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PREFACE

Condensation of steam in a vertical reflux condenser was
studied for both co-current and counter-current flow of the
vapor and condensate. The condenser was composed of three
sections in series. The cooling water flowed inside the
annular jackets, while the steam was in the inner tube.

This was only a preliminary study of heat transfer,
including the condensing heat transfer coefficient and the
heat transfer coefficient in the annulus.

The present study covered a range of cooling water
Reynolds numbers from 460 to 3,800 based on the equivalent
diameter. Entering steam Reynolds numbers ranged from
4.1x10% to 1.2x10°, while the exit condensate Reynolds
numbers ranged from 30 to 450 . From experimental data,
the condensing heat transfer coefficient, the annular heat
transfer coefficient, and conduction heat transfer through
the pyrex glass wall were calculated from heat transfer
correlations, and then compared to the ones obtained from
the Wilson Line Method applied to the data. In addition,
for counter—current flow, the flooding point was also
computed by the Diehl-Koppany and Wallis correlations.

I wish to express my sincere gratitude to Dr. Kenneth

J. Bell for his advice and guidance throughout this work.
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NOMENCLATURE

Roman
A heat transfer area, ft2 (n?)
Ai 'inside surface area, ft> (m’)
Ao outside surface area, ft> (m’)
a specific heat transfer area, ft2/ft (m® /m)
cp heat capacity at constant pressure, Btu/lbm °F (KJ/Kg K)
Deq equivalent diameter of annulus, ft (m)
D1 outer diameter of annulus, ft (m)
D2 inner diameter of annulus, ft (m)
di inside diameter of the inner column, ft (m)
do outside diameter of the inner column, ft (m)
G mass velocity of the entire flow, b /hr £t* (Kg/s m®)
G1 liquid mass flow rate, lbm/hr (Kg/s) |
Gv vapor mass flow rate, lbm/hr (Kg/s)
g local gravitational acceleration, ft/sz (m/éz)
h film coefficient, Btu/hr ft® °F (KJ/s m- K)
hc mean condensing heat transfer coefficient for a
surface, Btu/hr ft® °F (KJ/s m" K)
hx heat transfer coefficient at point x, Btu/hr ft* °F
(KJ/s m K)
ho heat transfer coefficient of cooling water,

Btu/hr ft? °F (KJ/s mK)



LMTD2
LMTD3

LMTDT

B

atm

‘s ‘v w U B

Q2

Q3

QCOI’I

TOT

non—dimensional superficial liquid velocity
non—-dimensional superficial vapor velocity

thermal conductivity of fluid, Btu/hr ft °F (KJ/s m K)

thermal conductivity of solid, Btu/hr ft °F (KJ/s m K)

length of a condensing surface, ft (m)

logarithmic mean temperature giffgrence, at the top
section of reflux condenser, F (°C)

logarithmic mean temperature differegce.oat the
middle section of reflux condenser, “F ( C)

logarithmic mean temperature difference, at the
bottom section of reflux condenser, “F (°C)

logarithmic mean temperature difgeregce, evaluated
for the whole reflux condenser, "F (°C)

mass flow rate of condensate, lbm/s (Kg/s)

mass flow rate of cooling water, lbm/s (Kg/s)
absolute inlet steam pressure, psi (KPa)

absolute atmospheric pressure, psi (KPa)

pressure gauge reading for inlet steam, psig (KPa)
perimeter for condensate drainage per tube, ft (m)
Prandtl number for the liquid. dimensionless

amount oﬁiheat'transferred to cooling water at the
top section of reflux condenser, Btu/hr (KJ/s)

amount of heat transferred to cooling water at the
middle section of reflux condenser, Btu/hr (KJ/s)

amount of heat transfefred to cooling water at the
bottom section of reflux condenser, Btu/hr (KJ/s)

total heat of condensation, Btu/hr (KJ/s)

total amount of heat transferred to cooling water,
Btu/hr (KJ/s)

heat lcad, Btu/hr (KJ/s)

xi



outer radius of the inner tube, ft (m)

inner radius of the outer tube, ft (m)

outer radius of tube, ft (m)

inner radius of tube, ft (m)

Reynolds number of the condensate film, dimensionless

the difference between inletoandooutlet cooling water
temperature at one section, "F (°C)

the difference between average wall and avgragg
cooling water temperature at one section, "F (°C)

temperature reading of thermocouple # 1 to 6, OF (OC)
true temperature of thermocouple # 1 to 6, OF (°C)

temperature at the inner wall, °F (°C)
temperature at the outer wall, °F (°C)
bulk fluidttemperature, °F (°C)
saturated temperature of vapor, °F (°C)
wall temperaturé. °F (°C)

overall heat transfer coefficient, Btu/hr ftz °F
KJ/s m° K)

superficial flooding velocity of the vapor, ft/s (m/s)
vapor velocity, ft/s (m/s)

liquid velocity, ft/s (m/s)

velocity of cooling water, ft/s (m/s)

mass flow rate, lbm/hr (Kg/s)

coordinate,usually taken parallel to heat transfer
surface, ft (m)

inlet quality, dimensionless

outlet quality, dimensionless
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coefficient of cubical expansion, 1/°F (1/°C)
average thickness of film, ft (m)

weight flow rate of condensate per unit of tube
drainage perimeter, lbm/ft hr (kg/m s)

latent heat of condgnsation, Btu/lbm (KJ/Kg)

viscosity evaluated at bulk fluid temperature,
lbm/hr ft (Kg/s m)

viscosity of vapor.‘lbm/hr ft (Kg/s m)
viscosity of liquid, lbm/hr ft (Kg/s m)

viscosity evaluated at the surface temperature,
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density, ibm/fta (Kg/m")
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CHAPTER 1
INTRODUCTION

Condensation of a vapor to liquid is a common phenomenon
in heat transfer processes in most industries. In designing
a condenser, we need to calculate the overall heat transfer
coefficient which includes the condensing heat transfer
coefficient, cooling fluid heat transfer coefficient, and
conduction heat transfer through the condenser wall. The
heat transfer coefficients are very important because the
higher the heat transfer coefficient, the smaller the surface
area needed.

The present study of reflux condensing heat transfer
mechanisms is the first step towards better apparatus
design.

The objectives of‘this work are to:

1. Determine by experimental measurements and by visual
observation the physical nature of the condensing heat
transfer mechanism inside a vertical reflux steam
condenser tube.

2. Determine the overall heat transfer coefficient.

3. Compare the results obtained from the experiment to

those obtained from literature correlations.



4. Make a preliminary study of reflux condensing heat
transfer mechanisms for better apparatus design.

This experiment is conducted in a pyrex glass vertical
reflux condenser which comprises three sections in series.
The water flows inside the annular jackets. while the steam
is in the inner tube. .In present work, both co—current and
counter—-current flow of the condensing vapor and the coolant
are studied.

From the experimental data. the overall heat transfer
coefficient is calculated for each section. The film heat
transfer coefficient is calculated by using two approaches;
the Wilson line method on the experimental data and
Nusselt—-Colburn—-Boyko—-Kruzhilin literature methods. The
cooling water heat transfer coefficient is computed using
two methods; the Wilson line method on the experimental data
and the Chen-Hawkins-Solberg literature method. For counter-
current flow of the vépor and condensate, the flooding point
is also computed by using the Diehl-Koppany and Wallis
correlations and compared‘to the experimental results.

The range of this study covers cooling water Reynolds
numbers from 460 to 3,800 , entering steam Reynolds numbers
from 4.1x10° to 1.2x10° ,and exit condensate Reynolds

numbers from 30 to 450



CHAPTER 1II

LITERATURE REVIEW

Basic Principles of Heat Transfer

Heat transfer occurs as a result of a temperature

difference between a fluid and a wall or another fluid.

There are three basic mechanisms of heat transfer.

The first mechanism is conduction. Heat can be
conducted through solids, liquids, and gases. Heat in
solid, liquid, or gaseous matter is the random kinetic
energy of the electrons, atoms or molecules present;
temperature is a measure of the average kinetic energy
possessed by the assembly of electrons, atoms and/or
molecules.

Heat conduction through a cylindrical solid wall

(see Figure. 1) is given by:
q = ZHLkw(Ti—TO)/ln(ro/ri)

The alternative way to write Equation (1) is

q = ATz T2 Driving_force
l_ifolfil Thermal Resistance
2ﬂLkw

(1)

(2)

So we can say that the wall resistance for this case is



Figure. 1 Diagram of Conduction Through a Cylindrical Wall



ln(ro/ri)/ZHLkw.

The second mechanism of heat transfer is convection.
Convection heat transfer is defined as the transport of heat
from one point to another in a flowing fluid as a result of
macroscopic motions of the fluid, the heat being carried as
internal energy. Because motion of a‘fluid is involved,
heat transfer by convection is largely governed by the laws
of fluid mechanics. If convection is induced by density
differences resulting from temperature differences within
the fluid, it is said to be natural convection. However, if
the motion of the fluid is the result of an outside force
such as a pump, then the heat transfer mechanism is termed
forced convection.

For many convective heat transfer processes, it is
found that the local heat flux is approximately proportional
to the temperature difference between the bulk of the fluid
and the wall. Thus, we define the constant of this
proportionality as the "film coefficient of heat transfer”,

which usually is denoted by h
q/A = h(Tf—Tw) (3

The value of h depends upon the geometry of the system, the
physical properties of the fluid, and the velocity of flow.
Computation of the film coefficient of heat transfer will be
discussed later in this chapter.

The last heat transfer mechanism is radiation which

has a great effect on the heat transfer rate only at



high temperatures. For the present study, this mechanism is

not important and it will not be discussed here.
Heat Transfer in Condensation

Condensation of vapor to a liquid occurs only when
there is a surface colder than . the saturation temperature of
the vapor at the pressure exiéting in the vapor phase, and
this surface must be in contact with the vapor phase.
During the condensation of a single component, two types of
condensing mechanisms are comﬁonly observed. These are
dropwise and filmwise condensation. In dropwise
condensation, the condensate forms drops on the surface and
drains in the form of drops. In filmwise condensation the
condensate forms a film on the surface and drains as a
continuous film. 1In this study, we focus on filmwise
condensation because it is the type that usually occurs in
heat transfer equipment.

The various resistances to heat transfer during
condensation of a pure saturated vapor are shown
diagrammatically in Figurerz. In this case, the resistance
at the vapor/liquid interface is small and, to an extremely
good first approximation, may be neglected (6).

The latent heat of condensation appears at the
interface and must be transferred through the condensate
film to the wall and hence to the coolant. 1In the case of a
pure saturated vapor; this temperature drop across the

condensate film often represents the major resistance to
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heat transfer. However, in some cases, the resistance of
the coolant is comparable to the resistance of the

condensate film. Techniques which reduce the condensate

film thickness in laminar flow or promote a higher
"effective" conductivity e.g., turbulence, will therefore
increase the condensing side heat transfer coefficient.
Considerable expérimental work on condensation heat
transfer coefficients has been reported over the years, and
empirical correlations baéed on these experimental studies
may differ from recent careful experimental results by from
50 to 500 % (19). For many years, however, even a fairly
wide discrepancy made little practical difference, because
in conventional process equipment the resistance to heat
transfer on the condensate film side was often small
compared with the other resistances. As a result, even a
sizable error in the film side coefficient introduced only a
small error in the overall resistance and heat transfer

coefficient.

Calculation of the Condensing

Film Coefficient

The classical work on the mechanics of thin films and
heat transfer through these films was presented by Nusselt

(35) in 1916. He made several -assumptions as follows:

1. The liquid film (Figure 3) is in laminar flow.

2. The hydrodynamics of the film are controlled by the
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viscous terms in the Navier-Stokes equations.
3. The vapor is saturated.

4. The liquid and vapor have the same temperature (T )

sat
at the interface, i.e., no interfacial resistance.

5. The sensible heat of subcooling the ligquid is negligible
compared Fo the latent heat load.

6. The temperature profile is linear through the liquid
film.

7. The liquid and the solid surface are at the same
temperature at their interface.

8. The solid surface is isothermal.

9. The liquid properties are not functions of temperature.

10. The liquid has zero velocity at the liquid-solid

interface,i.e., the no-slip condition.

Nusselt found that the local value of the film heat
transfer coefficient at a distance x from the start of

condensation is

3

(4)

X

N [ k1 P (pl— pv) A g ] 174

4 “l(Tsat— Tw) X

A far more useful quantity is the average coefficient for a
surface of length L, which is identified for convenience as

the condensing ccefficient hc:

1 L k? Py (pl—pv) A g 174
h, = — j h dx = 0.943 [ —_—— ] (5)
L 0 ML (T~ T)
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The heat transfer coefficient predicted by Equation (5)
decreases as L and (Tsat—Tw) increase. This is due to the
increased resistance to conduction offered by a thickened

film. The total heat transfer however increases with L and

(Tsat—Tw) as may be seen by writing the rate equation
q = hc a L(Tsat—Tw) (6)
or
3/4 _ 374
q&L (Tsat Tw) (7)

The derivation has been carried out in terms of a
vertical plane surface. Since the coﬁdensate film is so
thin compared to typical tube diameters, the result is
applicable to condensation on the inside or the outside of
vertical tubes (4]

A more convenient form of hc is obtained if one first
defines a tube loading per linear foot of tube drainage
perimeter (I'). That is, if w 1lb/hr are to be condensed on

each tube,
r = ———— (8)

where Pt=ﬂD for a vertical tube.

It is also desirable to define a condensate Reynolds

number

Re = ———- (9)

Substituting Equations (8) and (9) into Equation (5) gives,
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with the aid of a heat balance:

klapl (pl-;DJ g 173 - 1/3 (10)
h = 1.47 [ ] Re
c 2 c

H

Nusselt equation has been experimentally checked a
number of times. We may conclude that the general validity
of the Nusselt equation is established within usual
engineering sténdards. A major problem for designing a
condenser for a new process is that the physical properties
used in the calculations are often inaccurate or not
well known.

Many workers have analytically and experimentally
tested the effects of violation of Nusselt's assumptions.
The results showed that in most cases in the laminar region,
these assumptions can be safely applied. However some
assumptions should be noticed.

The assumption concerning vapor shear on the condensate
on a vertical surface was examined by Nusselt (36) and is
described in detail in Jakob k29). If the vapor and the
condensate flow together vertically downwards, vapor shear
somewhat enhances the condensing coefficient in laminar flow.
If the vapor and condensate flow are in opposite directions,
the condensate film is thickened and resistance increases.
However, in this case a probable and important consequence
is that the film becomes rippled and/or turbulent, and

entrainment, slugging, flooding, etc., occur. These will be
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discussed later.

The assumption of an isothermal condensing surface is
generally not realized in practice. However we can relax
the assumption by dividing the condenser column into several
sections and assuming that each section is isothermal. Even
this in principle requires a reiterative calculation;
assuming a surface temperature, étc.

The assumption of constant liquid properties is not
truly valid, but is accepted because it is so difficult
and tedious to account for temperature effects, especially
upon the viscosity. The physical properties are generally
taken at\the arithmetic mean film temperature. By taking
this method, Bell (4) states that significant errors in the
final result are unlikely to arise unless the temperature
difference is very great or the condensate has a very large
temperature coefficient of viscosity. In case of doubt,
the viscosity at the surface temperature is used in the
Nusselt equations.

For cases where one or more of Nusselt's assumptions
break down, numerous studies have been published. The effect
of turbulent condensate film was studied by Colburn (14) and
the éffect of vapor shear was studied by Boyko and Kruzhilin
(7) and Rohsenow (41).

Since Equations (5) or (10) are valid only for laminar
flow of the condensate film in the vertical tube, we have to
find other correlatiﬁns to express the average film

coefficient in turbulent flow. Even though the value of Rec
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is quite low, ripples can appear on the surface as shown in
Figure 4 but these seem to have very little effect on the
condensing coefficient (4).

In general, the critical Reynolds numbers for a falling
film in the absence of vapor shear is approximately 1600-—
2000. However, something like turbulent flow might appear
at lower Reynolds numbers near the bottom of a very long
vertical wall,land'whether a falling liquid film is
inherently stable in laminar flow at any Reynolds number is
still a question 4). 7

Condensation heat transfer coefficients under turbulent
flow but low vapor shear conditions were studied by Kirkbride
(34) who proposed an empirical correlation. Furthermore,
Colburn (14) analyzed Kirkbride's data and developed a
graphical representation of the final result. It was noted

that the Nusselt solution, equation (10) can be plotted as

h -
c 3 ]

versus Rec

with a slope of -1/3 on log-log coordinates and an intercept
of 1.47 at Rec= 1. The Colpurn solution may also be plotted
on these coordinates with Pr1 as a parameter, giving the
graph shown in Figure 5. Colburn assumed the flow become
turbulent at Rec = 2100 and used this value in his
computation, and it is somewhat conservative. The
correlation shown in Figure 5 has been reasonably well

verified experimentally, and can be applied as long as the
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Prandtl number does not exceed 5. For convenience, Bell (4)
proposed the empirical equation for Colburn's graphical

representation as:

plz 1/3 0.2

~ 0.0089 Pr, - ““Re 1

1 c

0.55. 0.35Pr

c 3 _ ]
k1 P (p1 Py ) g

(12)

It is recommended that, if Pr1 > 5, Eéuation (12) be
evaluated at Pr1 = 5.

If the value of hC calculated by Equation (12) is less
than hc calculated from Equation (10), it means that the
film is laminar rather than turbulent and that Equation (10)
[or its graphical equivalent in Figure 5] is the correct
equation to use. A simple way to select the proper
coefficient is to calculate the condensing coefficient by
both Equations (10) and (12) and choose the higher value.

The above procedures are for calculating the condensing
coefficient under gravity control inside or outside a
vertical tube only. Carpenter and Colburn (10) reported
that the turbulence caused by the presence of vapor shear
occurred at a Reynolds number as low as 250-300. 1In a
practical heat transfer point of view, this is not a serious
problem because the magnitude of the calculated coefficient
itself indicates what flow regime exists.

In the case of a vapor—shear controlled condensing
situation inside a vertical tube, we have several

procedures to choose from such as the Carpenter and Colburn
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correlation (10), the Boyko-Kruzhilin correlation (7), or
the Traviss, Baron, and Rohsenow correlation (41).

Here we choose the Boyko-Kruzhilin correlation (7)
because it is simpler to use and is supported by a large
number of steam data. This correlation gives the mean
condensing coefficient for a stream between inlet quality Xy

and outlet quality Xyt

0.8 0.43
h d. 4.6 de/e ). + d(p/p,)
L1 .- 0.024 [ _i"T ] Prl [ m'i m’o
Ky Hy 2
(13)

where

(p/pm)i =1 + --—5'\-,—-—-‘ Xiv \ (13a)
and

(p/o )y, = 1 + ——-E;———— X, (13b)

If the entering steam is dry saturated vapor, X;= 1, and if

the stream is totally condensed, X, = 0; for this special

2

case, the bracketed term becomes equal to [

The Carpenter—-Colburn, Boyko-Kruzhilin, and Rohsenow
correlations are valid only under the conditions that vapor
shear controls the liquid film hydrodynamics and hence heat

transfer. These correlations will give unrealistically low
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coefficients if vapor shear does not control. Therefore,

the best procedure is to calculate condensing coefficients
by both a gravity-controlled correlation and a vapor shear-—

controlled correlation and take the higher value.
Heat Transfer in Annuli

A survey of the literature reveals that in the last
decade a number of successful investigations have been que
on the heat transfer in annular spaces for the case of
turbulent flow. However, very little has been done for the
case of laminar flow in annular spaces.

For the case of uniform heating or cooling from
outside, inside, or from both sides at the same time, Jakob
and Rees (30) presented a mathematical theory of heat
transfer between the walls of an annulus and a fluid passing
through it in laminar flow. The range of Reynolds numbers
of the experiments was Re = 50 to 1000. They made the
assumptions of fully developed velocity and temperature
profiles. For uniform heating from inside and perfect
insulation outside, the surface heat transfer coefficient
was calculated using the following correlation:

ky'(r) _
h_ = rery (14)

y(ir)

1"=‘1"2

where



20

r2 2 r2 r
y(r) = [ —— (r1 ~——=— 4+ B ln —— - B) +
4 4 r
1
2 2 2
r r r 3r
2 2 -p) - - oL B)]
4 r 4
r 5 r2 r B rzz 2
y'(r) =[ — (r1 - == +Bln —m = —=) = ——=- (r2 - B) ]
2 2 rl 2 4r

Using ethylene, hydrogen and air as the test fluids, they
found that the deviation of ho calculated from Equation (14)
was up to £ 15.0 %. This deviation was noted due to the

beginning of turbulence in the range of Re 600 to 1000.

In 1943, Davis (16) suggested a tentative dimensionless
equation for determining heat-transfer coefficients in
annuli for the case of laminar flow. Since there were no
experimental data available, the constants of the equation
were left as unknowns.

The criterion of flow is indicated by the Reynolds
number, _!ge . In case of flow in an annular space, usually
an equivalent diameter is used for D. There are two methods
of calculating the equivalent diameter of an annu&us. The
first method uses the wetted perimeter defined as Il (D1+D2)

and the equivalent diameter in this case is:
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n,.2 2
4 x ~z-(D,°- D

)
Doy = 2 _ - p, -D (15)
q m (D, + D,)

In the second method, the heated perimeter where heat
transfer takes place at the inner wall is used. Therefore,

the equivalent diameter is defined as:

4 x1_ (D%D?
b - o4 R s (16)

eq n D

2

The second method was first suggested by Jordan (31) and
later used by Nusselt (36).

Although both of these equivalent diameters have been
used for correlation data dealing with heat transfer in
annular spaces, the first method is recommended to use in
the Reynolds number computation (10).

Chen, Hawkins, and Solberg (11) proposed an empirical
correlation for heat transfer in annular spaces for the case

of laminar flow of water as follows:

0.45 1/3 0.14
h VD C i
o "eq _ 4 oo | _iled? - ] el ]
k u k i !Jw
0.4 0.8 32 0.05
D D D AT -
EB N ED R R
L D2 K -

Here, ho is the mean heat transfer coefficient of an

annular section.



22

This correlation is valid only for water in the range of
Reynolds number from 200 to 2000, but this equation may also
hold for Re < 200. In order to get this correlation, they
assumed that the exponent for Prandtl number is 1/3. The
average deviation of this correlation is * 6.6 percent and
the maximum deviation of * 14.1 percent. This correlation
gives slightly better results than the one proposed by Jakob
and Rees. In addition, the assumption of fully developed
flow proposed by Jakob and Rees is not proper for our case.

After wall resistance, average condensing film
coefficient, and water side coefficient in an annulus are
calculated, we are able to compute the overall heat transfer
coefficient based on outside surface area (assuming no

fouling), Uo, as:

1
Uo = ‘ {18)
1 r In(r _/r.) A
+ o o i + o)
h k h_ A.

Q W c 1

Wilson Line Method

The individual heat transfer coefficients were also
determined from the expefimental data by using the Wilson
Method (47), and then compared to those found using
literature correlations. Equation (17) shows that ho is

0.45

proportional to V if everything elsé is held constant.

In this case, Equation (17) might be written as:
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ho = b v0.45 (19)

in which the constant b could be calculated by equating
Equation (17) and (19) or determined from the results of
Wilson line experiment described below.
Combining Equation (18) and Equation (19) results in
the following expression:
1 1 roln (ro/ri) A

= + + (20)

0.45
Uo bV kw‘ hc Ai

The last two terms on the right—-hand side are the
resistances of the tube wall and the inside fluid,
respectively. If they remain constant for a series of runs
over a range of V, a linear relation should exist between
1/U, and 1/v0 4.

If the straight line through the points is extrapolated
to the ordinate at which 1/\10'45 equals zero, the intercept
of the straight line on the ordinate axis gives the value of

1/U0 equal to the sum of the tube wall and inside fluid

resistances.

[ 1 ] roln(ro/ri) Ao
Vv

= + (21)

o) =® kw hc Ai

The gquantity roln(ro/ri)/kw can be readily calculated, and
the value of the convective coefficient for the inside fluid
hc obtained. A reasonable value of hc will be obtained if

we have good values of kw and ro/ri and a good value of the
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intercept.
The slope of the straight line is equal to 1/b.
0.45

h_ can

Because the quantity of 1/ho is equal to slope/V o

be easily calculated for a given value of V.

Flooding in Vertical Countercurrent

Gas-Liquid or Condensing Flows

The flooding\phenomenon in counter—current two—-phase
flows has become a major concern in many engineering
systems. It may occur in packed columns in various chemical
processes, in the hypothetical mode of loss of coolant
accident (LOCA) in nuclear reactors, in heat pipes, and in
heat exchangers with’vertical two—phase flows. Numerous
researchers (1, 17, 22-23, 25-27, 39, 43-45) have performed
flooding experiments with a wide range of flow properties
and test—-channel geometries. These researchers proposed
expressions correlating their experimental results. There
exists very little consistency in their formulations of
flooding correlations. Consequently, the various
correlations do not generally agree.’ One of the main causes
for this confused situation lies in the fact that many
existing correlations are all semi- or totally empirical
and do not have a sound phyéical and analytical basis.
Another contributing factor is the lack of a standard
criterion or definition of the flooding phenomenon.

The flooding phenomenon is the result of flow

instability. As the relative velocity between upwards vapor
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flow and downwards liquid flow increases, flow instability
appears in the form of waves at the interface. At an even
higher relative velocity, the amplitude of waves grows
exponentially with time and eventually the liquid film
starts to break into small liquid droplets (entrainment).
This entrainment phenomenon is an early signal of an
unstable flow condition. This leads to the partial or total
stoppage of downwards liquid flow and/or dry-out.
Consequently, the éontinuous operation of counter-current
flow is interrupted. This limiting flow behavior is called
flooding.

There are many different ways of identifying the onset.
of flooding. The following definitions of the flooding
phenomenon have been offered:

1. Reversal of flow motion from counter-current flow motion
to co—current.

2. Channel wall dry Qut.

3. Appearance of large pressure drop fluctuations.

4. Appearance of slug flow motion near the gas flow exit
and at the upper plenum.

5. Formation of dispersed annular flow or chugging flow in
the channel.

6. Shaping of liquid film bridges in the channel.

7. The onset of entrainment of liquid droplets.

However, each definition is not completely independent of the

others. Some items are identical with respect to the |

critical flow rate at the flooding condition.
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Among various researchers, the most commonly used
flooding correlation has been the Wallis correlation (45)
which characterizes a balance of inertial forces and
hydrostatic forces in connection with single—phase flow

turbulent stresses:

1/2 1/2
\' Fol \') e
[_l_l ! ] +m[ Y l 4 ] =c (22)
{g d; (p-P,,) {g q (p-P,)

where m and ¢ are given in Figures 6 and 7.

(i) When gravity forces are far more important than

3
P 9 di (py=P,) 1/2
viscous forces, NL = [ 5 ] is high
u
1

(NL > 100).
m=1
0.88<c<1 for round-edged tube (Figure 8a)
¢ = 0.725 for sharp—edged (Figure 8b)
(ii) When gravit& forces can be neglected with respect to

viscous forces, N
1/2

L is small, (NL < 100)

m=5.6 NL'
c = 0.725 for round-edged tubes
The other commonly used flooding correlation is the

Diehl and Koppany correlation:

o o
v - F1 F2 [ 5 ] if F F2 [ = ] > 10 (22)
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Figure 8. Tube geometries
(8a) Round—edged tube

(8b) Sharp-edged tube
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0.5 1.15 o 0.5
v = 0.71 [ F,. F [ ——— ] ] if F, F [ —— ] < 10
1 °2 v 1 72 v
(23)
where
Vv* = superficial flooding velocity of the vapor, ft/s
F1 = (12 di/(a/BO))O'4 if (12 di/(o/BO)) < 1.0
=1.0 if (12 d,/(0/80)) = 1.0
0.25
F2 = (Vv/Vl)
VV = vapor velocity (ft/s)
V1 = liquid velocity (ft/s)
P, = vapor density (lb/fta)

inside diameter of the inner tube (ft)

o = surface tension (dyne/cm)

Therefore, in this work, we use these two correlations to

compute the flooding points.



CHAPTER III
APPARATUS
General Description

Figure 9 is a schematic diagram of the experimental
apparatus. The reflux condenser, upper plenum, and lower
plenum are made of pyrex glass to permit visual observation
of the flow pattern. The reflux condenser comprises three
sections in series. The water flows inside the annular
jacket while steam flows intthe inner tube.

The wet steam is fed through the pressure regulator and
separator in order to obtain dry steam. In this apparatus,
the steam flows in 1/2 in. OD copper tube. The apparatus is
designed for both co-current and counter—-current flows of
the condensate and the condensing vapor. For the case of
counter—current flow of steam and condensate, steam is fed
at the lower plenum and flows into the inner tube of the
reflux condenser, while cooling water is pumped through the
rotameter and then to the jacket of the lowest section of
the reflux condenser. After transferring heat to the cooling
water, steam is condensed and the condensate flows down to
the lower plenum.

In the case of incomplete condensation, uncondensed

steam is fed through the auxiliary condenser and exchanges

30
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heat with cooling water that exits from the top section of
the reflux condenser.

For co-current flow of steam and condensate, steam is
fed at the upper plenum while water is still fed at the
lowest section of the reflux condenser. A detailed
description of all the components is éiven below.

A plexiglass protective shield was mounted on the reflux
condenser. These shields were employed to intercept any hot
fiuid splashing in‘case of an accident.

The water and steam used in the experiment were locally

supplied from the laboratory mains.
Steam Supply System

Pressure of the laboratory supply steam is about 60
psig. The 60 psig steam flows through a pressure regulator
in order to reduce the pressure_to about 15 psig, and then
flows through the liquid separator to eliminate the water
mixed with the steam. The steam flow is controlled by
control valve V1, and the pressure of steam entering the
apparatus is measured by pressure gauge Pl (counter—current
flow) or P2 (co—current flow). In this experiment, inlet
steam\pressure is in the range of 1 to 4 psig, and the inlet

temperature is in the range of 100.9 - 105.9 °c.
The Reflux Condenser

The reflux condenser (see Figure 10) is made of pyrex

glass so that the flow phenomena can be observed. The
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reflux condenser is composed of three sections in series.
Cooling water flows inside an annular jacket and steam is in
the inner tube.

The dimensions of the reflux condenser are as follows:
inside and outside diameters of the inner tube are 25 and 28
mm. respectively, and the inside and outside diameters of
the annular jacket are 37 and 41 mm. respectively. Each
section of the reflux‘condenser is 0.657 m. in length.

The coﬁdehsate is collected in the lower plenum, and
the condensate flow rate is measured by keeping the level of
liquid in the lower plenum constant at a certain level.

This is done by marking a red line somewhere below the
entrance of entering/exiting steam on the lower plenum.
Control valve V-11 is used to maintain the level of
condensate at that red line. The condensate exit from valve
11 is collected during a certain time increment and the
amount of éondensate is measured by volumetric cylinder.
Thus the flow rate of condensate can be obtained by dividing
the amount of condensate collected (in cm’) by the

collection time (in seconds).
The Auxiliary Condenser

The auxiliary condenser (see Figure 11) is constructed
of a coiled tube inside a Schedule 40 carbon steel pipe,
8.625 in. OD. x 7.981’in. ID., 2 ft long. The cooling coil
is a 1/2 in. OD. x 0.436 in. ID. copper tube with several

feet of coil length inside the cylinder. The vapor to be
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Outer tube

41 mm OD x

37 mm ID

2 ft (0.657 m)

3/4"™ 0D x 1/4" 1D

Inner tube

28 mm 0D x
25 mm ID

Three of

these condensers

in series

3/8" oD x

1/4"™ 1D

Figure 10. Eeflux Condensef (one section)
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condensed enters the shell side from the side., near the top.

The condensate is drained from the bottom using a 1/4 in.

diameter tube, and the flow rate is measured.
The Cooling Water Supply System

The cooling water line is connected directly to the
annular jacket through a flow control valve, and the flow
rate is measured by a rotameter. A 1/2 in. diameter copper
tube is used throughout for the water flow. The cooling
water flow rate used is in the range of 1.85x10 % to
1.40x10™ Kg/s or 4.06x 107" to 3.08x10‘1b /s (4.03x10°
to 3.06x107* m/s in terms of velocity in the annulus).

After exchanging heat with steam in the reflux
condenser, this cooling water is used as the coolant in the
auxiliary condenser. This is done to assure complete

condensation of the steam.
The Lower Plenum

The lower plenum tank (see Figure 12) is used to
collect the condensate from the reflux condenser, and to
allow the steam to enter the inner tube of the reflux
condenser. This plenum is made of pyrex glass 143 mm.
inside diameter. The plenum has four connections: one for
inlet steam (3/4" 0.D., 11/16" 1I1.D.), one for condensate
drain (1/2" 0.D., 7/16" I.D.), one connected to the reflux
condenser (28 mm. 0.D., 25 mm. I.D.), and the last one for

pressure relief (1/4" 0.D., 7/32" I1.D.).
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The Upper Plenum

The purpose of the upper plenum (see Figure 13) is to
separate the steam and water exiting the top of the reflux
condenser (flooding condition) or separating the water from
the supplied steam in case the steam is not really dry
(co-current flow). The upper plenum is 143 mm inside
diameter and also has four connections as follows: 1/4"
0.D., 7/32" I.D. connection for pressure relief, 3/4" 0.D.,
11/16" I.D. connection for éutlet (counter—-current flow) or
inlet (co—-current flow) steam, 28 mm x 25 mm for steam
flowing down to or flowing up from the reflux condenser, and
1/4" 0.D., 7/32" I.D. connection for entrainment drain in

case flooding occurs.
Temperature Measurements

There are six thermocouples used in temperature
measurement. All are made of copper—constantan junctions
(type T). Four thermocouples are used for cooling water
inlet and outlet temperature measurement in the reflux
condenser, while the other two thermocouples are used for
cooling water inlet and outlet temperature measurement in
the auxiliary condenser.

A multijunction switch was used to connect one
thermocouple at a time to the Omega type T digital

temperature readout.
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Pressure Measurement

A Bourdon tube pressure gauge is used to indicate the

inlet steam pressure. In this apparatus, there are two

pressure gauges, Pl for counter-current flow and P2 for
co-current flow. These gauges have a pressure measuring

range of 105-198 KPa absolute.
Cooling Water Flow Rate Measurement

Cooling water is measured by using rotameter which can
measure the flow rate up to 300 cc/sec. .Calibration of the
rotameter is required in order to get the actual flow rate
of cooling water.

Rotameter was calibrated by varying the flow rate,
reading the rotameter scale and measuring the amount of
water passing through the rotameter in a certain interval of
time. The results were plotted as a calibration curve
between the rotameter scale and measured volumetric flow
rate. The details of rotameter calibration are described in

Chapter 1IV.



CHAPTER IV

EXPERIMENTAL PROCEDURE

Calibration of Rotameter and Thermocouples

Rotameter Calibration

The rotameter was calibrated by varying the flow rate,
reading the rotameter scale and measuring the amount of
water passing through the rotameter in a certain interval of
time. The results were plotted as a calibration curve
between the rotameter scale and measured volumetric flow
rate. The calibration data and calibration curve are shown
in Appendix A. The accuracy of this calibration curve is

*+* 3.15 cc/sec.

Thermocouples Calibration

The thermocouples were calibrated in a constant
temperature o0il bath against an NBS calibrated platinum
resistance thermometer. The thermocouples were calibrated
by reading the temperature from digital thermocouple
indicator model DS 350-T3 and reading the voltage of the
thermocouple via a null detector galvanometer. The

calibration data and calibration equations are presented in

40
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Appendix B. The maximum error in each thermocouple was

found to be equal to or less than 0.86 °C.
Pre—start up

All experimental tests were run with water flowing in
the system first; then the steam was fed into the condenser.
The feed steam pressure was no more thén 4 psig, and the
cooling water flow rates were varied from 1.85x10°> to
1.04x10™" Kg/s.

Before start up, the’following steps were conducted:

1. Valve V-10 was opened to let the cooling water flow
into the lowest jacket. The valve was adjusted to the
desired flow rate.

2. Valves V-4, V-5, V-6, V-7 were closed and valves V-2 and
V-3 were opened.

3. Then the main steam valve V-1 was opened.

4. The quality of the steam was observed by checking the
drain from éhe steam trap connected to the liquid
separator. If there was no evidence of water coming
out, the steam was aésumed to be dry and the experiment

was ready to start.
Start Up

The procedure toyétart the experiment depends on
whether we want to operate for counter-current flow (steam

enters the bottom plenum) or co—current flow (steam enters
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the top plenum).

For counter-current flow (see Figure 14), valves V-4,
V-6, and V-8 were opened first, and then valves V-3, V-5,
and V-7 were closed. The steam rose to the top section of
the reflux condenser, but some steam was condensed by
exchanging heat with the cooling water in the annular
jacket. The condensate‘flowed down against the steam
rising, the condensate was collected in the iower plenum and
the flow rate was measured as described in Chapter 3.

The exit steam from the upper plenum entered the
auxiliary condenser by valve V-8 and exchanged heat with the
cooling water from the top section of the annular jacket.
All of the vapor was condenéed and collected in the
auxiliary condenser. After a certain interval of time the
valve V-9 was opened and the amount of condensate collected
in the auxiliary condenser was measured by volumetric
cylinder (in term of cc). The condensate flow rate in the
auxiliary condenser then was calculated by dividing the
amount of collected condensate by the interval of time (in
term of seconds). In case flooding occurred, the entrained
liquid in the upper plenum was also measured.

For co—-current flow (see Figure 15), valves V-4, V-5,
and V-7 were obened first, and valves V-3, V-6, and V-8
were closed. The steam entered the upper plenum and then
flowed down to the lower plenum, exchanging heat with the

cooling water which still entered at the lowest section of
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the annular jacket. The condensate flowed down to the lower

plenum in the same direction as the steam, and the
condensate flow rate was measured as before.

The steam exited the lower plenum through valve V-7 to
the auxiliary condenser to exchange heat with the cooling
water from the top section of the annular jacket. Then, the

secondary condensate flow rate was measured.
Operation and Data Acquisition

Approximately 30 minutes were allowed for the process
to achieve steady state. During this period, the inlet
steam pressure, cooling water flow rate, and the inlet and
outlet temperature of cooling water at each location were
constantly watched for variations. The pressure in the
apparatus was kept below 5.0 psig.

The following sequence was performed for acquiring data
for a particular run:

The pressure gauge was read for the steam line
pressure. A mercury barometer was read to record the
barometric pressure. The cooling water flow rate was
recorded. The six thermocouple temperaﬁures were recorded
one by one using the digital readout meter. The condensing
flow patterns were observed visually through the transparent
reflux condenser in order to indicate whether flooding
phenomena occurred. In this case, the existence of

entrainment was used to determine whether flooding occured.
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The condensate flow rates from the reflux condenser and

the auxiliary condenser were measured. If flooding occurred,
the entrained liquid in the upper plenum was also measured.
The experiment was operated further for 15-20 minutes in
order to get another set of data under the same vapor and
cooling water flow rate. After this, opérating parameters
such as the cooling water flow rate>or the inlet pressure
could be changed, and the system was allowed to run for
approximately 30 minutes to achieve anotﬁer steady state and

another set of data were obtained.
Shut Down Procedure

In normal shut down after obtaining data, the steam
valve V-1 is shut off to stop steam entering to the reflux
condenser. For counter-current flow, valves V-3, V-8, V-9,
and V-11 are opened to drain all the condensate left in the
line and apparatus, and valves V-4, V-5, V-6, and V-7 are
closed. For co—-current flow, open valves V-3, V-7, V-9, and
V-11, and close valve V-4, V-5, V-6, and V-8. The cooling
water flow is continued for another 10 minutes. The
condensation surface should be cooled substantially by then.
When the hottest temperature at any of the four stations is
less than 80°F, the cooling water flow can be safely shut
off. This completes the normal shut down procedure.

An emergency shut down may be necessary for several

reasons such as loss of electrical power in the building, or
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a sudden leak in the system. The first procedure in such
cases is to shut off the steam valve V-1. 1In case of leaks,
these then should be isolated, and flow towards these be
stopped. The cooling water, if not leaking, should continue

to flow through the system until the system is cooled down.



CHAPTER V

DATA ANALYSIS AND DISCUSSION

Experimental Data Analysis

Reduction of Experimental Data

At each section of the annular jécket, the inlet and
outlet cooling water temperatures and cooling water flow
rate were used to compute the amount of heat that the
cooling water received from steam (QTOT), and to calculate
the Reynolds number of the cooling water. From the inlet
steam pressure and the condensate flow rate, saturation
temperature and fatent heat, total heat of condensation
(Qcon), steam velocity and the Reynolds numbers of steam and
condensate were computed for each section of the reflux
condenser. CQOT was compared to Qcon to check the heat
balance consistency.

From the inlet and outlet cooling water temperatures
and the steam temperature, the LMID was calculated for each
section of the reflux condenser. From Qwor and LMTD, the
overall heat transfer coefficient based on the outside
surface area was calculated. The condensate film side and

cooling water side heat transfer coefficients were

calculated by using the Wilson line method.

48
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In this study. the occurrence of entrainment is used
as a criterion to determine whether flooding occurs (Bell,

perscnal communication). The entrained liquid can be

I

observed along the reflux condenser and is accumulated in
the upper plenum. The entrained liquid flow rate can be
measured after a certain interval of time.

All the data and the results are presented in a

separate report which can be obtained from Dr. Bell.

Heat Balance

Heat balance was checked by comparing QTOT with Q
It was found that in general C%OT is less than C%on in the
range of 0 — 15 %. This is because some amount of heat is
lost to the atmosphere, especially at the upper plenum,
without transferring heat to the cooling water. Higher
deviations (from 17 to 50 %, based on Qcon) are obtained

when flooding occurs.

Overall Heat Transfer Coefficient

The sample calculations for Run No. 6B are given in
Appendix C. The results of the overall heat transfer
coefficient (UO) obtained from experimental data are
presented in the separate report which can be obtained from
Dr. Bell. Because of the errors associated with the
calculations of,QTo and LMTD, the error in calculating

T

U° roT [based on Equation (D1) and (D2)] is quite high (36 %,

see Appendix D). Comparison between Uo ToT for normal
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and reflux operation under the same conditions except the
direction of steam feed (Figure 16) shows that the first is
about 20 % higher than the latter. This 1is probably the
result of the thinner film and therefore less heat transfer
resistance when steam is fed at the top section of the
reflux condenser. When the steam is fed at the top section,
vapor shear on the film makes the film become thinner.
Vapor flow rate increases when the operating pressure
increases. The increasing of vapor flow rate may result in
enhancing the effect of vapor shear, and under this
condition increasing vapor flow rate will result in better
heat transfer coefficient. Comparison between U0 at
various vapor flow rates presented in Figure 17 shows this

tendency.

Individual Heat Transfer Coefficient

The cooling water side (ho) and film side (hc) heat
transfer coefficients were computed from the experimental
data using the Wilson line method. The sample calculations
for Run No. 68 are given in Appendix C. The results of ho
and hc were presented in a separate report which can be
obtainedfrom Dr. Bell.

Since ho was calculated from slope of the Wilson plot,
the uncertainty of ho depends on the uncértainty of the
slope. Figure 18 illustrates how the uncertainty in
obtaining the slope affects the calculation of ho. When

linear regression was used on all of the data points,
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slope = 0.90 was obtained. Using this value at V (cooling
water velocity) = 0.041 m/s,and applying Equation (19), ho
was obtained equal to 7.980 KJ/nFs K. However if the last
point was neglected, the Wilson plot became the dashed line.
In this c&se the slope was 0.42 and ho = 1.764 KJ/KFS K was
obtained (about 78 % less than the previous calculation).
Probably this high uncertainty arises because the assumption
that h° is proportional to VO'45 [11] does not really fit
the experimental data.

The intercept of the Wilson plot is the combination of
wall resistance and film side heat transfer coefficient.
Therefore, the uncertainty of hC is dependent on the
\uncertainty of wall resistance and the uncertainty of the
intercept obtained from the Wilson line method. High
uncertainty in obtaining hC using the Wilson line method is
exemplified by using Figure 18. 1In this case, linear
regression of the points results in a negative intercept
(-2.0). Using this number and applying Equation (21) to
calculate hC gives negative value (-0.339 KJ/nfs K) which
is unrealistic. However, if the last point is neglected,
the intercept = 1.65 and hC = 3.207 KJ/m’s K. Moreover, the
high uncertainty in calculating wall resistance (about 50 %,

see Appendix D) makes ‘nc obtained from this method become

more uncertain.
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Calculations Based on Literature Correlations

From inlet and outlet cooling water temperatures and
cooling water velocity, the cooling water side heat transfer
coefficient was calculated for each section of the reflux
condenser by using the Chen-Hawkins—Solberg correlation.
From the steam saturation temperature, wall temperature, and
the Reynolds number of the condensaté film, the condensate
film side heat transfer was computed for each section of the
reflux condenser by using the Nusselt, Colburn, and
Boyko—-Kruzhilin correlations. .

From the condensate film side and cooling water side
heat transfer coefficients and wall resistance, the overall

heat transfer coefficient was computed for each section of

the reflux condenser.

Comparison between Experimental Data

and Literature Correlations

Overall Heat Transfer Coefficient

The results of the overall heat transfer coefficient
(Uo) obtained from experimental data and from literature
methods are presented in the separate report. The

comparisons between Uo evaluated from the experimental

,TOT
data and from literature are given in Figure 19 and 20 for
steam fed at the top and bottom section of the reflux

condenser, respectively. Both figures show that Uo TOT

evaluated from the experimental data is about 20 % lower
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than UO roT evaluated from literature. This deviation is

probably because of the uncertainty in calculating UO’TOT
from the experimental data (estimated about * 36 %, see
Appendix D) and the high uncertainty in calculating wall
resistance. |

Wall resistance has a great effeét on Uo' It was found
that the wall constitutes about half of the total resistance
to hgat transfer in this apparatus. Consequently, the higher
the uncertainty in calculating the wall resistance, the
higher the unceftainty in calculating Uo' In all cases

considered in this study, the uncertainty of wall resistance

is approximately 50 % (see Appendix D).

Cooling Water Side Heat Transfer Coefficient (h )

The results of the water side heat transfer coefficient
(ho) calculated using the Wilson line method and using the
literature methods are presented in a separate report.
Figure 21 shows the comparison between ho (literature) and
h0 (Wilson line method) for normal operation at the top
section. The deviation between h0 (Wilson line method) and
h0 (literature) varies from — 45 % to + 13 % [evaluated
based on ho (literature)l. At the middle section, the
deviation is between — 20 % and + 21 % and at the bottom
section, the deviation is between — 12 % and + 11 % (the
comparison graphs for these two section are not presented
here). The same comparison is shown in Figure 22 for reflux

operation at the bottom section. The deviation [based on
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ho (literature)] is in the range of -5 % to +97 %,

At the top section, the deviation is about - 33 % to + 116 %
and at the middle section, the deviation is about + 38 %.
The difference of % deviation between normal and reflux
operatioﬁ (at the samejsect;on) is still a question, but
this might be caused by the high uncertainty in calculating

ho using the Wilson line method.

Film Side Heat Transfer Coefficient ihcl

The results of the film side heat transfer coefficient
(hc) calculated using the Wilson line method and using
literature methods are presented in the separate report.
Figures 23 and 24 show the comparison between hc {literature)
and hC (Wilson line method) for normal operation at the top
section and for reflux operation at the bottom section,
respectively. For normal operation, hC obtained from the
Wilson line method is approximately 80 % lower than the one
predicted from literature. An even worse result is obtained
for reflux operation (about 90 % lower). This significant
deviation is because of the high uncertainty of hC obtained
from experimental data as discussed in the experimental data

analysis section.
Visual Observation

The general pattern of a condensing flow may be
illustrated in Figure 25. At the top section of the

condenser the condensing film pattern is distinguished by
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small waves, thin film and creeping movement. As the
condensate moves down, the condensate film becomes thicker,
has larger waves and becomes more turbulent.

When steam is fed at the bottom, flooding is observed
at a steam flow rate equal or greater than 2.23 E-3 Kg/s
(flooding point will be discussed further in the next
section). This flooding phenomenon is 'indicated by the
existeﬁce of entrainment. Figure 26 illustrates the flow
pattern when this flooding éccurs.

Figures 25 and 26 are only rough illustrations of the
flow pattern in the system considered. Additional equipment
including a high speed camera is required to observe this

flow pattern behavior.
Flooding Point

The most obvious indication of flooding phenomena is
the occurrence of entrainment which can be observed along
the reflux condenser and, more clearly, is distinguished by
the existence of accumulated liquid in the upper plenum.
Therefore this was used as a criterion to determine whether
flooding‘occurs.

Estimation curves representing flooding points are
shown in Figure 27 and 28. Flooding occurs when the
condition is above the curves. Figure 27 shows the )
comparison between the flooding curve observed in thié

experiment and that predicted from Diehl & Koppany

correlation. Figure 28 shows the comparison between the
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estimated flooding curve obtained from this experiment and
that calculated from the Wallis correlation. The flooding
point curve obtained from Diehl & Koppany correlation is
closer to the curve obtained from experiment than the one
obtained from the Wallis correlation. However, both
figures show that the curves predicted from literature are

higher than the ones obtained from experimental data.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

1. Overall heat transfer coefficients in a pyrex glass
vertical reflux condenser have been measured in the range of
cooling water Reynolds numbers from 460 to 3800, entering
steam Reynolds numbers from 4.1x10° to 1.2x106, and exit
condensate Reynolds numbers from 30 to 450.

2. U evaluated from the experimental data is

O,TOT

about 20 % lower than Uo ror calculated from literature.
This deviation is probably caused by the high uncertainty of

calculating U (experiment) which is about * 36 % and

o, TOT
the uncertainty in calculating the wall resistance (x 50 %).

3. UO'TOT obtained from experimental data when steam
is fed at the the top section is about 20 % higher than one
when steam is fed at the bottom section. This is the result
of the thinner film and thus less heat transfer resistance
when steam is fed at the top.

4. The results of h0 and hc obtained from the Wilson
line method have high uncertainties because of the high

uncertainty in obtaining the slopes and intercepts. In

addition, high uncertainty in the wall resistance also plays
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a rale in caleculating hc.

5. In general, the deviation between h° calculated
from literature [11] and ho calculated from the Wilson line
method varies from -45 % to +21 % (based on literature) for
normal operation. For reflux operation, the deviation is in
between — 33 % and 116 %. These high deviations are
probably because of the high uncertainty in obtaining ho
from the Wilson line method.

6 For normal operation, hc calculated by the Wilson
line method is about 80 % higher than the one calculated
from literature [4] and for reflux operation, hC calculated
by the Wilson line method is about 90 % higher. These
deviations are also because of the high uncertainty in
obtaining hc from the Wilson line method.

7. Increasing vapor flow rate results in a better heat
transfer coefficient. This is probably because of the
increasing vapor shear effect.

8 The general pattern of the condensing flow is a
thin film, small waves and creeping flow at the top section
of the condenser. As the condensate moves down, the
condensate film becomes thicker, has larger waves, and
become mére turbulent.

9. When steam is fed at the bottom section of the
condenser, flooding is observed at steam flow rates above
4.54 Kg/mzs .

10. The estimated flooding point curve obtained from

experimental data shows significant deviation from the
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literature predictions (Diehl & Koppany and Wallis

correlations), especially as the steam flow rate increased.

Recommendations

1. Improved steam temperature and pressure
measurements are needed for the inlet steam.

2. Pyrex glass should be replaced by another material
such as metal to improve heat transfer coefficients if we
are not interested in making visual observations.

3. Wall temperature should be measured by adding
a thermocouple placed at the wall surface.

4. Additional instrumentation such as a high speed
camera is needed to make better visual observations.

5. A sight gauge should be added to the lower plenum
to make controlling liquid level easier.

6. The accuracy of condensate flow rate measurement
might be improved by accumulating the condensate over a

longer period of time.
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APPENDIX A

ROTAMETER CALIBRATION



TABLE

I

ROTAMETER CALIBRATION DATA
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Run No. Rotameter Scale Measured Volumetric Flow
Rate of Cooling Water, cc/s

1 0.1 18.78
2 20.03
3 19.57
4q 20.07
5 20.50
6 0.2 37.93
7 37.13
8 37.32
9 36.08
10 36.07
11 35.91
12 0.3 59.03
13 58.37
14 51.92
15 56.30
16 55.09
17 0.4 78.15
18 78.37
19 77 .29
20 77 .24
21 75.54
22 0.5 100.55
23 100.52
24 - 99.34
25 96.52
26 0.6 120.26
27 122.39
28 119.43
29 120.00
30 0.7 140.41
31 140.86
32 141.01
33 140.30
34 0.8 160.09
35 161.04
36 161.29
37 0.9 182.90
38 188.90
39 185.62
40 178.03
41 180.24
42 0.92 191.96
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TABLE I (Continued)
Run No. Rotameter Scale Measured Volumetric Flow
Rate of Cooling Water, cc/s
43 190.38
44 190.42
45 1.0 201.77
46 215.17
47 210.62
48 210.88
49 1.1 230.84
50 236.39
51 227 .04
52 232.92
53 1.2 251.66
54 252.60
55 261.55
56 245.38
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APPENDIX B

THERMOCOUPLE CALIBRATION
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TABLE II
THERMOCOUPLE CALIBRATION DATA

Run Temperature Read1ng of True

No. Thermocouple No. Temperature,
o
1 2 3 4 5 6 F

1 79.2 79.1 77.8 79.6 80.7 80.4 79.1

2 79.2 79.7 80.0 79.4 80.1 79.7 78.4

3 86.7 86.8 86.8 88.0 85.5 85.0 86.3

4 94.7 95.5 95.4 97.3 95.2 94.5 95.0

5 104.9 105.4 105.1 107.1 105.7 104.2 104.7

6 116.9 117.3 117.1 118.1 117.2 117.6 116.3

7 128.3 128.6 128.8 129.5 128.8 128.0 127.1

8 139.2 139.5 139.6 140.1 139.4 139.5 139.9

9 150.0 150.1 150.1 150.7 150.1 150.0 148.7
10 159.7 159.8 159.8 160.2 159.7 159.9 158.6
11 170.0 170.0 170.0 170.4 169.9 170.0 169.7
12 181.6 181.6 181.7 182.2 181.7 181.6 180.6
13 192.4 192.4 192.4 193.0 192.5 192.2 191.5
14 204.1 203.9 204.2 204.7 204.3 204.2 204.3
15 214.8 214.8 215.0 215.4 215.0 214.6 213.9
16 225.0 224.9 225.0 225.5 225.2 225.1 224.3
17 233.7 233.6 233.7 234.3 234.0 233.7 233.3
18 245.2 245.2 245.3 245.7 245.5 245.5 244.8
19 258.8 258.8 259.0 259.3 259.1 259.1 258.0
20 267.8 267.8 267.9 268.3 268.2 268.3 267 .4
The calibration equations of each thermocouple are:

1. Ti1F = 0.9983 TR1 - 0.29178, standard error = * 0.51 °F
2. T2F = 1.0007 TR2 - 0.81919, standard error = * 0.49 °F
3. T3F = 0.9980 TR3 - 0.34001, standard error = * 0.68 °F
4. T4F = 1.0027 TR4 - 1.85328, standard error = * 0.60 °F
5. T5F = 0.9994 TR - 0.70000, standard error = * 0.86 °F
6. T6F = 0.9965 TR6 — 0.03446, standard error = * 0.62 °F
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SAMPLE CALCULATIONS
All of these calculations use the data for Run No. 68
Input Data

Vapor enters at the bottom section of the reflux condenser

Patm ~ 29.04 in Hg = 98.35 KPa (absolute)
Pog = 2:0 psig = 13.79 KPa (gauge)
P = 98.35+13.79 = 112.13 KPa (absolute)

Cooling water flow rate = 1.85x10—5 m3/s (corresponding to

0.1 in rotameter scale

Condensate flow rate from the reflux condenser (measured)

= 1.56%10"% m3/s

Condensate flow rate from the auxiliary condenser
= 0.00 m3/s

Flow rate of entrained liquid = 0.00 m3/s

Thermocouple #1, at the inlet bottom section = 81.7 °F

Thermocouple #2, at the outlet bottom section = 110.6 °F
Thermocouple #3, at the outlet middle section = 113.2 °F
Thermocouple #4, at the outlet top section = 152.9 °F

Thermocouple #5, at the inlet auxiliary condenser = 152.9 °F

Thermocouple #6, at the outlet auxiliary condenser = 148.5 °F
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Dimensions of apparatus

inside diameter of the inner column(di) = 0.025 m
outside diameter of the inner column(d,) = 0.028 m
inside diameter of the annular jacket(Dz) = 0.037 m
outside diameter of the annular jacket(Dl) = 0.041 m

length of each section of the reflux condenser = 0.657 m

Calculations from the Experimental Data

Saturated Temperature(T atl

By fitting the data from a steam table, saturated
temperature (°C) and pressure (KPa) are correlated
as follows:

T = -4.65382%10 **P%+0.349967*P+69.1549

sat
= —4.65382*10~‘*(112.13)2+0.349967*(112.13)+69.1549

= 102.6 °C = 216.6 °F

The Real Values of Temperature

T1F = 0.9983*TR1-0.291782 = 0.9983(81.7)-0.291782
= 81.3 °F = 27.4 °C

T2F = 1.00074*TR2-0.819189 = 1.00074(110.6)-0.819189
= 109.9 °F = 43.3 °C

T3F = 0.997961*TR3-0.340013 = 0.997961(113.2)-0.340013
= 132.6 °F = 55.9 °C

T4F = 1.00274*TR4-1.85328 = 1.00274(152.9)-1.85328

151.5 °F = 66.4 °C
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Note: TR1l, TR2, TR3 and TR4 are thermocouples # 1, 2, 3

and 4 (in °F).

Flow Rate of Cooling Water

The calibration equation of the rotameter is:
FW = (21.5734*FWR +186.297*FWR~0.320556)*10"°

where FW = volumetric flow rate (m3/s)

FWR rotameter scale

at FWR = 0.1, FW = 1.85*%10° m’/s = 2.35 ft’/hr
Density of water is obtained based on the following
fitting equation:

3

P = (~6.85715*%10 " *T*+2.66668%10” *T+62.4024) (16.0185)

where P (density of water) is in Kg/m? and T is in °F
At 81.3 °F, the density of water is 995.8 Kg/m®
(= 62.16 1b_/ft®).
m
Mass flow rate of cooling water is
(1.85*10 "m’/s) (995.8 Kg/m') = 1.85%1072 Kg/s
= 146.83 1b_/hr

The cross section area for an annulus is

e -
il

(1/4) (Dz2 - Dlz) = (/4) (0.037° - 0.028%)

2 2

4.59*10* m> = 4.94 * 10°° ft

Velécity of cooling water is

(1.85%10™° m°/s)/(4.59%107* m’) = 4.03*10 *m/s

= 0.13 ft/s
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Flow Rate of Condensate

Volumetric flow rate of condensate (measured)
= 1.56*%10° m’/s = 0.2 ft%/hr

Density of saturated water (Pl) at P = 112.13 KPa is
956.1 Kg/m’ = 59.7 lb_/ft’

Mass flow rate of condensate = (1.56*10 °)(956.1)

1.49%107° Kg/s

11.83 lbm/hr

. Amount of Heat Transferred to Cooling Water

At the Top Section

Q1 = mw*cp*At

m, = mass flow rate of cooling water = 1.85%10 2 Kg/s

cp = 4.19 KJ/Kg K (assumed constant)

At = 66.4-55.9 = 10.5 °C

Ql = (1.85%1072)(4.19)(10.49) = 0.810 KJ/s = 2764 Btu/hr

At the Middle Section

Q2 = (1.85*107%)(4.19)(55.88-43.26) = 0.975 KJ/s
= 3327 Btu/hr

At the Bottom Section

Q3 = (1.85%107%)(4.19)(43.26-27.37) = 1.227 KJ/s

4187 Btu/hr

Q,l,o,r = 01+Q2+Q3 = 0.810+0.975+1.227

3.012 KJ/s

10278 Btu/hr



Heat of Condensation

= *
Q m_ A
m_ = mass flow rate of first condensate

1.49%10° Kg/s

A = 1.14384%10°(112.13)%-0.914073(112.13)+2338.29
= 2250 KJ/Kg
Qcon = (1.49*107°)(2250) = 3.356 KJ/s = 11452 Btu/hr

Overall Heat Transfer Coefficient Calculated from

Experimental Data

At the Top Section

(66.4-55.9) ° o
LMID1 = =41.2 C =74.2 °F
In (102.6-55.9)

(102.6-66.4)

U = Ql/LMTDl*Ao

0,1
where

A

o outside area of heat transfer per section

0.058 m>

Nd_L = 11(0.028) (0.657)

So,

U . = (0.810)/(41.2%0.058) = 0.339 KJ/m’s K

0,1
339.0 W/m® K

59.7 Btu/ft*hr °F
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At the Middle Section

(55.9-43.3)
LMTD2 = =52.7°C = 94.9 °F
ln (102.6-43.3)
(102.6-55.9)
U, 5 = Q2/LMID2*A_ = (0.975)/(52.73%0.058)

= 0.319 KIJ/m°S K = 319.0 W/m’K = 56.1 Btu/ft*hr °F
At the Bottom Section

(43.3-27.4)
LMTD3 = = 66.9 °C = 120.4 °F
In (102.6-27.4)
(102.6-43.3)
U, 3 = Q3/LMTD3*A_ = (1.227)/(66.9%0.058) >

= 0.316 KI/m’S K = 316.0 W/m°K = 55.7 Btu/ft*hr °F

For the Whole Condenser

(66.4-27.4) o o
LMTDT = = 53.3 C=95.9 °F
In (102.6-27.4)

(102.6-66.4)

Uo,r = QTOT/LMTDT*S*AO = (3.012)/(55.3*3*0.058)

= 0.325 KJ/m'S K = 325.0 W/m°S K = 57.1 Btu/ft>hr °F

8. Wall Temperature

film

£
L.

steam °*

NN

Tsat
—

Tw,0
Al
Tw, .

NSNS

Tew,avg

L]
L] <
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Let UA = the heat transfer coefficient from the
condensate film to the inner wall of the inner tube based on
the outside area of the inner tube.

u, = 1/[A°/Ai*hc] = 1/[do/di*hc] = (0.025*hc)/0.028

Let U, = the heat transfer coefficient from the
vapor—-condensate interface to the outer wall of the inner tube

based on the outside area of the inner tube.

1
U =
_0.028__ , _0.014 In_(0.028/0.025)
0.025%h K,
The term 0.014 1n (0.028/0.025) is the wall
kW

resistance (WR)
Let UC = the overall heat transfer coefficient from the

condensate film to the cooling water in the annular jacket

However, the amouﬁt of heat passing through each surface
is the same. Consequently

u, > (T

c sat—Tcw,avg) = U (T

sathw.o)

or

U

T =T - c(T

)

sat—Tcw,avg
U
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in which
Tcw,avg = average temperature of inlet and outlet
cooling water temperature in the top section
of the reflux condenser, °C
Tw o = outer wall temperature,° C
And
Ue (Tsat_Tcw,avg) =U. Toat™ Ty, i)
or
- _ U, (T -T )
Tw,i Tsat c sat_"cw,avg’
UI
A
in which
T = inner wall temperature, °C

w, 1

This is an trial and error process, first just simply
guess that both the inner and outer wall temperature are
the average temperature of Tsat and Tcw,avg' then use these
temperature to calculate hc’ ho, and wall resistance. Thus

the new Tw and Tw,i are computed, if 'Tnew_ Told' < 0.01,

,0
this new value is the correct temperature and hc, ho' and WR
will be calculated from these new temperatures. If not
reiterate until lTnew - Told' < 0.01. Repeat the same
process for each section of the reflux condenser.

After trial and error, we find that:

At the Top Section

T = 78.8 °C = 173.8 °F
w,0

(=] - (=]
T, ; = 100.8 °C = 213.5 °F
T = 89.8 °C = 193.6 °F



At

At

of

At
So

At

So

At

So

the Middle Section

o ]
Tw.o 72.5 °C = 162.4 'F
on _ o
Tw,i = 100.2 "C = 212.4 'F
om _ o
Tw,avg = 86.3 C = 187.4‘ F

the Bottom Section

- © = 4
Tw,o = 65.2 C 149.3 'F
= e = e
Tw.i 99.5 °C 211.1 °F
_ © = -3
Tw,avg = 82.3 C 180.2 "F

. Thermal Conductivity of Pyrex Glass
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By a curve fit, the correlation for thermal conductivity

pyrex glass in terms of temperature (°C) is

k, = (-0.00005*T?+0.045*T+26) *(4.181X10™°) KJ/m s K
= o
T = Tw,avg average wall temperature , C
- = o
the Top Section, Tw,avg 89.8 C
k, = [(~0.00005) (89.8)%+(0.045) (89.8)+26] (4.181x10™>)
= 1.24x102 KJ/m s K = 0.72 Btu/ft hr °F
. . — o
the Middle Section, Tw,avg = 86.3 C
k, = [(~0.00005) (86.3)%+(0.045) (86.3)+26] (4.181x107>)

the Bottom Section, T

x‘
[}

!

1.23x10™ KJ/m s K = 0.71 Btu/ft hr °F

o
W,avg 82.3 C

[(~0.00005) (82.3)%+(0.045) (82.3)+26] (4.181x107")

1.23x10® KI/m s K = 0.71 Btu/ft hr

o

F
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10. Wall Resistance

wall resistance = [ro 1n (ro/ri)]/kw

where
ro = outside radius of the inner column = 0.014 m
r. = inside radius of the inner column = 0.0125 m

So
wall resistance = [0.014 ln (0.014/0.0125)]/k,
At the Top Section, wall resistance = 1.28 m's K/KJ
= 7.27x10° £t%s °F/Btu
At the Middle Section, wall resistance = 1.29 m* s K/KJ

2

= 7.33x107° £t%®s °F/Btu
At the Bottom Section, wall resistance = 1.29 ufs K/KJ

= 7.33x10"° ft®s °F/Btu

11. Wilson Line Method

1 1 r In (r _/r.) A
- + o o' i +

Uo ho kw hcAi

In the annulus, hoc><.V°'45 where V = cooling water

2

velocity (m/s). The value of 1/Uo (m” s K/KJ) was plotted

.45 0.45

with respect to 1/V 0 (s/m) resulting in a straight

line with the slope m and intercept, {[ro in (ro/ri)/kw] +

(Ao/Aihc)}. Thus,

0. as
1/h0 = m/V
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or

and
hC = AO/[Ai (intercept — wall resistance)]

(based on outside surface area of the inner tube)

At the Top Section

In this section, the Wilson line method results in
negative value of h0 which is impossible (see the following
figure). This ﬁs probably because all vapor has already
condensed so that in some part of the wall of the top

section is dry and effectively transferring no heat.

10.00

> 8.00
X -
~
X
v 6.00

N
=
N’

o 4.00
)
~
—

2.00

0.00
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At the Middle Section

From the linear curve, we get

1/U, , = 0.285425(1/V°"*% ) + 1.90832
So
h =V ° */slope = (40.32x107°)% *°/0.285415
= 0.826 KJ/m %s K
h_ = (0.014/0.0125)*[1/(1.90832-1.2339)]

1.661 KJ/m” s K
At the Bottom Section

From the linear curve., we get

1/Ug 4 = 0.279753(1/V° *° ) + 1.99675
So
h, =V ° **/slope = (40.32x107°)% *%/0.279753
= 0.843 KJ/m" s K
h, = (0.014/0.0125)*[1/(1.99675-1.2922)]

1.590 KJ/m” s K
Calculations from the Literature Methods

1. Water Side Heat Transfer Coefficient

In an annulus, the calculation ¢of he is performed
according to the Chen, Hawkins, and Solberg (7) correlation:
h D O. 05

-o.eq 1.02(Re)°"S(Prl)‘”a(u/uw)°'“(Deq/L)°"(D1/02>°'°Gr
k

In this case, Deq is an equivalent diameter calculated as:
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Deq = outer diameter of an annulus (D1) -
inner diameter of an annulus (D2)
= 0.037 — 0.028 = 9x10 " m
At the Top Section
The average temperature of cooling water in this section

is 61.1 °C or 142.0 °F

The physical properties at 142.0 °F are as follows:

p, = 983.5 Kg/m”

v = 4.66x10° m/s

u = 4.58x10 * Kg/m s

Re = (9x10°) (4.03x107%)/(4.66x10™°) = 779
Pr.= 2.96

1
kK = 6.61x10™* KJ/m s K

B = 5.27x10"* 1/°
[~]
AT = T, o Tow,avg = 89-8.6-61.1 = 28.7 °C
3 2 2
Gr = (Deq P 3gAT) /i
= [(9%x1077)% (983.5)%(5.27x10"*) (9.81) (28.7) ]
(4.58x10°*)?
= 5.0x10°
(=]
At T, , = 78.8 °C,
p = 973.9 Kg/m®

» = 3.75x107° m/s
u = 3.65x10 * Kg/m s

Thus



9
-4 -4 0.
6-61x10 " 1 (1.02) (779)° **(2.96)*® [ 4.85x10 ]
9x10™® A 3.65x10°*
-3 0.8
_ X107 e [ 0.037_ ] (5.0x10%)°" °°
0.657 0.028

0.970 KJ/m> s K = 171 Btu/ft® hr °F

At the

Middle Section

The average temperature of cooling water in this section

is 49.6 °C = 121.2 °F

The physical properties at 'this temperature are as follows:

Thus

S|
v
M
Re

Pr

AT

Gr

]

988.6 Kg/m®

5.53%x10° m2/s

5.46x10"* Kg/m s

(9%x107%) (4.03x1072)/(5.53x107") = 656

= 3.59

4.43x10™* 1/°C
6.46x10°* KJ/m s K
= 86.3-49.6 = 36.7‘°C

_ a =2 2
= (Dgq P BIAT) /u

= [(9%1072)(988.6)%(4.43%x10°*)(9.81)(36.7)1]
(5.46x10°*)?

= 3.8x10°

(=]
T, o, = 81.5 °C,
= 977.6 Kg/m>
= 4.03x10°° m/s

= 3.94x10°* Kg/m s
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-4
E;fffig__-] (1.02)(656)0'45(3.59)1/3 [ 5.46%x10 ]0.14
9x1072 3.94x107*
-3 0.8
| x0 ] [9_933_ ] (3.8x10%)°" °°
0.657 0.028

At the Bottom Section

0.929 KJ/m° s K = 164 Btu/ft® hr °F

The average temperature of cooling water in this section

is 35.3 °C = 95.6 °F

The physical properties at this temperature are as follows:

Thus

Pl
24
M
Re

Pr

AT

Gr =

993.6 Kg/m

7.14x10°° m’/s

]

7.10x10"* Kg/m s

4.81

3.29x107™* 1/°C
6.23x10* KJ/m s K

= 82.3-35.3 = 47.0 °C

3 2 2
(Dgg £] BIAT) /u
-3.3

{(9%10 7))

(993.6)2% (3.29%10~

(9%x1072) (4.03x1072)/(7.14x10°°) = 508

*)(9.81) (47.0) 1

(7.10x10™%?

2.2x10°

T 65.2 °C,

wW,O0
981.5 Kg/m®

?

4.41x10°

2
m/s

= 4.33x10"* Kg/m s
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-4 -4
n, = [ 22210 1 1.02)(508)° *%(a.81)*" [ 7.10x10 ]o.u
L 9x107? 4.333x107*

3 0.8
r 9x10 7 qo.4 { 0.037 ] (2.2x10°)°- °°
L 0.657 . 0.028

= 0.876 KJ/m. s K = 154 Btu/ft?® hr °F

2. Condensate Film Side Heat Transfer Coefficient

For Gravity Control

— Laminar Flow

klap 1(,z:> l—pv)kg 1/4
h = 0.943 - ]
© )

ML (Tsat—Tw,i

Turbulent Flow

K E',c::l (P —PyIG_ 13
~-0. 55 Re
1 c

0.2
h_, = 0.0089 Pr ©.asPr, [

2
Hi

For Vapor Shear Control

K
h_ = ! (0.024) Re® ® pr®** [
d

J(P/pm)i + ﬂp/pm)o

2
i Hy

Calculate hc from those equations, and choose the highest one.

At the Top Section

Mass flow rate of condensate in this section

mass flow rate of first condensate — (Q2+Q3)/A

1.49%10°2 - (0.975+1.227)/2250

5.13x10° Kg/s
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Rec = 4(mass flow rate of condensate)/l'!di;_:1
where
di = inside diameter of the inner coiumn = 0.025 m
Toat = 102.6 °C
#) = 2.83x107° Kg/s
Then
Rec = (4*5.138x10_4)/[ﬂ(0.025)(2.B3x10-4)] = 92

That means it 'is in the laminar region

For gravity‘control

3 N
k1 pl(p 1—pv)7\g 1/4

o

sat w,i

hc = 0.943 [
#1L(T

= )
ot = 102.6 °C

TS
A = 2250 KJ/Kg
K

6.82x10™* KJ/m s K

1

P, = 0.657 Kg/m"

py = 956.1 Kg/m’

Pri = 1.76

T, 3 = 213.5 °F = 100.8 °C

L = condensing length'= 0.657 m

Consequently

174

(6.82x107™* § (956.1) (956.1-0.657) (2250) (9.81) ]

o 2
1

0.943[ -
(2.83x10™*) (0.657) (102.6-100.8)

11.195 KJ/X s K = 1971 Btu/ft® hr °F

[

Vapor shear control
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X; = [total mass flow rate — (Q2+Q3)/x]1/total mass flow rate
in whiéh A
total mass flow rate = mass flow rate of first condensate +
mass flow rate of second condensate +

mass flow rate of entrained liquid

Thus ,
« {(1.49x10°2+0+0)~ [(0.975+1.227)/2250]}
i
1.49%107°
= 0.34
< total mass flow rate —(Q1+Q2+Q3)/A

total mass flow rate

1.49%10°2 — [(0.810+0.975+1.227)/2250]

1.49x%107°

i
o
[y
o

WXi = 14 (956.1-0.657)(0.34)

Fo) ] 0.657

(Py=P )Xy - 14 (956.1-0.657)(0.10)

o 0.657




k

= g
I

= "1 (0.024)(Rec)°'°(Pr y©- 43 [ {Ge7p ) +{e7p)

di 2

102

]

. -4 501.0+{150.1
(6.82x10 )_(0.024)(92)°'°(1.76)°"3| ]

0.025 2

0.540 KJ/u's K

Therefore, this is gravity controlled and hc= 11.202 KJ/qu K

At the Middle Section

The inner wall temperature in this section = 100.2 °C

Mass flow rate of condensate in this section

mass flow rate of first condensate — Q3/A

1.49%107° - 1.227/2250

9.46x10 % Kg/s

Rec = 4(mass flow rate of condensate)/ndip1
Thus

Re_ = (4%9.46x107*)/(11(0.025) (2.83x107)] = 171,
laminar.

For gravity control

3
ki plppJrg  1re

h, = 0.943
C

T
w,i1

B L(T )

sat

i.e.,

174

h = o.943[ -
¢ (2.83x10°%*) (2) (0.657) (102.6-100.2)

= 8.274 KJ/mZ s K = 1457 Btu/ft®> hr °F

Vapor shear control

(6.82x10°* P (956.1) (956.1-0.657) (2250) (9.81) ]
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X; = [total mass flow rate — Q3/x1/total mass flow rate

= 9.46x10°%/1.49%x10°% = 0.63

(oloy) g = 1+ (Py=P)%; . 4, (956.1-0.657)(0.63)
Py 0.657
= 923.6
x, =0.34
(p/‘om)o = 501.0
h, = f;_ (0.024)(Rec)°'°(Pr )©O- 43 [ {e7p) ; + (78 ]
d; >
- | {501.0+{923.6
- _lo.82x10 ’_(0.024)(171)°'°(1.75)°-‘3[ ]
2

0.025

1.344 KJ/m's K = 237 Btu/ft® hr °F

Therefore, gravity controls, and hc = 10.388 KJ/m? s K
At the Bottom Section
The inner wall temperature in this section = 99.5 °c

Mass flow rate of condensate in this section

mass flow rate of first condensate

1.49x10™° Kg/s
Re

4(mass flow rate of condensate)/l‘ldiu1

(4*1.49x10™ %) /[11(0.025) (2.83x10°%)] = 269

That means it is in laminar region

For gravity control
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3
kiyelep )rg 174

h, = 0.943
c

“1L(T T )

sat “w,i

(6.82x107" P (956.1) (956.1-0.657) (2250) (9.81) *

h = 0.943 [ -2 ]
(2.83x10"*) (3) (0.657) (102.6-99.5)

= 6.769 KJ/m- s K = 1192 Btu/ ft® hr °F

Vapor shear control

Xi = 1
e, 0.657
= 1455.2
Xo = 0.63
(p/pm)o = 923.6
n= ¥1_ (0.024) (Re )* ®(Pr ) *? [,J(p/pm’i+4(p/pm’o ]
d. 2
—a {1455 .24+{9335.6
_ (6.82x10 )_(0_024)(2698)0.3(1.76)0.49[ ]
0.025 2

2.511 KJ/ms K

Therefore, this is gravity controlled and hc = 9.700 KJ/m?s K



3. Overall Heat Transfer Coefficient from Literature

Correlations

1

l/h0 + wall resistance + 0.028/(0.025hc)

At the Top Section

]

h 0.988 KJ/m® s K

o

h

o = 11.195 KJ/m’ s K

I

wall resistance 1.28 nf s K/KJ

Thus
1

(1/70.988) + 1.28 + [0.028/(0.025*11.195)1

= 0.416 KJ/m's K = 73 Btu/ft® hr °F
At the Middle Section

h 0.946 KJ/m’ s K

o]

[l

8.274 KJ/m’ s K

h
-c

wall resistance 1.29 KJ/nf s K

Thus

1

(1/0.946) + 1.29 + [0.028/(0.025*8.274)1

= 0.403 KJ/ms K = 71 Btu/ft® hr °F

At the Bottom Section

il

h 0.891 Ki/m® s K

o]
6.769 Ki/m> s K

C
1.29 KJ/m" s K

wall resistance

105
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Thus

1

(1/70.891) + 1.29 + [0.028/(0.025*6.769)]

= 0.387 KJ/m’s K = 68 Btu/ft® hr °F

4, Effect of Wall Resistance on Overall Heat Transfer

Coefficient

Overall heat transfer coefficient without wall resistance

can be calculated as follows:

1

ow
(1/h,) + [0.028/(0.025nh )]

At the Top Section

1
Uow

(1/0.988) + [0.028/(0.025*11.195)]

= 0.890 KJ/m- s K = 157 Btu/ft® hr °F

At the Middle Section

_ 1
Uow B

(1/0.946) + [0.028/(0.025*8.274)1

= 0.837 KJ/m®* s K = 147 Btu/ft® hr °F

At the Bottom Section

1

ow
(1/0.891) + [0.028/(0.025*6.769)1

e}

0.775 KJ/m= 8 K = 136 Btu/ft® hr °F
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We found that the overall heat transfer coefficient
without wall resistance is about twice the overall heat

transfer coefficient with wall resistance.

5. Flooding Point

There are many methods to calculate flooding point.

Here we use the Diehl & Koppany and Wallis Methods.

Diehl & Koppany Method

_ 0.5 3 0.5
= Fl'FZ (O/PV) if Fl'FZ (a/pv) > 10

_ 0.145.1.15 - 0.5
= 0.71 [Fl'FZ (a/pv) ] if Fl'FZ (G/PV) < 10

<
[

superficial flooding velocity of the vapor, ft/s

¥y
I

[(1zdi/(o/80)1°" if [(12d,/(2/80)]1 < 1.0

1.0 / if [(12di/(0/80)] 2 1.0

Fz = (6,/6)°"

The equation is dimensional, so that it is essential to
use the units specified:

p, in 1b /£t

d; in ft

o in dyne/cm

Surface tension of water can be found in Perry's
Chemical Engineers' Handbook. The correlation is:

o = —0.000270661*T°—0.141961*T+75.6907

where o is in dyne/cm and T is in °C
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At P = 112.13 KPa, T__, is 102.6 °C and ¢ = 58.3

dyne/cm

GV

superficial vapor velocity (m/s)

{ mass flow rate of first condensate +
mass flow rate of second condensate +

mass flow rate of entrained liquid } / pl*A

o
G1 = gsuperficial liquid velocity (m/s)
= mass flow‘rate of condensate in that section / pl*Ao
Then
G; mass flow rate of vapor in that section
G1 ) mass flow rate of condensate in that section
d. = inside diameter of the inner column

0.025 m = 0.082 ft
At P = 112.13 KPa and T = 102.6 °C

P 0.675 Kg/m’ = 0.041 1b/ft’

\'4

p) = 956.1 Kg/m"
Consider at the bottom section because vapor is in at
bottom section
Mass flow rate of vapor in this section = 1.49x10° Kg/s
Mass flow rate of condensate in this section
= (Q1+Q2+Q3)/x = (0.810+0.975+1.227) /2250
= 1.34x10° Kg/s

Consider term (12di)/(0/80)

(12di)/(0/80) = (12*0.082)/(58.3/80) 1.35 >1.0

Then F1 = 1.0
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-3,0.25

(Gv/Gl)°'25 = (1.49%107%/1.339x107%)

]
|

1.027

So
F,.F, (o/pv)°'5 = 1%1.027*(58.3/0.041)°"° = 38.74 > 10
Thus

*
v, =F,.F, (o/pv)°'5 38.74 ft/s = 11.81 m/s

Wallis Method

Wallis defines the following non—-dimensional velocities,

172
J* = Vv pv
v 172
* 12
Jr = Vi Py

172
where VV and V1 are the superficial vapor and liquid

velocities, respectively.

1.2

2
H1

N = [.olg d? (py—P,) ]
When gravity forces are far more important than viscous
forces, NL is high, and
m=1
0.88<c<1 for round-edged tubes
c = 0.725 for sharp-edged tubes

When gravity forces can be neglected with respect to
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viscous force, NL is small and
m=5.6N*?

L
¢ = 0.725 for round—edged tubes

Flooding points can be correlated by the following

formula
x 172 . % 2
Jv + m J1 = C
- ° - =
At Tsat 102.6 C, Hq 6.57x10 ° Kg/m s
Thus

1/2

(956.1)(9.81) (0.025)? (956.1-0.675)
N, - ]
(6.57x10™*)?

= 1.8x10"*
Since NL is large and gravity is more important than the
viscous force, usem = 1. It is a round-edged tube, the
approximate value of ¢ from Figure 7 is 0.89.

So,

172 ® 172

J +J = 0.89

* *
By varying values of J1 and then calculating Jv’ we get the
* *
curve of Jv vVs. Jl' Since the vapor is in at the bottom
section of the reflux condenser, consider only at the

entrance or bottom section.



inlet superficial vapor velocity

4.624 m/s

172

(4.624) (0.657)

[(9.81) (0.025) (956.1-0.657) 12

Q1+Q2+Q3 _ 1.339x107°

e A (956.1) (1/4(0.025)%)

2.854x10"° m/s

(2.854x10°2) (956.1)*72

[(9.81) (0.025) (956.1-0.657) 1*2

0.245

0.006



APPENDIX D

ERROR ANALYSIS



Error Analysis ,

The error propagation analysis is done to evaluate the
effect of errors in measurement on the calculated
quantities, such as heat duty, wall resistance, and overall
heat transfer coefficient. Due to the nature of the
properties of the system studied, wall resistance
calculations are most susceptible to large errors in
calculated quantities.

In general, the propagated error associated with a
quantity Y which is dependent on indépendent variables
X X

X Xn is calculated using the following

1! 2) 3)""
expression:
L 2 oy % oy %
[ N [
a Xl 1 a X2 2
oy %
+[ —————— ] oy ‘ (D.1)
a Xn n
and
% error = (oY / Y) x 100 % (D.2)

where Oy represents the error associated with the quantity
of Xn.

Using the above expression, the errors of the
calculated quantities are calculated and were tabulated in

the Table III.



TABLE III

ERROR ASSOCIATED WITH THE
CALCULATED QUANTITIES

Quantities Average % error
Q, top section 18
Q, middle section 17
Q, bottom section 13
Q, total reflux condenser 9
Uo, top section 20
Uo, middle section 20
Uo, bottom section 20
Uo, total reflux condenser 36
Wall resistance 50

Sample Calculations on Error Analysis

Q, top section (= Qll

Q1 was calculated according to the following equation:

QL = FW * DEN * ¢ * (T4C - T3C)
DEN (density of cooling water) was calculated based on the
average of the inlet (T3C) and outlet (T4C) temperature
which are dependent on the reading temperature. If we
assume that cp is constant, Ql will only depend on FW
(cooling water flow rate) and inlet/outlet temperature
measurement (T4F and T3F). Therefore, error in calculating

Q1 can be evaluated, according to equation G.1l, as:

2 2 _ 2
99 = opy ( DEN * c * (T4C-T3C) )
201 a1
2 2 2 oo 2
torgp U oo P+ opgp A }



115

Because FW was obtained from the calibration equation, the
error is also dependent on the error in the calibration
curve (UFW is 3.15 cc/s, see Appendix A p.80). OTaF and
oryp were obtained from the error in the thermocouple

calibration curves (about 0.60 °F and 0.68 OF, respectively,

see Appendix B p.82).

Fitting equation for cooling water density is:

DEN = (-6.857x10° T° + 2.667x10 > T + 62.402) x 16.0185
where DEN is in Kg/n? and T is evaluated at average cooling
water temperature (in °F) or T = (T3F + T4F)/2.

T4C = (T4F-32)/1.8 and T3C = (T3F-32)/1.8

So
01
———— = FW * c_ *16.0185 [ (DEN/16.0185) (-1/1.8)
dT3F P
- -3
+ (T4C-T3C) ( —6-853x10 + 2.66;x10 | ]
01
—~ - =FW * c_ *16.0185 [ (DEN/16.0185) (1/1.8)
dT4F P
- -3
+ (Tac-T3C) (-=2-827x10__ , _2.867x10 ]

For run no 68:

FW = 1.858x10° m /s T4C = 66.4 °C

c, = 4.19 KI/Kg °c T3C = 55.9 °C

DEN = 995.8 Kg/m Q1 = 0.810 KJ/s

301 .

——— = 1.858x% * 4.19 *16.0185[(995.8/16.0185)(—1/1.8)
3T3F

-5 -3
4 10.5( ‘6'BSZX1° + _g;gggzlg__ ) ] - — 0.043 KJ/sK



a0l
— - =1.858x10° * 4.19 *16.0185{(995.8/16.0185)(1/1.8)

STAF
-5 -3
. 10.5¢ 6.85;x10 . 2.66;x10 ) ] - 0.043 KI/sK

So

an - (3.15x10°%)2% (995.8 * 4.19 * 10.5)2

+ (0.60)% (0.043)% + (0.68)% (= 0.043)2 = 0.021
oq = 0.143 Ki/s
% Error = -2:143_ + 100 % = 18 %
0.810

The value presented in Table III is the average value of

all runs.

0Q2 and OQ3 wgre calculated in the similar way as le.

Q, middle section (= Q2 )

For run no 68:

FW = 1.858x10° m /s T3C = 55.9 °C
¢, = 4.19 KI/Kg %¢ . T2C = 43.3 °¢
DEN = 995.8 Kg/m’ Q2 = 0.975 KJ/s
02 o
——— = 1.858%x10° * 4.19 *16.0185[(995.8/16.0185)(—1/1.8)
dT2F
-5 -3
+ 12.6(-—0-827x10__ , _2.867x1D__ ] = - 0.043 KJ/sK
202 -
——— = 1.858x10"° * 4.19 *16.0185[(995.8/16.0185)(1/1.8)
T3F
- -3
+12.6( ‘6‘85ZX1° + Z'GGZX10 ) ] - 0.043 KJ/sK



So

6. 2

o = (3.15%10 “)“° (995.8 * 4.19 x 12.6)2

+ (0.68)2 (0.043)% + (0.49)2 (- 0.043)2 = 0.029

gy = 0.169 KJ/s
% Error = —2:162_ 100 % = 17 %
0.975

Q. bottom section (= Q3 )

For run no 68:

FW = 1.858x10° m /s T2C = 43.3 °cC
c, = 4.19 KI/Kg °c TiC = 27.4 %
DEN = 995.8 Kg/m Q3 = 1.227 KJ/s
803 B
o = 1.858x107° * 4.19 *16.0185[(995.8/16.0185)(—1/1.8)
AT1F
-5 -3
+15.9(--8-837x10__ , _2.867x1D__ ] - - 0.043 KJ/sK
203 .
L = 1.858x10° * 4.19 *16.0185[(995.8/16.0185)(1/1.8)
8T2F
-5 -3
+15.9(-"2-837x10__, _2.867x10__ ] - 0.043 KJ/sK
So
an = (3.15x10°%)2 (995.8 * 4.19 * 15.9)°
+ (0.49)2 (0.043)2 + (0.51)2 (- 0.043)2 = 0.045
UQS = 0.211 KJ/s
% Error = —-2:211_ o 900 % = 17 %

1.227
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Q, total reflux condenser

QTOT =01 + Q2 + Q3 = 3.012 KJ/s

2 2 2 2

OQTOT = an + °02 + °53 = 0.021 + 0.029 + 0.045 = 0.095
o = 0.308 KJ/s
Q10T
% Error = -2:3%8_ » 100 % = 10 %
3.012
Qo,top section
01
U e
°.l A« 1wtm1
o
LMTD1 = T4AC — T3C
(Tsat— T4C)
aU2 - Qf -29%,1-)2 + aAz -2%.,1-2 + o iMTDl(—QQo,l—)2
0,1 - aQ1 o aAo dLMTD1
- 2 _ 2 2 2
AO =r dO L, therefore aAo odo (L))" + o (ndo)
d0 = 0.028 m; o4 = 0.0005 m (estimate, based on paralax)
0
L = 0.657 m; oL = 1.6x10"2 m (estimate, based on paralax)

0.2 = (0.0005)%(r x 0.657)2+1.6x10 2(m x 0.028)2 = 1.34x10°°

a
o2 =0 2, GMIDLZ 2 (QLMIDL,2, , 2 (OLMIDL,2
aT4C aT3C sat T
sat
— = o
°T4C 0T4F /1.8 = 0.60/1.8 0.33 °C
- ) 0
UT3C = OTBF /1.8 = 0.68/1.8 0.38 °C
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- — -4 52
TSat = 4.658x10 ° P” + 0.350 P + 69.155
o = op® (-2Lsat—)? = 0,2 (-2(4.658x10™*) P + 0.350)2
sat ap
P = 3.3866 Patm + 6.893 Ppg (P in KPa)
°P2 _ OPZ (_QE___)Z + apz (_QE___)Z
atm apatm Pg aPpg
p = 0.005 in Hg (estimate based on paralax)
atm ’
e pg = 0.25 psig (estimate based on paralax)
op? = (0.005)% (3.3866)% + (0.25)%(6.893) % = 2.97 (KPa)?
At P = 112.13 KPa,
OTZ = 2.97 (-2 * 4.658x10 % * 112.13 + 0.350)2 = 0.054 (OC)2
sat
m{Tsat— T3C] [ T4C - TaC
T - T4C l T - T4C
(OLMID1, _ sat _sat 5 = - 0.545
aT4C I Tsat* T3C
Tsat— T4C
- o
for TSat 102.55 “C.
{Tsat— T3C T4C - T3C }
- ln|——"———— +
T - T4C T - T3C
(OLMID1, _ sat sat__ = -0.460
aT3C . Tsat— T3C
T - T4C
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(T4C - T3C)2

(T - T4C) (T - T3C)
(QLMIQl) = sat sat . = 1.005
Tsat Tgar™ T3C
In
Tsat— T4C

2 2 2 2 2
ormrpy = (0-33)°(~ 0.545)%4(0.38)“(- 0.46)“ + 0.054 (1.005)2
= 0.117

. —Ql

o 2 = 0.021 (==t )2+ 1.34x107( -2
0,1 A_ LMTD1 LMTD1 A
(@] (@]
- o 5
+ 0.117 ¢ 5)

A LMTD1

(6]
For A_ = 0.058 m, LMID1 = 41.2 °C and Q1 = 0.810 KJ/s
°U2 = 4.14x107° = 0.06 KJ/m’s K

0.1 = % X or o(} = 0. /m s
0,1
U = 0.339 KJ/m’s K
0’1 . S
% Error = —2:9%_ + 100 % = 18 %
0.339

U,.middle section

was used in this calculation.

The same method as in Uo 1

= o - O
orge = 0.38 °C, Oppe = 0.27 °C
o 2 =0.054 (°C)2
sat
OLMIDZ _ _ 0.544, OLMID2 _ 0.459
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ALMTD2 2 o 2
- = 1.010 oLrpg = 0-113 0
sat
0.2 = 0.029 0. % = 1.34x107°
Q2 : A_ :
Therefore,
- 0.975
aUZ = 0.029( 1 )2 + 1.34x1077¢( 2)2
0,2 0.058(52.72) (52.72) (0.058)
- 0.975 ,
+ 0.113 ¢( z)
(0.058) (52.72)
= 3.509%x10°
<o
U, , = 0.059
_ 2
Uo,2 = 0.319 K3/ms K
% Error = —2:9%2_ + 100 % = 19 %
0.319

Qo,bottom section

The same method as in Uo 1 was used in this calculation.

- o _ oA
Oppe = 0.27 °C, oppe = 0.28 °C
o 2 - 0.054 (°cy?
sat
OLMID3_ . _ g.s50, OLMID3  _ _ g 458
3T2C aT1C
SLMTD3 2 _ 0.2
TR - 1.012 o fny = 0.094 (°C)
sat
2= 5 2 = ~%5
95 = 0.045 oy 1.34x10
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Therefore,
- 1.227
oy = 0.045¢ L )2 4 1.34x107%¢ ) 2
0,3 0.058(66.92) (66.92) (0.058)2
- 1.227 .
+ 0.094 (- =)
(0.058) (66.92)
= 3.387x10°
o —
U, 5 = 0.058
_ 2
U, 5 = 0.316 KJ/m’'s K
% Error = —2:928_ + 100 % = 18 %
0.316

go,total reflux condenser

The same method as in U0 1 was used in this calculation.

»

- o _ o

orgc = 0-33 °C, ope = 0.28 °C
o 2 - 0.054 (°c)?

sat
JLMIDT  _ _ o g4o SLMIDT _ _ o 597
aT4C aT1C
SLMTDT _ 2 ] 0.2
2L - 1.047 R 0.119 (°c)

sat

0.2 = 0.095 oi = 1.34x10°°

Q10T o

Therefore,
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5 1 2 - 3.012
oy = 0.095¢( )4 + 1.34x107°¢( )2
o,T 0.058(53.32) (53.32)(0.058)2
- 3.012 5
+ 0.119 ¢ 2)
(0.038) (53.32)
= 0.0138
[ 4
Uo,T = 0.117
_ 2
Uo,T = 0.325 Ki/ms K
% Error = —2:117_ + 100 % = 36 %
0.325
Wall resistance, at the top section
r In (r /r.)
WR = 0 o "i’
k
W
ol =o? (DMBZ,, 2 (B2, 2 (OWR,2
o) ar i ar w ek
o. =T o, = 0.0005 m (estimate)
i o)
Ok = 10 % of kw (estimated based on reference 24)
\
For ro = 0.028 m, r i~ 0.025 m and kw =1.24 J/m s K
oy = (0.0005)% ¢ —Io— (1 4 1n 22828 2
1.24 0.025
+ (0.0005)2 { 0.028 }2
(0.025)(1.24)
5 -0.028 1In (0.028/0.025) , -
+ (0.124)" { ——————— 3¢ = 4.71x10
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o = 6.863x10* m s K/J = 0.686 m° 8 K/KJ

WR
WR = 1.280 m's K/KJ

% error = 94——— x 100 % = 54 %
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