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AN

ABSTRACT

An apparatus was constructed for experimental work on
condensation of steam-air mixtures iIn a horizontal tube.The
effects of inlet fluid temperature,air mass concentration
and tube drameter on the rate of condensation were
investigated. It was found that condensation heat transfer
coefficient drops by approximately 50% within an air mass
of 3% and there after the drop iIn the heat transfer
coefficient became gradual. For fixed air mass
concentration and inlet fluid temperature, the heat
transfer coefficient increased with a decrease in tube
diameter. For fixed tube diameter and air mass
concentration , the mean heat transfer coefficient
decreased with iIncreasing inlet fluid temperature.

From measurement of pressure drop across the test
section, it was found that the theoretical m lei based on a
two phase pressure drop equation,integrated piece wise
along the test section and making use of global parameters
for every section gave values comparable to those
determined from the experiment.

From the theoretical model based on condensation heat
transfer coefficient In the presence of non condensable
gases correlation, it was found that the model predicted
temperature profiles accurately iIn the range of saturated

steam but was subject to errors iIn the superheat region.
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The comparison between the experimental values of
condensation heat transfer coefficient at zero
concentration of ailr and those predicted by Shah(1979) and
Akers et al(1958) showed that the former correlation
consistently predicted much higher values at all conditions
while the latter predicted values closer to experimental

values especially at saturation and small degrees of

superheat.



NOMENCLATURE

a Area of cross section [ mZ ]

A Surface area [ »z]

c Concentration of a constituent [ kg mol/m3]

Specific heat capacity at constant pressure [kJ/kg K]
Diameter of the tube [ m ]

Mass diffusivity [ mz/s ]

O O 9o 0o

Deviation from the mean value
Error in a quantity

Frictional factor

Gravitational constant [ N/kg ]
Mass flux [ kg/mZ]

T OO € 4 0

Heat transfer coefficient by all correlation except
Nusselt®s [ W/mzK ]
h Heat transfer coefficient by Nusselt"s correlation

[W/mzK ]

htg Latent heat of vaporization [ kJ/kg ]
Thermal conductivity [ W/m K ]

Mass diffusion coefficient

Length [ m ]

>Hm7<>T

Mass flow rate [ kg/s ]
Mass [ kg 1]
Molecular mass [ kg-mole ]

Number of moles

T =z = 5

Pressure [N/mZ 7]



Pr Reduced pressure

Q Quantity of heat [ kJ ]

q Heat fTlux [ W/mz ]

R Thermal resistance [ mz K/W ]

t Temperature [°C ]

th Thickness [ m ]

U Overall heat transfer coefficient [W/m2 K]
u Velocity [ m/s ]

Volume [ m3 ]

Mass fraction

= <

Dryness fraction
Mole fraction

Any quantity referred to in the error analysis

> NN < X

Difference in quantities

Flowing volume hold up

O

Viscosity [ kg/m s ]
P Density [ kg/m3 ]

P Any quantity used in the error analysis.



Cu

sat

=+

N P = <

X1

Subscripts

Alr

Condensate -gas interface or condensate
Copper

Vapour (steam)

Any of the constituents used In the summation
Liquid phase

Wall condition

Non-slip quantities

Saturated condition

Total of liquid and gaseous phase
Gaseous phase

Cooling water

Inlet conditions

Outlet conditions



CHAPTER ONE.
INTRODUCTION.

1.1 GENERAL.

In the recent years growth of computer based design
methods has led to the need for accurate heat transfer data
rather than the empirical relationships derived from
experience. The need for this type of iInformation arose
from three sources:-

1 Need by designers for detailed information so that
they may optimize their designs to produce products
which are effective and competitive iIn the todays
market.

2. For operators of plant who need to decide on the
optimum operating conditions or in less fortunate
situations require to diagnose faults which have
already occurred owing to the departure from design
conditions.

3. For the safety of plant operation ,it IS necessary to
know the maximum safe operating limit with precision

in order that adequate safety margins may be allowed.

It was the purpose of this project to set up a suitable
experiment to generate the heat transfer data that may be

used to develop the necessary accurate design equations



which may partially meet the above three mentioned needs
for geothermal plant heat exchangers and for other heat
exchangers which handle vapours mixed with non condensable
gases(NCG) .The main sources of NCG are air leakages into
the exchangers,the dissolution of dissolved gases and the
geothermal type NCG which come mixed with geo-fluid from
the well.

This work deals with the effect of the NCG on the rate
of condensation, so to aid better understanding of the
work, the rest of the chapter discusses the types of

condensers, the effects of NCG on their working etc.

1.2 DIRECT CONTACT CONDENSERS

These involve mixing of the vapour with a cooling
liquid [“igure 1.1] so that the vapour can reject its
latent heat and may be sensible heat to the cooling liquid
with a consequent increase iIn the temperature of the
cooling liquid .They are either of the barometric or the

low level-jet types.

1.2.1 THE BAROMETRIC CONDENSERS

The vapour enters the condenser shell at the lower end

and travels upwards towards the top of the shell(Figure

1-2). Circulating cooling water entering at the upper part
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FIGURE 1.1: DIRECT CONTACT CONDENSER

AIR SUCTION LINE

FIGURE 1.2: HIGH LEVEL DIRECT CONTACT CONDENSER
CBAROMETRIC CONDENSER}
WHITE CI1979}



AIR SUCTION PUMP

COOLING POND

FIGURE 1.3: LOW LEVEL JET CONDENSER CCOUNTER FLOW TYPE)
WHITE (1979)



of the shell impinges on the top baffle and cascades
downward by gravity over the remaining baffles and baffle
rings , forming successive curtains of liquid. In order to
travel upward , the vapour must pass through these curtains
of liquid and in so doing is condensed by mixing with the
cooling water.

Compression of the mixture of circulating liquid and
the condensed vapour from the shell pressure to the
atmospheric pressure In the hot well is accomplished by
a column of liquid iIn the tail pipe. Theoretically the
height of the tail pipe i1s equal to the difference between
the atmospheric pressure and the shell pressure plus the

tail pipe friction loss and the velocity head.

1.2.2 THE LOW LEVEL-JET CONDENSERS

The low level-jet condensers(See Figure 1.3) are
similar to the barometric condensers except that the tail
pipe is eliminated. The mixture of cooling water and
condensate 1s compressed from the condenser pressure to
essentially atmospheric pressure either by a pump or by use
of the Kkinetic energy of the water jet. Elimination of the

tail pipe reduces the head room required by the condenser.



1.3 THE SURFACE CONDENSERS

In the surface condensers(See Figure 1.4), the vapour
condenses as i1t comes iInto contact with the cooler surface
of tubes through or outside of which the cooling medium
flows.The cooling medium does not contaminate the
condensate formed and vice versa and hence surface
condensers are widely used in the thermal power plants
where water treatment IS expensive. ,

The design and construction of surface condensers vary
in the arrangement, the number of tubes,the number of water
passes,the number of vapour passes, the way the cooling
medium 1is distributed inside the condensers and the method
of air removal etc. There are three main types: .the shell
and tube;the shell and coil and the tube in tube. In all

the cases ,varying deg-ees of counter flow iIs attempted.

1.3.1 SHELL AND COIL CONDENSERS

Shell and coil condensers(See Figure 1.5) have cooling
tube 1In one or more continuous or assembled coils contained
within a shell. The vapour condenses on the outside or the
inside of the tubes while the cooling water flows on the

other side.



1.3.2 TUBE-IN-TUBE CONDENSERS

Tube iIn tube condensers (See Figure 1.6) consist of
assemblies of two tubes, one within the other iIn which the
vapour is condensed iIn either the annular space or the
inner tube. Condensation heat transfer coefficients are
more difficult to predict especially when condensation
occurs within the tube or annulus because the mechanism
differs considerably from condensation on the outside of an

isolated horizontal tube.

.3.3 SHELL AND TUBE CONDENSERS

Shell and tube condensers (See Figures 1.7 to 1.10),
the vapour condenses on the outside of the tubes and
circulating or cooling lieuid circulates through tubes iIn a
single or a multi-pass circuit or vice versa. The proximity
of the vapour inlet and the cooling liquid outlet may
adversely affect the condenser performance and therefore
baffles are added at the iInlet and/or the outlet connection
to diminish this effect.

To further increase heat transfer coefficient enhanced
heat transfer surfaces e.g spiral grooves and ridges ,
eternal fins and other devices to promote turbulence and

to augment heat transfer are provided.
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FIGURE 1.4: SURFACE CONDENSERS
BUTTERWORTH C1977>

FIGURE 1.5: SHELL AND COIL CONDENSERS
BUTTERWORTH CI9775
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FIGURE 1.7: SHELL AND TUBE HEAT EXCHANGER
TEMA E-TYPE WITH TWO TUBE-SIDE PASSES
BUTTERWORTH C1977)

FIGURE 1.8: SHELL AND TUBE HEAT EXCHANGER
TEMA U-TYPE WITH TWO TUBE-SIDE PASSES
BUTTERWORTH CI1977)
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1.4 NON-CONDENSABLE GAS.
1.4.1 GENERAL.

The term non-condensable gas (NCG), as far as the
geothermal application is concerned is used to describe the
gases that have to be removed from the turbo-generator
condensers or other equipment iIn order to maintain
relatively low condenser pressure and high turbine power
output.

The NCG usually consists of gases originating from the
geothermal fluid and air. The relative proportions and
quantities of each gas varies from field to field and
sometimes from well to well within the same field. The gas
content In steam 1is usually expressed iIn percent by weight
in primary separated steam. White (1979) gives the

following total NCG contents by weight for various fields:-

Larderello (ltaly) 10%
Geysers (USA) 1o
Wairaker (New Zealand) 0-2%
Olkaria (Kenya) 0.2%

The composition of NCG also varies from well to well
for example:
Wairakei(New Zealand)-97.3% COZ, 2.3% st’ 0.1% CH4,
0.3% N
2
Olkaria (Kenya)- 1-12% HZS, 99-88% COZ-
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1.4.2 EFFECT OF NCG ON CONDENSER PERFORMANCE AND TURBINE

PERFORMANCE .

It has been shown by Sparrow and Lin (1964) that the
presence of very small amounts of NCG in the bulk of vapour
causes considerable reduction iIn the condensation heat
transfer rates and thus condenser capacity due to build up
of gas at the liquid vapour interface and the blanketing
effect of the stratum of gas left as the vapour condenses.

When NCG 1is present in a steam power plant, 1t will
accumulate iIn the condenser leading to an increase iIn the
turbine outlet pressure. This effect will lead to a
reduction in the turbine output power and the overall
efficiency of the plant.Detailed studies on the effect of
NCG on power output are given by Khalifa and Michaelides

(1978) and the other authors.

1.4.3 GAS EXTRACTION SYSTEMS

Because of the effect of NCG on the heat transfer
rates and the turbine power output, a gas extraction system
is normally installed to remove the NCG from turbo-
generator condensers.

The main types of gas exhaustion systems are:
Reciprocating vacuum pump, sSteam jet ejector, liquid ring

Pump, radial blower and centrifugal compressors. These are
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illustrated iIn Appendix 5 as Figures A5.1 to A5.5

In general the gas extraction systems are inefficient
and therefore the power consumption of such systems 1is
high. Whether this is of any real consequence is
dependent on the monetary value placed on the steam. The
steam consumption by these systems 1is of real importance if
It Is considered iIn terms of the power that could be
generated 1f that steam were utilized iIn a turbo-generator.
This means a balance has to be struck between the level of
NCG to be tolerated iIn various plant components and the
power to be foregone to operate the gas exhaustion system.
Therefore accurate data on the effect of NCG on the heat
exchanger performance is necessary to pin point the optimum

point of operation.
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CHAPTER TWO
LITERATURE REVIEW.

2.1 INTRODUCT ION.

Condensation heat transfer has been studied widely for
many years and several different techniques and apparatus
for obtaining experimental data have evolved. In the
present study, interest will be confined to the film
condensation of.vapours on the inside of horizontal tubes
of various diameters in the presence of non-condensable gas

(NCG) .
2.2 EXISTING HEAT TRANSFER CORRELATIONS

Nusselt (1916) combined heat and mass balances to
«erive Equation 2.1 for heat transfer coefficient for a
pure vapour film condensing on the outside of a horizontal

tube:

3 Pz
K P he g9

ud At 2.1

hi, = 0.725

Chato (1962) by modifying Equation 2.1 suggested the

following expression for heat transfer coefficient for a
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pure vapour Tilm condensing on the inside of a horizontal

tube:
174
6P [ P-Pv] k3 hj,
hNU = 0.555 (2-28.)
fid At
where Neo " Dgg -2 pA (Ctg- n  (2.20)

Equation 2.2 has been shown to apply for refrigerants at

low vapour Reynolds number such that
Rev = < 35,000 (2.20)

where Rey is evaluated at inlet conditions.

In a comprehensive review of the work in this TfTield
and after additional experimental investigations, Akers et
al (1958) reported that for condensing vapours iIn either
horizontal or vertical tubes, the following relations
correlated the practical data to within +20%.:

Nud = 5.03 Reol/9 Pr 1/9 Rea < 5x10* (2.3a)

Nug  0.0265 Reg"8 pr*’ Reo > 5 x 104 (2.3b)
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where Reo = Reu+ Rev< pu /pv)1Z (2.30)

and Remand Rey are based on mass fluxes defined by assuming
the whole flow i1s composed of either the liquid or the
vapour respectively i.e superficial mass fluxes.

Shah (1979) derived a dimensionless correlation for
predicting the heat transfer coefficient during film
condensation on the inside of a horizontal tube. Shah
(1979) verified his correlation by using a wide variety of
data from experiments using fluids such as water,
R-11,R-22, Methanol and Ethanol condensing on the inside
of a horizontal, inclined and vertical tubes of diameters
ranging from 7mm to 40mm and for reduced pressure(P/Pc)
range of 0.002 to 0.44, saturated temperature from 21°C to
310°C, vapour qualities from 0O to 100% and Prandtl number

from 1 to 13. The correlation was given as:

0. 7(5 (2-48.)

(2.4b)

where x refers to vapour quality along the tubes.

Defining the mean heat transfer coefficient as hTPM then:

(2.40)
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By assuming a linear variation of vapour quality and
expanding the second term iIn Equation (2.4a) by binomial

theorem and neglecting the small terms, hTpM becomes:

(-8 3.8 Tx""° 0.04xZ*
1.8 + " 0.38 { 1.76 2.76
PK

<2.4d)

This worker presented results from the correlation he
derived together with those of other workers in graphical
form as shown on Figures 2.1 to 2.5. The mean deviation of
the data of the other workers from the Equation 2.4 a was
reported to be +15.4%.

Analysis of condensation in the presence of NCG 1is
complex because concentration and temperature gradients are
set up iIn vapour-gas mixture and consequently buoyancy
forces owing to both concentration and temperature
differences are created. Another physical mechanism of
potential iImportance is the so called inter facial
resistance which results from the fact that the net
condensation of vapour at an interface is actually the
differences between the simultaneous processes of
evaporation and condensation. The Kkinetic theory of gases

show that the iImbalance between these two processes must be



IS

FIGURE

SHAH CI1979)

FIGURE 2.2;
EW« I RONONa®4 SOME SENSING WATER DATA WITH

SHAH CI1979)
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FIGURE 2.3: COMPARISON OF EQUATION 2.4 WITH SOME DATA OF
R-12 AND R-113
SHAH CI1979)

FIGURE 2. 4 COMPARISON OF EQUATION 2.4 WITH SOME DATA OF
R-11 AND R-22
SHAH C1979)



1.000 10.000

Meauired HTpm W/m~degC

FIGURE 2. 5: COMPARISON OF MEAN HEAT TRANSFER COEFFICIENTS REPORTED
BY CARPENTER WITH PREDICTIONS OF EQUATION 2.4

SHAH C1979>

FIGURE 2.6s HEAT TRANSFER RATIO FOR STEAM AND AIR
HENDERSON AND MARCHELO C1969)
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accompanied by a temperature jump at the interface and
hence the additional thermal resistance.

The analytical solution of this resistance In presence
of the NCG i1s a problem which is so far only solved by the
partial use of empirical results.Another departure from the
classical Nusselt model iIs encountered when the vapour is
superheated. Although the departure is small iIn the case
of pure vapour, it is appreciable when NCG 1iIs present as
has 1 #ien shown by Minkowycz and Sparrow (1966).

In view of their technical importance, most workers
have selected steam as the vapour and air as the NCG. The
main lines of past and present research can be categorized
along the following lines:

1 Condensation of pure vapour:

-Inter facial resistance and superheating.

2 Condensation of pure vapour iIn presence of NCG:
-With or without inter facial resistance.
-With or without superheating.

3 Condensation of superheated vapour:

-With or without inter facial resistance.
-With or without NCG.

4 Variable property effects iIn the condensed liquid

layers.

A quantitative approach for the case where NCG 1is
Present was given by Othmer(1929) where measured quantities

aA
air were introduced iInto steam and condensation
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proceeded at various temperature drops and different steam
temperatures. A complex empirical equation relating the
heat transfer coefficient of the condensing steam to the
temperature drop, steam temperature and NCG concentration

was presented as:

Log,, h,  [1.213-0.00242t(Thog At + § o o0 X

£ logio(Y+0.505)- 1.551 - 0.009tg | Q.5

in which h™is In Btu/hr-sq.ft.-°F , t In °F and Y 1is
percent molar concentration of air in the mixture.
Other than Othmer (1929) few iInvestigators considering the
condensation on the inside of horizontal tubes have
attempted to correlate the heat transfer coefficient with
the concentration of NCG.

For condensation of steam on the inside of vertical
tubes, Meisenburg et al (1936) found that the ratio of
observed heat transfer coefficient h to Nusselt"s(1916)

Predicted value hNg was given by:

( /hNu ] = 1.17/<100W)°- 2 6)

- mass percent of air iIn the mixture where W varied from
0.002 to 0.04. Hampson(1951) found the heat transfer

coefficient ratio to vary as:
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h /h,, = 1.2-20W Q.7

Henderson and Marchello(1969) also performed
experiments using a steam - air system and toluene -
Nitrogen system condensing inside horizontal tubes.

These workers defined a ratio H where:

H=w , <2-8>

where hm and hN” were evaluated under same conditions.

Making use of Antoine Equation [Chapman (1939) for the
vapour pressure- temperature relation of the condensable
and the equation for binary-mixture with one gas constant
to relate the concentration and the temperature at the
vapour-liquid interface to those of wall and bulk values.
The treatment resulted In a series expansion for H iIn terms

of mole concentration of NCG (Y), the general expression

IS:
H=1/(1+4C Y+C Y+C Y +_._...) (2.9
and for the first two and one terms respectively
H = 1/(1+CiY+CzY2) (2 .10a)
H = 1/7(1+CtY) (2 .10b)

where Y i1s the mole fraction of NCG iIn the mixture and
|C3»eeare constants. To evaluate constants
»C2""3»e*ee use was ®ade of the least squares method to
fit the data. The final equations of ratio H from

Henderson and Marchello (1969) are shown graphically on
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FIGURE 2.7s HEAT TRANSFER RATIO FOR TOLUENE AND NI "_OGEN
HENDERSON AND MARCHELO C1969)

’AT TRANSFER RATIO CORRELATION FOR

rEAM AND AIR SYSTEM
ANDERSON AND MARCHELO C1969)

FIGURE 2. 8:
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Figures 2.6, 2.7 and 2.8 iIn conjunction with those of
Othmer(1929). The constant for Equation (2.10b) is given

on Table 2.1 for different systems:

TABLE 2_.1:CONSTANTS FOR EQUATION 2.10b FOR VARIOUS SYSTEMS

System C % Standard % Mole ratio
deviation. of NCG range.
Steam-Air 0.510 9.2 0.64 - 25.1
Toluene-Nitrogen 0.149 8.7 0.71 - 59.1
Benzene-Nitrogen 0.076 14.3 7.10 - 20.3

Minkowycz and Sparrow (1966) iIn their work made use of

the simplified boundary layer equations 2.1l i.e

continuity I"Pw) + s @pv) = 0 C.lla
momentum pg + d . & -5 2 .1lb)
energy Ey(k 2 m O 2.llo

and by using the appropriate transformed variables and the
theory of binary mixtures numerically solved these
governing equations.

These workers decided to compare their result i1.e heat

transfer In presence of NCG with that of standard Nusselt®s
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model. In Nusselt"s model they considered the thermal
driving force to be[tsAT g -t*] and derived the appropriate
reference temperature, numerical solution of the governing
equations for liquid layer were carried out for prescribed
values of tSATranging from 26.7°C to 100°C for pressure
levels of 0.5 bar to 1 bar and the temperature

difference[t ai,g~ t,] varying from 1°C to 25°C. The
variable heat transfer coefficient results thus obtained
were compared to Nusselt®s model. It was found that
virtual coincidence between the two sets of results could
be obtained by evaluating properties appearing in Nusselt®s

model at a reference temperature t defined as:

t* = t +0.31(t -t ) (2 12)

Hinkowycz and Sparrow(1966) presented the heat transfer
results in the form of ratio of heat fluxes from their
model (g) to those from Nusselt"s (q ),i1.e (g/qg ) for the
case of the effect of NCG on the local wall heat flux for
the cases where the bulk was saturated and superheated as
shown in Figures 2.9 to 2.14.

In a later work Sparrow and Minkowycz (1969) did
further computations of qg/q for steam - alr systems where
mass fraction of air (W) was assigned values of
0.005,0.02,0.05,0.10 and, in addition at each fixed mass

fraction of air, temperature difference was varied from 2 F
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(-16.7 C) to 40 F (4.4 C) for bulk temperatures of
80°F(26.2°C) and 212°F(100°C).

The results were presented graphically as shown iIn the
Figures 2.15 to 2.19.

Sparrow and Minkowycz(1969) in their conclusion
observed that the reduction iIn the heat transfer rate due
to NCG was accentuated at low operating pressures. Also 1In
general the condensation in forced convection flow was much
less sensitive to the presence of NCG than in gravity flow
and the iInter facial resistance was negligible in forced
convection flow. In Figures 2.15 to 2.19 depicting the
work of Sparrow and Minkowycz (1969), the departure of
<o/gNu from unity is a direct measure of the effect of the
NCG on the condensation heat transfer rate. It is also
seen that the ratio of (q/qNU) increases with (gm— g/) for
small values 1.e about 2-7 C to a maximum and then
decreases gradually with an increase In (tm— g/) in forced

convection Tflow.



FIGURE 2.9: CONDENSATION HEAT TRANSFER IN THE PRESENT
OF NCG ,SATURATED BULK TEMPERATURE
TSAT 0 - 671.7 R AND 639.7 R

SPARROW AND MINKOWYCZ C1966)

FIGURE 2.10: CONDENSATION HEAT TRANSFER IN THE PRESENCE
OF NCG .SATURATED BULK TEMPERATURE
TSAT 0 * 609. 7 R ,574 7 R AND 539. 7 R

SPARROW AND MINKOWYCZ C1966)



FIGURE .l11- CONDENSATION HEAT TRANSFER IN THE PRESENCE OF
NCG .SUPERHEATED BULK, W~-0. 005

SPARROW AND MINKOWYCZ C1966)

FIGURE 1.12: CONDENSATION HEAT TRANSFER IN THE PRESENCE of
NCG .SUPERHEATED BULK, W050'02

SPARROW AND MINKOWYCZ C1966)
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IS @8

FIGURE 2.13> (CONDENSATION HEAT TRANSFER IN THE PRESENCE OF
NCG ,SUPERHEATED BULK, W _*0.1

SPARROW AND MINKOWYCZ C1966)
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P»”‘l{?o = 40J
L .m—- 100
. ETomisaW) 4003
. 200 .
= I«sS__

m E*. (Be50 7H|

WHD
FIGURE 2.14: CONDENSATION HEAT TRANSFER FOR PURE SUPERHEATED

VAPOUR
SPARROW AND MINKOWYCZ C1966)

05 1m-

212 <+
411-+ 13 M L1-unlinHE e,

FIGURE 2.15: CONDENSATION HEAT TRANSFER FOR PURE STEAM-AIR

SYSTEM TCD_ 671 R

SPARROW AND MINKOWYCZ C1969)

T.-Tw, *F

FIGURE 2.16: CONDENSATION HEAT TRANSFER FOR PURE STEAM-AIR

*
SYSTEM TCD 609 R

SPARROW AND MINKOWYCZ C1969)
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FIGURE 2.17: CONDENSATION HEAT TRANSFER FOR PURE STEAM-AIR
SYSTEM TG)_ 629 R

SPARROW AND MINKOWYCZ C1969)

FIGURE 2.18; CONDENSATION HEAT TRANSFER FOR PURE STEAM AIR

SYSTEM TG): 574 R

SPARROW AND MINKOWYCZ CI9695



FIGURE 2-19: CONDENSATION HEAT TRANSFER FOR PURE STEAM-AIR
SYSTEM T¢)« 539 R

SPARROW AND MINKOWYCZ C1969)



2.3 PRESSURE DROP IN HORIZONTAL TUBE.

Among the many correlations for estimating pressure
drop in two phase horizontal flow systems, four stand out
as the most reliable[Anthony and Atherton(1976)], These

are:-

Martinelli®s method

1

2. Duckler"s method

3. Eaton Energy loss method
4

Martinelli - Hughmark®s method

The analysis of two phase pressure drop correlations
IS outside the scope of the present work. Duckler®s (1964)
method will be used through out the present work.The other
pressure drop predictions methods are given iIn the work by

Anthony and Atherton (1976).
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CHAPTER THREE
THEORY

3.1 INTRODUCT ION.

The procedure used iIn the theoretical modeling for
what occurred in the test section which was essentially a
tube iIn tube condenser 1is based mostly on the work due to
Colburn and Hou”en (1934) The application of the method
requires knowledge of heat and mass transfer, properties of
mixtures and theory of two phase flow with heat transfer in
a horizontal tube. The analysis will be limited to only
two components since the test section only handled steam-
air mixture. As shown iIn the Appendix 2, the range of
steam-air mixtures covered in this work satisfied the
conditions to be treated as a perfect mixture and this

considerably simplified the analysis.

3.2 HEAT TRANSFER.

The prediction of the rates at which heat iIs convected
away from a solid surface by an ambient fluid involves a
thorough understanding of the principles of heat

onduction, Tluid dynamics and boundary Hlayer theory. All
he complexities involved in such an analytical approach
py be lumped together iIn terms of a single parameter by

~»*oduction of Newton law of cooling:



Q/A = h(tg—tm) (3.1
The quantity h iIn this equation is variously known as heat
transfer coefficient film coefficient, or unit thermal
conductance. The unit conductance is not a material
property but a complex function of the composition of the
fluid, the geometry of the solid surface and the
hydrodynamics of the fluid motion past the surface.

In the heat transfer analysis of heat exchangers,
various thermal resistances iIn the path of heat flow from
the hot to the cold fluid are combined into a suitable
overall heat transfer coefficient U. Considering that the
total thermal resistance R to the heat flow across a tube
between the inside and the outside flow, 1s composed of the

following thermal resistances:

p _ T Thermal resistance”! (Thermal resistance'!
[of the inside flow J (of tube material

+ (Thermal resistance 'J 3.2
(of the outside Flowj G-2)
In this particular case the thermal resistance of the
inside flow will be split further into resistance from
steam - air in the bulk of the flow and iIn the condensate

surface, resistance through condensate film, resistance

through dirt or fouling.



37

The Colburn and Hougen (1934) method consider
simultaneous heat and mass transfer processes. It 1is
therefore appropriate that the next section deals with mass

transfer.
3.3 MASS TRANSFER.

The mechanism of mass transfer by convection 1is
analot ms to heat transfer by convection. In convective
mass transfer the bulk velocities are significant., 1.e both
the components iIn a binary mixture are moving with an
appreciable velocity.

It is advantageous, to express the heat transfer
factor Jh for a liquid flowing inside a tube by the

dimensionless form [Kern(1950)] :

we  -1/3 2/3
M= 3 [P et ) e
=N Pr=l/3 = (h/e,6) Pr2™3 re (3.3b)
mﬁe? 4m /nd% (3.30)
hd/K) = Nu  Nusselt number

~cp/K) = Pr  prandtl number

Gd/p) = Re Reynolds number
G = mass flux of the liquid
\ mass flow rate of the liquid

because Pr s pearly constant over a temperature
Bpl °f 20-200 C and since from heat balance iIn an

O
e*“hanger er cooling water:
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Q = mwc (t2-t4) = hrrdL(Ab) (3.4)

Substituting for G and h using equations 3.3c and 3.4

respectively equation 3.3a as becomes;
2/73

<dG/AO G-
The value of jh can be read from the graph presented as
Figure 3.1.

When a vapour 1is absorbed from a vapour gas mixture,
which 1s not saturated with molecules of the solvent,
diffusion may occur iIn two directions: molecules of vapour
may pass into the absorbent, and molecules of absorbent may
pass Into the gas. In the passage of vapour from gas body
into a condensate fTilm consisting of liquid alone the
transfer of matter i1s iIn one direction and molecules of
matter transferred from gas to liquid is given In

differential form by Kern (1950)

d<Nd) = dlI MP ™ 1 = Ka(AP)(dA) (3-6)
Where A = diffusion surface area (ad( dL))
flow area of gas and vapour (rodz/4)

a =
G = Mass velocity
= Mass diffusion coefficient
= Mean molecular weight of vapour and NCG mixture
Pv = Partial pressure of vapour iIn gas body
Pc = Partial pressure of vapour at condensate fTilm
t = Total pressure on the system
I P = instantaneous driving potential (PV—PC)
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HEATING and cooling ﬁimmo

‘Flow area through tubes. sq ft
1Specific heat of fluid. 8tu/lb * *F
Inside diameter of tubes, ft
Mass velocity, VV/a,, ib/ht * sq ft
hi -F.Tmcaefficierit.Btu/hr, sq ft»*f
Ik *Thermal conductivity, Bto/hri sq ft, T/ft
L -Length of path, ft
» -Weight flow of fluid,tb/hr
t* - Viscosity at the caloric temperature. Ib/ft«hr
)iw-Viscosity at the tube wall temperature.lb/ftxhr

H
13

etu.cqooo « § eVsret/XB.ooo

FIGURE 3.1: TUBE-SIDE HEAT TRANSFER CURVE
SIEDER AND TATE CI19361
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The coefficient Kqg is simply the dimensional rate
which makes dNd equal to the right hand side of Equation

3.6. Regrouping variables and integrating, Equation 3.6

becomes;

P -pP
9 9

(3.7h)
log (Py/?9)

of

WherePS:Partial pressure of NCG inthe gas bulk (Pt?\? )]

Pg=Partial pressure of NCG at the condensate film
temperature(Pt - Pc)

a =area of cross section

A =surface area of the tube

Putting the limits In equation 3.7a,i1t becomes;

Ky Pos Foa
G/M 1 AP T
When a fluid flows along a surfaces, the particles

within the fluid exchange momentum with the stationary film
at the surface, causing a pressure drop in the fluid iIn the

irection of flow. It is entirely conceivable that a
| condition occurs when a vapour traveling along a
Bvface condenses against the condensate film which it

®rs N moving at right angles to the direction of flow

and &* _ _ _ _
eiving up the momentum. For a given quantity of fluid
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flowing iIn a tube and a total diffusion or heat transfer
surface, the amount of skin friction will be greater i1t the
path consists of a long snail bore tube than for a short
tube of large diameter. The index of these is the ration
A/a or when used iIn a diffusion factor, 1its reciprocal a/A.
The properties associated with skin friction are combined
in Schmidt number because the difference between the bulk
temperature and that of condensate film is small, ng is
approxim tely equal to Ps’ and for low NCG concentration Pg
IS approximately equal to P&, then the ratio ng/Pt IS
approximately equal to 1. Kern(1950) has shown that by

designating the diffusion factor as jd and arbitrary using

two-thirds power of Schmidt number then:

jd = <Pi-P2)/AP <a/A> WPD )29 (3.9)
Equations 3.5 and 3.9 are of similar form. From an

extension of the Reynolds analogy to distillation, where
the analogy between mass and heat transfer is very close,
there is a good reason to believe that | and are the
same function of Reynolds number and are equal
CKern(1950)]. Relationship between diffusion and heat
ransfer is then obtained by equating equations 3.5 and 3.9

and solving for KO

2/73
(/3. /K)
— (3.10)

c pFé rme(/VpD)2/3
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The principal deduction from equation 3.10 is that the
rates of diffusion and heat transfer do not occur
independently and ratio Pgf/Pg is not always unity but
should be calculated for incremental changes iIn the
surface.

The overall coefficient of heat transfer varies
greatly during condensation of a vapour from a NCG because
the potential for diffusion varies greatly as the vapour 1Is
removt J from the gas body leaving a higher percentage of
inert gas. This implies that i1t is not simply a case of
finding true temperature difference but heat transfer
coefficient also varies as dQ or distance from inlet
varies. The surface area of heat exchange can only be

defined by the fundamental equation.

Bfc. A J U?AD) (3.11)
The best method of evaluating the integral i1s by numerical

integration for small but finite dQ.

BASIC ASPECTS OF TWO PHASE FLOW AND HEAT TRANSFER IN

horizontal tubes.

The main characterizing feature of two phase
I a* liquid flow iIs the fact that an iInterface exists
~Btffeen the two phases and this interface takes a wide

| 6ty forms. There is an almost infinite range of
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possibilities, but, in general, the surface tension effects
tend to create curved interfaces leading to spherical
shapes (e.g droplets or bubbles).

The description of two phase flow can be simplified by
classifying types of inter facial distributions and calling
these flow regimes or flow patterns. It iIs stressed at the
outset that these classifications of the types of flow
though extremely useful,are still highly qualitative and
often very subjective. For a horizontal flow, the main
complicating feature 1iIs that gravitational forces act on
the liquid phase causing i1t to be displaced towards the
bottom of the channel. Flow regimes in horizontal flow are
illustrated in figure 3.2. The regimes are defined as
follows:-

1 Bubble flow:- Here bubbles tend to flow at the top of
the tubes.

Plug flow:- The characteristic bullet shaped bubbles
occur, but they tend to move In a
position closer to top of tube smaller
bubbles may also exist.

Stratified flow:-Here, gravitational separation is
complete, liquid flowing along the
bottom of tube and gas along the top
part.

Wavy flow:- As gas velocity 1iIs iIncreased in stratified

flow, waves are formed on the gas-liquid

interface giving the “Wavy-flow"™ regime.
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5. Slug flow:- When the waves iIn wavy flow grow big
enough to touch the upper surface of
tube, then slug flow regime 1iIs entered,
with large frothy slugs of liquid
interspersed with regions where there 1is
a wavy stratified layer at bottom of the
tube.

6. Annular Flow:- In horizontal tubes annular flow occurs
at high gas flow rates. There is usually
entrapment of liquid phase droplets in
the gas core, and a further complication
in horizontal flows is that the film at
the bottom of the tube i1s often very much
thicker than the film at the top owing
to gravitational effects giving drainage
around the periphery.

Figure 3.3 depicts various flow and heat transfer
regimes iIn a forced convection of vapour inside a
horizontal tube subjected to loss of uniform heat flux by
O£i1sik(1985).

In the liquid deficient regimes of condensation heat
transfer,vapour quality continuously decreases and
temperature difference between the wall and the bulk
Increases with a corresponding iIncrease iIn the heat

transfer coefficient.



BUBBLE FLOW

PLUG FLOW

STRATIFIED
FLOW

WAVY FLOW

SLUO FLOW

ANNULAR FLOW
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In the two phase forced convection regime the
temperature difference decreases with the distance along
the tube because of increase iIn the thickness of liquid
film as the vapour velocity decreases.

In the saturated condensation regime, the temperature
difference between the wall and the bulk remains fairly
constant and therefore heat transfer coefficient remains
constant. Clearly the analysis of heat transfer iIn two
phase flow Is a very complicated matter because it iInvolves
numerous heat transfer regimes and transitions between
them, any further details on the subject is beyond the
scope of this work and the reader 1is referred to other

publications iIn this subject.

3.5 PROPERTIES OF MIXTURES.

IT a mixture i1s a perfect gas mixture,the contribution
to the potential energy due to collisions between both the
Jike and unlike molecules must be negligible. In order to
mnow that mixtures used iIn this work could be treated as
Perfect,the mixture state least likely to be perfect 1.e
w h 30% NCG by mass is shown iIn Appendix 2 to be a perfect

| *ture and for the rest of this work , laws of perfect

®DF'ur . n
es will be used to calculate the values of properties

used.



CONVECTIVE LIQUID DEFICIENT Two PHASE FORCED SATURATED
HEAT TRANSFER REGION CONVECTIVE HEAT CONDENSATION
FROM VAPOUR TRANSFER THROUGH
LIQUID FILM
SINGLE MIST FLOW- ANNULAR FLOW ANNULAR SLUG FLOW
PHASE WITH FLOW
VAPOUR ENTRAINMENT

FIGURE 3.3: TWO PHASE FLOW IN A HORIZONTAL TUBE WITH
UNIFORM REMOVAL OF HEAT

0Z1$1K C1985}

SUB- CONVECTIVE

COOLING HEAT
TRANSFER
TO LIQUID

BUBBLE  SINGLE
FLOW PHASE
LIQUID
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In a mixture of a given composition produced by mixing
k components of desired masses nr , the total mass of

mixture m is defined as:
=«

® (3.12)

The mass fraction W of a component 1is given by:
= m./m (3.13)
to specify a mixture on a molar basis,the number of moles
for any component is defined as:
= mi/HI (3.14)
where hI' = molecular mass of the component.
The total number of moles In a mixture of k constituents N

IS given by:
N=2N. (3.15)
i

The mole fraction of a component Y~of a component is given
by:
Yt = N./N (3.16)
The effective molecular mass of a mixture of k constituents
8 defined in terms of its mole fractions is:
The Partial pressure P of a component iIs given by:
Pc= YvPt (3.18)
I 6re = Total pressure of the mixture.
The present work is limited to a mixture of two
(B**ents 1.e steam and air and therefore only two

I Ps will be used In the rest of the expressions.
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The properties of ailr are given iIn the Appendix 2.1 and
those of steam in the Appendix 2.2.2 and Appendix 2 2.3
In this section only the equations used for evaluating
the mixture properties are given.Subscripts " g " will be
used for steam and
"a " for air.
The following expressions are for the relevant mixture
properties of steam and air:-
Density (p) [kg/m3]
m +m
" Tgia 99 (-19
Specific heat capacity at constant pressure(cp)

[kJ/kg-K]:

Y, C M +Yc M
+

— 97 q p.g a
o~ YN, (3-20)

_9p.

p Yg Mg
Viscosity(p) Experimental viscosities of
several gases as reported by Kestin
and Leiden(1959) show that its variation
with pressure is only significant at
very high reduced temperatures and low
reduced pressures.The range of
air-steam mixture used iIn this work does
not fall in any of these extremes,
therefore iIn this only temperature

variation of viscosity iIs considered.

Using the Chapman-Enskog(1939)



expression for a binary mixture,then p

[kg/ms] 1s given by:

Y A Y M,
A=
Yo * Y.y .+ Ylig (3-21)
L[(”&"/E)O’B (Mg/Ma)°’25 1
[ 8(1+MIMa) ]
= Cqa GO /M) (3.22b)

Thermal conductivity(k)- Using Wassiljewa(1904)
equation for thermal conductivity of a binary
mixture then for steam and air k is given by
Equations similar to 3.21,3.22a and 3.22b

but with k replacing f].

Diffusivity(D)- The diffusivity D of air and
steam is given by Vargaftik(1975) as:

+27
t2rs (3.23)

where Dg = 0.216 x 10" m2/s and n = 1.8.
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3.6 DEVELOPMENT OF AN EQUATION FOR HEAT TRANSFER.

Colburn and Hougen (1934) demonstrated that the

results of their analogy culminating into equation 3.24
holds on the higher side for a flow inside a tube, a flow
across a single tube and a flow along a plane surface. In
each case an appropriate value of h iIs substituted In
equation for condensation of vapour iIn the presence of NCG.
To establish an equation which may be solved from
point to point for U and At as iIn Equation 3.24, it should
only be necessary to sum up all the resistances iIn series
at an average cross section for each increment dQ. In the
condensation of a vapour from an NCG, the quantity of heat
which leaves the gas film must equal the quantity picked up
by the cooling water. The total heat flow across the gas
film Is the sum of the latent heat carried by vapour
diffusion Into the condensate fTilm plus the sensible heat
removed from the gas because of the temperature difference

)> The heat load expressed in terms of the tube

8l the annular side and the overall potential per unit
[ | w”en a mixture of gas and vapour flows In a tube 1is:
t )+KOMg hfg(PV— P)=h(t-1t) (3.24a)
11 11 1
" . 3.24b
hy™ hy hd,i hd,o My ( )

1 (3.240)



52

where all the resistances are based on the internal

diameter of the tube.

t = The temperature of vapour-gas core,

t. = The temperature of condensate.

t = Thecooling water temperature.

Pv = Thepartial pressure of vapour iIn the gasbody.

Pc = Thepartial pressure of vapour at condensate TfTilm.

M
g

Themolecular weight of vapour,

M.g= The latent heat of vaporization of vapour,

>
1

The gas film conductance.

ha = The combined cooling water, the metal wall and the
scale conductances,

h. = The condensate conductance.

hy = The tube wall conductance.

hd<i= The scale conductance on the iInside of the tube.

hd/0= The scale conductance on the outside of the tube.

hy = The cooling water film conductance.

ho = The combined conductances other than gas film

conductance
The possibility of sub cooling the condensate which in
HpS work is water, has been omitted from heat balance,
m n°e i1t i1s not significant compared to the larger latent

*ffects [Kern (1950)].
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In the application of Equations 3.24a, 3.24b and 3.24c
to the solution of an actual heat exchanger It iIs assumed

that there is a single value of t. and tC at any cross

9
section and hence of P and P_.

To explain the sequence of calculation done by
computer program in Appendix 4.1, the method and order of
applying Equations 3.24 is given below. Equations 3.7b

3.10, 3.11 and 3.24 are repeated here for ease of

reference:
Pgf = (Pg" P)/(log,P,/ P ) (3.7b)
where Pa: PT— Pg and Pé = pT_ pa
hc<MCp/k)2/3
Ka= 2/3 (3-10)
cpPgfH(~/pD)
a =J g@t (3.1D)

The terms LHS and RHS will refer to first and second terms
respectively in the Equation 3.24 i.e
r HS = h. (t9-t=>+KaMLh ,9<Pv- Pc> and RHS = ho(tc- tv>
The steps used iIn the solution of Equation 3.24a
numbered In sequence of application.
A complete exchanger must be assumed to fix annular
Hide and tube side flow areas. The surface area is
I tained by integration on assumption of true counter

flow.

hs a"d ho are computed from Equation 3.3a

and 3 cm .
e “4c respectively. Use of average values of
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hQ,hc ,hm ,hdi1 ,hdo and hv is acceptable but not for hs
which has to be evaluated at
every section as mass velocity of gas phase changes
from point to point.
From the value of hs, value of (KQ .Pgf.) is obtained
from Equation 3.10.
The first iInterval of calculation i1s fixed by fixing
tg, which also fixes dQ for the interval.
A starting value of t_ is assumed and its va’ue Iis
continuously adjusted until LHS and RHS terms of
Equation 3.24 balance. For each assumed value of t
It Is necessary to compute a new value of ng, since
the pressure of vapour at the condensate film iIs the
saturation pressure corresponding to t
When LHS and RHS of Equation 3.24 balance the total
heat load transferred per unit area iIs the same as
the load which must have been transferred overall 1i.e
uCt -tv). To minimize the error introduced by the
trial and error method iInto subsequent calculations,
IS equated to the mean value of LHS and RHS
terms of Equation 3.24 1i.e
U<tg~tv >= <LHS+RHS)/2 (3.25)
From dQ obtained in (4) and U(tg—tw) value, dA for
the iInterval is obtained 1.e
dA = dQ/u(t -t ) (3-.26)
hen proceed to next interval by assuming a lower

B Ue of and starting from step 4. This is done
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repeatedly until value of tg equals the exit

temperature from the heat exchanger of the gas vapour

mixture.

A computer program incorporating the above outlined
procedures to calculate the temperature of steam - ailr at
any axial position from the inlet to test section 1iIs given
in Appendix 4.2. The same computer program was used to size
the test section by inputting, numerical valuer of inlet

conditions of steam-air mixture and desired exit

conditions.

DEVELOPMENT OF FORMULAE USED IN EVALUATING RESULTS
FROM EXPERIMENTAL DATA.

The computer program in Appendix 4.1 was used to
calculate the condensation heat transfer coefficient (h)
from experimental data. The steps used iIn writing of the
Program are as follows and for more clarity [See Figure
5-11 of the test rig.

The mean wall temperature was calculated from

temperature readings from the various wall

thermocouples:

(3.26)
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The mean steam-air temperature was calculated from
the steam-ailr temperature readings at the various
points:

i=r

\% 2 v i'r 3-27>
=1

The mass flow rate of steam (mg) was calculated from
mass of condensate collected In a given time when the
cooling water flow rate was adjusted such that all

the steam was condensed . i1.e apparatus was set for

total condensation.

The mass flow rate of air (m ) was calculated from
volume flow rate measurements and ambient conditions.
The thermocouple temperature readings were corrected
by use of calibration curve iIn Appendix 3 as Figure
3.1.
The mass concentration of air in the mixture (W) was
calculated from :
(= Ma/(Ma+Mgl (3.28)
The total amount of heat Qrg7 taken up by cooling
water was calculated as:
Uror = @Cp, vAty (3.29)
Where
v= The mass flow rate of cooling water
p.-w= The specific heat capacity of water at constant

Pressure
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Atv = The cooling water (outlet temperature-inlet
temperature )

8. Because the thermocouples measured outer tube wall
temperature a correction was made to get the actual
value of inside wall temperature from heat balance

Qtot = kcu A<At cor™th) (3.30)
Where

th = tube thickness

Atcorr = te®Perature drop across tube wall
kcu = thermal conducting of copper tube
A = Surface area.

The actual temperature drop between the steam-air
core and the inner tube wall temperature 1is then given
by:

At =t9—tm—At
tmtg and Atcorr are evaluated from Equations 3.26,

corr (3-31)
3«21 and 3.30b respectively.

10. From heat balance, and by definition gf heat transfer
coefficient (h):

h = QTor/AAt (3-32)

11.
able3 were then prepared using the computer program

Bh Appendix 4.1 and are presented iIn Appendix 6.
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3.8 COMPARISON OF PREDICTED AND EXPERIMENTAL HEAT
TRANSFER COEFFICIENTS.

The experimental heat transfer coefficient for both
liquid film and gas resistances combined may be represented
as:

Q=h At -t) (3-33)
where tm = The inner tube wall temperature
t™ = The gas bulk temperature
Using a similar method to that proposed by Henderson and
Marchello (1969) 1i.e
H=h /h (2-8)
where hj,, and hp are experimental and predicted heat
transfer coefficient respectively with the values of hm
calculated by use of Equations 2.3a,2.3b ,2.4a and 2.4b
with property values evaluated at similar conditions to
these In the experiment. Because two correlations were used
in the comparison, the two different values of H are
differentiated by further defining the following:
~m,sh = ~he value of hm when Equation (2.4) was used,
bm. Ac = The value of h when Equation (2.3) was used.
Hsh= The value of H when h_ = hm'gkjn the
Equation(2 .8).

hm,Ac in the

NAc= The value of H when h
Equation(2.8).

comparison i1s shown on the Tables presented iIn the

6.3 and the graphs presented iIn the Appendix 7 as

Fi«ures A7.19 to A7.30.



CHAPTER FOUR

PREDICTING LOSS OF PRESSURE ACROSS THE TEST SECTION.

4.1  GENERAL

In general pressure loss receives contribution from

three effects: friction, acceleration and elevation thus:

ap ap u ap ap
dz dz Friclion dz Acceleration dz
For a horizontal flow which i1s the relevant case iIn this
work, the last term, 1is of course, zero.

In this model i1t was assumed that the condensate
floned as an annular ring with steam-air as the core to
reduce the problem complexity and numerical computation.
The core was considered to be a perfect mixture of steam
and air whose thermodynamic and transport properties could
be predicted by methods of section 3.5. The acceleration
erm was estimated by the homogeneous flow model of Andeen

and Griffith (1968):
ap

<z Acceleration = Gt(Un8 .2- Un8 .1)rT1C,2/4 <4 "2 >

The

variables G_, u . are defined below in the next

Paragraph.
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Among the many correlations for estimating the
frictional pressure drop iIn two phase horizontal flow
system,Duckler®s method(1964) is accurate and simple to use
as It requires just little more manipulation than that for
a single phase pressure drop calculation and also it does
not require consideration of flow regimes. In a
homogeneous flow, a two phase fluid is considered as a
single phase fluid whose properties are volumetric average
of the properties of the two phases. Defining flowing
volume hold up (X) as the ratio of liquid volumetric flow
rate to the total volumetric flow or equivalently as the
ratio of liquid superficial velocity to the total
superficial velocity i.e
b x =V W = usi/(usi+u8g> <4 -3>
The properties of the pseudo -single phase fluid are

determined from the following equations:

Velocity (una) = ug*t uSg (4.4a),
Mass velocity (Gt) = Amt/rrdZ (4.4b)
Viscosity (p, ) = + (1-X)pg (4.5)
Density (pns) Xp g+t (1-X) pg (4.6)
Reynolds number (RenS — dGtANS “.7
f Gz
2 fricUon * 2P d (4.8)

ns

.l:
65;1 ev&luated from the smooth tube friction factor

B On bV Duckler(1964)
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fns [ 2logio [ 4.52231ogio(Rens)-3.8215 1] ] (4.9)
Because of the errors introduced by the assumptions of
having a perfect mixture of steam and air at the core and
of annular flow profile, no attempt was been made to
introduce a correction for the pipe roughness as this would
only increase complexity while giving no significant

accuracy improvement iIn the results.

4.3  CALCULATION METHOD

To minimize the errors that would arise because of the
drastic changes iIn the composition of core and annulus
along the test section, the test section was subdivided
into several intervals as shown iIn Figure 4.1

The temperature, composition and mass flow rate of gas
core (steam-air) and of liquid annulus (condensate) are
knomm from analysis iIn section 3.6 at several axial
Positions along the test section from the i1nlet to the
exit.

Considering the (k-Dth and klh interval mean bulk

temperature 1i.e:

tg_K = (tg_K + t )/2 (4.10)
Th - .
B § Dean mole fraction of air Ya,K = (Ya,K+Ya,K—1>/2 (4.11)
Th -
®ean mole fraction of steam Yg,k = (1—Ya k) (4.12)

he mean properties of the core are then calculated

UQLH) the equation iIn section 3.5.



INLET EXIT

Axial posi.ti.on numbers

FIGURE 4.1:- SUB-DIVISION OF THE TEST SECTION.
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To calculate the value of properties to be used in the
homogeneous flow model, the flowing volume hold up (\) was
calculated by assuming that the core mass flow rate was the
sum of flow rates of air and steam and had a uniform
mixture thermodynamic and transport properties,then:

Frictional pressure drop:

(4.13)
Acceleration pressure drop:

(4.14)
Total pressure drop for the interval:
\ APk = APf/k+ APa,k (4.15a

The total pressure drop over the whole test section AP was
a summation of the drops across each interval 1.e
(4.15b)

k=1
Substituting for AP*,kaﬂa AP~ kusing Equation 4.3 and 4.14

then Equation 4.15b becomes:



CHAPTER 5

EXPERIMENTAL WORK

5.1 GENERAL

Experimental data were obtained for steam-air mixtures
condensing inside horizontal pipes of different diameters.
The two pipe diameters i1.e 25.4mm and 38.1mm were used.

The test section was kept at atmospheric pressure during
all the tests.

The mass concentration of air iIn the steam-air mixture
was varied from 0% up to 30%. The temperature of the
steam-air mixture fed into the test section varied from
B C to 220 C. The effect of the mass flow rate of mixture

on the pressure loss iIn the condenser was also considered.

5-2 DESCRIPTION OF EXPERIMENTAL RIG

The structural design and design drawings of the
xPerimental rig are given iIn the Appendix 1 The schematic

rawing of the experimental rig Is as shown iIn Figure 5.1.
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5.2.1 STEAM GENERATOR

The steam generator was speedylec type 236 from
BASTIAN and ALLEN LTD, England. This was an electrode
boiler with a maximum rating of 0.01 Kgs®"1 and 10 bar. The
output from the generator was varied by a load selector
switch from 0% to 100% of full load, so that any desired
output pressure and flow rate could be set. The steam
leaving the generator was saturated but because of heat
losses from the pipe work before the test section, a little
super heating was desirable so as to deliver the mixture as
dry steam at the inlet to the test section. A superheater
using a cartilage heater was incorporated immediately after

the steam generator.

5-2.2 STEAM-AIR MIXER

The steam-air mixer mixed the slightly superheated
steam and the air to give a homogeneous mixture which was
then fed into the test section. The mixing was aided by

e fast moving steam entraining a jet of preheated and
*©red amount of air fed in through a nozzle. To avoid
~“necessary turbulence iIn the test section, a Im length

Ini _ _ _
ca 3 section was included between the mixer and test

Se°tion.
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5 2.3 AIR HEATER

The air was preheated to the same temperature as steam
so as to eliminate temperature differential within the
alr-steam mixer. The air was heated by a series of
cartilage heaters whose total output power was controlled

by use of a power transformer.

5.2.4 TEST SECTION

The test section consisted of a horizontal tube in
tube condenser with the steam air mixture flowing iInside
the Inner copper tube and cooling water flowed counter
current to this iIn the annulus. Two test diameters were
used one of iInside diameter of 25.4mm (1'") and the other of
inside diameter 38.1mm(1.5" ). In both cases the tubes were
enclosed iIn a steel pipe of iInside diameter of 76.2mm(3").
The total length of tube exposed to cooling water was
4000mm.

On the outer wall of the copper tube were fixed type J
ermocouples to record wall temperature. Three of these
praocoupies were fixed at each of the 10 equally spaced

POSIfﬁm along the tube. The readings recorded by these
Bfr*ocouples were used to determine the mean wall
~Glipgi

Ure as well as the temperature profile along the
tube.
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At each of the above mentioned 10 positions one
further thermocouple of type K iIn this case was placed
inside the copper tube to record the fluid core temperature
aS well as the axial temperature profile. The lead wires
from the thermocouples were placed on the cooling water
side and then to a digital temperature read-out. One
thermocouple was placed just outside the test section to
determine the temperature of steam-air mixture at the inlet
to the test section. A water manometer was connected
across the test section to determine the pressure drop

across the test section.

5.2.5 AIR SYSTEM

The ailr was drawn via a regulating valve from a
compressed air line installed iIn the laboratory. The valve
regulated both the flow rate and delivery pressure. The
air flow rate was measured using one of the following two
®ethods.

For the flow rates of 0-15 1/min an air rotameter

manufactured by Madishield was used.

or higher flow rates, a thermal anemometer TA 400 of
Hp FLOW INSTRUMENTS was used. The velocity profile inside
1 8*® ™ ) diameter perspex tube was plotted from which
[volumetric flow rate of air was calculated. The
nP air after the regulator was either recorded by

a Rater
anometer or on a 0-1 bar Bourdon gauge.
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The air was led iInto a strainer to remove oil and dust
particles, then heated iIn the air heater to the same
temperature as stean. The heated air was then fed iInto the
mixer through a non return valve to prevent back flow of

steam into the air line.

5.2.6 COOLING WATER SYSTEM

A constant level tank installed ono floor(4ra) above
the apparatus supplied the cooling water through a 25.4mm
(@'Y 1nternal diameter flexible hose to a flow regulating
valve and then to a TECQUIPMENT water rotameter calibrated
in litres/minute. The cooling water was then led past a
thermometer iIn a pocket to the test section.

From the condenser a similar thermometer iIn pocket
gave the outlet temperature of the cooling water. At the
outlet the cooling water was then drained to an underground
tank where it was cooled and then recycled by a pump back

to the constant head tank.

*2,? PROTECTION AGAINST HEAT LOSSES

| The steam generator, the superheater, the air heater,

ho
supply line, the steam-air mixer and the test

section

were insulated using a 10mm thick fibre glass c”d
with 1
. uRinium foil. This virtually eliminated heat losses
o the r

and also served aesthetic purposes.
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5.3 EXPERIMENTAL PROCEDURE.

The aim of the experiment was to give condensation
heat transfer data when the following were varied:
1) Air mass concentration iIn the steam-air mixture.
1) Steam-air mixture temperature at the inlet to the
test section

1i1) Tube 1Inside diameter.

The steps given below (1-7) were such that iIn any one
test only one of the above mentioned parameters was varied
while the other two were kept constant.

The test section was assembled using the 25.4mm(1')
inside diameter copper tube. The following were then
carried out:

The steam generator was set to the desired output

pressure and approximate mass flow rate by making use

of the load selector switch on the steam generator.

The accurate value of steam mass flow rate was

calculated from the time it took to accumulate 10kg of

condensate when the test section was set for total
condensation i1.e cooling water flow rate was such that
aH the steam was condensed. This was carried out at

least three times to check for consistency.
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The cooling water mass flow rate was then adjusted to
the initial value to be used iIn the test and steam-air
inlet temperature to test section was also set to the
desired value.
The equipment was operated under this test condition
for sometime to ensure that a steady state existed.
The following readings were then recorded in the
order they are listed to give one set of readings for
a run.

)] Steam thermocouple readings

Tube wall thermocouple readings

-
-
o/

Cooling water mass flow rate, inlet and outlet

-
-
N

temperatures

1Iv) Pressure loss across the test section

V) Air volume flow rate, temperature and pressure

vi) Ambient temperature and pressure
To reduce error iIn the readings which could arise from
unsteady state, meter malfunction etc, these readings
were taken after every 15 minutes until two successive
sets coincided.
A known amount of air preheated to the same
temperature as steam was introduced iInto the steam to
Sive the initial desired air mass concentration iIn the
mixture. The readings of step 4 were then recorded.
This was repeatedly done with at least 5 different
Values of air flow rates to give readings for the

F e°t of mass concentration of air.
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The ailr iInput to steam-air mixer was stopped, and then
the steam inlet temperature to the test section was
changed to a new value by regulating the heat Input to
the superheater. Steps 3-5 were then again carried out.
Other values of steam-air inlet temperature to test
section were similarly set, at least four different
values were used to give data on the effect of fluid
inlet temperature to the test section.

After sufficient data had been taken using

25.4mm(1'"") 1inside diameter tube, the test section was
dismantled and the 25.4mm(l1'") was replaced with a
38.Imm(1.5"") 1inside diameter tube. Steps 1-6 were
then followed once more with the 38.1mm(1.5") copper
tube.

The type J and K thermocouples were then calibrated by
use of an oil bath and an accnrate mercury iIn glass

thermometer.

The accuracy of the experimental results depended

1- Careful regulation of steam and air flow rates,
pressures and temperatures.
Accuracy iIn the measurement of flow rate of
steam, air and cooling water.
Accuracy In the measurement of tube wall, steanm,

air and cooling water temperatures.
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In all the cases accurate 1instruments were employed

and sufficient time nas given for the experimental runs to

ensure readings were taken under steady state -, -
conditions.



74

CHAPTER SIX
ANALYSIS OF DATA

g-1 INTRODUCTION

The reduction of data to nore basic units of flow and
temperature and to calculate the desired quantities such as
Bean temperature, experimental heat transfer coefficient,
Reynolds number and so forth was done using the computer
program iIn Appendix 4.1.

In this section only the relevant flow chart is used
to explain the sequence and the tabulated values from the
computer print out presented as Tables in the Appendix 6
and the graphs presented as Figures iIn the Appendix 7

The formulas used to calculate the various quantities
are presented iIn chapter 3 which covered the theoretical
introduction. Theoretical modeling w°s done for both the
steam-air core temperature profiles and the pressure drop
across test section using programs presented iIn Appendix 4,

only relevant flow charts are presented here.

REDUCTION OF EXPERIMENTAL DATA TO GET LOCAL
CONDENSATION HEAT TRANSFER COEFFICIENTS

[The flow chart of the required steps is presented as
«1. The following parameters were calculated from

fesult sheet for any run(experimental data):-
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FIGURE 6_11 THE FLOWCHART OF THE COMPUTER PROGRAM USED FOR
PROCESSING EXPERIMENTAL DATA



76

1. The mean tube wall temperature: from the 19 tube
wall temperatures recorded.

The mean local bulk temperature: from the 7 steam-air
temperatures recorded.

3. The mass flow rate of steam from the average of
masses of condensate collected and the times for
collection when the apparatus was set for total
condensation.

4. The temperature rise of cooling water.

5. The mass flow rate of air: from volume flow rate of
air, the ambient temperature and pressure
conditions. The final temperatures recorded in the
tables are those corrected from type J and K
thermocouple readings, the calibration charts are

presented as Figures A3.1 and A3.2 iIn the Appendix 3.

The next stage in the flowchart calculates the

following:-

The mass concentration of air in the steam-air

mixture.
2
JtThe volumetric (molar) concentration of air iIn the
steam-air mixture at inlet to the test section.
g

1 he total amount of heat (QJOT) carried away by

c°oling water.

N*x

T j B} _
f 6 {emperature difference between the steam-air core

V the tube wall and the correction for the

»®Perature across the copper tube wall.
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Setting up a heat balance between heat flux through
the wall and heat carried away by cooling water and
evaluating the value of h from the Equation 6.1

Qtot = hAAt (6.1)

6. The mean pressure drop across the test section

The calculated results are presented as Tables iIn the
Appendix 6 as Tables A6.1 to A6.12 and the graphical
representation as Figures in Appendix 7 (Figures A7.1 to

A7.12.)

6.3 COMPARISON OF EXPERIMENTAL CONDENSATION HEAT TRANSFER
COEFFICIENT TO THE CORRELATIONS.

The ratio of experimental to predicted heat transfer
coefficient defined iIn section 3.8 1.e
H = F%Xp/hm 6.2),
Where hQq = the experimental value of heat transfer
coefficient
h, = Heat transfer coefficient based on
eJuation 2.3 and 2.4, and is calculated for
PAtwo tube diameters used 1.e 25.4mm and 38.1mm.
To further differentiate between the values obtained
~mEquations 2.3 and 2.4, the following variables used IiIn
manalysis are defined as:

h H .
m>*c = neat transfer coefficient when the correlation

°f Equation 2.3 due to Ackers et al (1958) 1is used.
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hm’ s = Heat transfer coefficient when the correlation
of Equation 2.4 due to Shah (1979) is used.
H,., - denotes when h in Equation 6.2 is set as

equal to hm, A -
Hy; - denotes when h in Equation 6.2 is set as
equal to h
These values are tabulated iIn Appendix 6 (Tables A6.13
to A6.14) The graphical presentation of these data is

given 1In Appendix 7 (Figures A7.13 to A7.23).

6.4 COMPARISON OF EXPERIMENTAL AND THEORETICAL STEAM-AIR
AX1AL TEMPERATURE PROFILES.

Colburn and Hougen (1934) in their treatment showed
that at any particular axial point iIn the test section the
quantity of heat flowing per unit time per unit rurface
-©ea through the resistances of the condensate layer, the
Betal wall, the scales and the cooling water Tfilm could be
Wttated to heat flow through the gas film. The heat flow

*ough the gas fTilm is made up of sensible heat lost by

Iture and the latent heat transferred as the vapour
Ittuses through the gas film and condenses iIn the
ConOIp'sate film. The total heat flow is represented by an
“Verall coeffie§ent U, multiplied by the overall

teoPeratur e grop between the steam-air mixture and the

) | _
I6 Water, 1 o the heat flow to the condensate surface

‘o the heat flow from the condensate surface and



79

these are equated to UAt as iIn Equation 3.24a rewritten

for sake of clarity.

At any value of tg in the test section, all the
variables iIn Equation 3.24a are known and the value of UAt
iIs obtained by trial and error substitution of several
values of tc until the desired equality is obtained. By
choosing six or more different values of t9 by subdividing
the temperature interval between the inlet and the outlet
temperature of steam-air mixture to the test section iInto
six or more intervals.

For every interval by trial and error method the
values of UAt are evaluated. Performing graphical

integration of Equation (3.11):
v=n dQ.
(6.3)
where n = the number of iIntervals considered. The total
surface area of the test section could be evaluated. For

y the intervals, the required surface area for heat

transfer Ac could be evaluated from

AC (UAD. " nd(AL) (6.4)
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occurred could be found. The values of t5 and their
respective axial positions are given iIn Appendix 6 (Tables
A6.24 to A6.29) and used to plot graphs for comparison of
predicted and experimental steam-alr core temperature
profiles are presented as Figures 7.10 and 7.14.

The whole of the procedure was done by a computer
program, presented in Appendix 4.2 and only the flow chart

of the procedure 1is presented iIn this chapter as Figure 6.2.

6.5 LOCAL CONDENSATION HEAT TRANSFER COEFFICIENT AXIAL
PROFILES.

When a vapour 1is at a temperature above the saturation
temperature corresponding to the vapour partial pressure,
no condensation occurs. The vapour simply cools down,
becoming less superheated until the saturation temperature
IS attained. Therefore iIn such cases the test section was
likely to have two regions,a de-superheating section and a
condensing section. An attempt was made to map the test
Cction to show roughly how far each of the above regions
Attended by estimating the local values of heat transfer
=cfficient along the test length by making an assumption

linear temperature profile for the cooling water. This
"3s m"l.': suc}1 an absurd assumption as the temperature rise

of
°°ling water was small, the maximum recorded being

13C.
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PREDICT FLUID CORE TEMPERATURE PROFILE AND
IN SIZING THE TEST SECTION



82

Tables for the cases analysed showing estimated values
Of local heat transfer coefficient are presented iIn
Appendix 6 (Tables A6.35 to A6.40) and graphical
representation given iIn Figures 7.6 to 7.9. The fluid core
temperature profiles and the assumed linear cooling water
temperature profiles used in the calculation of local
values of the condensation heat transfer coefficient are
presented In Appendix 6 (Tables A6.31 to A6.34) and
graphical representation is presented In Appendix 7 as

Figures A7 .24 to A7.28.

6.6 COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL
PRESSURE DROP.

The methods presented iIn chapter 4 and the computer
Program iIn Appendix 4.3 were used to generate the predicted
values of pressure drop, and these were compared to the
velues obtained from the experiment. Both the predicted

experimental pressure drop across the test section when
HP tube diameter was 38.1mm were numerically small, the
*Imum achieved from the experiment being 117N/m2 (12mm of
,er). Because of experimental errors the reliability of
e mimental pressure drops for comparison to predicted
L was Questionable and hence are not presented. The

data Pr ) ) )
I esented are those obtained with tube diameter of

25-4mm.

o These are presented iIn Appendix 6 (Table A6.41)

raph . _
grap leal representation presented as Figure 7.15.



Figure
3: THE flowchart of the computer program used to
CALCULATE THE PREDICTED PRESSURE DROP ACROSS
THE TEST SECTIONCTUBE-SIDE)



6.7 ERROR ANALYSIS
6.7.1 INTRODUCTION

In order to estimate the error iIn the calculated
results i1.e In the condensation heat transfer coefficient
and the pressure drop due to the error iIn measuring the
relevant quantities, a section on error analysis 1is
introduced. If a quantity zj units is measured and
recorded as z units then the error in 20 is (/2‘209
henceforth denoted by e. It iIs assumed that the numerical

value of error e is small compared to that of 2 .

z = z0 + e where e « zq (6.52)
2=z0d + P (6.5b)
f= e/zo (6.5¢)

T 1s known as fractional error Iin 20 and 100 e/zO is

Percentage error in z,
then z/lzqg =1+ f (6.6)

ad 27 = I/(1+F) is equivalent to 1-F for () « 1

2
v o -~ e/z z/z0 = e/z(1+F) approximately equivalent to

e/z.

a quantity zQ units is measured n times and
teoo*d as v v _.
“"ePbsureBent r. 2

the rF¥
measurements 1is:

- ... . zn units then for any of the

— z0 + er and the arithmetic mean 2 of
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z = (z©z2+ ... .... + zn)/n (6.7a)
Z = Zo+(eite2 + .._..... + en)/n (6.7b)
Since the errors el,e2,...,en nay have opposite signs, thus

E, the largest numerical error In any of the measurements

is such that:

(etr e2+ __... + en)/n < E. (6.7c)

and consequently z - z5 ™ E.

It 1s not possible to find e , e ,...,e or E since z
iIs not known. It is usual therefore to examine the scatter
or dispersion of measurement not about Z; but about z then

for any reading say the rereading z

z, =z +d (6.82)
where dr = deviation of zrfrom z or the residual of z.
z=z+e=2z+d. (6.8b)
and (et e2+.._... +en) = n(z -2Q). (6-8c)
and (d& d2+._..... +dn) = 0. (6.8d)

Accuracy refers to the closeness of measurement to the
*twal or the "real” value of the physical quantity
fw*eas precision is used to indicate the closeness with
~°h the measurements agree with one another quite
BAndently of any systematic error involved, thus
m>rements zt>z2,...,z are of high precision if the

residualcs j
3 dr are small whatever the value of (z-2z2),
whereas

ccuracy of measurements is high if errors e are
saaij r

n which case ( z - z ) is also small.



86

Accuracy therefore includes precision but the converse 1is
not necessarily true. In most cases more 1iIs known on
precision of an instrument than on Its accuracy.

Calculus can be used iIn the estimation of errors. For
supposing z IS a measured quantity and O is a quantity from

the formula:

b - £f(2) (6.9)
If & is the error in I, the corresponding error in & is &<p
where:
i 6<p i<p
Lim = 6.10a
270 dz ( )
therefore 07 = —ég (6.10b)

if <& is small enough

and the error in 9 is approximately given by:

64, = 6z 6.11,

J-en the quantity & is a function of more than one quantity

then partial differentiation is applied
Fer >=n 1t ,z2 .

N =3 * 0y I f ' -+ —%)' 0z (6.12)

~Further details on error analysis 1Is beyond the scope
of 0
P present work and the reader 1is refereed to texts

Su’h as opping (1962) and Holman (1985).
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6.7.2 ACCURACY OF THE EXPERIMENTAL VALUE CONDENSATION
HEAT TRANSFER COEFFICIENTHh)

From Equation 6.1,
h = ® CpvAtv/rr(dl)Atm (6.13)
Using Equation 6.12, and rearranging the fractional error

in the heat transfer coefficient h, 6h, is
<h __?TW X 6va Eféfvz_ ed- él 6(Atm)

h : Cov AT, d 1 At (6.-14)
The maximum possible error due to the limitation of
measuring instruments are as below.

6m, = +8.33x10"3kgs_1

6d = 10.001m

G = 10.001m

+l°c

SAv)

6(At,) = 10.5°C

Bp error In the mean value of va due to the variation

- cooling water temperature in the test section is
6cpv=+0.003kJI/kg K.

The measured values iIn the experiment are as below;
WhgJ0 Al o ) )
nere was a variation in the value of a variable, the

mBUB measured value was used when applying Equation
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m, = 0.502 kg/s

c, y=4-181 ki/kg K

AIV =8 C
Atm==59 o
d = 25.4mm
L = 4000mm

Substituting the numerical values iInto Equation 6.14:

6h _ 0-00833 0.003 1 1 1 0.5
h 0.502 4.181 8 25.4 400 9~

= 0.047
= 5%
The maximum error iIn the values of condensation heat

transfer coefficient (h) i1s then *5%.

6.7.3 ACCURACY OF EXPERIMENTAL PRESSURE LOSS ACROSS THE
TEST SECTION

In the evaluation of the experimental pressure drop
across the test section, a manometer with water as the
werking fluid was used. The pressure drop AP 1is
“alculated from the formula:

AP = (pm "™ p >gh (6.15)

Mhere B} n _
Pm = density of the manometric fluid

-
1

density of the fluid In the conduit

>
Il

manometer head reading
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Using Equation 6.15 then:

S@E)  f Map)
AP

AP
<5(p.-p) * agh) 6h 1

AP (6.15a)

6 (AP 6(pm 6h
FARSEE T (6.15b)

The errors iIn the density of water (pm ) and of the
fluid in the conduit (p) are as a result of temperature
fluctuations. The range of the temperature variation for
the steam-air mixture iIn the pressure tapping pipes were
practically the same as those of water iIn the manometer due
to the long uninsulated lengths of the pressure tapping

Pipes. That temperature range was between 25 °C and 30 °C.
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The steam-air mixture iIn the pressure tapping pipes

was considered to have properties similar to those of air
saturated with water vapour at same temperature as the
nixture. The numerical values of the parameters of

Equation 6.15b are as below:

Density of saturated air at 30 °C ,0.811 bar - _gog kg/m3
Density of saturated air at 25 °C ,0.811 bar - _g72 kg/m3
Density of water at 30 °C = 958 kg/m3
Density of water at 25 °C = 997 kg/m3
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maximum value of (p™-p) - minimum value of (pm—p)
6(pm ~P> = (997-0.872)-<958-0.895) = 39.0 = * 19.5 kg/m3
The error iIn the measurement of the manometric head
because OfF oscillation of the manometric fluid was taken
as x2.5mm of water. Substituting the numerical values into
Equation 6.15b and using the maximum head iIn the manometer

of 69mm of water, then:

6(AP) 1 25
~AP = 996745 x 19-6 + “gg = 1 6%

The maximum error in the calculated values of the pressure

drop across the test section iIs = 6%.
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CHAPTER SEVEN
DISCUSSION

71 INTRODUCTION

In the present work, the aim was to find the effects
of NCG on condensation heat transfer coefficient (h) of
steam on the iInside of a horizontal tube when the following
parameters were varied:-

)] The percent mass concentration of NCG iIn the steam.
i) The inside tube diameter.

1i1) The i1nitial temperature of steam-air.

EFFECT OF NCG MASS CONCENTRATION

The effect of initial air mass concentration on the
maan condensation heat transfer coefficient (h) i1s shown iIn
Appendix 7 as Figures A7.1 to A7.12_.The value of h iIs seen

edecrease very rapidly with small iIncreases iIn air mass

concentration.

I he value of h then decreases slowly until 1t becomes
yJjn
Pally constant at high gas concentration. The
teduct - ) ) )
on of h Is explained by the fact that when steam is

Iwith NCG and 1t condenses, the NCG will be left
mnNeen
ew steam and i1ts condensate, so that afte]
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condensation has commenced the cold surface will be
blanketed by a stratum of air and the new steam will either
have to displace or pass through this layer of NCG before
it In turn can be condensed. Also NCG being denser than
steam, steam 1is displaced upwards iIn the tube cross

section, this further reduces the "actual''surface area of
heat transfer between the steam and the cooler surface of
the tube resulting in a further reduction in the value of
h. This effect becomes greater towards the exit end of the
test section as the proportion of NCG in the steam NCG
mixture iIncreases and also iIn cases of high initial NCG

concentration.



In order to explain the large reduction in the value
of h by presence of even very small amounts of NCG in the
vapour, Sparrow and Lin (1964) suggested that even a very
small amount of NCG iIn the bulk of vapour causes a large
build up of NCG at liquid-vapour interface. A consequence
of this build up i1s that the partial pressure of vapour at
the interface 1s reduced, this In turn lowers the
temperature at which the vapour condenses and thus
diminishes the effective thermal driving force.

At relatively high NCG concentrations, the mixture
heat transfer characteristics are strongly dependent on the
heat transfer properties of NCG and therefore the value of
h does not vary with NCG concentration. This IS seen In

Figures A7.1 to A7.12.
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73 EFFECT OF TUBE DIAMETER

The effect of tube diameter on the mean condensation
heat transfer coefficient (h) is shown on Figures 7.1 to

7.3. For a fixed inlet temperature and NCG concentration,

the smaller tube 25.4mm (1) gave a higher value of h than

the tube of diameter 38.1mm(1.5%).
This difference is very significant at low NCG

concentrations .The difference in the value of h became

smaller at higher NCG concentrations. The reasons for this

trend are thought to be:-

For similar mass flow rates, NCG concentrations and

inlet temperature, the Reynolds number for the smaller

tube was higher and therefore the value of h, which

a function of Reynolds number, was higher than that of

the larger tube.
) The higher Reynolds numbers caused more rippling
tand turbulence at the liquid-vapour interface and
hence promoted higher heat transfer rates in the
smaller tube for same mass flow rate [Othmer(1929)].
"rl—)'Pm e existence of an annular-mist type of flow iIn
I he smaller tube, as opposed to the stratified flow

~ogime iIn the larger tube, promoted iIntimate contact

Ptween the phases and hence higher heat transfer
rates.

iv)
Thr
I *gher velocities of vapour iIn the smaller
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HEAT TRANSFER COEF FICIENT (H) W/M K

CONDENSATION

% HASS CONCENTRATION OF AIR IN THE MIXTURE.

FIGURE 41, EFFECT OF MASS CONCENTRATIOH OF AIR AND PIPE DIAMETER

ON CONDENSATION HEAT TRANSFER COEFFICIENT FOR FIXED
INLET TEMPERATUFCE
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CONDENSATION HEAT TRANSFER COEFFICIENT(H) W /1A

FIGURE 7
3: EFFECT OF MASS CONCENTRATION OF AIR AND PIPE DIAMETFR

ON CONDENSATION HEAT TRANSFER COEFFICIENT FOR FIXED
INLET TEMPERATURE
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tube helped iIn driving off the condensate and
prevented the formation of a thick condensate film
especially towards the exit end of the test section.
A thick condensate layer would otherwise have
decreased the value of h due an to iIncrease in the

resistance to the heat transfer.

At higher concentrations of NCG the difference In h
was not large because the heat transfer properties of NCG
predominated, and since the difference in diameters was not
large only a small difference heat transfer coefficients

was realised.

7.4 EFFECT OF FLUID INLET TEMPERATURE

The effect of inlet temperature iIn h iIs shown on
Figures 7.4 and 7.5. At fixed tube diameter and NCG
Joncentrations, h decreases with iIncreasing inlet fluid
temperature. The effect of inlet temperature on h was more
Wonounced at relatively low NCG concentrations. The
B*°ry suggests that the value of h should increase with an

Krease iIn the inlet fluid temperature because of a bigger
~Berature difference between steam-air core temperature

d tuh
e wall i.e a bigger thermal driving force. This

diff
pence was due to the fact that, for a steam-NCG
®ixt
Ire at atmospheric pressure and at a temperature higher
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FIGURE 2 4. EFFECT OF MASS CONCENTRATION OF AIR AND INLET

TEMPERATURE ON CONDENSATION HEAT TRANSFIR
COEFFICIENT FOR FIXED PIPE DIAMETER
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condensation heat transfer coefficient W/m X

Local

FIGURE 7 7t LOCAL CONDENSATION HEAT TRANSFER COEFFICIENT

PROFILE ALONG THE TEST SECTION
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than saturation temperature corresponding to the partial
pressure of steam iIn the mixture, condensation would not
occur until the above saturation temperature is attained.
Therefore only de-superheating or sensible cooling occurred
in the first portion of the test section. Heat transfer
coefficient for this type of heat transfer is relatively
lov. But the value of h greatly increased at the onset of
condensation as can be seen iIn the Figures 7.6 to 7.8, as
compared to the profile obtained with saturated steam, 1in
the Figure 7.9 where there was no dramatic change iIn the
local values of h implying only one mode of heat transfer
along the test section. Since the length of tube occupied
by the sensible cooling or de-superheating regime iIncreased
with increasing inlet temperature, the mean value of h over
ire whole length of the test section thus decreased with an

increasing fluid inlet temperature.

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
TEMPERATURE PROFILES.

The method used iIn sizing the test section was based
n that of Colburn and Hougen (1934). Even for saturated

at the inlet to the test section this method has very

little experimental evidence iIn the literature to support

it, t - n
V n this work a comparison was made between

J-cental temperature profile and those predicted by the

“ocel |

© gauge on how close they agree.
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For the cases considered the results are presented In
pigores 7.10 and 7.14.

The agreement 1is close once the steam-air mixture has
reached saturation state but the theoretical model
predicted higher temperatures iIn the superheat region.
This shows that a better procedure should still be sought
for sizing of iIntegral cooler-condensers iIf the steam-NCG
mixture is superheated at the inlets to the

cooler-condensers.

7.6 COMPARISON OF EXPERIMENTAL AND PREDICTED HEAT
TRANSFER COEFFICIENTS.

The predicted values of condensation heat transfer

coefficient (hm) were calculated using Equation 2.3 and

M- These are presented iIn Appendix 7 as Figures A7.13 to
?-23. For ease of reference the following figures are
~Bfoduced; Figures A7 .17 and A7.18 for cases of near

location, A7.14 for the case of mild degree of superheat
&r_d a7't0 tor the case of high degree of superheat. The
ql£j rence of ratios H”and Hsh from unity (when NCG
MFc*tration iIs zero) indicated the departure of

j
enta] condensation heat transfer coefficient (h )

froB ,, o
Se Predicted by the above two correlations. The
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I FIGURE 7.10: COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
" TEMPERATURE PROFILES
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MGUr
p— L 11: COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
TEMPERATURE PROFILES
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Temperature (deg ©)

figure
7.18 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
TEMPERATURE PROFILES



FIGURE 7.13;
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL

TEMPERATURE PROFILES
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departures were greater as both the inlet temperature of
steam air and the NCG concentration increased, which was as

expected from the discussion iIn sections 7.2 and 7.4.

The Equation 2.4 predicted much higher values of
condensation nheat transfer coefficient than experimental
values. Equation 2.3 gave values comparable to
experimental data at low values of inlet temperatures but
the departure became more as the inlet temperature

increased.
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7 7 COMPARISON OF PREDICTED AND EXPERIMENTAL PRESSURE
DROPS.

The correlation based on Equation 4.16 and the
computer program is shown to be suitable for calculating
w0 phase flow pressure drop (See Figure 7.15) The
assumption of global parameters which simplified the
application of Equation 4.13 and 4.14 1is therefore a fair
assumption. The calculated result had an error of = 6% as
shomn iIn section 6.7.2 and therefore the agreement was

deemed to be close.
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FIGURE A7|5, RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION
HEAT TRANSFER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE MIXTURE
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CHAPTER EIGHT
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The experimental work showed that the mean heat
transfer coefficient of steam condensing on the inside
of a horizontal tube 1i1s greatly influenced by the
presence of NCG, the effect of NCG being pronounced at
low NCG concentrations.

The smaller internal pipe diameter gave higher values

of condensation heat transfer coefficients.

Lower inlet fluid temperature gave higher values of

condensation heat transfer coefficients.

The integration of any of the heat transfer equations
over the whole length of test section would require
some knowledge of point of change over from sensible
cooling (de-superheating) to condensation heat

transfer mode.

in practice some condensation occurred In the sensible
cooling (de-superheating) portion.

From the comparison of temperature profile predicted
by Colburn and Hougen (1934) and experimental

temperature profiles from the present work, is seen

Bthat the Colburn and Hougen (1934) method is
| Satisfactory for initially saturated conditions but

Hf°t for initially superheated conditions.
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The pressure loss as predicted by methods of section
6.6 gave values that closely agreed with the
experimental values. This shows that any more
refinement iIn the model which would require more
numerical work is not necessary. The assumption of
global parameters used iIn the analysis was a fair
compromise.

The error analysis gave the maximum error in the
measurement of heat transfer as +52 and that of
pressure drop in test section as +82. To reduce

these error ranges any further would require more

accurate iInstrumentation and better control iIn the

generation of steam, compressed air etc.
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RECOMMENDAT IONS

The work by Othmer (1929) showed that the condensation
heat transfer coefficient decreased with an iIncrease
in temperature difference between the steam-NCG core
and the tube wall. In this work no attempt was made
to investigate this any further and any future work
should i1nvestigate quantitatively the effect of this
temperature difference as one of the variable.

Other workers 1investigating condensation of vapours
inside enclosed conduits have shown quantitatively
that factors like rippling and turbulence on the
liquid vapour interface, the two phase flow patterns
and tube inclination influence the rate of
condensation. Further work should be done to
determine the effect of these parameters
quantitatively on condensation in the presence of NCG.
It 1s also necessary to formulate a model that would
cater for superheated steam condensing iIn the presence
of NCG as the Colburn and Hougen(1934) does not

Predict accurate results.
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APPENDIX ONE

SIZING OF THE EXPERIMENTAL RIG COMPONENTS

1.1  GENERAL

The experimental rig consisted of the boiler, steam
superheater,air heater,steam-air mixture and the test
section. The isometric drawing O1 the rig lay ouf

IS presented as drawing number 1.

1.2 STEAM GENERATOR

An existing steam generator was used. It was
Speedylec type 236 from BASTIAN and ALLEN LTD, ENGLAND. It
was an electrode boiler with a maximum rating of 0.01 kg/s
and 10 bar. The output could be varied by means of a load

selector switch from 0% to 100% of the fTull load.

1-3 STEAM SUPERHEATER.

The steam used iIn the tests was required to be
SuPerheated or saturated at the inlet to the test section,
superheater with a variable heating capacity was used for

Purpose. the set up used iIs as shown iIn Figure Al1.3
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Air was preheated by an electric heating element and
then passed Into the superheater consisting of a single
shell and three tube passes. The steam flowed iInside the

tube while hot air flowed on the outside of the tube.

Specification

Maximum steam mass flow rate =0.01kg/s
Temperature of steam at the inlet to th™
superheater = 05 C.

Maximum temperature of steam required at the exit

from the superheater = 230*C.
Maximum air mass flow rate = 0.02kg/s
Tube diameter = 25.4mm.

Tube material is copper.

To ensure that the hot air heated up the whole steam
tube, the air temperature at the exit should be at least
50 C higher than that of iIncoming steam. Therefore the air
®»perature at the exit from the superheater should be
145 C 1.e (95 + 50)°C.

Heat balance for the superheater:

*QCp.a. hi hol = *gﬁ.g (Ceo- Ty (AL 1}/
Substituting the numerical values and solving for
v
0.02x1.075(th.-145) = 0.01x4.46(230-95)

t},,=425 °C.
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Approximate air temperature at inlet to air heater
iIs 20 C.
Power required by the air heater:
I an _aAta:O-OZXI -075x(425-20)kw
=8.7 kW.(Say 9 kw)

The steam tubes were staggered at 250mm pitch centres
to limit the height and width of the shell to 300mm by
300mm as Figure Al.2._.

For staggered arrangement the correlations used to
calculate the heat transfer coefficient are given by

0zi?ik(1985) as:

Red (dGmax )/P (A1-2a)
Ghax = P Unax (AL.2b)
(sT/d)
Unax = (57/B72F Yo (A1.2C)
&nc* um *s velocity at a point iIn the heat exchanger

1 before the fluid enters the tube bank. Air was let iInto
the tube bank through a pipe having an internal diameter
of 25.4mm (1").

Mean bulk air temperature = (425+145)/2 ©C.=285°C.
At this temperature and atmospheric pressure the

» fToperties of dry air are as below:

P = 0.616 kg/m3.
k = 4.357x10"2 W/m-K.
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[ = 2.849x10"® kg/ms.
Pr = 0.680.

Uo = --—~T~ (A1.3)

substituting in the known numerical values and solving for

Y,
um = (4x0.02)/(0.616xrcx(0.0254)Z m/s

= 63.9 e, /s .
From Equation Al.2c for u

-3
25/25,4x10 /s

umax = 63.9 X
|. ( 1 25/25.4x1073)-1

=71.2 m/s.
From Equation Al.2b, for G
maxXx
Gmax = (71.2x0.616) kg/mS
=43.8 kg/m
From Equation Al.2a:
Red = (43.8x25.4x10~9 )/(2.849x10"5) = 39.08x103.
— — 0. 3
Nu .= hd/k = C2Rey Pr (Al _4)
Pare 0.35st/sd - 0.35x(0.25/0.25) = 0.35.making
® - 0.6.
mtO® Equation Al.4 h becomes:
h =
m = °-35x(39.08x103)°“dX 0.68°"3X 4.357x010"2/25 .4x10"3

1 297.4 W/mZK.

To esfm
r 4»ate the total length of the tube L a heat balance

Is done:



moT AIK outLer ello

FIGURE Al1.1: SUPERHEATER
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Heat absorbed by steam = 9x109 = hmA(Atm)-

At = Logarithmic mean temperature difference.
U 425-230 )-( 145-95)]
loge [ (425-230)/(145-95)]
= 106.5 “C.
Therefore 9x10® = 297x106.5A.
A =0.284 m2.
Since A = 3rrdl (3 tube passes).
L = 0.284/(3x25.4x10"9xn) B2.
=119 m
L=12m
Summary

Nominal maximum power of air heater = 9 kW.

Length of tube = 1200mm.

Number of tube passes = 3.

Diameter of tube = 25.4 mm.

Size of the shell =1500mmx300mmx300mm

3 copper tubes staggered at 250 mm pitch centres.
Shell material: Black mild steel.

Production drawing 1Is presented as drawing number 2.

1,4 air heater.

-The air heater is included to preheat the air to be
Bjd with steam to ensure that the steam dryness does not

ohap™
fi\ﬂ‘ significantly during the mixing process. The input
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t electric element used was controlled by a variac
transformer to give the desired heating range.

Specifications

Maximum mass concentration of ailr iIn the mixture = 30%
Maximum flow rate of steam = 0.00kg/s.
Maximum temperature of air at the heater exit = 230°C.
Alr temperature at the inlet to the heater = 20°C.
0.01x[0.37(1-0-3)]

Maximum Fflow rate of air

0.0043 kg/s.
At maximum operating conditions, the mean bulk temperature
of air i1s - 125 C i.e (230+20)/2. The dry air properties

at this temperature and atmospheric pressure are as below:

Cp 2™ 1.0135 kJ/Kkg.-
The power 0f the element required = m cC (t -t ).
X p,a out in
= 0.0043x1.0135x(230-20) kW .
= 0.92 Kkw.

I ~ KW. heating element is sufficient. The production

B**wing 1s presented as drawing number 3.

AIR- STEAM MIXER.

1 he objective of mixing Is homogenization ,manifesting
it]
ld‘ll'O m a reduction of concentration and temperature

within the chamber.
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fixing i1s therefore undertaken iIn order to attain an
intimate mutual distribution of constituent materials.

The simplest and the cheapest way of mixing gases 1Is
in a pipe. If the gas mixture flows at sufficiently high
speed, the effect of molecular diffusion is enhanced by
turbulent diffusion. The mixer sized for this work was of
type whereby preheated air was introduced through a nozzle

into a flowing stream of steam.
Specifications
The lowest temperature used iIn the work was 99°C; the

sizing was done for this condition as this is when rate of

nolecular diffusion is least.

Maximum mass flow rate of steam =0.01 kg/s
Maximum mass flow rate of ar** -0.0043 kg/s
Diameter of the air nozzle =3 mm

The average value of mass transfer coefficient KC in

he nozzle mixer, according to Perry and Chilton (1973), 1is
£iven by;

(A1.6)
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where d = Diameter of nozzle (m).

D = Diffusivity (mZ/s).

ua = Velocity of air at exit from the nozzle (Ws).

pg = Density of steam (kg/m3).
pg = Viscosity of steam (kg/ms).

Scg= Schimdt number of steam.

Properties of air at 99 C and at one atmosphere.

Density pg = 0.8824 kg/m3.

Properties of steam at 99°C. and ;at one atmosphere.

Pg = 0.590 kg/m3.
tdg - 12x10 a kg/ms
kg = 24.8x10~9 W/mzK.

(t+273)
273

where Dg = 0.216x10~4 m2/s and n = 1.8.
substituting In the numerical values;
D = 0.216x10 4x[(99+273)/273] 1"B m2
= 3.77x10"5 m2/s.
4
ua = ~.p 50
lfu%*mg in the numerical values;

Ua = 4*0.0043/[(0.8824* x (3x10~9)2] = 172 n/s.

ansfter coefficient K from Equation (Al.7)

(AL.7)

(A1.8)

IS given
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rl172 x 0.59x3x10 3 X 12x10 *
12x10""* 0.59x3.77x10~-3 .

xF 5LZ7XICL! 1
[ 3x10~3 ]

= 7.059 n/s.

To accommodate the nozzle and to ease i1ts iInstallation, a
tube diameter of 50.8mm(2') was chosen.

Mole flow rate of steam = 0.01/18.02 = 5.55x10~4

kgmol/s.
Mole flow rate of air = 0.0043/28.96
=1.485x10 4kgmol/s.

Mole fraction of air = 0.21.

To estimate the mixing length renuired, 1t was assumed
that at nozzle inlet the difference iIn concentration of
8team at center line and wall equals the mass concentration

-n .

Ifdr in the mixture and after the mixing length, 1, this

dipP
pt.erence dropped to zero. The surface area of mixing was

on the diameter of the perforated tube.

_ . . 1
WS of mixture p =

(0.3/0.8824)+(0.7/0.59)
0.865 kg/m?




134

In every 1 kg of steam-air mixture there is 1.3 kg of
air and 0.7 kg of steam.
Concentration of air per m of mixture
< 1/0.865 kg/m of mixture,
= 0.259 kg/m3 of mixture.
Setting mass balance of air over length 1.

m. = KCA(AC|—AC2)- (A1.9)

a

A = TTdl (A1.10)

ACx = 0.259 kg/m3.
ACz= 0 kg/m3.

do = 12.5 mm.

Kc = 7.059 m/s.

mQ = 0.0043 kg/s.

Substituting and solving for 1:
3

1=0.0043/(7.059" x 12.5x10"3x0.259) = 131.7x10 “m.
Length of 150mm is sufficient.
Summary
Diameter of the tube = 50.8mm.
Diameter of the nozzle = 3mm.
Diameter of the perforated tube.= 12.5 mm.
Length of the perforated tube = 150mm.



135

STEAM-AIR
MIXTURE .
OUTLET

FIGURE Al.2s STEAM-AIR MIXER
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Including a calming section of length 300mm, the total
length of the ailr-steam mixture becomes equal to
450mm.

The production drawing of the mixture iIs presented as

drawing number 4.

1.6 THE TEST SECTION.

This was In form of a tube iIn tube condenser. The
sizing was done by use of the method suggested by Colburn
and Hougen(1939).

In condensing vapours from a mixture of vapour and
NG, the gas fTilm overall heat transmission coefficients
varied widely from point to point in the apparatus, and
also the change iIn heat content of the gaseous mixture was
proportional to the change iIn the temperature along the
axial length. For these reasons no simple relationship
expressing the mean temperature difference between the
Eas-vapour and cooling water stream could be used.

The method used for computing the surface area of the
®ondenser was one in which values of (1/UAt) were
MMrmined at sufficient number of points along the path of

| flow to permit calculation of a correct average value
®UAt) by graphical integration. The average value of

I at any point iIn the test section was obtained through

tf
I anc*error, by equating the heat transferred through



137

the condensate, the tube wall and the cooling water to the

sun of the heat transferred by sensible cooling of the
uncondensed gas the latent heat equivalent of the vapour
transferred by diffusion and condensed. The necessary
surface area was obtained by multiplying the heat
transferred per unit time by integrated average value of
(/UAY) .
The necessary heat transfer coefficients i1.e of
vapour ,condensate film, fouling and cooling
water were estimated by the methods of section 3.4. The
computer program used for generating the temperature
profiles of steam-air core along the axial length of the
test section was used to size the test section by changing
the program inputs from those of section 3.4 to the
following:
- The maximum and minimum mass flow rates of steam and
air to be used,
The maximum and minimum mass flow rate of cooling
water to be used, and then by varying the lengths and
diameters of tube and shell, the flow rate of cooling
water and i1ts permissible temperature rise, the
resulting temperature profiles were studied until
reasonable compromise between the temperature profile,
cooling water flow rate and corresponding temperature
rises (i.e the temperature rise should not exceed 60 C

inhere bubbling would interfere with the results) was
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achieved.

Specifications

Maximum cooling water mass flow rate = 0.5 kg/s.
cooling water inlet temperature = £5*C.
Maximum mass flow rate of steam = 0.01 kg/s.
Maximum mass flow rate of air = 0.0043kg/s.

(to give maximum ailr mass concentration of 30%).
Maximum inlet temperature of the steam-air mixture.
=230*C.
pith these conditions as iInputs to the computer program the

best combination realized i1s as listed under summary:

Summary

Tube length = 4000mm.
25_.4mm(1'") and 301 Imm(1.5").
76.2mm(3’) .

The production drawing js presented as drawing number 5.

Tube diameters

Shell diameter
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APPENDIX TWO.
PROPERTIES OF THE WORKING FLUIDS

2.1 THERMODYNAMIC AND TRANSPORT PROPERTIES OF DRY AIR.

Because of the use of computer programs to evaluate
the data, 1t was necessary to fit the properties of dry air
extracted from the tables by Rogers and Mayhew(1987) by
polynomial regression of order 3. The resulting equations
are as presented below, covering the temperature range

0-300 °C

Specific heat capacity at constant pressure( c ).
p

=3
(A2.1)
cp [kJ/Zkg] and t [°C ]
A0 = 1.0039 , A4 = 0.22895x10~4 , A2 = 0.45159x10 S ,
a3 = -0.24151x10 P .
Viscosity )-
(A2.2)

p [ ka/ms ] and t [°C ].
1-716,= 0.49347x102 ,B, = -0.38290x10~5

-a



140

Thermal conductivity (K).
i=3
k =J C.tl x 10°5
i=0
k [ kW/m-K] and t [°C ].
2.413, Ct =0.79594x10 2,C2 = -0.37978x10-5,

(A2.3)

Co =
C3 = 0.1487x10"8.
Density (p):- Use 1s made of perfect gas equation.
P = P/RT (A2.4)
PCkg/m3], p[N/m2], T[K] and R = 287.1 [J/kg-K].
2.2 THERMODYNAMIC AND TRANSPORT PROPERTIES OF SATURATED

WATER, SATURATED STEAM AND SUPERHEATED STEAM AT

STANDARD ATMOSPHERIC PRESSURE.

The regression equations presented are based on

tables by Rogers and Mayhew (1987).The temperature range is

0-300 °C.

2-2.1 SATURATED WATER.

Specific heat capacity at constant pressure ).
=3
(A2.5)
c=0
cpf [J/kg-K] and t [°C ].
0= 1855.9, At = 1.01299, = -0.01147,

As = 0.162415x010“3.
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Viscosity (fj{)

= (i k ] (A2.6)

[ kg/m s] and t [*C ]-
B© = 0.435509x10-3 , B4 = 0.282519x10"
Bz = 0.34405x10-7

Thermal conductivity ( kf ).

C, t* * (A2.7)
0

kf [ W/m2 ] and t[ °C1].
Co = 0.56903, C4 = 1.865x10"3, C2 = -0.7998x10-5,
C3 = 0.5256x10-8

Density ( pT ).

(A2.8)
P{ C kg/m3 ] and t[ Cc1].
Do = Ix10"3 , Dt = 0.000 Dz = 3.97x10-S .
2-2.2 SATURATED STEAM.
Saturation pressure ( P, ).
i-3 A
273 (A2.9)

i-0
p8 [bar] and t [ C1].
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Ao - 0.17372 , A+ = 6.2861x10 , A2 = 36.7147x10~-8 ,
A3 = 61.568x10-11 , A4 = 48.764.

Specific heat capacity at constant pressure ( c )

1=3 88)
Cog =V by L (A2.10)
L=0
cpg [3/kgKJ and t[ C1.

Bo = 1845-7 > Bt = 4.7559 , B2 = -0.1230
B3 = 1.3507x10"°
Viscosity (m )
j=3 9

=1Cc = (A2.11)
i =0

N x™N kg/ms ] and t [ °C 1]
CQ = 8.5038 , CE = 0.0323 , C = 0.4196x104 ,
C9 = -0.1212x10

Thermal conductivity ( k )
1=3

ky =1 Dttl (A2.12)
i =0

kg [W/m-K] and t[ C1].
_ - -a
Do = 0.01617 , Dt = 0.09407x10 D2 = —-0.2434x10"S
3 = 0.1542x10-7.

density (pg )

v=13

p .
9 r JE tlx (100p) (A2.13)

V=0
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Pg [ kg/m3 ] , p [bar] and t [°C ].

Ec = 126 , Et = 0.433 , E2 = 441x10'* , Eg = -3.9x10~*.
Latent heat of vapourisation ( h ).
(A2.14)
hfg [J/kg] and t[ C1]-
F =2501500 , F = -2433.5 , F = 1.8339 , F = 0.018616.
2.2.3 SUPERHEATED STEAM. J

Enthalpies h [kJ/kg] at pressures of 0.006112 bar,
0.01 bar, 0.05 bar, 0.1 bar, 0.5 bar, 0.75 bar and 1 bar
can be expressed in the form:

V=3

(A2.15)

where t 1s In [ °C ].

Using polynomial regression of order 3 to fit
Properties of superheated steam from Rogers and
~»hew(1987) at different pressures ,the resulting

metants are presented iIn Table A2.1.
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pressures are tabulated below:

Table A2 _.1:REGRESSION COEFFICIENTS.

PRESSURE (bar)

-4.0556
23.789
19.308
18.778
18.856
18.814

values of the constants at the various

A2 Aa

0.01367x102 -0.2493x10*

-0.2282x102
-0.1979x102
-0.1140x102
-0.1095x102
-0.7926x102

) .[Rogers and Mayhew (1987)]

* Ao
0.006112 2611.61
0.01 2460.25
0.1 2495 .92
0.5 2499 .36
0.75 2500.82
jo 2500.99
Density (]
K g =
Pg C kg/m3]
3-1

N a mixture

0.3 p(h - 1943)

, p [bar] and h [kJ/Zkg]

RECOGNITION OF A PERFECT GAS MIXTURE.

Is a perfect gas mixture, the

0.4013x10~2
0.6921x10~3
0.6902x10*3
0.8072x10*3
0.7430x10""3

(A2.16)

"Btribution to the potential energy due to col lisions(1 .e

A

f gpLe

r Cl°ns) between both

"Eligible.

like and unlike molecules must
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The reduced pressure Pr#i- and the reduced temperature

T, ,are defined as:

(A2.17)
t.
Tr.i = fzj (A2.18)
where p and T are the critical pressure and

temperature respectively.

For a mixture to be perfect, It IS necessary that the
reduced state of each of i1ts constituents fall within the
perfect gas region as shown on Figure 2.2. Defining the
effective critical properties and reduced states of the

mixture as below:

(A2 .19)

(A2.20)

(A2.21)

(A2.22)
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where 1 = the number of constituents in the mixture

= the mole fraction of the ith constituent.

P, o anc*T_ / are reduced mixture pressure and
temperature respectively.

The steam-air mixture least likely to be perfect, is
the one In which mass concentration of air is 30%.

Calculating i1ts critical properties :

Molecular mass of air 28.96 kg/kgmol.

Molecular mass of steam 18.02 kg/kgmol.

Critical temperature of air = 149.9 K.
Critical temperature of steam = 647.1 K.
Critical pressure of air = 44.7 bar.
Critical pressure of steam = 220.5 bar.

Considering 1kg mass of the mixture(0.3kg of air and 0.7kg
of steam), then:
Nnber of moles of air Ny =0.3/28.96 = 0.0104 Moles.
Number of moles of steam N, = 0.7/18.02 = 0.0388 Moles

9
M°le fraction of air Yq = 0.0104/(0 ,0104+0.0388) = 0.211

fraction of steam.Y9 = 1-0.211=0.789

B * Equations A2.19 and A2.20:
T
c.m ~ 0-211x149.9 + 0.789x647.1 = 542.2 K
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pe.m = 00 211x244.7 + 0.789x220.5 = 183.4 bar(181.0 atm.)
Partial pressure of air pg = 0.211x1.01325 = 0.214 bar,.

Partial pressure of steam pg = 1.01325-0.214 = 0.799 bar,

From Equations A2.17 and A2.18 and A2.22 the reduced states

for air and steam and the mixture are:

For air Pr a = 0.214/44.7 = 4.78x10 3.
Te,, = (273+100)7149.9 = 2.49.

For steam Preg = 0.799/220.5 = 3.62x10-3.
Tr’y = (100+273)/647.1 = 0.576.

For the mixture p =~ = 1.01325/183.4 = 5.52x10-3
0.688.

Tr<m = (100+273)/542.2
From Figures A2.2,it is seen that all the reduced states
fall within the perfect gas region hence justifying the

application of perfect gas equations "n this work.
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a) INTERMEDIATE AND HIOH PHESSURE REGION
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Pr
b> LOW PRESSURE REGION

FIGURE AE. Is generalized compressibility chart
SONNTAG et al C1971)
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APPENDIX 3

CALIBRATION CHARTS



FIGURE A3.1: CALIBRATION CURVE FOR TYPE J THERMOCOUPLE
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FIGURE A3. 2: CALIBRATION CURVE FOR TYPE J THERMOCOUPLE
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T\JM HEADING; CENTIMETRES

COOLING WATER ROTAMETER
FIGURE A3.3: CALIBRATION CURVE FOR
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o ease

153

APPENDIX FOUR.
COMPUTER PROGRAMS

this work

the numerical work load. They are reproduced 1iIn

this section and to ease references, they are listed as

follows:

4.1~

HL.2-

Jhe computer program used to process experimental
data to the values of (i) Condensation heat
transfer coefficient(h) (11) Mean pressure drop
across the test section. This program is based on
the flow chart presented as Figure 6.1.

The computer program used iIn sizing of the test
section and for generating the theoretical
temperature profile along the test section.

This program is based on the flow chart presented

as Figure 6.2.

The computer program used In the calculation of the

Predicted pressure drop across the test section.
This program 1is based on the flow chart presented

as Figure 6.3



@)

C

@)

C

2

4
3

- 14

APPENDIX 4.1

WRITTEN BY AFRED O\STIRO

FRO6 TO CALOULATE THE HEAT TRANSHER COEFFICIENT (F

CONDENSATION CF PURE STEAM ,STEAM KITH VARIOLS
CONCENTRATION CF AIR
DIVENSION A5, 10)
WRITEQ1,,£)" INUT \ALLE OF ABIENT TBP (14 DSS O)"
READ(1,©) T4
WAT-1
IHAT-1
SI-0
TO INITIALIE THE MATRIX
D 3LI-1,5
D0 4 12-1)10
AQULL2)-0.0
CONTINE
CONTINE

NRITE(O) "HN MANX SETS G DATA N&°

READ(L,D) No

WRITEG>,*)"INFUT MN=3 IF \VOL. ALON RATE CF AIR IS NOT ZERD"
READCE, DN

IF(WN.E).3) S0 6

WRITE(!,)"INFUT ND. CF CONDENSATE MASS READINSS TAKEN N1*
READ(L, D) NL

RI-0

D0 5 1*1,NL

WRITEP*,*)"INPUT MASS OF COND. (QV LBS)”®

READI*, %) QM

WRITEP*, )" INFUT TIME INTERVAL GF QOLLECTION IN HINUTESCIMIN)
WRITEP*,*) "AD IN SEOONDS (TEO)"

READI*,*) TMINJSEC

OWKMIO. 4535/ ((TMINIBCY+TSEC)

RI=R1+0W

QONTINLE

acf=i/ni

Qo 7

WRITEC,*)" INPUT MASS ALONRATE OF CONDENATE (A0F KB/S)®
READ(, ¥)ACF

WRITE!,»)"INRUT VALLE OF TUBE DIAQ IN ),LBENGTHR. N ),”
WRITEC,®) THIGNESS TH IN )

ReADr*,*) D,RL,TH

WRITEP*,*)"INFUT THERVAL CONDUCTIVITY OF TUIEE (K WA Q)"
READ(E, ¥ TK

M0s INd
INFUT of VARIOUS READING AT THE START CF THE EXPERINENT

[ WITEIL, 1) "INPUT VOLUVE ALO* RATE 0? AIR i VAIR L/MIN I
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READILT) \AIR
MRITECF, 1) "INUT WATER ROTAVETER READING (WRQT CH )
RED (LD \ROT
WRITECE, %y INFUT COOLING WATER INET TRWP.(TIN DE6 B)"
WRITEP, 1) “INFUT QOOLING WATER QUTLET TRWP. (TOUT CEG F)"
ReA(1,») TIN TOUT
WRITEYL, 1)"INFUT COND PRESSLRE. @ is VG )
READ(1,1) P
SI=SHP

READ{=, ) Ni
RI-0
D0 10 =1\
WRITECE, 1" INUT HASS OF CONDENSATE. @1 LSS )"
RO, E) (H

WRITECE,F) NAUT TIVE INTERVAL CF COLLECTION IN MINJTES (THIN)®
WRITE!E, ©)"AD IN SEOONDS TSEC ™
READ(t,t) THIN, TSEC
GHH —CH * 0.4536/((MINSBD )TIC)
RL=RL  GH

CONTINE
A= RIA)

WRITEI<,>)" INFUT VALLE CF TEE DIA @ IN), LBGH @ IN),"
WRITEF*,%) *TUEE THIGOESS (H ) *
READ(®) D R M
WRITEP*,*)"INUT VALLE CF STEAH TEHP. AT CONDENSRR INLET(TINP O)°
REDI*, %) TINP

TINUT = (L141 ITIN J9.35

DI=DI(5.4E-(B)

RUERLAS.4-08)

THI=THS.4E-0B)

TO ARRAE TUEE WALL TEHP. AND STEAH-AIR TEHPS.
WRITEP*, %) INPUT ND. OF VAL TEHP. TAGN N2 *
READY* 4) N2

R =0
D0 20 BN
WRITEP*,#)" INUT WAL TRP. (WL D3 C )’
REDI*, %) TIL

TWALL= 1.124%TWL -7.731
R2 =R2 + TWALL
QNTINE
AT
WRITE!*,*)=INFUT NIMBER OF STEAH AIR TEHP. TAKEN N3
read(*,»;n3
R3-0
D0 D K=I,N3
VRITEF*,»)"INUT TBP. CF STEAH AR (IST [B3,0"
READY™,*)TST
TSIEAN= 1.141*TST-?,336
R3-RI*TSTEAH
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D CNTINE

AT=R3TINPUTY/(N3*1)
DIBWPI=CTOUT-TIN)I/9
DWTBVP=(((TOUT+TIM)/2)-322)15/9
T=DNTEVP
CPNIs((0.162415=-00) I (TH3))H((-0. 11471400 t(Ttl2))
CPA2=((0.101290-2) IT)+1.850
CPAECANLHCPN?
WFRS(L.0BIVRDI J+2.154
SPVI=((.2041FHE-0) HTI)) +{(((2NAE=DH(TH2))
PEPVIHP2
QFRARDINS /&
HEAT RBVOVED BY COOLING WATER IS STOT
QIUE=NITRIGNIDTEPI
AREASS.141D1IRLL
TO QCRRECT KR ACTUAL TBVWP.  INSICE THE TUEE
NRITEd, D" INPUT THERMAL CONDUCWITY OF GCFPER (TK NAHKD®
READ(I,DTK
TOGRR=(QTOTITHLY/(TKIARER)
NRITEd, 1) "ARA = " AFA
NRITEd, 1) “THIGNESS = *,THL
NRITEd,») “CONDUCTIVITY = ,TK
NRITEd, 1) “TOTAL HEAT TRANSFERED= *,QIOT
NRITEd, 1) “OORRECTED TEVPERATURE = °, TR
DIEHP=(AT3-AT2)-TARR
TO CALOLATE MASS A.ON RATE OF AIR,VOLLMVE ALON RATE CF STEAV,
VOLLVE AND HASS QONCENTRATICN CF AIR OVER TOTAL VOLLVE AND HASS
- MIXTURE
VFSI2VAIR/60000
T2=TINAUT

DENAL=((-0. 118161E-07) 1 (TAE3) ye(( 107EEE-0DICA 12))
DENAR=((-0.439621E-02)* TAY+1. 28047

OENA-CENALDEND

\S1=}121.05+(.63251T2))

V{1 296E-0B)<(2112)

DES=10V/(S1VS2)
WRITEF*,*}"SPECIFIC VOLUVE OF STEAH=",1/DENS, "MAAB®
VFSACH/LAS

VON=(VRS/(UFSIARS))L100

AVA\FSIIDENA

CONE| FHA/(FHA+ACF) 11100

CALOULATE CONDENGATICN HEAT TRANSFER COEFFICIENT @ N2 K)
HEQTOT/(AREAIDLE )

FRINTING RESULTS (N SCREN (R IN A FILE
TO INITIALIE MATRIX MEVCRY

NRITEd, DIHAT

L=IvAT

AL, AL

AL, 2=TINLT

AL3)AT3

AL,H-QN

AL,DACN
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AL, B)AT2
AL, 7)A\HR /1000
AL, BFTIOR
AL,9*DTEP
AL, 10)H

IHAT dHATL

QONTINCE

PAB-SING

WRITECE,*)"MEAN LCSS OF PRESSIRE IN GONE (UNE) =
NRITE(1,75) PAB

FORMAT(3BX1F6.2)

D0 0 L5=1,10

WRITECE,0)(A(L4,L5),L451.5)
FORVAT(2Xfo(FI0.2,190/7)

QONTINE

HRITEG, ) "HASS ALOWRATE OF CONDENSATE =" ,ACF, "KB/S™
WRITECL,D"IF YOU KANT ANOTHR RN TYFE 22
WRITE(QL,H"INUT K

REACH,») IKZ

IF(KZE02) &0 O 2

BD
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APPENDIX 4.2

PROG. TO PREDICT TBWP. OF STEAV -AIR MIXTURE ALONG LENGTH CF
THE TEST SECTION(TUSE IN TUBE CONDENSER)

VRITTEN BY ALFRED ONGIRO

TO INPUT DATA FIRST
REAL A

DIVENSION A(1000,1)

NRITECE] 1) INPUT THE FOLLOWING*

WRITEYL,1)™NASS FLOARATE CF STEAM AVS Kg/s ™
READI=, 1) A6

WRITETE, 1)™NASS CONCENTRATION CF AIR ON *

READ (1,0 QN

WRITECI, 1) "COOLING HATER FLOIRATE HVF Kg/s™
READII, IYWVF

FR" EQ1,I) TOOOLING HATER INLET TBVP TWI oecC”
READ{1,1) THI

WRITEC*,£) "COOLING HATER CUTLET TBWP. THODES C "
READ(L,D) THO

WRITE!, 1)"STEARI-AIR TBWP. AT INLET TCIN DES.C"
REAOi I .DTCIN

WRITETE, 1)"STEAV-AIR TEVP. AT QUTLET TOOUT DES.CY

READ(», 1TCOUT

HRITEIt, ©)"TOTAL PRESSURE IN TEST SECTION PT. BAR®
READY*, 1)PT

HRITE! 1, ©)"TUBE LEN6TH TL (IN)”
READ! ,)TL

HRITE!t, I)"TUBE DIAVETER DIA. (IN)"
READIt,©)DIA

HRITE(L, D "TUBE THIGNESS TH. (IN)"
READ(I,»)TH

HRITE(t, D) ‘SHL DIAETR D. (N
READ!'T ,USD

HRITE!1, 0 "™ND. OF AIR-STEAV TBWP. QONSIDERED N
READ(»,0ON

CALQULATE THE HEAT TRANSFERED

DE<((SD»2)-(IAI12))t05
AREAS3.14$(01A1 12) 1(.0254U2) /4
0 T 700

WRITE(E, EYDIKE *

CALOULATE INLET AND QUTLET TBVWP.OF AIR-STEAM MIXTURE IN TEST
SECTION ASSUMING SATURATION CGNITIONS

60 TO 8D
HRITE(R,0 “PIKE *©
O TO 90
HRITEd.O “LIKE"

CALOULATE THE INTERFACE TBWP.

OT=(TCIN-TCUT)/(\-1)
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o=c ")
HP=0/(THIO.C254)
HDAEE000

HDS=11100
E1=((DISD)-DIADIA))
EF11105

DEL=E10.0054
6F=PONF/(3.14IDELIDEL)
DIAL=DIAIO.0254

AREASS 1ADIAIDIAL/A
MIN-L

=L

MD=1

MINE=L

TBIETCIN

TCI=T6I-40

TCHTCH

ASI=A6

T~

NRITE(L,T) “TRYINS A FREH \ALLE"
KRITE(!, £)"TSI=",T6i
NRITE{«, )" TCI+*, Tl
WRITE(I ;£)P\BI=",A6I
WRITE(L ) TP~ TF
JaEL

100 WRITE!,®) CNI

40

WRITEC*,») TRYING N&K VALLE CF TOI*
WRITEME, D) T6I=", TSI
WRITEE, 9 TC*, T
6={(A\G 118.02)H(FNAIZB.96) )/AREA
60 T0 60
RIEQ,E) TERR
PAI=PT-FSI
ANSI=PBIIRVAPAI
B=((A\BI*18.02)HFNAIZB.96) J/AREA
ERAN-SIAREA
WRITETL,£)"S,BRAN" S, SRAN
WRITE, 1) "W, OF=" IWF,0F
60 TO 600
WRITET*, %) “TER*
SLHSIHS7E(TBI-TCI)
SLHS2F*18. (4B
SLHS3=(PBI-POBI) 1155
SLHSSLHSIH(SLHRISLHS))
RHS*HC(TCI-TP)
SLHS3HS7*(TSI-TCID)
SLHSAFTIB. R4S
SLHBH(PSI-PBIDMS
SLH6*S HS3HE IS HB i
RESI=HOA(TCIL-TF)
WRITEY*, %) "SLHS* SLHS
WRITE*, %) REB* RS
WRITEP* %) "9 HG** SHH
WRITET*, 1)"RHS1=" AL
D T0 60
WRITES, %) HEFR"
NQKOHL
NO-NOHL
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HRITECE,£) "AKH"
I

150 WRITE!L,E) "Q.CEE
RP=00.90?
QVI=HS7I(TBI-TCI)
QU2F118,RIHS
QVB=(FSI-PIBDIHS
OAOVI(QV21Q/3)
Q5HI(TGI-TF)
A=QAHQB)/2
WDT=Qr
DADT/(T81-TF)
HT=QT/(TGI-TCI)
SIR=(IEA)ADT
DELTA-RES -RER
HINPHINGD
AHIH, D)<TBI
A(INCD JL)ETC
AQINE) , DFTF
A(HING), D=(TCI-TF)
A(IVHE), Dl
A((NINS), )=BT
ACHINED , DERAN
ACHINNTM)RE
ACAING), 1
ACIHING), DF
A(HINFIO), )57
A(HWH1L), D)HT
A(HINFLR), DA
A(HINL3), DHADT
ACQINGS) ,DFBIR
ACQIINEIS), D=RES
A((MINFG), DFRER
ACQINELT), D=DALTA
ACQVINHIS), DRA
ACMINFL9), 1B
AGMING0) , TP

7 WRITE(L,£) TBWP CF NEXT SECTIN STILL IN SUPERHEAT REGION ™

HIN-MINEZL
807 VRITECL, 1)™ND ROOT FOUND -ABORT *
TeI=TSI-0T
TCI=TSI-40
TCIT*TCIHL
MINEEMINEHL
WRITED,*) "NINE*", NINE
IF (MINE.LEINJ 8 TO 9
JXI=NIZL
VRITE{?,£)"TO FRINT RESULTS"
00 500 WEL, JAIa
RIE7,600) A(M,D)
400 FORVAT(20X E16.8 )
500 QONTINLE
5 T0 90
i NRITE(J,») "0
if (31 LT, 9) TN
X=3
KRS
60 TO 710
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BSE
VWRITE(I,1)™TO USE SPPERHEAT ENS"
ENDIF
MS1
KIM
D 10 7
8 KRITECL, DW
KiEKIGHL
PBI-FRT
DENS=LANT
=T
IFITCILLT.9) THN
& TO 716
=R
 TO 87
ENDIF
710 NRITEG>,I) “USINS SATURATICN EQN. *
RI=T8I
R=TBIITSI
R3-R2R1
RM2IR2
RS-RAIRL
VI=TCL
22V
\BR2AL
VARAR2IV2
\5A4AVL
\SI=TCIL
\VE2A\SLI2
\S3A\S1I3
\SRGLII4
VS5=\S1HS
SI=TF
skl
311
AL
SoasTash
AB1=(6.28806E-3)IRL
ABFOLB. TIATE6
AB3-R3461.568-9
PBAA3T6 A/ RH2T3)
PSAP=17..3719+A81-AR+AB3-ABA
PAI=EPPSAP))GE-2
PSI=PSAL
76 MRITEQ,I) NWW
VI-TCI
\2=TCH2
\B=TCI3
\A-TCHI4
\&=TCIS
SIETF
=TFI2
S3=TFII3
SETFI4
FTRS
RI-T5I
R2=TSI 2
R¥sTol 1»3
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R&=Toltdl4
R5=TollI5
\SI=TCIL
V22L& b2
VS3ASLIS
\VSR\&1114
VEBASLIIS
ACIAVI%. 2860663
ACKASHG. 28404E-3
ACARIR.T147E-6
AC2AS136. 71476
AC32\/3*61 56389
AC3A\/S3161.5683-9
AA-4876.4/(VI>273)
ACCA=4876 .4/(\S1+273)
PSAP2-17 . 3719+ACI-ACHACI-ACA
PSR=EPESRP2))IIE-2
FCSIPS2
PSAC2=17 .3719+A0C1-ACC2*AOC3-A0CA
POBI1I=EPEPICHIHE-2
KRITE, 1/ PSAL"
PAIPT-PSI
ANSIPSIHANA/PAL
YAPV/P\BL-RD)
YB=1-A
KRITECE, D "PeI=",PSI
HRITECE, 1) "PCBIs™,RCSI
CPA1=1003.86HRLI0. 228M5-1)
CPA2=(R2t. 4515HME-3)~(R3* .241506E-6)
CPACPALCPA2
(PS1=1845.675+H(4. /58963IRL)-(R21 . 1230045)
Pe2=(R311.350715-3)~(5.303748E-61IR)H(RHA8.417653E-9)
CPS-CPS1H P2
CPL1=1856.9+1V11..01299) (. 0114716 1\V2)
CPLI=1855.9+(VSi 11.01299)-(.0114716IVS2)
CPL22\31 1624153
CPL21=VS31 1624153
CPL=CPIHCPL2
CPLI-CPLI+ P21
(CPF=1855.9+(1..01290tS1) (0114716t 2)H( . 142415-31S3)
WRITEd, D " =", CPA,CPS,CPLCPF, (AL
HR8=2501500-(V112433.5)+H(V211.8339)+H(18.6162-3M3)
VISAI=L. 7161H( .49345E-21IRIH .332002E-5tR2)+H( .278965E-84R3)
VISA-7IALIIES
VIS61=8.50877+1.032276 IRL)#(.419613E-4IR2) (. 121206E-6IR3)
VISGVIBLHE-G
VS=.435800E-3+{ . 25251 9E-4tSDH( . IMBZE-712)
\SI=IAS
VISSSHIES
VALI=_435500E-3+(. 2825194V H( .3M0B2E-7TN2)
VIS =QASLDIIES
VSHHIM35509E-3+( .282519E4INVSL ) 3MUBE-TINS)
VISLI=(IAVSL)IE-6
WRITE?L,D"VIS=" ,VIA, VIS, VIS VISF,VISL1
1KA=2..41319E-2H( . 7OBA2E4IRI | -(. 3797 /-7 IR2)H(. 148707E-10IR3)
1X6*,016166H(.024071E-3IRD)-(, 4A2E-1 IR)H( . 1442E-7IR3)
N=.569014+(11.86596E-3*S1) - (. RBESI2)H EEAE-3ISI)
56903441 S6596E-3 VL) -(, 78-SV H( . 5254E-8IV3)
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IXL1=. 560034+(1 . 86596E-31VS IM 70983E-5 V2. 52564%E-8IVS3)
FRITE(E, 1) "™XK=" , XKA, XKS, XKL XK, XKLL
CENA=3AS. ABIPAL/RIF2T3)
\Bl=.001-+H3.97E-9IR?)
VE2=126H( ASBIRLHMIE-6IR)-(3.E-AIRS)
\VG3AB/(PSI100)
\SABLHE3
DOG=IAG
DENL1=.001-+(3.97E-O1V2)
DENLM/DENLL
DENLI=1/(.001+(3.97E-OIVS2))
DENFL=.001+13.97E-91S)
DAVF=L/DR\FL
KRITECE, I)"DENS" ,CEMft, DENG OERLDENF DENLL
DPI=RI273)/273
DROLRIINLS
D—216E-4IR
WRITE(I,1)D="D
PCR=(37 5IRNA)(224.7IRNGT)
PREDSPT/RR
ReA=28.%,
SSS=is.2
RALMB.02
HF=19.02
WRITENL,I) PP2"

TO BVALUATE MIXTURE PROPERTIES

YA-RRA/(FNAHNGT)
YV-YA
RE(YARWHYBIRVG)
CP=((YAICRAIR)HYCICPBIRVG) ) //H
WI=YAIRVA/DENA
W2=YAIRVZ/LENS
PIKI=(1:+QKA/XG)TH0.5
PD2=R\/RB)t. 5
PIK3=BI(A+HRARB))II 5
PDG=PIXLIPIX) 112
PDG&PDEPI3
PIKAPIKEOKBIR)IA)/ (Al RS)
m=(YAmA)/ (YA+(YSIPIKS))
X2=(Y8tX6)/ (Y6+(YAIPIKG))
XKL
PIVI=(HVISMVISS))11.5
PN2-PIK2
PIN3-PIK3
PIVS=(PIVIPI)I12)/(PIV3ILL5)
PIVG=PIVGI (VISGERRAY (VISMR\G)
VISIE[YAMISE/(YAHYSIPIVS))
VIS2s (YSIVISB)/(YSHYAPIVG))
VISVISIVIR2
&I, ]) "P=,p
WRITE(1 9" DEN=",DEN
WRITED, D XK=", IX
S&RITE(l, PDVIS*" vis
VRITE(E,») R R
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TO BVALLATE PR,SC,RE NIVBERS

PRWISFICPR/XKF

PRVISEF/IK

PR=VISLICP/IRL

PRU=VISLL IALZIA

VIY[CBVD)

REFGFIDEL .O2ZANISF
6L-F\NG1118.02/AREA
REL-BLIDIAL.02SANISL
REL-BLIDIAI.02AAIS 1
REGDIAS.0ZANIS

NRITEd, ©FR=",PRFFRL PR, ARLL
NRITEG>, ©)"Re=",ReF,ReL,RE,RALL
WRITE(1,©)"SC=",C
XRITE{E,1)8=",6.,6

BZ1=AL 0610(RE)

KRITE(1,®)"DZ1=",071

if (ZL.LT.1.1)) L T 10
DY1=(-.359827)+(.3324821DZ0)
DY2=(-1A.18%61+18.0781*DZ1)-(.8963491D21»DZ1)
DV3=(-1.52242)+(. 786781t0)
DY4=(-.462030)¢(.34BI0ZL)
DY5=(-10.9248)+H(5.259861D21)~(.5300231DZ1tDZI)
DY6=(-.498737)+(.3376691D2L)
WRITE(1,F)" DYI=",DY1,DY2,DY3,DY4,DY5
DJ1=101IDYL

DI2=10I*DY2

DI3=10*DY3

D:4=10%11Y4

DIB=10*IDYS

DJIG=101IDY6

DJ7=1011DY7

WRITEIL, 1) DII=",DJ1,0J2,033,034,015
PIV\CT=RL/DIA

NPIV=PINOT

NERE

N=NPIV/180

NANPIV/120

NE-NPINV/ 72

IF (\B.6T.Q)THEN
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BE

FAHIDR

FAH2-D5

Ol FAH=(((PIOT-72)/48) t(FAHZ2-FAHL))HFAHL

AE

FAHI=DIL

FAMR-DM
o FAH=(((PVOT=72)/43) tFAH2-FAHD HFAHL

110 NRITE(L,I) “CECKINS
IFQORNE2) QU0 120
IFQ\RE.ST,2100) THEN
IFQ\RE..ST.30000) THEN
FAHOR
AE
FAHIDEB
FAH2=D7
E\DIFFA]-I:(((PI\DT—QO)/B)) I (FAH2-FAHL) HAHL

FAHI-DMA
FAJ2-DJ6

FAHE(((PNOT-72)/45" I (FAH2-FAHIHFAHL
B\DIF

NRITE(L,»"FAMH*" ,FAH
120 NRITE(I,t) "NOT GHECKINS RCR FAH, FAH =1 *
FAREL1
IFITCIN.LT.99) THN
CI=AS-ASII118.2
CI2=HBHCPFI(TTIN-TSI)))
QCI-CILICI2
QUIEAGI118.QICPSI(TCIN-TBI)
QAI=FNAIZB.96ICPAI (TCIN-TBI)
QTI=QCHQUIFQAI
DNT=QT1/(GH-XFP)
TR=THQ-DHT
RO=L
NRITE(T, 1) "FO=",FO
KRITEQI ,1)"QC11,QC12,QC1 QAL QUI="
WRITEG», J)QCIL,SC12,QC1 9, QUL
RITEQ,1D)"QT1OKF DT, TF, TWQ=", 9T1 ,OKF, VT, TF, TIO
NRITE(I, I) CFP~ ,CPF
A
F (S LE. 9) THN
E11-Tol
EI2EI12
EIZEILN3
SPSI*17..3719V6. 2B06E-3IEN 1) ~(36. 7147E-6IE12)
SP*(61.5685E-HEI3|-(4876.4/ E14273))
PIPSHPR
PSHEIPPB)IIE-2
RBI={PS/FT-5s)JIRA
681=TCIN
SS*TCINIE2
SS3*TCINII3
TRK=2611..61-( 408561155y H( 01306371 SE2) H( . 403E-41633)

XS=(A\B-ASIY*(TPX-417) 1180253



630

1
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X2=(A\6-A\BI) 1(99,6-ToI)»18.0RICPF
LC-ISHS

QN CPFL(TCIN-TBIp328.96
QUC=NSIHCPEI(TCIN-TBI1118.02

DHTS BCHAHQUCY Q\FICPF)
TR=TNQ-DNT

BRAQCHQCHA)

P02

RITEG, 1)"BC,QUC, Q0 BR=" BC, 5.0, Bt R
BRITE(L, ©)"TKO,ONT, TF=", <O, NT, TF
WRLTET,1)PO=",F0
KRITE(H, 1) 1FX, XS, XS2="  TFX, XS )&
WRITECE, I)"F\6,A\8] ,CPB,OKF, CPF, TCIN, TBI
NRITELE, DG, ANST, CP6, ONF, CFF, TCIN, T6l
AE
® TO 87
B\DIF

B\DIF

NRITECt, 1) PP3”

60 T0 630

BRITEd.D"P"

NDIFFNHS-NRHS
REY=SLHS-RHS
RESR-SLK5-RHL
RES-RESLTRER
F (V6 90T 7
IF(TCI 6T.TCIN) 60 TO 81
F RS.6T.0) THN
TCI-TC11
RESLRER
TCH=TCHL
@O D
B
BDIF
RITE(*,%)"TO ITERATE STILL"
F GS.D.0HN
R REL.ED. 0) THN
ROOT=TC
B
ROOMCI1
BDIF
60 T0 101
A
TR
T2RR
XSI-TCIL
X=TCH
TCI=(TCIHTCIL)/2
LAY6
B T0®
B\DIF
KRITERMI"ON"
ROD=RESL
To=TC
T2
LAY=0
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RESI=TLIRD
RES>=T2R(D
IF GSLLT.0) THN
TCII=D
RERRD
B
IF (RE2.K).0ITHN
ROOT=D
D T 1
B
TCI*D
RES=RD
BDIF
BDIF
DIFF=TCIL-TCI
RESRELIRER
IF QIFF-£.0.05) 0 0 D
ROOT=(TCI4TCL)/2
KRITE(I, 1)"RO0T FOND"
TCI=ROQT
® 0 19

HRIEILD) T
PAI=PT-PG!
POAPT-RCSI
POAL=PT-RCSI |
WRITECE,$)"FCS 1, FCA=",PO5I PCA, PCSIL
WRITEG>, 1)PSI,PAI=",PS1 Al
YUS(PALFCA)
YUL=(PAI/RCAL)
IF U LIT. 0 9T av
YUUALOB(Y)
YUULALOS(YUL)
HRITEL, 1) "YU WU
WRITEQIFE) "YW-",YUJ
PAL=(PAI-FCA)/YW
PAL1=(PAI-PCAL)AUL
GL=PNSIH18.02/AREA
REL=9 IDIAL.005AAVIS.
RELIGLIOIAL CBSAMVISL
PR-VISLICPL/IKL
PRLI=VISLLICPLIAULL
PRVIS'CP/XK
TVIS/CRVD)
HR7<?.SLIDEN/(VISFI3LH)
HRBHRTI. 333
HC=75IXEFIHB
SSFRIN0.3333
WRITEL,F) "SS=",SS
SIEL/S
HS7=FAHI OK/DIALIS
MEPR/C
BN, B567)
VRITE{L, 1)"A5=" /6
Fs (HS71A5)/(CPIPALIIB.CRIIES)
FI=(HS7146)/(CPPELINiS. (2 IES)
«RITE(L)F='F FL
REF=SPOE* (SIS
WRITE(L ©)"F RF =", RF
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PRE=CPRVIS/XKE
Bl1=/(REF11.2)
RRis (FRFt .6567)
WRITE(1,t) "811=",811,81
Hr=. 023IBLLICPFIG/B2L
B=A/H)H/H)HAHDN) (S HIAD)
HO=1/83
NRITE(L, €)"H=" HF,HP,HC,HD
WRITEQ ,©)PL 1S UNEFIND"
o o)z
WRITEIL, D R

CALOULATING TOTAL HEAT TRANSHEREDIN THE TEST SECTION

IFITCIN.ST.99) THN
MS3—FHY/18.(2

ANBA=0ONIAS/((1-CON)128.96)
NS5=FNS3HNGA

NS=.979661A\6
ANA=_Q2034INSS
BSE
AAON H58/(28.9%5 tW(1-G\))
AGF1¥/18.2
END IF

TB=(THI+TNO)/2

TNB=(TCINFTOOUT)/2

ALI=TNB

A2=A1112

AZA 2N 1

ALN2H2

A5=AL1115

BL1=THB

BL2-H 142

8.3-81l113

B4B11%

854a81l115
CPA1=1003.86+(. 02284518 1) H(.4515HE-31BL.2)(.241506E-61BL3)
C3=1845.675+{4.7559631BL1)-(.12300654B.2)
CA={-5.303748E-649 A)H(1..3B0715-A43 3)HB.417658-91BL5)
PSI=C3+C4
HFS1=2501500-(2433.51BL1)+(1-8391BL.2)(18.616E-31BL3)
PSAI=17 .3719+16.28006E-3tBL1)-(36. 7147/E-61B.2)
PSAP=(61.548E-91BL3)-(4876.4/(8L1+273))
PSAPO-PSAT £F52
PSASIEIP(PSAPI)LIIE-2
(5=1855.9+(1.01201AL1)
06=(.01147161A 2)*(.162415-31AL3)
02 2=057167]
BRI=TOOUT
BR2-BR1I2
SR
BVI=TCIN
Bv2=8WI2
B/3-B/1113
PSAE1=17 37194 28606E-3I8R1)~(36. 7147E-61BR2)
PSAI1=17 .3719H(6.28606E-3IBV1) (6. 7147/E-6*92)
PSAE2*(61..5688E-91BR3)- (4876 .4/{BR1+273))
PSAI2=(61.5683-91BV3)-(4876.4/(BV1+273))
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PACE—PELPIE
PSIDIPSAIHPRAIR
PSE=EPPAE) JIE2
PSAISEPEDINIIE-2
AE=(PSAE/(PT-PSE)) INVA
IF (TCIN ,BT. %) 6 TO 780
QUCB\EXCPBLL(TCIN-TCOUT)118.02
QC=(AB-S\E)t((CPELX(TCIN-TOOUT) +HFBL)118.02
QA=FNAICPATI (TCIN-TOQUT)E28.94
QT=QUCHAKL
ONF=QT/(CPFLI(THO-TI)
SLH=(PNS-B\E) 118 02/AREA
60 T &L
70 HRITE(H, 1)"SUPERHEATED AT ENTRY"
ENTI=2611.61-(.A05B6LITCIN)
ENT2=.013M37ITCINITCIN
ENT3=_ 24925641 (TCINGS)
ENT=ENTIHENT24ENT3
ENI=(A\G-9\E) | (BNT-417) US.02E3
BN=E\6-Q\E)I (99.A-TOUDICPFL
CENER
QAANACPALI(TCIH-TOOUT)128.%6
QUC=S\E*CPSLLITCIN-TCOUT)118.C2
QT=3M0CHALC
OVRaT/(CPFI<(THO-THin
5 H=(F\G-E\E)118. C0/AREA
7l WRITECE, 1)"SSSSSS”
60 TO 80
&0 WRITEQL, I)'S”
F (TTIN .ST. 99) 6 0 %0
T8
PSATI=(N/(ANGH) SPT
PDI=PSATIAIE
FD-ALOB(FOL)
26 WRITED,*) ROE
FUNCI=17.3719+1A. 28000E-34T)
FUNC2=3A. 7147E-AITET
FUNC3=(T1I3) IAL 528869
RINCA=4GTA A/ (T4273)
FUNC=RUNCi-RUNC2+AUNC3-RUNGA-(FD)

DERL=(A. 28:00E-3)-(TI 73 A29E-A)
DERA(T2)1184. THE-9
DER3=487A A/ ((T+273)112)
DER-DERL+DERHDERS
TEET-(FNV/OR)
FRANEASS((EN-TYHO)
FRFRN

T=TNH
F QR ST. 5 60026
TCIM
WRITE,®) “TCIT=,T
WRITED,*) FRANE",FRAN
WRITED,®) "YYYYYY"
DO W
BC WRITEQ, DT
CEEWINFIGFRL (TWO-TWE)
U=0.0
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RS
DAY=0

3L WRITEQI,1)"SEARCHING FOR EXIT TRP"
V=L
ZXAR
222V
232V212Y1
AR=ZKLIZKL
ZIB=AIZANL
PSAL1=17.3719+(6.286061E-312Y1){36.7147E-612Y2)
PSAR1=17..3719+16.286081E-31 ) ~(36. T147E-642<2)
PSAL2={<>1 5685E-912\3) (4878 A/ QYH273))
PSAR2=(61.. 56BEE-O12*3)~(4ST6.4/ (2 1+273))
PSALL=PSAL14PSAL2
PSALR=PSARIHPSAR?
PSAL=EPESALL))IIE-2
PSAR=EPPALR)IIE-2
N=(PSAL/PT-PAL)) IRA
AR=(PIR/ET-PSR)AA
QUL=G\LLPBHI(TTIT-LL)
QARGRBII(TCIT-R)
QL= (CPELI(TTIT-UL)HF6L)t8. 02
QCR=AG-A\R)I(CPF I(TCIT-LRHHTI)>18.02
QAL=FNAICPALI(TCIT-L)
QIRANALCPATI(TCITR)
QML=OULHOLHAL
QIR-QURHOCRIQAR
*RITE(I, 1)"0EE, OTL, STR=" ,GEE, BIL QR
WL=QIL-GEE)
UR=(QTR-CEE)
WEULLEUR
WPITEQH ;£)"ULUR JJUL JUR=" UL R WL UP
RIC=0
IFQY .6 © 0 R
F RIK 6L 100) 9 T0 13

IFW 6L 0) THN
U=R

WLAUR
URELRHL
60 T0 3l
A
ENDIF
2 HRITEU,0"STILL ITERATING *
FW D 0 HN
F UL B 0 TN
TCHL
A
TR
BDIF
® T 12
A
TIsUL
T>UR
XSIHR
XL
=R
DAY6
® M3



2

S8

-1

BOIF
WRITEC, 1)"FOIT"
FOD-ULL
DL
X2
DAY=0
CRL=TLIFID
CRRET2HFD
IF @ IT. O TN
RED
WR=RD
A
IFGR . 0) T
TC=D
D 12
B
W=D
W=D
B\DIF
BOIF
DEVELRAL
WSULRIULL
FQOY S. 59O
TCT=RAL2
SRITECN,©)™N0 ROOT FOUND
RITE(1,T) "RO0T TCT",TCT
D 0 %0
WRITER, 1) W
EI=T
E2=TIT
E3-2T
P=(N6/ @GR IPT
HHI=2411 Al-(ACBBALIEL) +(.01386371E2) —(.249325E-41E3)
HHR=2460..25+(2..37896LE] )~ (. 2282355242y +( AOLATE-SIES)
HH3=2476 . 54+(2. 16443*E1)~( . 130415E-21E2)*1 . 255383E-51E3)
HH4=2496. 92*(1.. 9R0B3IEL)~( 19797 1E-3IE2)+( ALORE-41E3)
HH5-2490.3A+(1. 877781E1)~( . 114E-31E2)H( ASO20BE-MES)
HHA=2500. B2+(1. 833417E1) (. 100ABIE-3IE2) +( .80715AE-41E3)
HH7=2500.99+(1, 83141ET)~(. 7ORAE-AE2)+(. TA30BE-AIED)
WIEL. 1912128+ 5238AE-21E1)-(. 215A81E-SE2)+H( . 25791E-SiE3)
W2=1. . A074+(ABMAPE-21EIH. 274580E-51E2)+H(.3752185-8IE3)
W3B=2.4245+1 010401 24F (.57 2A5E-SAE2) +(0 . I7ACFE-SIES)
WA=12. 515HQ. 04715 IEL)~(0. 4X4755E-IE2)H(0. 87831E-3IE3)
W5=25.139+(0.0930S7IE1)~(0. 43A431E-5HE2)H(0. 547808E-0B1E3)
WAS125.97+0. 4A2151EL)HO. 4AI0BE-QB*E2) (0. S514BE-T*E3)
W7=206.004+10. 7555181 ELyH(0. 0BME-054E2) (0. 3M6TE-07IE3)
NXYZI=P/0.004112
NXYZ2=P/0.0L
NIYZ3-P/0.06
NIYZ4-P/0.1
NKY25-P/0.5
NKYZ4=P/0.75
NKYZZ=P
CONSIVKP-0.75)
CON2=4+(P-0.5)
ONS3=2.51(P-0.1)
CONSA=(P-0.CB)120
CONS5=(P-0.0D)15
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CONSB={P-0.00B112)1257.2
APSIEL7 . 3719-0(6. 2303 ] )~(34. TIE-AIED)
APE2*(41 5688E-OIE3) (4874 .4/ (EN273))
APE3APBLHAPR
AP={EP{API))HE-2
ABl=.001+3.97E-9IE2)
AVS=(L24+( ASHENHAAE-BIE2)~(3.9E-41E3) )/ (P61 100)
ABABLAB
IF (\XYZL.ST.OJTHN
IF (WYZ2.GT.0)THEN
IFQ\XYZ3.6T.0)THEN
F (XY24.BT.0)THN
IFQXYZ5.6T.0)THN
IFQXYZ4 BT .O)THEN
IFQ\XYZ7 BT O)THEN
WRITEC:, 1)"0UT RANGE™
AE
HHE((HHI-HR) TSI
WA((WL-W2)tOONSTY A2
B\DIF
AE
HHE((HR-HB)IONS2)HHB
WE((W2-WE) IONS2) W3
B\DIF
AE
HHE((HB-HHA)IOONS3) 4
We((W3-WA)IOONS3)MA
B\DIF

B
HHE((HHA-HHBHOONSA)#HB
W= (VA WEYIOONSAHAS
BOIF

HE{HBHE)IONSD)HHH
WE"(W5-WA) IOONSBYARA
B\DIF

HHE((HH6-HHT) IOONSB)#HH?
WAWB-WT7LICONSA) A7

B\DIF

A
HRITECL, 1)™P 1S TOD SALL"

BDIF

WRW

FRT=P

60 TO T8

BDIF
NRLTE(4,<) "B\DING"
BD
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APPENDIX 4.3

PROGRAM TO EVALUATE PRESSURE DROP" ACROSS THE TUBE |IN THE TEST
SECTION . TO FIND FRICTIONAL PRESSURE LOSS BY USE OF DUCKLER S
EQUATION (NO SLJF) AND ACCELERATION TERM BY ANDEEN ET AL
EQUATION _TOTAL PRESSURE LOSS GOT BY SUMMATION OF DIFFERENTIAL
PRESSURE LOSSES ACROSS EACH INTERVAL TEST SECTION IS DIVIDED
INTO AMD THEN SUMMING THE FRICTIONAL LOSS AND ACCELERATION TERMS
REAL A
DIMENSION A (20,9)
WRITE(*,*)” STARTING ~
WRITE(*.<)«INPUT COND FLOWPATE FMR,INLET TEMP tg,CONC OF
WRITE(*,*)"AIR CON,TUBE DIAMETER DIA"
READ(*,*)FMR,tg,CON,DIA
write(*,*)’input number of intervals N"
READ(*,*) N
VMA=(CON*FHFT) /7 ((1-CON)*28.96)
AREA=.7853981*(DIA**2)*1E~6
M=3
TI=TG
PLOSS=0
D1=0
MK=1
XLO=0
XL=0
TIO=TG
_VMD=FMR/18.02
YA=VMA/ (VMA+VMD)
DO 30 1=1,N
IF (MK.EQ-. 1) GO TO 31
WRITE<*,*) "INPUT POSITION XL,MOLE FRACTION YA,AIRTEMP TI
READ(t,*) XL,YA,TI
31 DL=XL-XLO
T=(TI1+T10)/2
R1=T... /
R2=r>*T
R3=R2tR1
R4=R2*R2
R5=R4*R1
vVi=T
V2=v1i*V1
V3=V2*V1l
V4=V2*V2
V5=V4 >Vl
VS1=T
VS2=VS1**2
VS3=VS1**3
VS4=VS1**4
VS5=VS1**5
S1=T
S2=S1*S1
S3=S2*S1
S4=S2*S2
S5=54*S1
CPA1=1003.86+(R1*0.228945E-1)
CFA2=(R2* _.451594E-3)-(R3*.241506E-6)
CPA=FF"A 1+CFA2

nnnrnn
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CFGI1=1845.675+(4.7559674R1)-(R2t .1270063)
CFG2»(R3)1.730715E-3)-<3.30374SE-61R4)¢(R5*9_417658E-9)
Li-G-crG1 4C."G2
CPL1=1855.9+ (VI *1 .01299)-( .01147164V2)
CPL11=1855.9+(VSI1*1.01299)-(.01147161VS2)

CFL2=V7» .162415E-3

CPL21=VS7«.162415E-3

CFL=CFL1+CFL2

CFL1=CFL11+CFL21

CFT-1353.7M1.01299JS1)-(.0114716»S2“+<. 16241?2£-3*S3)

WRITE1*, 1) CP »*,CFA,CFG,CPL .CPF ,CFL1

HPG=2501500-{V1%*2433.5) +<V2*1.8339) + (18.616E-3*V3)
VISAI=1.7161+(.49345E-21R1)— (.3B2902E-51R2)+(.278966E~8*R3)
VISA=V1SA1*1E~5

VISGI *=8_.50377*(.0322761R1)+(.419613E-41R2)-(.121203E-61R3)
VISG=VISG1*1E~6
VS=.43530VE-3*(.2B2519E-41S1)+(.344032E-74S2)

VS1=1/VS

VISF=VSI*IE-6

VSL1 = .435S09E-3+(.282319E-4 »V1)+ (.344052E-7*V2)

VISL=(1/VSL1)I11E-6
VSL11=.435509E-3+(.292519E-4JVS1)+(.344052E-71VS2)

VISL1=(1/VSL11)* IE-6

WRITE(*,*)"VIS=-,VISA,VISG,VISL,VISF,VISL1

XKA=2.41319E-2*(.795942E-44R1)-<.379775E-7*R2)+<.148707E-104R3)
XFG=_.016166+(.074071E-34R1)— (.24342E-6*R2)+<.154242E-71R3)
X)F=_.569034+(1.86596E-31S1)-(.79983E-5452)+<.523649E-84S3)
XKL=.569074+(1.86596E-31V1)-(.79983E-5*V2)+(.325649E-84V3)
XKL1=.569034+(1.86596E-31VS1)— (.79983E-3JVS2)+(.523649E-81VS3)

WRITEL *,* ) "XK.=- ,XKA, XK6 , XKL, XKF,XKL1

DENA=348_.43*YA/(RI1+273)

"VGl= .001+(3.97E-91R2)
VG2=126+(.4331R1)+(441E-64R2)-(3.9E-6*R3)
L V63"VG2/(100*(1-YA))

VG=VG1+VG3

DEMG=1/VG

DENL1=.001+(3.97E-9*V2)

DENL=1/DENL1

5ENL1=1/(.001+(3.97E-9*VS2))

DENP1=.001+(3.97E-94S2)

DENF=1/DENF1

WR1ITE(*,*)-DEN="_DENA.DENG.DENL.DENF,DENL1

RMA=28 .96
RMG™18.02

RM™ (YA*RMA)+(YG*i G)

CF=((YA«CFA*28.96)+(YG*CPG*18.02))/RM

W1=YA*RMA/DCNA

W2=YA*RMG/DENG
DEN=RM/W1+W2
piki =(i+(Ka/Akg)P>0.S
PIK2=(RMG/RMA)**_25
P1K3=(8*(1+(RMA/RMG) j)*».3
PIKS5=(PIK1*FIK2)**2
PIK5=PIK5/PI1K3
FIF6=PIK5*(XKGXRMA)/ (XKAt RMG)
XK1=(YA*XKA)/(YA+(YG*PIK5)> *
XK2=(YG*XKG)/(YG+(YA*FIK6) )
XK=XK1+XK2
FIV1I=(1+(VISA/VISG))**.5
FIV2=PU2
,FIV3=PI1K3
PIVE=((PIVIIFIV2)**2)/(FIV3*»_.5)
"FIV6=PIV5*(VISG1RMA)/(VISA*RMG)
VIS1=(YA*VISA)/(YA+(YG*FIV5))
VIS2=(YG*VISG)/(YG+(YA*PIV6)1




VIS-VIS', +visr
WF: Irp< ¢.%) CF="_.CP
writel;,*) mdcij- .DEN
write (*.%)" %= . xy
WRITE(t.1) VI5*~ _VIS
WRITE!*,*) "RM= " RI1
FMA=VHA*28 .90
FMG=(C I-YA) IVMA* 19_02/YA
FM=FMFi+FMG
FML=FMR-FMG
X=FM/'FM+FML )
G=FM/AREA
GL=FML/AREA
QT= (FM/DEN)+ (FML/DEML )
VMI=QT/AREA
IF (M.EQ.3) THEN
VM1=VMI
ELSE
END 1F
VISCO=1/]<X/VIS)+1(1-X)/VISL))
DENSt=1/((X/DEN)+((1-X)/DENL))
REYN=DIA*(G+GL)/ (VISCO*1E3)
F1=4_.5223 *ALOG10(REYN)
F2=F1-3.8215
F3=REYN/F2
F4=2*ALOG10(F3)
F-1/1F4**2)
ILQSSF=F *DL* DENSI1 4(Vh1**2)/2
PLOSSM=(FMR+FMA)*(VMI-VM1)
PELTAF=PLOSSF+FLOSSM
A(l,1)=YA
ACl1,2)=1-YA
AC1,3)=TI
A(l1,4)=REYN/1t3
A(l1.5)= Vhl
ACL,4)*XL, .
A (1.7)=FLOSSF
A(l1,8)=PLOSSM
A (1,9)=DELTAP
VM1=VMI
PLOSS=PLOSS+DELTAP
TIO=TI
M=2
XLO=XL
MK =2
30 CONTINUE
DO 40 J=1,N
WRITE!* ,*)(AQ@, 1),J1=1,9
40 CONTINUE
WRITE!*_*) I0OTAL PRESSURE LOSS (N/M**2)=-_,PLOSS
HW=F*LOSS* 1E2/978
WRITE!*_*)"TOTAL HEAD LOSS IN ICM of WATER)=»-,HW
WRITE!*,*)«INPUT 2 FOR ANOTHER RUN-
READ!*,*) K
IF (K.EQ.2) GO TO 5
END
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APPENDIX 5

GAS EXTRACTORS
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1 STEAM NOZZLE. 2 SUCTION CHAMBER.
o CONVERGENT DIFFUSER.
4 THROAT. 5 DIVERGENT DIFFUSER

FIGURE A5.1: STEAM JET EJECTOR BODY
WHITE C1979J

Diagram of a single stage steam jet
ejector. A steam jet ejector operates on the venturi
principle. The mocive steam is expanded through the
nozzle to the design suction pressure. The pressure
energy of the steam is converted to velocity energy
and, on leaving the nozzle at high supersonic velocities
the steam passes through the suction chamber and enters
the converging or entrainment section of the diffuser,
where it is brought into mating contact with the
suction fluid i.e. non-condensable gas and associated
water vapour. An entrainment and diffusion action on
the molecules of both streams occurs at the boundaries
of the mating surface. Diffusion and entrainment,
between the motive and suction fluids, still continues
after the sonic barrier is reached but the process of
compressing the two streams up to the discharge pressure
commences. This action of compression is, in fact,
the reconversion of the velocity energy into pressure
energy and is normally sufficient to effect a discharge
pressure against some predetermined back pressure.
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FIGURE A5.2: TWO STAGE STEAM JET EJECTOR SYSTEM
WHITE (1979)

A tvo slags steam jet ejector system consists of
tvo single ejectors operating in series, Vvith
discharging into a condenser
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PARTS

IN THIS SECTOR COMPRESSED (US ESCAPES AT DISCHAROE PORTS.

IN THIS SECTOR LIQUID MOVES INVARD - COMPRESSES OAS IN

ROTOR CHAMBERS.

ROTATING LIQUID COMPRESSANT

IN THIS SECTOR .LIQUID MOVES OUTWARD - DRAWS OAS FROM
INLET PORTS INTO ROTOR CHAMBERS

DRIS_l(_I([)-IF,eAROE PORTS 8 INLET PORT 7 INLET CONNECTIONS

DISCHAROE CONNECTIONS 10 LIQUID 11 INLET PORT 12 BODY
FIGURE A5.3: LIQUID RING PUMP
WHITE C1979)

OPERATING PRINCIPLES

A liquid ring pump consists of two main parts, i.e. a rotor
and pump body. The rotor is housed eccentrically in the
pun? body. Figure A5.3 shows a diagram of in the main
parts, together with a brief explanation of the operating
principles.

The actual compression action is performed by a rotating
banc/ring of liquid. (Usually water). While power to keep
the ring of water rotating is transmitted by the rotor, the
ring tends to center itself in the pump body. As Figure
A5.2 shows, water (the compressant) almost Tfills, then
partly empties each rotor chamber during a single
revolution. This sets up the piston action. Stationary
cones inside the rotor blades have ported openings that
separate gas inlet and discharge Tflows.

*



FIGURE AS. 42 RADIAL BLOWER _popy AND IMPELLER
WHITE C1979}
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Centrifugal Compressors

During operation of the compressor gas enters through
the eye of the first impellor . As the
gas passes radially through the impellor, velocity
energy is imparted to the gas. At the tip of the
impellor the gas is discharged into a diffuser which
converts the velocity energy into pressure energy.

A return channel, usually with flow straightening
vanes, redirects the gas to the eye of the next
impellor. After discharge from the 4th impellor the
gas passes out of the compressor body to an inter-
cooler. Inter-coolers are of the counter-current
direct contact type. gives an outline

(with overall dimensions) of the compressor confi-
guration.

In the inter-cooler, cooling of the non-condensable

gas occurs simultaneously with a partial condensation

of the water vapour that saturated the non-condensable
gas at the previous cooling point. After discharge

from the inter-cooler the gas passes through the

final impellers and is then discharged to the atmosphere.

The fundamental principle that governs the pressure
rise resulting from the passage of the gas through
an impellor is the velocity of the gas at the exit
from the impellor.
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GURE A5.5: SINGLE BODY COMPRESSOR WITH ONE INTER-COOLER
WHITE C19791

FIGURE A5.6: TWO BODY COMPRESSOR WITH TWO IMER-COOLERS
WHITE CI19791
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FOR TURBO-GENERATOR
NCG MASS FLOW RATE = 4.40 kq/$S
NCO MOLECULAR MASS = 42. 73
CONDENSER PRESSURE
RANGE 0.083-0. 15 bhar
SUCTION PRESSURE
RANGE o o= = bar
GAS TEMPERATURE AT
SUCTION 25 deg ¢
NCG SATURATED WITH WATER

I"URE Ab.4: VARIATION OF FLOW RATES WITH DIFFERENT

CONDENSER PRESSURES
WHITE CI1979) S

MASS FLOW RATE kg
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)

GROSS TURBO-OENERA™or pnvrp
NET POWER OF

35.
combination, USINO POWER CALCULATIONS BASED
ON STEAM FLOWS OF Z44 t/h. <& ZZ bar AND 118 t.'h, 1.35 bhar

Be—am—————
30.
X
g TURBINE EXHAUST
TURBINE EXHAUST PRESSURE = 0. 135 bhar
CONDI SER PRESSURE = 0. 130 bar
25.
B
X
u
20 a
0]
ﬁ
15 M
X
0 OAS TEMPERATURE AT SUCTION

TO EACH STAGE (deg ©)

10’ POWER CONSUMPTION OF
OAS TEMPERATURE AT SUCTION

TO EACH STAGE (deg ©

POWER CONSUMPTION OF
D A STEAM JET EJECTOR SYSTEM
® liquid ring pump system
c centrifugal compressor
system

-r ]6 ]g- 25 0 7%? 50

OAS TEMPERATURE AT SUCTION TO EACH STAGE OF
OAS EXTRACTION SYSTEM (deg C

FIGURE A5.8; POWER COMPARISON OF TURBO-GENERATORS/GAS
EXTRACTION SYSTEM CONSUMPTION BASED ON
FIXED STEAM FLOWS
WRITE CI1979)
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APPENDIX SIX

TABULATED READINGS OF HASS CONCENTRATION OF NCG IN THE
MIXTURE VERSUS CONDENSATION HEAT TRANSFER COEFFICIENT (h)
AT VARIOUS FLUID INLET TEMPERATURES.

6.1  TABULATED READINGS FOE INSIDE TUBE DIAMETER OF
25.4mm(1'") AND TUBE LENGTH OF 4000mm.

Table AG6.1:
Mean steam-NC<J temperature at the inlet to the test
section = 141 C;

% Mass concentration of Condensation heat transfer
--NG in the mixture. coefficient (h) W/m2 K.
0 1666
2.01 1133
3.61 950
5.76 816
7.82 733
11.02 666
13.73 567
17.92 500
21.00 442
j 23.72 416

1-278 392
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Table A6 .2: ]
Mean steara-NCGOtemperature at the i1nlet to the test
section = 153 C.

X Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K.
0 1330
1.98 950
3.84 800
5.12 703
8.13 617
10.05 567
11.82 503
15.87 432
17.45 416
20.06 392
24.13 351

m_26-31 353
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Table A6 .3: )
Mean steam-NCGotemperature at the i1nlet to the test
section = 164 C.

X Mass concentratiop of Condensation heat transfer
NCG iIn the mixture. coefficient (h) w/m2 K.
0 1151
1.97 833
4.02 693
6.12 567
7.58 468
9.85 417
12.11 375
15.20 334
18.13 317
21.33 318

24.52 308
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Table A6.4:

Mean steam-NCG teraperaturg at the inlet to
the test section = 192 C.

MHass concentration of Condensation heat transfer
NCG In the mixture. coefficient (h) W/mz K.

0 917

2.11 683

3.96 533

6.13 433

8.32 383

10.11 350

12.13 325

14.31 308

16.21 300

18.51 310

20.12 316

I— 24.51 290
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Table A6.5:

Mean steam-NCG temperature at the inlet to
the test section = 200 C.

% Mass concentration of Condensation heat transfer
NCG In the mixture. coefficient (h) W/m2 K.

0 850

2.99 607

3.97 451

6.22 366

8.41 319

10.02 305

14.23 266

16.08 258

18.03 253

L_20.32 252
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6.2 TABULATED READINGS OF CONDENSATION HEAT TRANSFER
COEFFICIENT v AIR MASS CONCENTRATION FOR AN INSIDE
TUBE DIAMETER OF 38.1mm AND TUBE LENGTH OF 4000mm.
AT VARIOUS FLUID INLET TEMPERATURES.

Table A6.6.

Mean steam NQG temperature at the inlet to the test
section = 98 C.

%Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/mZ K.

0 1212

2.11 700

3.94 481

5.72 413

9.83 363

11.02 350

12.48 318

16.22 303

20.41 287

22.11 275

2430 262

mlji6.05 263
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Table A6 .7.:

Mean steam-NCGotemperature at the inlet the test
section = 110 C.

ass concentration of Condensation heat transfer

in the mixture. coefficient (h) W/mZ K.
0 907

1.93 587

4.12 437

6.08 375

7.94 362

9.64 337

11.34 325

14.23 305

16.82 287
20.33 268
23.95 253
25.54 254

.27.21 051
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Table A6 .8:
Hean steam-NCG.temperature at the inlet to the test
section = 120 C.

% Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K.
0 826
1.96 520
3.94 , 375
5.98 352
6.04 324
7.84 306
10.60 288
12.11 275
14.02 263
18.17 251
22.19 238
24 .32 225

26.18 219
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Table A6 .9: ]
Mean _steam-NCG.temperature at the inlet to the test
section = 157 C.

X Hass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K
0 751
1.97 440
3.81 368
5.77 313
8.02 301
10.12 282
13.69 269
15.73 263
18.31 237
22.16 239
24 .31 240

- 26.70 J 237
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Table A6.10:
Mean steam NCGotemperature at the inlet the test
section = 182 C.

% Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K
0 500
1.99 375
3.86 325
5.81 287
8.15 275
10.11 252
12.30 239
14.01 240
16.32 237
18.01 237
20.13 241

N\
1n24.14 535
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Table A6.11:.
Mean steam-NCG,,temperature at the inlet to the test
section = 210 C.

Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K.
0 388
1.98 325
3.96 287
5.82 262
9.93 243
11.01 225
12.28 227
16.12 218
20.43 212

1 22.01 J 215
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Table A6.12.

Mean steam NCGotemperature at the inlet to the test
section = 222 C.

% Mass concentration of Condensation heat transfer
NCG in the mixture. coefficient (h) W/m2 K

0 325

1.95 307

4.21 250

6.06 226

7.92 212

9.46 203

11.43 198

14.32 197

16.78 192

20.23 195
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6.3 TABULATED READINGS FOR COMPARISON OF EXPERIMENTAL
CONDENSATION HEAT TRANSFER COEFFICIENT TO THOSE
PREDICTED BY THE CORRELATIONS. See section 6.3 for the

definitions of the variables HAC , HS} , anC and

hm,Sh *

6.3.1 INSIDE TUBE DIAMETER = 25.4mm( 1) ,
TUBE LENGTH 4000mm.

Table A6.13:

Mean fluid temgerature at the inlet to the test
section = 141

Mean temperature difference between the fluid core and
the tube wall = 20

hm,Ac = 1609 */“ K and hmsh = 3941 W/ K.

X Mole fraction of

_NOG in the mixture. HAc Hsh
0 0.725 0.295
1.26 0.704 0.287
2-28 0.590 0.241
3-67 0.507 0.207
5.01 0.456 0.186
7-16 0.414 0.169
9-01 0.352 0.144

11.96 0.311 0.127
14.19 0.275 0 112
15.47 0.259 0.105

_ 8B 0.244 0.099
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Table A6.14:

Mean fluid temperature at the iInlet to the test
section = 164 C.

Mean temperature difference between the fluid
core and the tube wall = 45 C.

h = 1631 W/m K and h.. o = 3492 W/mZ K.

m,Ac
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Table A6 .15:

Mean fluid temgerature at the inlet to the test
section = 192 C.

Mean temperature differ8nce between the fluid core
and the tube wall = 68 C.

h = 1683 W/m K and h—m—sn = 3798 W/m2 K.

m, Ae-

[ole fraction of

in the mixture. Hac Hsh

0 0.545 0.240
1.32 0.406 0.179
2.50 0.317 0.140
3.91 0.257 0.113
5.35 0.228 0.100
6.54 0.208 0.092
7.91 0.193 0.085
9.41 0.183 0.081
10.76 0.178 0.079
12.38 0.184 0.081
13.55 0.190 0.086

16.81 0.172 0.076



Table A6 .16:

Mean temperature ofcthe fluid at the inlet to the
test section = 200 C.

Mean temperature difference between the fluid core
and the tube wall = 82 C.

hmAc = 893 W/m K and hm'541 = 1636 W/m K.



6.3.2 INSIDE TUBE DIAMETER = 38.1mm( 1.5") ,
TUBE LENGTH = 4000mm.

Table A6 .17:

Mean temperatur8 of the fluid at the inlet to the test
section = 98.9 C.

Mean temperature difference between the fluid core and
the tube wall = 32 C.

hyac = 879 Wm K and  h o = 1636 Wm K.

RTMoi fraction of

mcG i the mixture. Hxc Hsh
0 1.378 0.738
32 0.796 0.426
49 0.547 0.293
-64 0.469 0.252
-35 0.413 0.221
-16 0.398 0.213
-15 0.362 0.194
.75 0.341 0.183
-76 0.327 0.175
.01 0.313 0.168
-65 0.298 0.160

.02 0.209 0.160



Table A

6 .18:

Mean temperature of the fluid at the inlet to
section = 110 C. i
Mean temperature difference between the fluid core

and
h

% Mole

NCG 1In
0
1

2.

© N O 01 W

11.

13
16
17

m,Ac

the tube wall
= 893 W/m K.

fraction of

the mixture.

21
60
.87
.09
.23
.37
.36
18
.70
-39
.59

=40 C.
and

mnﬁh

1.008
0.657
0.489
0.419
0.405
0.377
0.364
0.336
0.321
0.300
0.280
0.284
0.282

= 1636 W/mZ K.

the test

0.551
0.359
0.268
0.230
0.221
0.206
0.199
0.184
0.176
0.164
0.153
0.155
0.154
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Table A6 .19:
Mean fluid temperature at the iInlet to the test
section = 120 C.
Mean temperature difference between the fluid core
and the tube wall =51 C.

hm,Ac = 898 W/m K and hm,Sh = 1636 W/mZ K.

% Hole fraction of

NCG in the mixture. Hac Hsh
0 0.919 0.504
1.23 0.579 0.318
2.49 0.418 0.229
3.81 0.390 0.214
3.85 0.361 0.198
5.03 0.341 0.186
6.87 0.321 0.176
7.90 0.306 0. 108
9.21 0.293 0.161

12.14 0.278 0.153
15.07 0.265 0.145
16.66 0.251 0.137

18.08 0.244 0.134
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Table A6.20:
Mean temperature of the fluid at the inlet to the test
section = 157 C.
Mean temperatur8 difference between the fluid and the
tube wall = 63 C.
EMLAc = 921 W/m K and hm,ﬁw = 1662 W/m K.

X Mole fraction of

NCG in the mixture. Hac Hsh
0 0.814 0.451

1.24 0.478 0.265

2.41 0.401 0.221

3.67 0.340 0.188

5.15 0.326 0.186

6.55 0.305 0.169

8.98 0.292 0.162

10.41 0.286 0.158
12.24 0.257 0.152
15.05 0.259 0.144

38 88 0.261 0.144
i 18.48 0.257 0.142
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Table AG6.21:
Mean temperature of.the fluid at the inlet to the
test section = 182 C.
Mean temperature difference between the fluid core
and the tube wall = 72 C.

hm,Ac = 947 W/m K and hm,Sh = 1744 W/m K.
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Table A6.22:

Mean temperature ofOthe fluid at the inlet to the
test section = 210 C.

Mean temperature difference between the fluid core
and the tube wall = 78 C.

hm,Ac = 971 W/m K and hmsh = 1876 W/m* K.



Table A6.23: .

Mean temperature of fluid at the

section = 222 C.

-2

07-

inlet to the test

Mean temperature difference between the fluid core
and the tube wall = 85 C.

h = 994 W/m K and

m,Ac

% Mole fraction of
JCG In the mixture.
0
1.21
2.66
3.96
5.08
6.11
! 7.43
9.42
11.15
13.63

h

h.sh = 2050 W/m K.

Hac

0.327
0.302
0.251
0.226
0.213
0.201
0.188
0.201
0.193
0.196

Hsh

0.159
0.146
0.121
0.110
0.103
0.098
0.C31
0.098
0.094
0.095
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6.4  TABULATED RESULTS OF THE PREDICTED TEHPERATURE
PROFILES.

The following tables are extracts of the print out
from the computer program used to predict the temperature
profiles along the test section . The computer program
used 1Is presented as iIn the Appendix 4.2. For ease of
reference the meanings of the symbols used iIn the tables is
first presented.

See section on nomenclature for any further details.
tg(l) - The temperature at steam-NCG core at any axial
position (1) [°C ].
tw(l) - The corresponding cooling water temperature [ C ].
Red(1)~ The corresponding Reynolds number of steam-NCG
core.
Ya(l) - The corresponding mole fraction of NCG in the
gaseous phase.
Yg(1) - The corresponding mole fraction of steam iIn the
gaseous phase.
dQ(l) - The total amount of heat transferred to cooling
water from the steam-NCG inlet(origin) up to the
Ith axial position per unit time interval [kW].
U.At(1) - The corresponding product of the overall
heat transfer coefficient and the mean
temperature difference between the steam-NCG

core and the tube wall
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These quantities are calculated from the steam-air

inlet(origin) up to to the Ith axial position.[m2/W].

AA(l) - The surface area from the steam-NCG inlet(origin)
up to the 1 axial position [m ].

AL(lI) - The corresponding axial length to thellhposition

Cm].

6.4.1 THE INSIDE TUBE DIAMETER = 25.4mm(1') ,
TUBE LENGTH =4000mtn.

Table A6 .24:

Mean temperature.of fluid at the iInlet to the test
section = 127.5 C.
Mass concentration of NCG in the mixture = 1.742 %.

_Position 1 1 2 3 4 5 6 7 8 9
B d)°c 98.3 95.6 93.0 90.3 87.6 85.0 82.3 79.6 77.0
V< S 48.5 46.6 46.3 46.1 46.0 45.9 45.9 45.8 45.8

Reda> xio3 19.1 6.35 3.91 2.88 2.22 1.97 1.73 1.56 1.43
Vi) 0.05 0.13 0.21 0.29 0.36 0.42 0.48 0.53 0.58

0.95 0.87 0.79 0.71 0.64 0.58 0.52 0.47 0.42
() kw 5.0 3.02 1.83 1.64 1.46 1.27 1.11 0.96 0.81
HIZUAt m2/W 199 330 545 609 686 785 897 1046 1241
AAT) m2 0.14 0.15 0.17 0.18 0.20 0.21 0.22 0.26 0.31
4aU) t 1.70 1.92 2.12 2.29 2.46 2.60 2.73 3.23 3.83
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Table A6 .25:
Mean temperature, of Tfluid at the inlet to the test

section = 141.23 C.

mass concentration of NCG in the mixture = 2.796 %.
Position 1 1 2 3 4 5 6
tg (1)°C 97.6 94.5 91.4 88.2 85.1 82.0
tv (1)°C 37.4 35.9 35.6 35.4 35.3 35.2

Red(1) x10~3  13.88 5.56 3.59 2.71 2.22 1.91

Ya(l) 0.07 0.17 0.26 0.34 0.42 0.49
yi> 0 93 0.83 0.74 0.65 0.58 0.51
dQ(1) kw 4.42 2.09 1.86 1.65 1.45 1.26
107/UAt m2/W 226 477 538 606 688 793
AA(D) m2 0.16 0.18 0.19 0.20 0.21 0.28
AL(I) m 2.04 2.21 2.37 2.51 2.65 3.45
Table A6.26:

Mean temperatureOof fluid at the inlet to the test
section = 138.9 C.
Mass concentration of NCG in the mixture = 3.15 %.

Position |1 1 2 3 4 5 6
bg <D°C 98.4 95.6 92.7 89.8 86.9 84.0
fv (1)cc 48.3  45.5 45.1 44.9 44.8 447

Ped(l ) X10"3 20.29 5.67 3.40 2.48 1.99 1.69

k<i> 0.04 0.13 0.22 0.30 0.38 0 44
yi> 0.96 0.87 0 78 0.70 0.62 0.56
YOR 5.27 3.18 1.87 1.69 1.49 1.30
102/UAt m2/W 189 314 532 501 672 769
SA(I) m2 0.16 0.17 0.18 0.19 0.24 0.28

ikI) m 1.96 2.13 2.29 2.41 2.97 3.49



-211-

Table A6.27:

Mean temperatureOof fluid at the inlet to the test
section = 129.8 C.

Mass concentration of NCG in the mixture = 4.41 X.



6.4.2 THE

TUBE LENGTH

Table A6 .28:

Mean temperatureOof fluid at the
135.5 C.

Mass concentration of NCG

section =

Position 1

t, (1>"c

tv (DOC
Red(1) x10 3
Yad )

Yg(D)

dQ( 1) kw
107/UAt m2/W
AACD) m2
AL(D) m

1
97.6
32.3
7.54
0.07
0.93
3.95
253
0.13
1.11

-212-

INSIDE TUBE DIAMETER = 38.Imm(1.5™),
= 4000mm.

inlet to the test

in the mixture = 2.01 X.

2 3 4 5 6
90.8 84.1 77.3 70.6 63.8
29.3 28.9 28.7 28.4 28.4
1.79 1.11 0.84 0.71 0.64
0.27 0.44 0.58 0.68 0.76
0.83 0.56 0.42 0.32 0.24
2.39 1.8 1.43 1.09 0.82
418 41 699 914 1222
0.17 0.20 0.22 0.24 0.27
1.42 1.65 1.86 2.04 2.23

7
56.9
28.3

0.60

0.83
0.17
0.58
1723
0.33
2.77
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Mean temperatureOof fluid at the 1inlet to the test

section = 185.9 C.

Mass concentration of NCG in the mixture = 5.32 %.
Position 1 i 2 3 4 5 6
t, «>“C 96.1 89.6 83.3 76.8 70.4 64.0

d 0

V ) C 33.6 322 31.8 31.6 31.5 31.4
Red() x10*3 4 .32 1.63 1.08 0.85 0.73 0.66
Y.d) 0.11 0.31 0.46 0.59 0.68 0 76
Yg(|> 0.89 0.69 0 %4 0.41 0.32 0.24
dQ(1) kw 3.28 2.23 1.74 1.34 1.03 0.76
10?7UAt m2/W 305 448 575 743 973 1309
AA(D) m2 0.14 0.18 0.20 0.23 0.25 0.29
AL(D) m 1.23 1.48 1.70 1.92 2.09 2.42

Table A6.30:

Mean temperatureOof fluid at the inlet to the test
section = 185.3 C.
Mass concentration of NCG In the mixture = 5.76 %.
Position 1 1 2 3 4 5 6 7
Cl)‘c 97.3 94.5 91.6 88.7 85.7 82.8 80.0
tv (I)°C 35.3 33.7 33.2 32.9 32.8 32.7 32.6

Red(1) x10"3 6.74 2.99 1.98 1.51 1.24 1.07 0.75
f.a> 0.08 0.17 0.25 0.33 0.40 0.47 0.53
Vi> 0.92 0.83 0.75 0.67 0.60 0.53 0.47
dQ(I) kw 3.77 2,68 2.39 2.13 1.91 1.70 1.52
107/UAt m2/W 265 372 418 468 524 587 659
AA(L) m2 0.07 0.18 0.19  0.20 0.21 0.22 0.26
mi) [l 1.41 1.52 1.59  1.68 1.77 1.86 2.13
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g-4.3 TABULATED EXPERIMENTAL STEAM-AIR CORE TEMPERATURE PROFILE.
INSIDE TUBE DIAMETER = 25.4mm AND TUBE LENGTH = 4000mm.

Table A6.31:

Mass concentration Axial position (m).

of air (%)
0 0.2 1.4 2.2 3.0 3.6 4
1.742 128 109 100 91 80 78 78
2.796 i 141 130 116 103 88 86 84
3.15 140 122 103 100 86 84 82
4.417 125 108 97 85 78 73 72
6.4.4 TABULATED EXPERIMENTAL STEAM-AIR CORE TEMPERATURE
PROFILE INSIDE TUBE DIAMETER = 38.1mm AND
TUBE LENGTH = 4000mm.
Table A6 .32:
Mass Axial postion(m).
pncentration
air () 0O 0.4 0.8 1.6 2.4 2.8 3.2 3.6 4.0
2.01 186 166 151 130 120 117 90 79 64
5.32 186 165 153 129 119 115 87 74 57
5.76 135 120 112 102 99 89 87 85 80
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6.4.5 TABULATED EXPERIMENTAL STEAM-AIR CORE AND TUBE WALL
TEMPERATURE PROFILES.
INSIDE TUBE DIAMETER = 25.4mm AND TUBE LENGTH = 4000mm.
a) WALL TEMPERATURE PROFILES

Table:- A6.33

Mass Axial position (py .
fraction
of air ) 0 0.4 08 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
Super-
heated
Steam
0 77 77 74 74 72 73 77 74 80 38 38

2.94 74 75 76 78 76 76 76 76 80 70 70
12.71 77 76 76 77 T4 73 77 72 73 68 68
19.53 S 77 77 77 T4 77 77 73 72 70 70

saturated
steam

42 37 30 30 28 23 19 18 17 17 17
68 67 66 58 47 44 38 30 22 2 22



b) STEAM-AIR CORE TEMPERATURE PROFILES.

Table:- A6.34

Mass
concentration
of air (%)

0
2.94
12.71
19.53

4.94

216

Axial position (m) .

0

181
190
193
180

98
95

0.2

173
185
174
173

86

1.4

152
162
142
145

8l
8l

2.2 3.0
133 106
139 109
110 92
116 96
47 24
78 62

3.6

57
98
85
88

23
60

4.0

57
92

82

23
60
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6.5 TABLES FOR CONDENSATION HEAT TRANSFER COEFFICIENT PROFILE
ALONG THE TEST SECTION
6.5.1 THE INSIDE TUBE DIAMETER = 25.4mm(1*),LENGTH=4000nn.

Table:- A6.35.

The steam superheated at the inlet to the test section.
Mass concentration of NCG iIn the mixture =0%.

The temperature rise of cooling water = 10.6 C.
Position along the test Local condensation heat
section (m). transfer coefficient(h) W/m K-

0.5. 733

1.0. 820

1.5 995

2.0 1229

2.5 1608

3.0 2200

3.5 2787

4.0 2787

Table:- A6.36.

The steam superheated at the inlet to the test section.
Mass concentration of NCG in the mixture = 2.94%.0

The temperature rise of cooling water = 10.5 C.
Position along the test Local condensation heat

section (m). transfer coefficient(h) W/m2 K.
0.5 637
1.0 702
1.5 829
2.0 1036
2.5 1381
3.0 1883
3.5 2588

3196



218

Table:- A6 .37.
The stean superheated at the i1nlet to the test section.

Mass concentration of NCG iIn the mixture = 12.71%6

The temperature rise of cooling water = 12.4 C.
Position along the test Local condensation heat
section (m). transfer coefficient(h) W/m2 K
0.5 858
1.0 1063
1.5 1358
2.0 1881
2.5

m 2717
3.0 4076
3.5 5434
4.0 4891

Tahle:- A6.38

The steam superheated at the i1nlet to the test section.
Mass concentration of NCG in the mixture = 19.53%6
The temperature rise of cooling water = 8.3 C.

Position along the test Locpl condensation heat

section (Mm). transfter coefficient(h) W/mZ K.
0.5 735
1.0 881
1.5 1062
2.0 1428
2.5 1882
3.0 2761
3-5 4141

t—1-0 5176



219

6.5.2 THE INSIDE TUBE DIAMETER = 25.4mm(1'"), LENGTH=4000mm

Table:- A6.39.

The steam saturated at the inlet to the test section.
Mass concentration of NCG in the mixture = (0%.
The temperature rise of cooling water = 7.2 C.

Position along the test Local condensation heat

section (m). transfer coefficient(h) W/m2 K.
0.5 233
1.0 350
1.5 383
2.0 400
2.5 483
3.0 650
3.5 883
4.0 1550
Table A6.40

The steam superheated at the iInlet to the test section
Mass concentration of NCG iIn the mixture = 4.94%.0
The temperature rise of cooling water = 6.7 C.

Position along the test Local condensation hea
section (m). transfer coefficient(h) W/m_ K

610

523
459
407
378
343
319
297
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6.6 TABULATED RESULTS OF THE PREDICTED PRESSURE DROP VERSUS
EXPERIMENTAL VALUES OF THE PRESSURE DROP ACROSS THE TEST
SECTION [See section 6.6].

Table:- A6.41.

Inside tube diameter 25.4 mm ( 1').

Tube length 4000mm.
Predicted pressure drop Experimental pressure drop
[Pm of water] [hm of water]
0 0
1 0.5
2 1.5
10 1
18 22
30 30
1 40 43
50 47
60 55
67 64

74 68



APPENDIX 7

GRAPHS
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Mean condensation heat transfer coefficient(h)W/m

figure A7.1: EXPERIMENTAL CONDENSATION HEAT TRANSFER COEFFICIENT
v INITIAL AIR MASS CONCENTRATION
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v INITIAL AIR MASS CONCENTRATION
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FIGURE A7.5: EXPERIMENTAL CONDENSATION HEAT TRANSFER COEFFICIENT
v INITIAL AIR MASS CONCENTRATION
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Mea- condensation heat transfer coefficient(h)W/m2K

FIGURE A7.8: EXPERIMENTAL CONDENSATION HEAT TRANSFER COEFFICIENT
v INITIAL AIR MASS CONCENTRATION
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Ha, and

Ratio

HCURE A7. 13: RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION

hfai TRANSFER COEFFICIENT y initial mole
OF AIR IN THE MIXTURE

fraction
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FIGURE A7.14: RATI0OS OF EXPERIMENTAL TO PREDICTED CONDENSATION
HEAT TRANSFER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE MIXTURE
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FIGURE A7.16: RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION

HEAT TRANSFER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE MIXTURE
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FIGURE A7.19: RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION

HEAT TRANSEER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE M?XTURE
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FIGURE A7.20: RATI0S OF EXPERIMENTAL TO PREDICTED CONDENSATION

HEAT TRANSFER COEFFICIENT v INITIAL HOLE FRACTION
OF AIR IN THE MIXTURE
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FIGURE A7.21: RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION
HEAT TRANSFER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE MIXTURE
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AAAAA H*
Mean steam-oir inlet
temperature 210degC.
Insice tube diameter 38 1mm
Length of the tube 4000mm.

Meon temperature difference between
the fluid core ond the tube woll - 78 de ..
h,,*
Km
>c= value of hm predicted by Equationgz.
Kl wvolue of hm predicted by Egquotion(2.4).
experimental value.
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OF AIR IN THE MIXTURE



244

04
AR T |_§< R
£E£&&& H*.
Wean steam-air inlet
temperature = 222degC.
Inside tube diameter = 38.1mm
Length of the tube = 4000mm.
Mean temperoture difference between
the fluid core and the tube wall « B5 degC
0.3 bpw = 994 W/mV
: , = 2050 W/m&X
hnm>e= value of hm predicted by Equation(2.3).
value of hm predicted by Equotion(2.4).
experimental volue.
ii TABLE A<5. 23
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Initial mole froction of air(sB).

FIGURE A7. 23: RATIOS OF EXPERIMENTAL TO PREDICTED CONDENSATION
HEAT TRANSFER COEFFICIENT v INITIAL MOLE FRACTION
OF AIR IN THE MIXTURE
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FIGURE A7. 24:
STEAM-AIR CORE AND TUBE WALL
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TEMPERATURE <deg C>

FIGURE A7.25: STEAM-AIR CORE AMD TUBE WALL TEMPERATURE
PROFILES



FIGURE A7.26: STEAM-AIR CORE AMD TUBE WALL TEMPERATURE
PROFILES



248

TEMPERATURE <deg C

FIGURE A7.27- STEAM-AIR CORE AND TUBE WALL TEMPERATURE
PROFILES
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TEMPERATURE <deg C>

FIGURE A7. 28: STEAM-AIR CORE AND TUBE WALL TEMPERATURE
PROFILES
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