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ABSTRACT

Measurements of steam-side and water-side temperature 
differences during tetrafluoroethylene-promoted dropwise 
condensation at atmospheric pressures on a horizontally 
placed tube surface are reported. Thermocouples, actually 
placed in the wall of a 1^-in.O.D., %-in.I.D., 32-in.-long 
tube through three thermowells at each end served to meas
ure the steam-side and water-side surface temperatures (by 
extrapolation) at the inlet and the outlet surfaces of the 
tube. The measurements were done using plant steam and tap 
water. For the values of steam velocity in this work, non- 
condensables in steam did not affect the steady-state values 
of surface temperatures. From the data obtained, it was 
possible to calculate steam-side, water-side heat-transfer 
coefficients, heat-flux and an over-all heat-transfer co
efficient based both on total heat-flux and on series com
bination of tube resistances. The two over-all heat-trans- 
fer coefficients agreed with each other within -4%. The 
values of steam-side heat-transfer coefficients varied from 
2 6,037 Btu/hr °F ft2 to 3,24 0 Btu/hr °F ft2 at log-mean 
steam-side surface temperature differences of 1.35 to 
12.70°F, respectively. Reynolds numbers varied from 55,000
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to 88,000. The heat-flux ranged from 33,000 to 47,000 
Btu/hr, and the over-all heat-transfer coefficients (based 
on total heat flux) from 1040 to 750 Btu/hr °F ft2. A 
theoretical description of condensation and drop formation 
phenomena was also presented.
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INTRODUCTION

Since the observation in 1930 by Schmidt and others 
that the steam-side heat-transfer coefficient for dropwise 
condensation of steam was roughly five times greater than 
that for filmwise condensation, there has been a continuing 
interest in dropwise condensation as offering a means of 
improving the performance of heat exchanger equipment.
Recent technological advances, e.g., sea water desalination 
and space power systems, have brought about a renewed inter
est in the phenomena of dropwise condensation.

The commonly seen l!mixed" condensation (smudged drops, 
streaks and patches of continuous film) is so irregular as 
to defy analysis. On the other hand, pure dropwise and 
pure filmwise condensation are physical phenomena so regu
lar as to invite analysis. There is a well-established 
theory, due to Nusselt, for pure filmwise condensation; 
but, at present, there exists no satisfactory theory for
the mechanism of dropwise condensation.

(2 )Nagle and others established that clean steam con
densing on a chemically clean surface always forms a con
tinuous film and that the presence of substances which 
render the surface, to some extent, nonwettable is essen
tial for the formation of drops. Since then, numerous
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investigations have sought to find such substances and to 
determine their structure, their life (time interval during 
which they remain effective), and the manner of their break
down.. The outcome of these investigations showed that wax- 
based surface promoters and those mixed with steam had 
limited promoter life. Periodic replenishment is required 
to maintain dropwise condensation, or to assure constant 
condensation rates.

*The ability of Teflon to promote dropwise condensa-
(3)tion was first reported by Topper and Baer who found it 

to be effective for condensing water, nitro-benzene, aniline 
and ethylene glycol. Their results indicated that Teflon 
was an extremely effective nonwetting agent. The high heat 
stability of Teflon (up to 500°F for indefinite periods of 
time), in addition to its resistance to many chemical expo
sures, makes it attractive as a promoter for commercial 
applications. Teflon should also be useful as a promoter 
for basic condensation studies since its characteristics do 
not change with time.

In considering practical applications, emphasis has
been placed on overall heat-transfer coefficients, but, for
an unclerstanding of the mechanism, measurements of the
steam-side coefficients are essential, 
w 1Teflon is E. I. DuPont Company's trade name for its 
tetrafluoroethylene resin.
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LITERATURE SURVEY

For a determination .of- over-all heat-transf er coeffi
cients for dropwise condensation, and for an understanding 
of its mechanism, variables considered have been heat flux, 
surface geometry, steam pressure, steam velocity, noncon- 
densable gas concentration in steam, venting arrangement, 
nature of the surface, and type of promoter.

Current literature on dropwise condensation reflects 
two basic categories of investigation:

i) understanding the mechanism of dropwise 
condensation 

ii) experimental studies of heat transfer by 
dropwise condensation.

Mechanism
No complete agreement exists on the mechanism of drop-

wise condensation. All investigators do agree that a basic
understanding of the mechanism of dropwise condensation

(4)requires knowledge of how drops form and grow. Jakob 
proposed that a very thin layer of "steam or water" rapidly 
develops on the surface, breaking into droplets after a 
certain thickness is reached; a new film immediately appears 
over the exposed area. This would explain the high heat- 
transfer coefficients observed, since condensation would be
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taking place on a thin film having a low resistance to heat
(5)transfer. LeFevre and Rose postulated that the high- 

heat transfer coefficients associated with dropwise conden
sation arise from the fact that, owing to the numerous 
rapid coalescences between adherent drops and the sweeping 
action of falling drops, a substantial proportion of the 
surface was essentially bare, thus had higher surface tern-
peratures. The idea of a thin stable film was also support- 

(6}ed by Sugawara from a sequence of photographs taken 
through a microscope. These showed that two drops, coa
lescing on a copper surface, exposed a shiny area which
very quickly became dull in appearance, suggesting the

(7)formation of a thin film. Umur and Griffith made an 
examination of surface phenomena, using an optical method 
capable of detecting thin films of molecular dimensions. 
Results showed that no film greater than a monolayer in 
thickness existed on the area between the drops. They also 
demonstrated, in agreement with S u g a w a r a t h a t  the wetted 
pits and grooves in the surface could be considered to be 
the most probable drop nucleation sites, and that growth 
rate of drops was significantly a function of the vapor 
pressure. These authors disagreed with LeFevre and 
Sugawara in their statement that no net condensation 
took place on the area between the drops. Hence, nearly
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all the energy transferred to the coalescing surface was 
transferred through the drops, latent heat of vaporization 
being the main source of heat supplied to the coalescing 
surface. All these experiments were carried out in the 
absence of noncondensable gases.

(9) (5)Rose , and LeFevre and Rose derived a mathematical
model.for the heat-transfer arising from condensation on a
single drop. By means of an assumed distribution of drop
sizes, they deduced the mean heat-transfer rate for the
whole surface. The precise mechanism whereby the actual
dropwise distribution is achieved was outside the scope of
their investigation. However, they concluded that when
there was good agreement between theory and results, the
dominant factors in heat transfer through the drops were
surface tension effect, interphase matter-transfer pressure
and the conduction in the liquid. A similar mathematical
model for predicting steam-side heat transfer coefficients,
containing experimentally determined constants and assuming

(1)hemispherical drops, was also derived by Umur and Griffith’ .
Governing equations for condensation phenomena controlled
by heat transfer on large droplets in pure vapor, in the

(8)absence of noncondensables, were derived by Puzyrewski 
By assuming a coupling between heat and mass transfer which 
controls the growth of droplets and the released latent
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heat from droplets to the surrounding atmosphere, the 
solution was obtained. He made no attempt to describe the 
over-all picture of the dropwise condensation mechanism. 
Experimental

Experimental studies of steam-side heat-transfer
coefficients on tubes, and examination of the effects of
venting arrangements to purge noncondensables in steam have
been made by Hampson and Thain^^, Edwards and Doolittle^/

(12 )and Watson and others . In the case of Edwards and 
D o o l i t t l e , the tube was Teflon coated, placed verti
cally, and equipped with thermocouples to determine steam- 
side surface temperatures by extrapolation.

The steam-side heat-transfer coefficients reported by
(13)the above authors and by Depew and Reisbrg . , Tanner and

others ^^ , Hampson^^ , LeFevre and Rose^^ ,
Fitzpatrick , and Shea^"^ were tabulated in Table I.
The wide discrepancies in numerical values are due mainly 
to the different experimental techniques, assumptions made 
on heat balances, utilization of different surface promoters, 
different steam velocities and pressures, and different 
surface geometries.

Results obtained using at least 2-ft-long vertical or 
horizontal tubes with low steam velocities in the presence 
of noncondensables and at nearly atmospheric pressures
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should be representative of actual commercial applications.
(18)A study of venting arrangements by Hampson ‘ showed 

a major effect of vent location on steam-side heat-transfer 
coefficients. In a later paper, Hampson and Thain^^ dis
puted this first conclusion and stated that for a symmetri
cal distribution of the inlet mixture the axial position of 
a localized vent was not critical to the values of the 
over-all coefficients. They had also stated that the
venting ratio had a significant influence on the over-all 
heat-transfer coefficients at all values of noncondensable 
concentrations in steam. Their work was carried out on 
single tubes and plates with nominally static steam-gas 
mixture conditions. Virtually under the same conditions, 
LeFevre and Rose^^ , and Tanner and others ^  had

(17)reached the same conclusions. O'Bara and others had
experimentally shown that venting did not affect the steam- 
side heat-transfer coefficients if the steam-gas mixture 
was not stagnant and had enough velocity to sweep the non
condensables from the surface. They observed that the 
vapor velocity across the condensing surface' had a signifi
cant effect on the heat-transfer coefficient. The coeffi
cient exhibited a maximum with increasing vapor velocity,

(17)and the authors believed that this maximum reflected
the transition between dropwise and mixed condensation,
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resulting from the greater vapor-liquid interfacial shear-
(17)stress developed at the higher vapor velocities. O'Bara 

also made visual observations of the condensation phenomena 
at pressures ranging from atmospheric to 200 psig, which 
showed that, as the pressure increases, a transition from 
dropwise to mixed condensation occurs between 25 to 50 psig.

One variable, the surface roughness, as proposed by
(7) (6)Umur and Griffith and Sugawara , does affect the mode

(22)of condensation on the surface. Nicol and Medwell had
examined this variable on a horizontal single-tube condenser
and observed that the steam-side heat-transfer coefficient
increased significantly with the surface roughness.

In recent years, the use of Teflon-coated surface to
promote dropwise condensation had been examined by
Mizushina , Davies , and Kosky^^, from the surface

(2 3)chemistry point of view. Mizushina reported the fail
ure of a tetrafluoroethylene coating to promote dropwise
condensation of organic vapors, and confirmed its success

(24) (25)with steam. Davies and Kosky explained this by S,
a spreading coefficient which is related to the critical
surface tension contact angle and equilibrium film pressure.
They concluded that dropwise condensation would occur when
the surface was not wetted by the liquid; that was when S
was less than zero. Surface tensions of all the liquids
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exhibiting dropwise condensation on Teflon were much greater 
than the critical surface tension of Teflon, whereas for 
organic compounds like carbon tetrachloride, benzene, and 
methanol, critical surface tensions were very close to that 
of Teflon.
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THEORETICAL CONSIDERATIONS

In considering the mechanism of dropwise condensation 
phenomena, the problem of determining drop-size distribu
tion can be approached through thermodynamic description of 
phase transitions.

By definition, vapor pressure is the pressure in which 
a gas can exist in equilibrium with its own liquid. On the 
other hand, the pressure at which a gas can coexist with 
its liquid as a finite droplet with radius r is not its

/ or \
vapor pressure. Huang has shown that this pressure is
higher than the vapor pressure in an isothermal condensa
tion. This pressure difference is due to the surface ten
sion of the drop. The calculation of this higher pressure 
was carried out by Huang .

PT

P
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He found the expression relating the vapor pressure, P (T),
to the interphase pressure of drops with gas, P (T) . Now,

(26)with the above figure given by Huang , a qualitative
description of what happens when a gas starts to condense
can be given. According to the figure, only liquid droplets
of a given radius rQ can exist in equilibrium with the gas

(26)at a given T and P. Huang described the phenomena
as:

"The droplets that are too large find the exter
nal pressure too high. They attempt to reduce 
the external pressure by gathering vapor, but 
this makes them grow still larger. The droplets 
that are too small, on the other hand, find the 
pressure too low, and tend to evaporate, but 
this makes them still smaller, and they eventu
ally disappear. Thus, unless all droplets ini
tially have exactly the same radius r (which is 
unlikely) , the average size will shift, towards a 
larger value."
This can only be achieved through a net condensation 

of vapor onto the droplets, thereby lowering the pressure 
of the vapor. The process repeats itself; therefore there 
is a self-sustaining tendency favoring the' formation of 
larger and larger droplets after they reached their equilib
rium sizes. This equilibrium is reached when the self-sus
taining process of larger drop formation is stopped by the 
nonwetting properties of the surface. Therefore, the above 
theoretical qualitative considerations would show that the 
distribution of drop sizes is between the two extreme



formations. Some of the drops are extremely large, and the 
rest are so small as to be considered nonexistent.

A qualitative description of condensation phenomena, 
in general terms, is possible through the formalism of 
statistical mechanics. This is because a phase transition 
can be thought as a result of a certain singularity or dis
continuity in the equations of state of the system. In the 
general formalism of statistical mechanics, the phenomenon
of phase transition is a possible consequence of molecular

(27)interaction. Lee and Yang were able to identify and
characterize quite generally the condensation phenomenon by 
a study of an assembly of interacting atoms by determining 
the analytical behavior of its grand partition function.
The motivation for using the grand canonical partition 
function, in which the system can have any number of parti
cles, with the averages determined by conditions external 
to the system, is the ease of introducing the fugacity, f, 
which has the same macroscopic value in liquid and gas
phases of the system.

(2 1 )Lee and Yang approached the problem of phase tran
sitions by allowing the fugacity to take on complex values. 
Although only real values of fugacity are of any physical 
interest, the analytical behavior of the thermodynamic 
functions can only be completely revealed by going into the
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complex plane, whereby one is able to obtain a description
of the condensed phases as well as of the gas phase and the
transition regions. This approach is very general. The

(21 )theorems and the proofs of Lee and Yang will not be
repeated here. They are very well explained and proven in 
the published investigation. Their theory showed that the 
study of the equations of state and phase transitions can 
be reduced to the investigation of the distribution of roots 
of the grand partition function in terms of fugacity. 
Therefore all that is necessary is to calculate the parti
tion function explicitly, which is beyond our mathematical

(27)power. The validity of the Lee and Yang theory was
tested in a simple model, the two-dimensional Ising Model,
whose partition function can be calculated exactly, and was
shown to exhibit a first-order phase transition. By using
the analogy that a two-dimensional real gas is similar to

( 27)the two-dimensional Ising Model, Lee and Yang obtained
two equations of state describing the condensed and gas 
phases. Their solution showed that, if f is the macro- 
fugacity of the system at which the phase transition occurs:

f = x4
where

x = exp(-e/kT)
then:
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(1) For small values of fugacity f

p/k-T=f+f 2 (2/x 2~5/2) +f 3 (6/xlf-16/x2 + 31/3) +f 4 (l/x8+. . .) 
and

l/V = f (p/kT)
When f <x**, the series converges and the equations 

describe the gas phase.

(2) At f = x k , the system undergoes a phase 
transition.

(3) For f>xh , the pressure and density is expressed 
in inverse powers of the fugacity f:

p/kT=log (f/x1*) +f~ 'x8+f ~ 2 (2xx 1*-5x1 6/2) +f-3 (6x2 °-16x2 2+31x2 k/2) 
+f_‘,(x2',+ ......)

and:
l/V = f (P/kT)

in which f>x4 , the series are convergent and describe 
the liquid phase.

Therefore, theoretically it is possible to find the 
amount of condensate and gas phase from the above equations 
for a two-dimensional real gas. But even in this simplest 
case, calculation of the energy state of each water particle 
x = exp(-e/kT) would be extremely difficult and even if 
carried out, will not represent phenomena of steam conden
sation. The amount of noncondensables and impurities in



steam would offset the micro-fugacity values. In case of 
three-dimensional real gases, one could approximate fugacity 
as f = x , m  which a is greater than four. Theoreti
cally, better approximations would have been obtained this 
way. But again, since the effects of noncondensables and 
impurities in steam on energy state of particles are not 
known, and the grand partition function is not exactly cal
culable, obtaining the actual numerical solutions is beyond 
our mathematical power.
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EXPERIMENTAL EQUIPMENT AND.PROCEDURE

Equipment
Figure 1 is a schematic diagram of the apparatus used 

for heat-transfer study of Teflon-promoted dropwise conden
sation at atmospheric pressures. Plant steam was passed 
through a regulator, a globe valve, an orifice meter, and 
a gate valve prior to entering the steam-chamber. The 
regulator had an output pressure interval from 5 to 125 
psia, and was placed on a 200-psia main steam line. A 
manometer and a thermometer were fitted to the 3/4-in. 
pipe between this regulator and the 1-in. globe valve. A 
stainless-steel, sharp-edged, 0,250-in.-diameter orifice 
plate on a 1-in. I.D. pipe was located between the globe 
valve and 3/4-in. gate valve to the steam-chamber. The 
pressure difference across the orifice was measured on a 
30-in. mercury-filled manometer. The taps were flange type 
located 1 in. from the upstream and downstream faces of the 
orifice plate, and connected to the manometer with 3/8-in. 
copper tubing with compression fittings. The set-up was 
completely leak-proof. The straight runs of pipe after a 
globe valve are minimum 2 0~diameter lengths upstream and 
2.5-diameter lengths downstream from the orifice , accord
ing to the design equations given by Stearns and other^^ .
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These conditions were satisfied by having 26~in. upstream, 
10-in. downstream straight-runs of 1-in.-I.D, pipe. Steam- 
chamber was made of two concentric shells, ^-in. apart, and 
was cylindrical. Noncondensed steam was circulated between 
the cylinders to diminish the heat losses, before it was 
purged. The connection line of two shells was fitted with 
a gate valve, thus it was possible to build a constant 
steam pressure inside, independent of the outer shell. The 
outer shell had 1-in.-thick asbestos insulation to further 
minimize the heat losses. Outside measurements of the 
steam-chamber were 12 in. and 14 in. in diameter at steam- 
inlet and outlet ends respectively, and 2 feet 7 in. in 
length. By having two different diameters at inlet and 
outlet, condensate outflow was facilitated. The steam- 
chamber was equipped with 3/4-in. inlet pipe, 1/2-in. con
densate drain, and two 1/4-in. pipes for pressure and tem
perature measurements. The circular ends,fitted to the 
shells with rubber gaskets and brass screws, were removable. 
The inside of the chamber was painted with a heat-resistant 
paint, and covered with aluminum foil, glued to the surface 
by a heat-resistant metallic paste. For observation of 
dropwise phenomena, the steam-chamber was equipped with six 
electrically conducting glass windows which, when heated, 
eliminated fogging. Windows were 1/4-in.-thick Pyrex glass



located on the sides of the cylinder in sets of three,
120° apart from each other (figure 2).

Tap water, used as cooling fluid, was passed through
a globe valve 0 . 243-in.-diameter sharp-edged orifice plate, 
before entering the Teflon-coated heat-exchanger tube.
This orifice was equipped with flange taps, similarly loca
ted 1 in. from the upstream and downstream faces of the 
plate. A 30-in. mercury-filled manometer was used to meas
ure. the pressure drop across the orifice.

The Teflon-coated heat-exchanger tube was 3 2 in. long, 
h in. I.D., and lh in. O.D. Teflon was fused to the surface

— If — L)and its thickness varied from 3 x 10 in. to 4 x 10 in. 
Thickness of the Teflon coating was determined by 50 meas
urements, using a surface micrometer with divisions of 
1 x 10 m .  Copper tubes % in. O.D. were fitted to the
ends of this tube by epoxy resin. Lengths of these tubes
were 8 in. at inlet and 4 in. at outlet. Compression fit
tings with Teflon gaskets were placed at the ends of the 
copper tubing to accommodate thermocouples for measurements 
of inlet-outlet temperature difference. The Teflon-coated 
aluminum tube was made out of Alloy No. 1100, cold rolled 
H-13. It was equipped with six thermowells, three at each 
end (figure 3). Thermowells were 1/16 in. in diameter and 
4 in. deep, drilled parallel to the tube axis at equal



distances from each other (0.375 in., 0.500 in., 0.625 in., 
respectively, from the center). The inlet and outlet ther
mocouple holes were at 180° from each other, i.e., if one 
group of three was at the top, the other group of three was 
at the bottom. The six thermocouples used for temperature 
measurements in the Teflon-coated tube were copper-constan- 
tan by Conox, 8 in. long with 1/16 in. O.D. A two-channel 
recorder, Hewlett-Packard Model 17501-A, was used to record 
temperatures. Full scale on each channel could be varied 
from 1 millivolt to 200 V for a chart width of 10 in.

Venting arrangement (figure 3) was designed to cover 
the whole Teflon-coated, surface area in both axial and 
radial directions at definite intervals. Three-inch long 
1/8-in. O.D. thick copper tubes were soldered to a %-in.
O.D. copper tube through holes drilled on it. The holes,
60 in number, were drilled as 3 holes per inch and. 120° 
apart from each other consecutively. Then the 1/8-in. cop
per tubes were bent toward the Teflon-coated surface, their 
ends being not more than 1/8 in. away from the surface.
With this configuration, there were three vents per inch of 
the surface, 120° apart from each other radially. The ends 
of the venting tubes were tapered during cutting and polish
ing and their openings were about 1/32 in. in diameter.
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Experimental Procedure
The experimental procedure involved, in the first 

place, a preliminary run of passing steam and water, at the 
desired values, through the system for 4 to 5 hours. The 
purpose was to bring the system to steady-state. During 
this preliminary run the temperatures and flow rates were 
continuously recorded at 10-min intervals.

At steady-state, the recorded data consisted of tem
peratures in millivolts, steam and water flow rates in 
terms of pressure differential across their respective ori
fice plates, steam-line pressure and temperature inside the 
steam-chamber, position of heat-exchanger tube thermocouples 
and whether the system was being vented or not.

Temperature Measurements
All thermocouples were calibrated and found to be in

good working order. Calibration was carried in two steps:
(a) Each thermocouple was parallel connected to a cold-
junction reference thermocouple and was placed in boiling
water, together with a thermometer. The temperature was
measured in millivolts on the recorder, using 5 millivolt
range for full scale. For each thermocouple, exactly the
same millivolts were measured, and when converted into
degrees Fahrenheit agreed with reading to within the accu-

+ oracy of the recorder on the 5 millivolt scale (- 0.2 F).
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(b) Thermocouples, all connected to a cold-junction refer
ence thermocouple through a 4-deck switch, showed zero- 
readings on 1 millivolt full-scale range on the recorder 
when they were all placed in the cold-junction. The cola- 
junction was a crushed ice-water mixture in a thermos 
bottle.

The strip chart recorder was calibrated for each chan
nel, 1, 5, and 10 millivolt scales with respect to a 
portable Leads and Northrup Precision Potentiometer.

During experimental runs, temperature difference of 
cooling water between the inlet and outlet was measured 
continuously on one channel using the 2 millivolt full- 
scale range. The other channel was used to measure steam 
temperature, inlet water temperature, and the six tube-wall 
temperatures at inlet and outlet, all with respect to the 
cold-junction. One thermocouple per side was used to meas
ure tube-wall temperatures at three locations per side.

For some runs, tube-wall temperatures were measured at 
0°, 90°, and 180° by rotating the tube, everything else 
being constant. At each new position, a half hour was 
allowed between measurements to insure that the temperature 
was at steadv-state.
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Flow Measurements
Water and steam orifices were calibrated twice, and 

the same flow rates vs. pressure drop curves were obtained 
in each case.
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EXPERIMENTAL RESULTS

At the outset, it should be pointed out that no quanti 
tative results were obtained through theoretical considera
tions . Results reported here are purely experimental and 
were calculated throuqh the macroscopic model of the system

Appendix A is the tabulated form of the recorded and 
calculated data points. Columns 1 through 22 are observed 
data points and columns 23 throuqh 42 are calculated data 
points. Some runs are numbered bv a letter and a number, 
e.g., 109-a. This indicates that in run 109, the wall 
temperatures were measured at 0° angle from vertical at 
inlet, 180° at outlet. Letter b indicates both are at a 
9 0° anale from vertical, and c indicates the inlet was at 
180° and outlet at 0° positions. Runs which are not fol
lowed by a letter are the runs in which tube-wall tempera
tures were measured at a, b, c positions- and the arithmeti
cal average temperatures were reported. The tube-surface 
temperatures with respect to angular oositions, without 
correcting for the Teflon film thickness, are tabulated in 
Appendix D.

The macroscopic model of the system, and the equations 
used for calculations of heat-flux, over-all heat-transfer 
coefficients, and steam-side heat-transfer coefficients are
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given in Appendix C. Appendix B shows how the surface 
temperatures for water and steam-sides were found by extrapo
lation from the observed values in the walls of the tube.
The maximum possible error in extrapolating to obtain sur-

*j-face temperatures was -- 2.5% for run 103-c. This error was 
calculated by finding the temperature deviation if the 
straight line was passed through only two of the three tem
peratures. This is very improbable. For the others it

“I*ranged from - 0.5% to - 1.5%, average being at about - 1.5%. 
None of the runs had a perfect fit to a straight line when 
In r vs. T °F was plotted.

The errors pertaining to the two-channel recorder were 
small, since it had an accuracy of - 0.2 F at the 5 milli
volt- full-scale range, which was used to measure tube-wTall 
temperatures.

There were 26 runs made, with water flow rates chang
ing from 14.411 ft3/hr to 23.566 ft3/hr, and steam rates of 
21.548 to 33.750 ft3/min calculated at 13 psia and at steam 
temperatures in the steam-chamber. The corresponding 
Reynolds numbers for cooling water were calculated by using 
viscosity values at the arithmetic-mean temperatures of 
inlet and outlet. Reynolds numbers ranged from 55,341 to 
8.8 , 047.
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Figure 4 is a plot of steam-side heat-transfer coef

ficient, )s s ' VS* l09~mean“temperature difference
between the Teflon-coated surface and the steam. Maximum 
steam-side heat-transfer coefficient was 26,037 Btu/hr°F ft2 
at a log-mean-temperature difference of 1.35°F. Maximum 
deviation of data from the drawn hyperbola is - 16% at mid
range .

Figure 5 is a log-log plot of over-all heat-transfer 
coefficient vs. Reynolds number. Maximum deviation was
_L- 8.5%. Over-all heat-transfer coefficient was calculated, 
in this case using equation 3 in Appendix C. The values of
Uo range from 776 to 1043 Btu/hr °F ft2.

By plotting over-all heat-transfer coefficients 
obtained by series combination of resistances (Appendix C, 
equation 7a) vs. Reynolds number figure 6 is obtained. The
maximum deviation of data points was not more than - 8%.
The values of (U ) ranged from 784 to 1090 Btu/hr °F ft2.O Ja0 S •

Water-side heat-transfer coefficients, defined in
Appendix C, equation 6, is correlated with Reynolds numbers
in figure 7. The values ranged from 1004 to 1583 Btu/hr - 
o ?F ft xn the experimental range. This correlation was true 
within - 2 0%, as shown by maximum deviation lines. Water
side heat-transfer coefficient was also correlated with 
heat-flux, as shown in figure 8. Almost a straight line
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relation, existed, with larger deviations at higher values 
of heat-flux. The maximum deviation from a straight line 
was - 5.5% as indicated by figure 8.

Heat-flux was also correlated with Reynolds numbers.
A straight line relationship existed when heat-flux vs.
In )’k was plotted, as shown by figure 9. The maximum

4-deviation from the average was - 8.8%.
Apparent steam velocities were calculated by dividing 

the volumetric inlet steam rate by cross-sectional area of 
the steam-chamber. Correlations of steam velocity with 
heat-flux were obtained for separate sets of runs in which 
the water flow rate was kept constant and steam flow rate 
was changed. The sets were runs 101, 102-c, 103-c, 104 at 
water velocity of 255.1 ft/min; runs 106, 107-a, 108-a at 
water velocity of 251.9 ft/min; runs 109-a, 110-a, 111-a,
112 at water velocity of 232.4 ft/min; and runs 117, 118, 
119-c at water velocity of 196.1 ft/min. The correlations 
are presented in figure 10.

No reproducibility runs were necessary, since most 
runs were checked twice to determine whether the temperatures 
reached their steady-state values with half-hour time inter
vals. The same tube-wall temperatures were observed. These 
checks were reproducibility runs in themselves. The other 
reason for not having separate reproducibility runs was
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that the steam temperature was changing from day to day.
Only one run, run 123-a, had the same water and steam flow 
rates and the same steam temperature as a previous run, i.e., 
107-a. In this situation heat fluxes agreed within 0.7%, 
water-side heat-transfer coefficients within 0.47%, and the 
steam-side heat-transfer coefficients within 8%.

No quantitative analysis was made on the amount vented, 
because venting did not affect the steady-state values of 
the surface temperatures whatsoever for the values of steam 
velocity in this work.



INTERPRETATION OF RESULTS

The experimental results described in the preceding 
section involve three categories of errors inherent in the 
problem: (1) An over-simplification in the macroscopic
model of the system, (2) the presentation of the results in 
two dimensions, whereas the problem is multidimensional, 
and (3) the extreme complexity of the dropwise condensation 
phenomenon for quantitative analysis. The experimental 
error involved is negligibly small when compared with the 
above-mentioned inherent errors, especially with respect to 
the second category. Since determination of cooling water 
temperature difference at inlet and outlet was carried out 
on the 2 millivolt full-range scale of the recorder, the

4* Qmaximum recorder error on these temperatures was - 0.1 F 
(0.1% of full scale). There were small orderly oscilla
tions in the cooling water temperature measurements with 
apparently the same deviations from their midpoint; these 
oscillations were not more than - 1.0°F. Also, the error

-j.in the water-flow rates was less - 0.1 in. Hg on the mano- 
meter corresponding to - 0.05 ft/min or average - 0.67% 
error. Calibration of the water orifice plate was done 
twice at inlet water temperatures at the water-flow-rates 
used. The distribution of steam-side heat-transfer
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coefficients with respect to the steam-side surface temper
ature differences had a hyperbolic shape, as expected
(figure 4). This is due to the fact that (h, ) will±n s.s.
approach infinity as temperature difference goes to zero, 
and will approach zero if the temperature difference goes 
to infinity. The scatter in the distribution was due to a 
combination of experimental error and the assumptions made 
in the calculations. These were: (a) a log-mean tempera
ture difference was used instead of an exact three-dimen
sional temperature profile, (b) the extrapolated surface 
temperatures were not the end-point (inlet and outlet) 
temperatures. The reason for (b) was that the tube-wall 
temperatures were measured at 3 in. from the end point to 
eliminate end effects since the profile in the axial direc
tion was not necessarily linear and was not known. No 
extrapolations for end points were carried out.

The considerations mentioned above are also true for 
any possible errors involved in the calculation methods for 
water-side heat-transfer coefficients. The arithmetic-mean 
average of inlet and outlet for physical properties of water 
was used in the calculations. For a temperature difference 
of 80°F, the density and the heat capacity change at the 
third decimal place.
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The steam velocities reported in Appendix A should not 
be considered as the true steam velocities at the Teflon 
surface-steam interface, but are average values in the 
chamber. They were simply the inlet volumetric flow rate 
divided by the average cross-sectional area of the steam 
chamber. The significance of reported steam velocities is 
that venting of the surface was not necessary at these 
velocities. Noncondensables in steam were being swept from 
the condensation surface by the steam flow before they could 
accumulate.

Appendix A presents two types of over-aLl heat-transfer
coefficients. One of them, U , is the over-all heat-trans-o
fer coefficent obtained (Appendix C) from the total thermal 
energy balance between steam and cooling water. Its calcu
lation did not require any knowledge of the water-side and 
steam-side surface temperatures. The other over-all heat- 

transf er coefficient, (u0)pes' was calculated by using the 
experimentally determined surface temperatures. It was 
defined by series-combined resistances, namely, resistances 
obtained through water-side heat-transfer coefficient, 
thickness and thermal conductivity of aluminum tube, Teflon- 
film thickness and its thermal conductivity, and steam-side 
heat-transfer coefficients. This definition involved utili
zation of every experimental result obtained in the investi-



gation. The remarkable outcome of all this was that the 
two types of over-all heat-transfer coefficients agreed 
within - 4% over all the experiments made. This supports 
the previous statement that experimental errors involved 
are not significant and that steam-side, water-side, and 
over-all heat-transfer coefficients reported are true, 
accurate values.

In the literature, no investigation carried out this
(11)dual check on results. Edwards and Doolittle are the

only investigators who attempted to measure surface tempera
tures on a Teflon-coated tube. No explanation was given as 
to how this was carried out or whether both water-side and 
steam-side surface temperatures were measured. For their 
Teflon-coated tube, 35 in. long, 0.54 in. I.D., they report
ed an over-all heat-transfer coefficient of 500 Btu/hr ft2°F 
at a water velocity of 200 ft/min. In this investigation, 
for the comparable water velocity of 196.1 ft/min over-all 
heat-transfer was around 800 Btu/hr ft2 °F in runs 117,
118, 119-c.

A meaningful comparison of experimental results report
ed in this study with the values reported in literature can 
not be carried on an individual basis. Unfortunately, there 
was not a single investigation published in which experi
mental methods were compatible with this one. Some investi
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gators used the method of determining surface temperatures
by extrapolation. None of these investigations utilized
Teflon as the dropwise condensation promoter, used a tube
for the heat-transfer surface, or made a complete report of

CL7)the relationships among the variables. O'Bara and others 
determined heat-transfer coefficients on a 2-in.-diameter 
copper plate by using the same temperature determination 
method. They reported only the relation between steam-side 
heat-transfer coefficients and steam velocities. LeFevre

(19)and Rose by using a similar apparatus and methods (17)
reported only the relationship between heat-flux and the 
surface-steam temperature difference at stagnant steam 
conditions. In the range of variables used in the present
investigation no meaningful comparisons can be made with

(17) (19)the work of O'Bara and others and of LeFevre and Rose .
The main fallacy of comparing results in two-dimen

sional relationships for dropwise condensation variables 
is that a third variable can offset the relationship. For 
example, a number of previous authors have attempted to 
correlate heat-flux vs. steam velocity, ignoring the series 
resistance effect that water flow rate will exert. As can 
be seen from figure 10, this cannot be justified. Results 
correlate well when families of curves for various water 
velocities are considered. One would expect this to be 
true from physical arguments.



Visual observations indicated that a normal distribu
tion of drop sizes does not exist. The distribution is 
more likely to be a 50-50 division between very small and 
very large drops. Large drop sizes varied, more at the 
sides of the tube than at the top, and drops on the sides 
tended to be smaller than the ones at the top. This can 
probably be accounted for by their residence times on the 
Teflon surface. Drops at the sides have shorter residence 
times, because the force of gravity is more effective on 
them and they are continuously swept by drops sliding down 
from the top. As pointed out in the Theoretical Considera
tions, no quantitative results based on theorems of Lee and 
Y a n g w e r e  obtained.



CONCLUSIONS

This investigation confirmed dropwise condensation 
heat-transfer to be a multi-variable problem. A smooth, 
orderly fit in an equation form of two-- or three-variables 
is not possible for any relationships existing among the 
variables of this phenomenon. An approach of this nature 
is not complete. Results of the present investigation are 
accurate representation of the dropwise phenomena, within 
their represented correlation limits. These experimental 
correlation limits were further proven through the excellent 
agreement between the two over-all heat-transfer coeffi
cients, U , and U _ *•overall o,Res.

Teflon was found to be a remarkable nonwetting agent 
for steam, and an excellent promoter for dropwise condensa
tion .
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NOMENCLATURE
A. = inside surface area of the tube, ft2 1 '
A = outside surface area of the tube, ft20 '

= heat-capacity, Btu/lb°F
D. = inside diameter of the tube, ft1 '
D = outside diameter of the tube without Teflon film, ft0 '

=.outside diameter of the tube with Teflon coating, ft 
f = fugacity
(h ) = steam-side heat-transfer coefficient, Btu/hr°F ft2in s.s. ' '

(h . ) = water-side heat-transfer coefficient, Btu/hr°F ft2i n w . s. ' '
kQ = thermal conductivity of aluminum, Btu/hr ft°F
k = thermal conductivity of Teflon, Btu/hr ft°F 

0 1
k = Boltzmann's constant1 2
L = length of heated section of tube., ft
mg = mass flow rate of steam, lb/min

= mass flow rate of water, lb/hr
U = over-all heat-transfer coefficient determined from o

heat flux, Btu/hr°F ft2
(U )  ̂ = over-all heat-transfer coefficient determinedo Res.

from series combination of resistances, Btu/hr°F ft2
v = specific volume
vg = steam velocity, ft/min
v = water velocity, ft/min
Vs = volumetric steam flow rate, ft3/min
V = volumetric water flow rate, ft3/hr w
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*
T l = tube wall temperature at r ,i at outlet
T2 = tube wall temperature at r 2' at outlet
T 3 = tube wall temperature at r 3' at outlet
T = tube wall temperature at at inlet
T *5 = tube wall temperature at r 2' at inlet
T 6 = tube wall temperature at r 3' at inlet

‘ T^ = outside surface temperature at inlet, °F 
T = outside surface temperature at outlet, °Fa2

= inside surface temperature at inlet, °F 
= inside surface temperature at outlet, °F 

It = inlet water temperature, °F 
Tq = outlet water temperature, °F 
Tg = steam temperature inside steam chamber, °F

e - average energy of a particle 
p = density, lb/ft3 
y = viscosity, centiposes



A P P E N D I X  A
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0-

Run

No.

1

Ti
(milli
volts)

2
T x 2

(milli
volts )

APPENDIX A

3 4 
T TX 3 J if

(milli- (milli
volts) volts)

5
Tx 5

(milli
volts)

6
T x 6

(milli
volts)

7
Ts
(milli
volts)

101-a 3.000 3,20 5 3.340 3.000 3.175 3.400 3.750
101-b 3.0,00 3.205 3.250 3.025 3.225 3.450 3.750
101-c 2.950 3.175 3.275 3.000 3.190 3.400 3.750
102-c 2.925 3.150 3.265 2.950 3.185 3.390 3.775
103-c 2.700 2.925 3.040 2.775 3.000 3.220 3.750
10 4-a 2.975 3.200 3.300 2.925 3.200 3.400 3.810
104-b 2.975 3.190 3.325 2.985 3.200 3.440 3.810
104-c 2.985 3.225 3.315 2.975 3 . 225 3.450 3.810
105-a 2.905 3.150 3.270 2.865 3.185 3.355 3.790
105-b 2.900 3.140 3.320 2.920 3.150 3.405 3.790
105-c 2.900 3.105 3.240 2.930 3.155 3.400 3.790
106-a 3.040 3.220 3.335 2.985 3.200 3.400 3.790
106-b 3.015 3.215 3.350 3.035 3.225 3.435 3.790
106-c 3.005 3.195 3.305 3.035 3.225 3.440 3.790
107-a 3.020 3. 205 3.315 2.990 3.200 3.390 3.790
108-a 2.965 3.160 3.285 2.950 3.150 3.400 3.790
109-a 2.990 3.195 3.305 2.940 3.155 3.375 3.810
110-a 2.990 3.195 3.300 2.955 3.160 3.375 3. 810
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Run 
No.

1 2 3 4 5 6 7

111-a 2.950 3.190 3.290 2.950 3 .150 3 . 350 3.775

112-a 2.915 3.110 3.215 2.900 3.065 3.300 3.750
112-b 2.930 3.145 3. 250 2.940 3.155 3.375 3.750

112-c 2.900 3.100 3.225 2.955 3.145 3.375 3.750
113-a 2. 950 3.155 3.290 2. 925 3.105 3.305 3.780
113-b 2.930 3.150 3.300 2. 975 3.150 3.400 3 .780
113-c 2.905 3.13 0 3. 250 2.910 3.155 3.400 3.780
114-a 3.005 3.210 3.235 3.020 3.180 3.355 3.755
114-b 3.060 3.260 3.360 3.080 3.250 3.405 3.755
114-c 3.030 3.225 3.350 3.040 3. 225 3.450 3.755
115-c 3.000 3.200 3.305 3.010 3.215 3.390 3.800

116-c 3.000 3.200 3.300 3.000 3.200 3.405 3.780
117-a 3.050 3.255 3.350 3.050 3.205 3.400 3.775
117-b 3.050 3.250 3.350 3.055 3.230 3.440 3.775
117-c 3.050 3.240 3.390 3.060 3.240 3.450 3.775
118-a 3.175 3.355 3.475 3.145 3.305 3 . 500 3.880
118-b 3.155 3.350 3.450 3.145 3.310 3.525 3.880
118-c 3.145 3.355 3.425 3.145 3.360 3.510 3.880
119-c 3.045 3.215 3.325 3.050 3.210 3.430 3.755
120-a 3-100 3.275 3.355 3.070 3.225 3.400 3.750
120-b 3.100 3.275 3.355 3.095 3.24 5 3.440 3.750
120-c 3.100 3.250 3.350 3.100 3.250 3.440 3.750
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Run 1 2  3

No.
121-a 2.905 3.125 3. 250
121-b 2.900 3.150 3.250
1'21-c 2.900 3.120 3.240
122-b 2.925 3.150 3.275
123-a 3.025 3.200 3.325
124-c 3.000 3.200 3.340
125-a 3.10 5 3.275 3.375
126-c 3.050 3.225 3.350

4 5 6 7

2.880 3.075 3.300 3.750
2 .900 3.100 3.350 3.750
2.900 3.120 3.350 3.750
2.925 3.130 3.365 3.750
2.985 3.200 3.385 3.790
2.990 3.200 3.400 3.800
3.075 3 .250 3.400 3.760
3.025 3.210 3.425 3.755



T-1192

8

T.l
(milli
volts)

101-a 0.095
101-b 0 .110
101-c 0.090
102-c 0.063
103-c 0.068
104-a 0.098
104-b 0.090
104-c 0 .105
105-a 0.060
105-b 0.067
105-c 0.084
106-a 0.101
106-b 0.111
106-c 0.119
107-a 0.100
108-a 0.040
109-a 0.100
110-a 0.095
111-a 0.060
112-a 0.064
112-b
112~c

0.080
0.080

Run

No.

56

1U 11 12 13 14
T -T. O 1 To mw ms P (in s line)T -T c
[milli (milli
volts) volts) (lt/min)(lb/min) (psia) (°F)
0.760 0.855 9.90 1.1065 17 34.91
0.760 0.870 9.90 1.1065 17 34.57
0.760 0.850 9.90 1.1065 17 34.63
0.740 0.803 9.825 0.9563 19 33.77
0. 685 0.753 9.825 0.7813 18 31.27
0.750 0.848 9.825 1.1250 16 34.16
0.750 0.840 9.825 1.1250 16 34.17
0.750 0 .855 9.825 1.1250 16 34.53
0.705 0 .765 11.100 1.1250 16 32.25
0.705 0.772 11.100 1.1250 16 32.18
0.705 0.789 11.100 1.1250 16 32.08
0.790 0.891 9.700 0.9688 19 35.92
0.790 0.901 9.700 0.9688 19 35.91
0.790 0.909 9.700 0.9688 19 35.89
0.790 0.890 9.700 1.0620 18 35.92
0.790 0.830 9.700 1.1000 18 36.00
0.705 0.805 10.35 1.0563 18 32.15
0.705 0.800 10.35 1.0875 18 32.16
0.705 0.765 10.35 1.1188 17 32.18
0.690 0.754 10.35 0 .9563 18 31.50
0.690 0.770 10.35 0.9563 18 31.50
0.690 0.770 10.35 0.9563 18 31.50
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Run 8 9 10
No.
113-a 0.070 0.705 0.775
113-b 0.078 0.705. 0.783
113-c 0. 070 0.705 0.775
114-a 0. 095 0.750 0.845
114-b 0.145 0.750 0.895
114-c 0.145 0.750 0.895
115-c 0.140 0.745 0.885
116-c 0.115 0.740 0.855
117-a 0.155 0.780 0.935
117-b 0.165 0.780 0.945
117-c 0.155 0.780 0.935
118-a 0.230 0.785 1. 015
118-b 0.200 0.785 0.985
118-c 0.190 0.785 0.975
119-c 0.140 0.765 0.905
120-a 0.130 0.820 0.950
120-b 0.130 0.820 0.950
120-c 0.130 0.820 0.950
121-a 0.080 0.670 0.750
121-b 0.100 0.670 0.770
121-c 0.110 0.670 0.780
12 2-b 0.135 0.675 0.810

11 12 13 14

10.45 1. 2375 16 32.88

10.45 1. 2375 16 32.18
10.45 1.2375 16 32.88
8.95 1.0125 18 34.16
8.95 1.0125 18 34.06
8.95 1.0125 18 34.06
8.95 0.9563 19 33.80
8.95 0.8250 19 33.78
7.55 0.9688 18 35.34
7.55 0.9688 18 35.32
7 .55 0.9688 18 35.35
7.55 0.8563 19 35.41
7 .55 0.8563 19 35.46
7.55 0.8563 19 35.65
7.55 0.7188 18 34.74
6.80 1.0000 18 37.21
6.80 1.0000 18 37.21
6.80 1.0000 18 37.21

10.95 1.0000 18 30.59
10.95 1.0000 18 30.56
10.95 1.0000 18 30.54
11.12 1.1125 16 30.76
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Run 8 9 10
No.
123-a 0.120 0.7 90 0.910
124-a 0.110 . 0.745 0.855
125-a 0.110 0.820 0.930
126-c 0.110 0.765 0.875

11 12 13 14

9.70 1.0553 18 35.89
8.95 0.9563 18 34.30
6.80 1.0000 18 37.22
7.55 0.7188 18 34.78
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Run 15 16 17 18 19 20
No. T (°F) T (°F)2 T (°F)3 T (°F)k

T (°F)5 T (°F) 6 ' '

101-a 161.72 169.92 175.32 161.72 168.72 111 .12

101-b 161.72 169.92 171.72 162.72 170.72 179.68
101-c 159.68 168.72 172.72 161.72 169.32 177.72
102-c 158.68 167.72 172.32 159.68 169.12 177.32
103-c 149.54 158.68 163.3 2 152.60 161.72 170.52
104-a 160.71 169.72 173.72 158.68 169.72 111 .12

104-b 160.68 169.32 174.72 159.92 169.72 179.28
104-c 161.12 170.72 174.32 160.79 170.72 179.68
105-a 157.79 167.72 172.52 156.23 169.92 175.92
105-b 157.67 167.32 174.52 158.48 167.72 177.92
105-c 157.67 165.92 171.32 158.88 167.92 177.72
106-a 163.32 170.52 175.12 161.12 169.72 177.72
106 ̂ b 162.32 170.32 175.52 163.12 170.72 179.08
106-c 161.92 169.52 173.92 163.12 170 . 72. 179.28
107-a 162.52 169.92 174.32 162.32 169.72 178.32
108-a 160.29 168.12 173.12 159.68 167 .72 111 .12

109-a 161.32 169.52 173.92 159.28 167.92 176.72
110-a 161.32 169.52 173.72 159.88 168.12 176.80
111-a 159.68 169.32 173.32 159.68 167.72 175.72
112-a 158.68 166.12 170.32 157.25 164.32 173.72
112-b 158.88 167.72 171.72 159.28 167.92 176.72
112-c 157.25 167.72 170.72 159.88 167.52 176.72
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Run
No.
113-a
113-b
113-c
114-a 
114-b.
114-c
115-c
116-c
117-a 
117-b
117-c
118-a 
118-b
118-c
119-c
120-a 
120-b
120-c
121-a 
121-b
121-c

122-b

15

159.68
158.88
157.88
161.92
164.12
162.92
161.72
161.72
163.72
163.72
163.72
168.72
167.92
1.67.52
163.52
165.72
165.72
165.72
157.88
157.67
157.67

158.52

16

167.92
167.72
166.92
170.12
172.12
170.72
169.72 
169 .72
171.52
171.72
171.32
175.92
175.72
175.92
170.32
172.72
172.72
171.72
166.72
167.72
166.52

167.72

17

173.32
173.72
171.72
174.72
176.12
175.72
173.72
173.72
175.72
175.72
177.32
180.68
179.68
178.69
174.72
175.92
175.92
175.72
171.72
171.72
171.32

172.72

18

158.68 
160 .71
158.08
162.52
164.92
163.72
161.72
161.72
163.72
163.92
164.12
167.52
167.52
167.52 
163 .72
164.52
165.52
165.72 
156.84
157.67
157.67

158.52

19

165.92
167.72
167.92 
168.12
171.72
170.72
170.32
169.72
169.92
170.92
171.32
173.92
174.12 
17 6.12
170.12
170.72
171.52
171.72
164.72
165.72
166.52

166.92

20

173.92
177.72
172.72
175.92
177.92
179.68
177.32
177.92
177.72 
179 .28
179.68
181.68
182.68
182.08 
17 8.8 9
177.72
179.28
179.28
173.72
175.72
175.72

176.32
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Run
No.

15 16 17 18 19 20

123-a 162.72 169.72 174.72 161.12 169.72 177.12
124-a 161.72 169 .72 175.32 161.32 169.72 177.7 2
125~a 168.92 172.72 176.72 164.72 171.72 177.7 2
126-c 163.72 170.72 175.72 162.72 170.12 178 .72
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Run 21 22 23 24 25 26
No. T.l To Ta i *bl T

3-2
T,b2

(°F) (°F) (°F) (°F) (°F) (°F)
101 36.52 71.44 183.7 150.2 18 0.2 150.4
102-•c 34.96 68.73 183.5 145.5 179.5 147.0
103-•c 35.18 66.45 175.5 139.5 169.0 140.0
104 35.98 70.84 185.6 144.5 181.2 149.6
105 35.27 67.47 184.0 141.6 178.3 144.9
106 37.15 73.06 183.9 149.3 180.1 152.3
107-■a 36.67 68.82 183.2 148.2 176.9 152.0
108-•a 33.91 69.91 181.7 145.9 178.8 150.1
109-•a 36.67 68.82 182.6 144.2 180 .6 149.1
110-■a 36.43 68. 59 182.5 145.6 179.4 151.0
111- a 34.82 67.0 0 181.1 146.1 179 .5 149.0
112 35.49 66.99 180.9 144.7 176.1 148.6
113 35.39 67.64 180.3 145.3 178.4 147.8
114 37.98 72.05 181.2 152.5 180.7 153.2
115-c 38. 52 72.32 182.7 14 9.2 178.3 152.1
116-c 37.76 71.04 183.1 148.8 179.0 152.0
117 39.40 74.74 184.7 151.4 180.9 153.8
118 41.63 77.14 186.4 ' 154.5 184.6 159.1
119-•c 38.52 73.26 183.7 150.6 179.3 154.3
120 38. 05 75.26 183.4 151.2 180.0 156.3
121 36.51 67.07 181.7 140.0 178.1 145.7
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Run 21 22 23 24 25 26
NO.
122-b 38.28 69.04 183.0 141.5 178.5 148.0
123-a 37 . 59 73.48 183. 0 148.2 179.3 154.0
124-c 37.14 71.44 183.4 143.0 181.0 150.1
125-a 37.14 74.36 182.2 154.1 179.6 162.4
126-c 37.14 71.92 184.1 149.3 180.0 154.1
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Run 27 28 29 30 31 32
No.

T -T. i s 1lo(lT _T s o
Uo

T. +T 1 o
2 % mw (NReJ, b

Btu (°F) (C.poise) Ft3
hr.ft2°F hr

101 0.1133 1043 53.9 1.23 20.980 78 ,385
102-c 0.0903 825 51.8 1.27 20.8 21 75 ,649
103-c 0.0927 847 50 .8 1.28 20.821 74 ,767
104 0.1106 1010 53.4 1.23 20.821 77 ,791
105 0.0990 1022 53.4 1.23 23.523 88 ,820
106 0.1136 1025 55.1 1.20 20.556 78 ,939

i—' o ! pJ 0.1133 1022 54.6 1.20 20.556 78 ,939
108-a 0.1112 1004 51.9 1.27 20.556 74 ,686
109-a 0.0993 956 52.7 1.25 21.934 80 ,967
110-a 0.0993 956 52.5 1.25 21.934 80 ,967
111-a 0.0990 953 50.9 1. 28 21.934 78 ,764
112 0.0980 943 51,2 1. 27 21.934 79 ,693
113 0.0997 969 51.5 1.27 22.146 80 ,463
114 0.1089 906 55.0 1.21 18.967 71 ,940
115-c 0 .1069 889 55.4 1.20 18.967 72 ,838
116-c 0.1052 875 54.4 1. 23 18.967 70 ,864
117 0.1136 798 57.7 1.15 16.000 68 ,119
118 0.1164 817 59 .4 1.12 16 .000 69 ,891
119-c 0.1109 779 55.9 1. 20 16.000 65 ,434
120 0.1206 762 56 .7 1.17 14.411 56 ,849
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Run
No.

27 28 29 30 31 3 2

121 0.0958 975 51. 8 1.27 23.205 84,377
122-b 0.0973 1006 53.7 1.23 23.566 88,047
123-a 0.1139 10 28 55.5 1.20 20.556 78,939
124-c 0.1076 895 54.3 1. 20 18.967 72,838
125-a 0.1186 750 55.8 1.20 14.411 55,341
126-c 0.1106 776 54.5 1.20 16.000 65,434
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Run 33 34 35 36 37
No.

Vs Vs Vw T ’ai T'a2
<ft3/min) (ft/min) (ft/min) (°F) (°F)

101 33.186 42.3 257.1 189.9 185.8
102-c 28.688 36.5 255.2 190.6 185.6
103-c 23.438 29.9 255.2 182.3 174.5
104 33.750 43.0 255.2 193.3 187.6
105 33.750 43.0 288 .3 192.0 184.6
106 29.063 37.0 251. 9 190.4 185.4
10 7 - a 31.860 40.6 251.9 189.0 184.8
108-a 33.000 42.0 251.9 188.4 184.1
109-a 31.688 40.4 268.8 189.0 186.5
110-a 32.625 41.5 268.8 189 . 4 184.7
111-a 33.563 42.7 268.8 187.7 185.2
112 28.688 36.5 268.8 187.7 181.2
113 37.125 47.3 271.4 186.8 184.2
114 30.375 38.7 232.4 186.6 185.9
115-c 28.688 36.5 232.4 189.0 18 3.2
116-c 24.750 31.5 232 .4 189.5 184.0
117 29.063 37.0 196.1 190.9 186.0
118 25.688 32.7 196.1 192.2 189.3
119-c 21.54 8 27.5 196.1 189.9 184.0
120 30.000 38.2 176.6 189.5 184 . 5
121 30.000 38.2 284.3 189.5 184.2
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Run 33 34
No.
122-b 33.375 42.5
123-b 31.860 40.4
124-c 28.688 36.5
125-a 30.000 38.2
126-c 21.548 27 .5

35 36 37

288.8 190.8 184.2
251. 9 189 . 5 184.0
232.4 191.0 186.8
176.6 187 .4 182.8

196.1 190.6 184.9
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Run 
No.

38

Q

,BtUv
{ hr j

39
<p i _iji i

a i a 2
• To“Ti9 .. s a 2
T -T1 .s a 1

(°F)

40

(hm>W'.s

Btu

41

( h l n> s . s

Btu

42 

(U )
R e s . 

Btu
hr ft2°F hr ft2°F hr f12°F

101 •45, 992 \ 3 . 2 0 1474 1 4 , 6 2 5 1090

1 0 2 - c 4 4 , 086 3 . 8 5 1445 1 2 , 2 4 6 1069

1 0 3 - c 4 0 , 822 1 2 . 7 0 1417 3 , 2 4 0 975

104 4 5, 509 2 . 5 2 1527 1 8 , 5 7 5 1124

105 4 7 , 492 3 . 6 5 1583 1 3 , 3 4 0 1145

106 4 6 , 283 4 . 8 1 1542 9 , 7 4 3 1112

1 0 7 - a 4 6 , 296 5 . 5 5 1469 8 , 6 0 5 1068

1 0 8 - a 46 , 400 6 . 6 1 1443 7 , 1 3 8 1046

109~a 4 4 , 215 5 . 6 0 1339 7 , 5 5 8 992

1 1 0 - a 4 4 , 284 6 . 5 5 1366 6 , 8 6 5 1003

1 1 1 - a 44 , 256 6 . 0 5 1409 7 , 3 7 5 1084

112 4 4 , 781 6 . 5 0 1421 6 , 9 9 7 1033

113 4 0 , 517 7 . 2 0 1307 5 , 7 0 6 961

114 4 0 , 196 5 . 5 0 1276 7 , 2 2 6 956

1 1 5 - c 3 9, 578 5 . 8 3 1272 7 , 4 4 0 942

1 1 6 - c 3 5 , 227 5 . 4 8 1136 6,  536 871

117 3 5 , 396 3 . 6 2 1149 1 0 , 2 6 0 893

118 3 4 , 629 1 . 3 5 1099 2 6 , 0 3 7 878

1 1 9 - c 33 , 408 5 . 0 5 1074 6 , 7 6 3 8 35
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Run 38 39 40 41 42
No.

120 33,622 4.10 1084 8,385 848
121 44,463 4. 08 1502 11,116 1096
122-b 44,450 2.80 1540 16,232 1128
123-a 46,257 5.91 1492 7,907 1076
124-c 40,790 4.30 1360 9,700 1014
125-a 33,630 8.05 1004 5,338 784
126-c 34,668 3.12 1100 11,330 866
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A P P E N D I X  B



APPENDIX B

DETERMINATION OF TUBE SURFACE TEMPERATURES:
By making a thermal energy balance on a cylindrical 

shell of volume 2'rrrLAr/ we obtain:

A .27TrL - q r ^r , A . 2tt (r+Ar) L = 0 r+Ar
Division by 2TrLAr and taking the limit as Ar->0 gives

3 F <r(̂ r > = 0

Integration of this equation for constant k :

rq = r q (a constant)^r o^o
in which r is the inner radius and q is the heat flux.O
Hence for steady-state, by using the Fourier's Law, we write

r(-k — •) = r q 
d r  o ^ o

or

r q
In r = - - v -°- T + Constant k

Therefore In r vs. T is a straight line with a slope of
r q o o- —£—  . On these plots, temperatures determined at 

r = 0.25 in. and r = 0.75 in. will be the inside and outside 
surface temperatures respectively.

A sample plot is attached to this appendix.
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APPENDIX C

Macroscopic'model of the system is shown in fig. a:

Te f Ion

Figure a

The heat gained by fluid-flowing in the tube is equal 
to the heat transferred through the tube. Therefore:

Q/hr = c m p(T -T.) (1)p w o 1
By defining an over-all heat-transfer coefficient 

between steam and cooling water, we get:
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Q/hr = UoA.1
(T T.) - (Ti s V

In
r T - T. -is 1

T.l -»

(2)

Through the logarithmic mean-temperature difference 
defined as above.

Equating equation 1 with 2:

U = o
c m p (T - T . ) p wH o 1
A.l

r (T "T . ) “ ( T --T ) s i s o
In

r (T -T.) s 1
(T -T ) s o

c m p p w
A. In

rT - T.-s 1
T.l- (3)

Q, can also be expressed as:

Q/hr = (h.. ) A' In s . s. o
“(T - T 1 ) (T - T 1 )s a2 ■

In
r T - T -s a i
T - T s a2

(4a)

Q/hr = (h.. ) A.' In w.s.i
(Tbi T. ) - (T. - T )i b2 o

In
rT, - T . • b i i

(4 b)
T - T L b2 o
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or:
Q m c p (T - T . )

(h \ _ w P___°____ hi____  / N
1 I n ' s . s .  (T -T’ )-(T -T' ) { 's a 1 s a 2Ao T - T 1-i s a i In T - T 1 s ai

(hn )In w.s.
Q m c p (T - T . ) w p o 1

(T
A.l

b i V (T, V (6)
T

In bi T.l
T - t b2 o

On the other hand, a local over-all heat-transfer 
coefficient can be defined through the combination of series 
resistances:

In D /D In DVD 1

(u )

Di (Uo}Res. Di ^ln^w.s, 2k01 2k12 ^ ^ s . :

(7)

1 / D.
o Res. 1 In D /D In D 1/De o7 , o' o ,----  4----------- 4-   4-

D. (h.. ) 2k01 2k12 D (hn )l In w.s. o In s.s.
(7a)
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In equations 5 and 7, and were not experi
mentally determined quantities. They were calculated by 
making a heat-balance between the Teflon film and aluminum 
tube, i.e.:

In r /r. o 1T, . - T . = r . q —  —— -bi ai . l ao ^oi

(In r .1 /r.)i _ l iT . - T . = r . q --ai ai i^o ,i2k
Therefore:

T, - T (In r /r.)/k01 (In 3)/125.83b. a. o i 'l
Ta . Ta . (In r!/r.)/k12 (In 1.00023)l l l i —

=5.311
0.14

5.311 (T - T 1 ) = T, - Ta . a . b . a .1 1  l i

T' = 1.188 T - 0.188 T, (8)a . a . b . 'i l l

In which T and T^ were obtained experimentally through 
i i

extrapolation.
In equations 5 and 7, Aq is defined by Dq , outside 

diameter of tube without considering the thickness of 
Teflon film, since this thickness was average 0.00035 in.

Therefore, all the terms in equations 5, 6 and 7 are 
calculable through experimental data.
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APPENDIX. D

All temperatures are in Fahrenheit degrees
a b c

Position 0° O 0 180°
1 T , a i 185.0 184.5 181.5
2 T 178.6 181.5 180.6

Run-101 a 2
3 T, b i 149.5 150.5 150.5
4 Tb2 150.5 150.0 150.8

1 183.6 187.1 186.1
2 182.5 180.0 181. 0

Run-104 3 143.5 144.5 145.5
4 142.8 149.4 148.5

1 184.0 184.1 184.0

Run-105
2 174 .1 180.4 180.5
3 139.0 142.3 143.5
4 146.5 144.3 144.0

1 183.5 183.9 184.3

Run-10 6
2 179.0 181.0 18 0. 4
3 147 .4 150.5 150.0
4 152.0 151.6 153.3
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Run-112

Run-113

a b c

178.2 182.5 181.8
176. 0 177.2 175.1
143.2 145.0 145.7
147.0 149.8 149.1

179.1 182.3 179.4
177.5 179.5 178.3
145.2 145.0 145.8
147.5 146.7 149.3

Run-114

1 180.4 182.5 180.7
2 180.5 181.3 180.3
3 149.5 154.0 154.0
4 152.5 155.4 151. 6

Run-117

182.5 184.1 184.5
182.0 181.1 179.5
152. 6 150.5 151.0
152.8 154.1 154.5

Run-118

186.0 187.3 186.0
184.0 184.7 185.0
156.0 155.5 152.0
159.0 159.0 159.4
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Run-120

Run-121

a b c

1 183.1 183.1 184.0
2 179.5 18 0.0 180.5
3 151.5 153.6 148.5
4 158.0 158.0 153.0

1 178.7 184.0 182.4
2 177.4 180.0 177.0
3 143.0 134.5 142.5
4 146.0 14 3.5 147.5


