20 Points to high byte of
. running buffer entry
1833 00 SCANS: DB 00 (1Y+16)
1834 00 01 TEMP: DW 00 01
1836 01 00 1R A0 DW 00 00 FILE NO.



1838
1838
183A
183C
183D
183E
183F
1840

1840
1842
1845
1847
1849
184B
184D
184F
1851
18563
1855
1857
18569
185B
185D
1860
1863
1865
1867
1869
186B
186F
1871
1873
1875
1aTy
1879
187B
187D
187F
1881
1883
1885
1887
1889
188B
188D
188F
1892
1894
1896
1898
189A
189B
189E

0D
FB
ED
25
FF
82
FF

OE
23
06
ED
OE
06
ED
OE
06
ED
OE
06
ED
ED
21
CD
3E
D3
3K
ED
FD
00
DB
CB
20
DB
CB
20
Ok
18
CB
20
OE
18
OE
3E
D3
CDh
FE
20
3E
D3
FB
2
06

4D

-
03
05
B3
5
05
B3
40
03
B3
41
03
B3
SE
23
2B
10
81
18
47
1
00
81
TF
FA
81
47
04
14
OA
4F
04
OA
2
05
FF
0:2
3E
0D
F9
i
41

25
12

18

18
Ly

15

18

BFACH:

KEY1

SRS
ETED
bz 9)

18

NOTRIG:

31

S
ouT

WAIT:

STRING:

D

DEC
EF
RETI
DB

EOU
EOU
LD
LD
LD
OTIR
LD
LD
OTIR
LD
LD
OTIR
LD
LD
OTIR
M
LD
CALL
LD
OUT
LD
LD
LD
DW
IN
Bl
JR
IN
BIT
JR
LD
JR
B
JR
LD
JR
LD
LD
OUT
CALL
CP
JR
LD
OouT
EI
LD
LD

el

C

00 (IY+25)

40H

80H

C,JPI0k2) PA Setting up
HL, PASETUP

B,05

C,(PIO+3) PB'setting
B,0ObH

£ EECD CTCO Setting up
B, 03H '
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APPENDIX E

ERROR ANALYSIS

The measurement of the | dimensions of the condenser
tube, temperature of wall, steam temperature, cooling water flow
rate and dits 1inlet and outlet +temperature always has some
inaccuracies due 80 the~ inherent= limitations associated with
instruments.  Therefore, error is involved in the prediction of
condensing heat transfer coefficient. In order to find out the
extent of error in the present experimentation, érror associated
with the predicted parameter was calculated for several
experimental runs. This Appendix presents a typical sample
calculation of error analysis for Run No. 13 of Table A-13 of
Appendix A.

Error in a parameter is calculated by the following
Equation

11/2

where E represents error, x parameter which is a function of
N parameters (i=1,..=n) and yi 1s the ith variable.
E.1 ERROR IN THE SURFACE AREA OF CONDENSER TUBE, Ea
Since A = mdol
hence Ea = [(wlEpo )2 + (mdokE1 )2]1/2
where Epo and E1 denote the error associated with

diameter and length respectively.



do = 0.0288 m ; Epo = 0.0001 m

A = nx0.0288%0.341 = 0.03085 m2
Ea = [(n*x0.341%0.0001)2 + (x*0.0288%0.001)271/2]

= 1,402E-04mm

E.2 ERROR IN THE MEASUREMENT OF HEAT PICKED-UP

Gl = wplp om0 760 W

1

EQ = -=-[(pCp(to-ti )Ew)2+(wCppEto )2+ (-wCppEti )2]1/2
80

Ba™= O] lph  ;"BlglaseD0285° 0 : Tii % 00RO

hc” =830.22°Cy of v "ty & 29823 Ca "y sts~-ts 2 P

Q = 11.6%993.33%4.1829(30.22-23.92)/60
= 5060.5 W

1
EQ=---[(4.1829%993.3%6.3%0.1)2+(11.6%4.1829%993.3%0.025)2

° i Tl e B%4 /1829%0. 025 )81 42
=, o Jo =N
E.3 " ERROR IN PREDICTING CIRCUMFERENTIAL CONDENSING HEAT TRANSFER
COEFFICIENT
It is assumed that the +temperature profile of the
cooling water is almost linear, which is true within the range of
experimental errors (Ref. Fig. 5.9). This is assumed with an aim

to reduce the complexity of calculation without sacrificing

accuracy to a large extent.

Q 5060.5%0. 071
Q = —=-FLI = mmmmmmmeee e = 10568,7 W

L 0.341
Eqr = [(Eq.L! /L)2+(Q.EL1 /L)2+(-Q. L1 .EL/L2)2]1/2



Eqt = [{(52.007*x0.071/0.341)Y3+{5080.5»0°001/0.341)2
+(-5060.5%0.071*%0.001/(0.342)2 )2 )1 /2
= [1%£4,18481 + 220288 + 18_ 84171048 <= 38,587 W
like-wise
EQir = 21 .%W3150 A Ewrry =28 T3 ¥ ; Eqiv = 18.597 W

[(Ets)2+(~Etwo}2]l/2

B(ts-two)

£10.025)2+(0 _025)271 %4l = 00358 C
Al = ®%0.071%0.0288 = 6.4239 X 10-3 m2

Eare = [(n*x0.071%0.0001)2+(nx0.0288%0.001)2]1/2

= 0.00009 m2
ho,1,siae .= 9643.24 W/m2°C ; he,T,botdom ="7399,8 WMk °C
Q1
b, 1l = e T Ry g e } 1N = Bwo, top

= 1053 87/0.00842 (110.71-101 . 05 )%=."1 6950=44

2 2
Eq1 Q1
Iils . 1, tep = it e .Ea1 =1
A1 (tsBBE1LBR | (s =tE™)
“of gl /2
—QI
(s =1 )
Amd £ <Eymid
2
( 18 547 1053.7%0.00009
= +
t0.00642(110.71—101.05) @0 00642 )2l 10% 71-101 . 05)
Sl /2
1053.7%0.0288
Bl 1= = 347.24 W/m2°C

0.008428%({110.71-101.0%)

Frerxor in ho.l, top = 347 243100/ 16890 =-2.04%

like-wise error in ho,1,side and ho,1,bottom were calculated



Error in ho,1,side = (Eho,!,side/ho,1,side )*100
S 205 4 ks 29 = 2, 1
Error b ek b tvem = Lol B A 13988 = 2.1%

E.4 ERROR IN AVERAGE CIRCUMFERENTIAL HEAT TRANSFER COEFFICIENT

Eho,1 = 1/3[(Eho,1,top)2+(Eho,I,side)2+(Eho,Il,bottom)2]L/2

144.63 W/m2°C

b, 1 11344.3 W/m2°C

EXror in"'ho,1 = (144.63/11344.3)%100, =11.27%

In the same manner error in ho,11, ho,111, and ho,1v have
been calculated
Exgp. 11=148.65 Wynid B she, 17514115 W/ me cil er¥ore in e, 11 =1.0028
Enged11=185,69 W/ md*C ;ho, 111=1¥848N/m2°¢c ;error in lo, 111 =1008%
Enho,1v=303.208 W/m2°C;ho,1v=24406W/m2°C ;error in ho,1v=1.24%
E.5 ERROR IN WEIGHTED HEAT TRANSFER COEFFICIENT
hwt = (ho, 1 *L1 tho,11%L11 +ho,111%L111 +ho,1v*L1v)/L
o - 1/2

hwt Li ho, i
Ehwes = -— KL | + — . BEol i + .ELi
L L L

HES 4 =1

PL14] 8P Wyms °C

141.856/16815.4

Error in hwt

0.8 %
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