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ABSTRACT

An experimental test facility capable of investigating plain and
enhanced horizontal tubes was built. The test facility consists of an
electric boiler, test condenser and associated piping for steam, con-
densate and cooling water. Performance of the test condenser was
checked at a steam pressure of 3 psia with cooling water velocities
ranging from 5 to 25 ft/sec.

Condensation data was obtained for a single, 0.625 inch outside
diameter, 90-10 copper-nickel tube in a simulated tube bundle to de-
termine the overall, inside and outside heat transfer coefficients.
The overall heat transfer coefficient was determined directly from
experimental data, and the Wilson Plot technique was used to deter-
mine the inside and outside heat transfer coefficients.

The experimentally obtained values for the inside heat transfer
coefficient are within 5 percent of the theoretical values predicted
by the Sieder-Tate equation. The experimental values obtained for
the outside heat transfer coefficient are within 8 percent of the

theoretical values predicted by the Nusselt equation.
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NOMENCLATURE

outside surface area of test tube (£t2)
coefficient of Sieder-Tate equation

specific heat (BTU/ 1bm-°F)

inside diameter of pipe (in)

outside diameter of test tube (ft)

inside diameter of test tube (ft)

equivalent diameter (ft)

friction factor

expansion-contraction factor for inside area of pipe
manometer correction factor

dimensional conversion factor (ft-lbm/ lbf-sec2)
mass velocity (lbm/hr-ftz)

inside heat transfer coefficient (BTU/hr-ft>~CF)
outside heat transfer coefficient (BIU/hr-ft>-CF)
Nusselt heat transfer coefficient (BTU/hr-ft>~°F)
condensate film heat transfer coefficient ( BTU/hr-ftz-oF)
average heat transfer coefficient (BTU/hr-££2-CF)
manometer deflection (inches of water)

latent heat of vaporization (BTU/1lbm)

thermal conductivity (BTU/hr-ft-CF)

effective tube length (ft)

cooling water mass flow rate (1lbm/hr)

steam mass flow rate (1bm/hr)

constant, equal to 2835
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Subscripts:
:
v
w

average Nusselt number

Nusselt number

Prandtl number

Reynolds nurber

inside radius of test tube (ft)
outside radius of test tube (ft)
wall resistance (hr-f‘c2-°F/ BTU)
constant factor for Annubar element
inlet cooling water temperature (°F)
outlet cooling water temperature G3)
film temperature (°F)

steam temperature (°F)

test tube wall temperature (°F)

log mean terperature difference (°F)

overall heat transfer coefficient (BTU/hr-ftZ-OF)

steam velocity above test tube (ft/sec)
velocity (ft/sec)

gas adiabatic compression factor
mass flow rate (lbm/hr)
uncertainty

roughness height (inches)
dynamic viscosity (1bm/ft-hr)
specific weight (lbf/fts)
density (1bm/ft)

kinematic viscosity (£t%/hr)
film

vapor
wall




ACKNOWLEDGEMENTS

The author wishes to express his appreciation to his thesis advisor,
Dr. Paul J. Marto, for his guidance and understanding. I also wish to
extend a special note of appreciation to Mr. Ken Mothersell, Mr. James
G. Selby and Mr. Thomas Christian, for without their efforts this pro-
Jject would never have been completed. Also, I wish to thank Mr. George
Bixler for his assistance in machining high tolerance components.

Also, the author wishes especially to thank his family for their

understanding and undying support during this period.




A. BACKGROUND INFORMATION

Due to advances in the design of both boilers and turbomachinery,
5 the design of condensers has gained in importance. However, improvement
in operating steam plant condensers has not matched that of boilers or
turbamachinery. To date, increased power output has meant increased con-
denser size; and to prevent the condenser from becoming the controlling

factor in steam power plant design, this trend must be reversed.

i In rarine applications, the steam power plant continues to be a very
prominent system. Although alternate power systems such as diesel and
gas turbine engines have reduced the use of fossil fuel fired steam

power plants, nuclear power plants have expanded in use. In Naval appli-

cations, in particular, significant attention is being directed toward ?
the weight per shaft horsepower ratio, and because steam power plants, |
both conventional and nuclear, are widely applied, advances in condenser
design rust be investigated.
H. T. Search [l] conducted an investigation into present condenser
design processes and into the feasibility of enhancing heat transer in
Naval condensers. He found that the design of condensers is very con-
servative. In general, only smooth tubes of copper-nickel are in use
today, but interest in heat transfer enhancement techniques has been in-
creasing. The feasibility of improving condenser performance exists,
and there is reason to believe that changes in tube geometry will lead

to attractive improvements in performance.
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B. GEOMETRIC TUBE ENHANCEMENT METHODS

A great deal of research has been done in the area of heat transfer
augmentation. Bergles [2,3] has compiled extensive works in single
phase and two-phase heat transfer augmentation. He categorized augmen-
tation techniques into three areas:

Passive Techniques, consisting of

Treated surfaces,

Rough surfaces,

Extended surfaces,

Enhanced tubes,

Displaced enhancement devices,

Swirl flow devices,

Coiled tubes,

Surface tension devices, -

Additives far liquids (liquid, solid, gas) and
Additives for gases (liquid, solid),

Active Techniques, consisting of

Mechanical aids,
Surface vibration,
Fluid vibration,
Electric fields,
Injection, and
Suction, and

Compound Techniques, consisting of any combination of the above

categories or subcategories.
Bergles [2,3] indicates that much fundamental work remains to be

done in each of these areas. The passive technique of enhanced tubes

A




will be addressed here because this approach to heat transfer enhance-
ment is more pertinent to this study.

J. Palen, et al (4], in January 1971, published a report for Heat
1 Transfer Research, Inc. in which they campared the steam condensing per-
formance characteristics of Turbotec tubing and plain tubing. The test
tubes were 1 inch outside diameter with the plain tube made out of 90-10
copper-nickel and the Turbotec tube made out of 97.5 percent copper. The
test condenser had a total of 196 tubes with 16 vertical rows. The

steam pressure was varied between 55 and 105 psig. The cooling water
velocity varied between 1.5 and 4 ft/sec. To insure filmwise condensa- J
tion, all tubes were baked in a large oven at 500°F for 1 hour to remove
residue. The experimental results show that for a given Reynolds number
the friction factor for a Turbotec tube is from 10 to 15 times that of %
a smooth tube. On the basis of total bundle performance, the heat
transfer rate was increased by a factor of 2.5 using the Turbotec tubes
compared to the plain tubes.

D. M. Eissenberg (5], in 1972, performed an extensive study of con-

denser tube heat transfer coefficients using a multi-tube bundle. The

primary objective was to study the effect of condensate rain and gas

concentration on the heat transfer coefficient. A secondary objective |
was to verify the performance of enhanced tubes on increasing the heat
transfer coefficient as compared to smooth tubes. For the enhanced tube
tests, 90-10 copper-nickel rope tubes were used. Saturated steam in the
range of 160° to 230°F was used in the test. The results of these tests
with the roped tubes yielded a value of the heat transfer coefficient
1.9 times that of a smooth tube, but with a corresponding increase in

pressure drop across the tubes.

15




In 1973, I. H. Newson and T. K. Hodgson (6], in a paper presented
before the International Symposium on Fresh Water from the Sea, dis-
cussed the effect of various tube geometries on both single phase and
two-phase heat transfer. The test facility allowed for the testing of
a single tube in a vertical orientation, condensing steam at atmospher-
ic pressure. The different tube types were 4 and 8 start, swaged heli-
cal (a,c); 4 start, positive indentation helical (b); 8 start, longi-
tudinal wave (d); and 16 and 30 start, multifluted (e,f). A comparison
of the results for the enhanced tubes to a smooth tube was made at a
cooling water velocity of 5 ft/sec, and the results were tabulated in
the table shown in Table I. The multifluted tube, types e and f, had
the best average overall performance ratio of 0.9. The overall coeffi-
cient ratio for these tubes was from 1.736 to 2.036 and the pressure
drop ratio was from 1.47 to 2.515. They concluded that of the total en-
hancement for a tube, a greater proportion is being obtained by the en-
hancement on the condensing side rather than on the tube side., For a
horizontal installation the enhanced tubes would derive all of their
enhancement from the increase in the tube side coefficient; and there-
fore, the 4 or 8 start, swaged helical or the 4 start, positive indenta-
tion helical should be used.

A. P. Watkinson, et al (71, in 1973, performed tests on 18 Noranda
Forge-fin tubes (Figure 2) using water on the tube side and steam on the
shell side. The test facility allowed for the testing of a single, hori-
zontal tube at atmospheric pressure or slightly higher. The inlet water
temperature was adjusted to maintain a positive steam pressure, and flow
rates were varied from 0.5 to 30 U. S. gallons per minute. Each tube
tested was cleaned with sodium dichromate pickling solution and well

16
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rinsed with water prior to installation. High spiral fin tubes (fin
height/inside diameter > 0.065), low spiral fin tubes (fin height/inside
diameter < 0.05) and straight fin tubes were tested. In comparing the

F friction factors of the test tubes to those of a smooth tube in the

fully turbulent region, the values for high spiral fin tubes were 2.25

times as great, the values for low spiral fin tubes were 2.0 times as
great and the values for straight fin tubes were 1.75 times as great.
The greatest heat transfer enhancement as compared to a smooth tube was
achieved by a high spiral fin tube with an outside diameter of 1.25
inches. At a Reynolds nmr of 10,000, enhancement of 170 percent was
achieved, and at a Reynolds number of 100,000 an enhancement of 42 per-
cent was achieved. When comparing experimental results to smooth tube

@ results and using as a criteria constant pumping power, the 1.25 inch
outside diameter tube exhibited the best enhancement for a Reynolds num-
ber of 25,000. The high spiral fin tubes exhibited the best heat trans-
fer enhancement, particularly tubes with an outside diameter of 1.25

inches or greater.

In 1974, J. P. Catchpole and B. C. H. Drew [8] conducted a series of
tests on five tubes of varying geometry. The tubes were made by rolling
radial grooves in a plain tube (Figure 3). The test tubes were con-
structed fram 70-30 copper-nickel tubing with various groove depths.

The test facility allowed for the testing of a single tube or a bundle

of tubes. Steam was supplied at two psia, and the steam was not allowed

to impinge directly on the test tube, thus simulating a row of tubes be-
low the top row in a bundle. To allow for comparison of results, all

tests were conducted with a cooling water velocity of 10 feet/second.

Also, all heat transfer coefficients and friction factors were calculated

17




as if the tube being tested were a standard plain tube. All five tube
geometries tested yielded approximately 40 percent improvement on the
overall heat transfer coefficient when compared to a smooth tube. The
percentage increase in the friction factor of the test tubes over that
of a smooth tube ranged from 33 percent to 264 percent. The relative
contribution to improvement in the steamréide and water-side coeffi-
cients varied considerably between geometries. The tube with the small-
est groove width (1.40 mm) had roughly equivalent improvement in both
Steam-side and water-side coefficients. The remaining tubes had approxi-
mately the same groove width, 2.3 mm, and had larger improvements in the
water-side coefficient. Tests were also conducted on tube bundles to
investigate the effect of condensate inundation and non-condensable
gases. The results of these tests showed that the geometrically enhanced
tubes improved the overall heat transfer coefficient between 25 and 50
percent with respect to a plain tube.

In 1975 in a paper for presentation before the 15th National Heat
Transfer Conference, E. H. Young, J. G. Withers and W. B. Lampert [9]
compared corrugated condenser tubes produced by the Wolverine Division
of Universal Oil Products (Figure 4) to a smooth tube. Two types of
tubes were tested: 5/8 inch outside diameter copper tubes and 1.0 inch
outside diameter 90-10 copper-nickel tubes. Both types of tubes were
tested in a bundle configuration with a 1.25 spacing to diameter ratio
for the 1.0 inch tubes and a 1.4 spacing to diameter ratio for the 5/8
inch tubes. Two steam temperatures, 100°F and 212°F, were used for the
tests. Under isothermal conditions, the tubeside pressure drop for the
corrugated tubes was five times that of the smooth tubes for both types

of tubes. The inside, water-side, heat transfer coefficient for the




1.0 inch corrugated tube was 2.2 times that of the smooth tube, while
the 5/8 inch corrugated tube's value was 2.7 times that of the smooth
tube. There was no enhancement of the outside, steam side, heat trans-
fer coefficient. The results of the design study indicated that the
corrugated tube design would give savings in tubing weight, bundle or
stage length and number of tubes per bundle; and the net effect would
be significant cost savings.

In a progress report dated 31 July 1976, R. R. Rothfus [10] of
Carnegie-Mellon University reported on the results of internally finned
tubes of two types of materials, aluminum and copper. The test faciiity
consisted of a single tube mounted horizontally between two calming sec-
tions with electrical heating elements attached to the outside surface
of the tube. The amount of energy applied was controlled by a variac.
At a cooling water velocity of 10 ft/sec, the friction factor of the
fluted copper tube was 1.4 times that of the smooth tube. The enhance-
ment of the waterside heat transfer coefficient at a water velocity of
10 ft/sec was 1.33 times that of the smooth tube. For the same water
velocity, the enhancement for the fluted aluminum tube was 1.5 times
that of the smooth tube. It was concluded that it would be economically
feasible to use these tubes when the Colburn j factor to friction factor
ratio (2j/f) exceeds 1.0. In these tests the value achieved was 1.3.

Yorkshire Imperial Metals [11] released a technical memorandum com-
paring two of their roped tube designs to a smooth tube. Tests were
conducted with the following parameters held constant: steam temperature
at 200°F; total heat transferred approximately 4.51 x 107 BTU/hour; tube-
side pressure drop approximately 3.48 psi; and a water flow rate of 1.26
x 10% 1bs/hour. The test heat exchanger was constructed with 30 tubes

in three vertical planes which gave an effective value of ten for the

19
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number of vertical rows. Also, condensate could be recirculated to simu-
late a condenser with 10, 20, 30, 40, 50 and 60 vertical rows. The two
tubes tested had four and ten grooves per inch, respectively. The cool-
ing water velocity in the smooth tube was 5.12 ft/sec while in the test
tubes it was 4.18 and 3.08, respectively. The overall heat transfer coef-
ficient for the four groove per inch tube was 1.23 times that of the
value for the smooth tube. For the ten groove per inch tube, the value
was 1.30 times that of the smooth tube. The enhancement for both tests
was achieved in both single and two-phase condensation. The friction
factor for the four groove per inch tube was 2.03 times that of the smooth
tube; while for the ten groove per inch tube, it was 4.96 times that of
the smooth tube.

In summation of the literature reviewed, it is evident that only the
first steps have been taken in the determination of an optimum tube geo-
metry for enhanced condenser heat transfer. It is further evident that
more experimental research on marine condenser heat transfer enhancement
possibilities is justified. Once an optimum design has been determined,
tests will have to be conducted under various steam conditions for best

application for the Navy.

C. PURPOSE OF THE STUDY

Because of the incmeased interest by the U. S. Navy in the possibility
of applying enhanced heat transfer technology to the design of marine con-
densers, it is necessary to have a basis whereby various heat transfer
approaches can be compared to one another and to a common reference,
utilizing identical test conditions.

Geometric enhancement of tubes, as described in the previous section,

has been demonstrated to be an effective method of improved heat transfer
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in condensers, but there is no valid basis for comparison between the
various research that has been done. Each of these research studies con-
cerned itself primarily with only one type of tube and utilized differ-
ent test procedures. Therefore, to be able to select the best tube geo-
metry it was necessary to design and construct a test facility [12] in
which various tube geometries could be tested under the same conditions.
These conditions would be representative of existing conditions presently
faced by condensers in the U. S. Navy fleet. This requires a facility
that is capable of operating with a vacuum of the order of 26 inches of
mercury.

The long range testing will be done with several tube geometries,
both single tube and multi-tube, under various operating conditions to
form a legitimate basis for comparison. The purpose of this report was
to establish baseline data using a 5/8 inch outside diameter, 90-10 cop-
per-nickel tube, which is the standard condenser tube presently in ser-
vice in Naval condensers. The purpose of this performance baseline is
to provide a basis for comparison between alternative tube geometries and

configurations.
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IT. EXPERIMENTAL APPARATUS

A. INTRODUCTION

A. C. Beck [12] designed the test facility and completed the layout
of the major system components. The machinery layout followed his recom-
mended piping and instrumentation diagrams.

As the system was being constructed, and upon initial operation,
changes to the initial design had to be made. Certain conditions which
did not exist when the original design was done also forced changes to

the test facility. In the description of the experimental apparatus, par-

ticular attention will be paid to changes to the original design plus

identification of important valving.

B, STEAM SYSTEM

Figure 5 is a schematic of the steam system, showing the location of
all of the valves. The boiler is an electrically heated Fulton Boiler
which produces saturated steam at the rate of 100 pounds/hour. From the
boiler, the steam flows through a 0.75 inch diameter line to a steam
separator. After the separator, the steam flows through a 1.25 inch dia-

meter line which divides into two steam flow paths. The first steam flow

’ path is through the steam flow meter, a throttling valve (MS-3), and the
desuperheater and onto the test condenser. Steam not condensed in the
test condenser is collected in an exit manifold and piped to the second-
ary condenser. The secondary steam flow path is through a stop valve
(MS-4) directly to the secondary condenser. The purpose of the secondary
steam flow path is to control the mass flow rate of steam to the test

condenser.
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All steam lines are insulated with 1.0 inch fiberglass insulation
with the exception of the line downstream of the throttle valve (MS-3)
to the test condenser. This part of the steam line was not insulated
for the purpose of temperature control of the steam, which will be more

fully explained in a later section.

C. TEST CONLENSER

Reference 12 gives the design criteria for the test condenser. As
shown in Figure 6, the steam inlet is through the top and the steam then
enters an expansion section that has three baffles. Three layers of
stainless steel, 150 mesh, screen were placed above the flow straightener
to provide flow resistance. After passing through the flow straightener,
the steam enters a converging inlet guide section which leads to the test
section and tube bundle. Steam which is not condensed passes into a
manifold and is piped to the secondary condenser where it is condensed.
The condensate is collected at the bottom of the condenser and then flows
out of two 0.5 inch openings on either side of the test condenser to a
hotwell where it is collected.

To achieve a uniform velocity distribution within the test section,
two items in the original design had to be changed. The first was the
insertion of the screen described above. The second change had to do with
the excess steam exhaust manifold. Originally, the exhaust manifold had
a single 2.5 inch opening at one end of the test condenser. But to achieve
a uniform velocity profile, another opening, 1.25 inches in diameter, was
made at the opposite end of the manifold (see Figure 7). A valve was in-
serted in the line between the new opening and where it joined the piping
to the secondary condenser to provide flexibility in operation. A complete

discussion of the velocity profile is provided in the test results section.
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Two other problems were encountered with the condenser due to poor

workmanship by the contractor. These involved the flow straightener and
window frames. Originally, the flow straightener was to be a stainless
steel grid, but it was unsatisfactory, and a new flow straightener was con-
structed by close packing 0.5 inch diameter thin walled stainless steel
tubing. Under pressure testing for tightness, the window frames were found
to be cracked and unsatisfactory for use. New frames were therefore
constructed using stainless steel plate and stainless steel angle iron.

The test section as shown in Figure 6 has nine 0.625 inch outside dia-
meter, 18 gauge, 90-10 copper-nickel tubes with an effective length of
36 inches. The spacing to diameter (S/D) ratio used is 1.5 because this
is the most prevalent ratio in use today in Naval condensers. The center
tube of the tube bundle is the only tube with cooling water passing through
it. The remaining eight tubes were installed to simulate the flow pattern
in a tube bundle.

Viewing windows are on the front and back of the test condenser pro-
viding a view of the entire tube bundle so that the condensation process
can be observed. Two types of glass are available. One type is a standard
Pyrex glass plate 0.5 inch thick. It has one drawback in that condensa-
tion can occur on the window surfaces which allows fogging, so that the
mode of condensation cannot be physically observed. The other type is an
Owens-Corning Pyrex glass which has a transparent electrically conducting
coating applied. This glass can be heated to the saturation temperature
for the prevailing pressure inside of the test condenser which prevents
fogging.

The test condenser is insulated with 2.0 inches of Johns-Manville
Aerotube sheet insulation to prevent heat losses through the walls of the

test condenser.
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D. CONDENSATE AND FEEDWATER SYSTEMS

Figure 8 shows a schematic layout of the condensate and feedwater
systems.

The condensate is collected in two hotwells, one on the test conden-
ser and one on the secondary condenser. The hotwell for the test co. den-
ser can be isolated from the hotwell for the secondary condenser by a
gate valve (C-1) so that the mass of the condensate for the test conden-
ser can be determined.

All of the condensate must be collected in the secondary condenser
hotwell to be pumped out to either the feed tank or to the condensate
return line when using house steam. The pump is a centrifugal pump and
must be started before the discharge valve (C-2 or C-3) is opened to in-
sure positive flow.

When operating with the feed tank on the line, the feed pump, which
takes a suction off of the bottom of the feed tank, runs continuously.
Feedwater flow to the boiler is controlled by a solenoid valve (EW-3)
which is activated by the low level limit switch on the boiler controls.
To insure that a positive flow through the feed pump exists at all times,
the valve (FW-2) on the recirculation line is positioned to maintain a
minimum flow.

The feedwater temperature is raintained at 140°F to reduce fluctua-
tion in boiler output and to provide water at the saturation temperature
for the desuperheater which is described in the secondary systems section.

The condensate lines are insulated with Johns-Manville Aerotube in-
sulation, 0.75 inch thickness. The feedwater lines are insulated with

fiberglass insulation, 0.5 inch thick.
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E. COOLING WATER

The original design [12] proposed a once through cooling water sys-
tem utilizing the water supply in the building. However, in order to
operate at higher flow rates, and in an effort to conserve water, a
closed cooling water system was installed. To achieve these higher flow
rates, a 7.5 horsepower, electrically driven, centrifugal pump was in-
stalled. The secondary condenser was also supplied cooling water through
its own closed system. Figure 10 is a schematic of the cooling water
system.

Cooling water flow to the test condenser is controlled by valve CW-4
and is measured with a rotameter.

To insure fully developed flow at the entrance of the test condenser,
the piping was reduced to 0.625 inch outside diameter tubing (same size
as the test tube) at a distance of 2.5 feet ahead of the test condenser.
Pressure taps were installed in the permanent piping at both ends of 'the
test tube in accordance with the ASME Power Test Order.

Supplying cooling water to the test condenser at a constant tempera-
ture is a stringent requirement, and to achieve this in a closed system
there must be a means to remove the energy absorbed during the condensa-
tion process. This was accomplished by incorporating an air-cooled heat
exchanger into the system. Air was supplied to the heat exchanger by an
electrically driven fan. To insure optimum water flow rate through the
heat exchanger, a by-pass loop on the supply line to the test condenser
was installed so that flow through the heat exchanger could be maintained
at approximately 50 gallons/minute. Flow through the by-pass loop is con-
trolled by valve CW-3 and is measured by a rotameter. The cooling water

lines to the test condenser were insulated with 1.0 inch thick Johns-
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Manville Aerotube insulation to aid further in maintaining a constant

cooling water inlet temperature.

F. SECONDARY SYSTEMS

1. Vacuum System

A mechanical vacuum pump is used to establish subatmospheric pres-
sure within the test condenser and the secondary condenser. The vacuum
pump takes a suction on the system from the condensate discharge line of
the secondary condenser. Vacuum control is achieved by the use of a
vacuum regulator which induces an air leak into the system. The vacuum
regulator is installed in the suction line of the vacuum pump.

2. Desuperheater

The desuperheater is a 10.5 inch diameter stainless steel can,
18 inches high, which has four nozzles inserted equidistant around the
periphery of the can near the top. The nozzles are a fan type and are
positioned such that the spray is downward at a 45 degree angle to allow
for better mixing. The diameter of the can is greater than that of the
steam line to slow the steam down and allow more residence time for the
steam in the desuperheater.

As shown in Figures 5 and 8, water flow to the desuperheater is

taken from the discharge of the feed pump and is maintained at approxi-

mately 140°F. Flow is measured by a rotameter and is controlled by a

gate valve (DS-1). A steam trap is located on the bottom of the desuper-
heater to allow for drainage of condensate. This condensate is collected
in a small tank. The steam trap and tank can be isolated from the system
by valve (DS-2).
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G. INSTRUMENTATION {
1. Flow Rate
a. Cooling water flow rate to the test condenser is determined
by a rotameter with a capacity of 18.6 gallons per minute.
The calibration procedure for this rotameter is in Appendix

A'

b. Cooling water flow rate to the by-pass loop is determined

by a rotameter with a capacity of 86 gallons per minute.

The calibration procedure for this rotameter is in Appendix

A.

c. Steam flow rate through the Ellison Annubar is determined |

by a water differential manometer. This manometer is

mounted so that its angle of inclination can be varied. As |
the flow rate is decreased, the deflection decreases so the
angle of inclination can be reduced to obtain a discernible
deflection. The actual mass flow rate is calculated as
shown in Appendix B.
2. Pressure

a. Boiler pressure is measured by a Bourdon tube pressure gauge.

b. The secondary condenser pressure is measured by a compound
gauge.

c. The test condenser pressure is measured by two independent
measuring devices, an absolute pressure transducer and a
mercury manometer. According to the ASME Power Test Codes
for steam condensing apparatus, the pressure lines are 0.375
inch in diameter expanding to 0.5 inch going to the measur-

ing device. Between the measuring device and the 0.5 inch
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line, a condensate collection container has been installed

to eliminate the effect of the water head.

(1) The absolute pressure transducer calibration procedure
is given in Appendix A. The output is displayed on
an automatic digital recorder.

(2) The mercury manometer has a water column on top of the
mercury and this head must be taken into account to
determine the actual pressure.

3. Temperature

Three types of thermocouples are used to measure various tempera-
tures. They are iron-constantan; copper-constantan, teflon-coated; and
copper-constantan with a stainless steel sheath. -

The iron-constantan and teflon coated copper-constantan thermo-
couples are used to monitor system operation. The iron-constantan thermo-
couple is used to measure the boiler steam temperature and is wired to a
single channel pyrometer. The teflon coated copper-constantan thermo-
couples are wired to a 28 channel digital pyrometer which reads directly
in degrees Fahrenheit. A list of the active channels and their outputs
are contained in the Operating Procedures in Appendix B.

The stainless steel sheathed copper-constantan thermocouples are
all wired to the automatic digital recorder which reads directly in de-
grees Celsius. These thermocouples are used to measure all temperatures
required in the heat transfer calculations. A list of channels and their
outputs are listed in the Operating Procedures in Appendix B. Six thermo-
couples, equally spaced across the test condenser, are used to measure
the steam vapor temperature as shown in Figure 5. In accordance with

ASME Power Test Codes for Steam Condensing Apparatus, one thermocouple
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is used to determine the cooling water inlet temperature and four thermo-
couples are used to measure the cooling water outlet temperature as shown
in Figure 9. The four thermocouples for the cooling water outlet tem-

perature are positioned so that each thermocouple measures the tempera-

ture in an equal section of the cross sectional area of the test tube. A
single thembcouple is used to measure the test tube wall temperature and
is located on the bottom, outside surface of the tube in a shallow groove.
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III. EXPERIMENTAL PROCEDURE

A. PRESSURE DROP ANALYSIS FOR TEST TUBE
1. Isothermal Analysis

In accordance with the ASME Power Test Codes, pressure taps of
0.31 inch in diameter were made in the cooling water line leading into
and out of the test tube. The distance between pressure taps is 51.125
inches, of which 48 inches is the test tube. (See Figure 10.) The re-
mainder consists of Swagelok fittings. Upstream of the high pressure
tap, there are more than 54 diameters of straight 0.625 inch diameter
tubing to insure fully developed flow entering the test section. Down-
stream of the high pressure tap there are over two diameters before the
Swagelok fitting to insure that any disturbances transmitted to the flow
do not effect the pressure reading. Upstream of the low pressure tap
there are over two diameters before the Swagelok fittings to insure no
effect on the pressure reading. Downstream of the low pressure tap there
are over ten diameters before the piping bends to insure no effect on the
pressure reading.

The pressure taps are connected to a mercury manometer and the
differential pressure is obtained by recording the difference in the
height of the mercury legs and compensating for the difference in the
water heights.

To determine the isothermal differential pressure, water was
passed through the test tube with all other systems secured to insure
no temperature effects. Nine data points were taken, with the cooling

water velocity ranging from 5 ft/sec to 25 ft/sec.
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2. Non-Isothermal Analysis

To determine the non-isothermal differential pressure, readings
were taken during system operation at each data point. These data

points had a cooling water velocity ranging from 5 ft/sec to 25 ft/sec.

B. SYSTEM OPERATION

Saturated steam at 5 psig was produced in the boiler and was then
passed through a throttle valve to reduce pressure. Before entering the
test condenser which was kept at 3 psia, the steam passed through a de-
superheating chamber to reduce the steam temperature to approximately
saturation conditions. This was accomplished by injecting feedwater at
140°F at a rate of 20 lbm/hour into the superheated steam to provide good

The pressure within the test condenser was controlled by the use of
a vacuum regulator valve.

The feedwater heater thermostat was se‘t- at 140°F to insure hot, feed-
water to the boiler and to supply water to the desuperheater.

Runs were normally made at night so that the outside air temperature
was such that the cooling water temperature could be maintained at
approximately 75°F. Steam flow, Steam temperature and cooling water in-
let temperature were the parameters that were controlled, and the cool-

ing water velocity was varied.

C. TEST TUBE PREPARATION

The intent of this study was to study the heat transfer characteris-
tics of 90-10 copper-nickel tubing in a filmwise condensation mode. To
insure filmwise condensation, a chemical cleaning procedure was used

which was a modification of a procedure used in preparing copper for




electroplating [13]. The steps in the cleaning process are as

follows:

1. Prepare a solution of equal parts of ethyl alcohol and a 50 per-

cent solution of sodium hydroxide, and heat to 180°F.

2. Apply this solution to the surface of the test tube.

3. Drainand rinse the test tube with tap water.

4. Rince thoroughly with distilled water.

To remove any deposits on the inside surface of the test tube a
solution of 50 percent hydrochloric acid is used. The acid solution is
applied by brush and the test tube is then rinsed thoroughly with tap
water. After rinsing with tap water the tube is then rinsed with dis-

tilled water.

D. DETERMINATION OF STEADY STATE

Two parameters are used to establish when the system has achie.ved
steady state. They are the cooling water inlet temperature and the
Steam vapor temperature.

The magnitude of the inlet cooling water temperature is dependent on
the ambient air temperature. The air-to-water heat exchanger's effec-
tiveness is dependent on the air temperature and the mass rate of water
flow through the heat exchanger. The water mass flow rate through the
heat exchanger is controlled by water flow through the by-pass loop.
Therefore, once the system is put into operation, the cooling water in-
let temperature will stabilize at a temperature approximately 12°F above
the ambient air temperature. When this temperature is achieved and does
not increase more than 1°F/hour, the inlet cooling water temperature has

achieved a steady state condition.
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The temperature of the steam upon exit from the boiler is approxi-
mately 230°F, and the only means of reducing the temperature to the satu-
ration temperature corresponding to the test condenser pressure is by
the desuperheater. To determine the quality of mixing of steam and
water within the desuperheater, steam was passed through the test con-
denser without cooling water; and the temperature variation across the
test condenser was found to be 2°F. With the introduction of cooling
water, the steam temperature variation increased to 5°F. This tempera-
ture variation apparently occurs because of the temperature difference
in the inlet and outlet cooling water temperatures. When the system is
put into operation, the steam temperature variation across the test sec-
tion is approximately 10°F and eventually stabilizes between 5° and 6°F.
When the steam temperature variation is stabilized and the steam tem~
perature at each location does not rise more than 0.5°F/min, steady
state is achieved for the steam.

To achieve the above steady state conditions requires 1.5 to 2.0
hours of system operation. Additionally, when the cooling water mass
flow rate is varied, ten to 15 minutes is required to allow the cooling

water outlet temperature to stabilize.

E. DATA COLLECTION

A data run consists of nine data points over the range of cooling
water velocities fram 5 ft/sec to 25 ft/sec. Data at each point is
taken over a period of five minutes. Before any data is taken at any
operating point, or during data taking, the test section is viewed to
insure that there is no flooding of the test tube from above, either by

carryover from the desuperheater or from condensation on other surfaces.
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All steam temperatures and inlet and outlet cooling water tempera-
tures are recorded in one minute intervals for each data point on the
automatic digital recorder.

The steam mass flow rate is determined from measuring the differen-
tial across the steam flow measuring device on an inclined water mano-
meter. To determine accurately the amount of steam entering the test
condenser, the steam flow rate must be added to the water flow rate in-
jected into the desuperheater. From this quantity should be subtracted
the amount of condensate collected by the steam trap off the bottom of
the desuperheater to define accurately the actual mass flow rate.

The cooling water mass flow rate is measured by a rotameter. Addi-
tionally the differential pressure drop across the test tube is recorded
from a mercury manometer.

The pressure inside of the test section is monitored by a mercury
manometer and an absolute pressuré transducer whose output is recorded

on the automatic digital recorder.

F. AXIAL VELOCITY DISTRIBUTION IN TEST CONDENSER

To insure uniform condensing conditions along the total length of
the test tube, it is necessary that the axial velocity distribution with-
in the test section be uniform, or nearly so. Two methods were employed
to determine the velocity distribution within the test section: flow
visualization and the hot wire anemometer method.

The first step in determining the velocity distribution for a given
configuration was to employ flow visualization. To obtain flow visuali-
zation, the tube sheets of the test condenser were replaced with plexi-
glas ends so that the interior of the test section could be illuminated.

A 0.25 inch diameter copper tube with 0.0625 inch holes drilled every
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two inches was passed through the test section at the same height as
the top tube in the bundle (see Figure 6). A fine mist of liquid
aerosol of di (2-ethylhexyl) phthalate was injected into the test sec-
tion through the holes in the copper tubing. To simulate the steam
flow, air was injected into the test condenser through the top opening
(see Figure 6) at low velocities so as not to wash out completely the
fine mist of aerosol droplets.

The second step in determining the velocity profile was to determine
the magnitude of the velocity at various points along the length of the
test section and at the same time across the width of the test section.
This was accamplished by the use of a hot wire anemometer together with
air flow to the test section. The hot wire anemometer probes were cali-
brated against a known pressure given in inches of water using the hot
wire anemometer calibration unit. Calibration charts were generated
for the probes, and they were plotted with the anemometer voltage squared
versus the square root of the velocity. Because the probes were only 18
inches long, data was taken by inserting each probe in from one side, at
approximately the level of the test tube (see Figure 6). Readings were
taken at two inch intervals; then the probe was inserted into the oppo-
site end, and the procedure was repeated. At four axial stations data
was also recorded to determine variations in velocity across the width
of the test section. To insure uniform conditions for each data point,

the inlet air was maintained at 140 psig.
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IV. EXPERIMENTAL RESULTS

A. AXTAL VELOCITY DISTRTRUTION
1. Flow Visualization Method

Flow visualization with the original configuration for the test
condenser showed that the streamlines were directed toward the single
opening in the steam exit manifold and a large stagnation region formed
on the end opposite from the opening. (See Figure 7.)

In an attempt to make the streamlines more vertical, a 1.5 inch
opening was made in the exit manifold as shown with dotted lines on
Figure 7. This opening is joined to the steam line leading to the second-
ary condenser and has a valve (MS-6) installed to offer versatility in
the system. Figure 11 shows an improvement in the streamlines with this
modification. Stagnant regions remained, however, at both ends of the
test section; therefore another change was made.

To force the flow to disperse across the entire cross section of
the test condenser, three layers of stainless steel, 150 mesh wire
screen was inserted above the flow straightener (see Figure 6). Figure
12 shows smaller stagnant regions and nearly vertical streamlines.
Figure 13 shows a comparison of the flow with the valve, MS-6, open and
closed.

2. Hot Wire Anemometer Method

The velocity profile for the original configuration as determined
by the hot wire anemometer is shown in Figure 1l4. The velocity varied
from a low of 7 ft/sec to over 36 ft/sec with the maximum occurring in

the center of the test section. The velocity profile was not symmetric
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about the centerline, but rather the air velocity decreased more rapidly
on the side where there was no exit.

The velocity profile shown in Figure 15 is for the case with the
two exits. It shows no real improvement in achieving uniform velocity
distribution but the flow is more symmetrical about the centerline. The
maximum air velocity was 32.5 ft/sec, and the minimum was 3.5 ft/sec.

The velocity profile shown in Figure 16 is for the two exit con-
figuration with the addition of three layers of wire mesh. With both
exits fully open, the velocity profile is relatively uniform throughout
the test condenser. The velocity did not vary significantly across the
width of the test condenser at any point checked. Therefore, the active

condensation length is the total length of the test condenser.

B. EXPERIMENTAL TUBE DESCRIPTION

Five condensation test runs were made. Prior to making these runs,

several runs were made with an identical tube to determine that the sys-

tem performed as desired. Table II is a list of the five test runs with
a description of tube preparation and the visually observed condensation
mode.

The procedures used to prepare the inside and outside surfaces of

the test tube were those described in the Experimental Procedure.

C. PRESSURE DROP ANALYSIS

1. Data Reduction

The test tube was compared against the performance of a smooth
tube by plotting the Fanning friction factor versus Reynold's Number.

The smooth tube curve was obtained from the Blasius equation, ( 10" < Re

< 10%) [1:

0.25)

ff = (0.079/Re (1)
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The Fanning friction factor for the experimental data was obtained from
the following expression:

2
£ = bp g /20v% (@ (2)

The experimental data indicated that the test tube did not behave exactly
as a smooth tube. Therefore, the Colebrook equation [15] was used to
determine the roughness height to diameter (e/D) ratio for the test

tube: .

Ls _ 2,51 €
/F = -2' log (Re/f t e (3)

2. Tube Performance

As shown in Figure 17, the isothermal friction factors as calcu-

lated from equation (2) for runs 1 and 2 are slightly higher than the
corresponding values calculated from the Blasius equation, equation (1).
Because the test tube did not behave as a smooth tube, the experimental
friction factor values were used in equation (3) to determine the e/D
ratio. The €/D ratio was determined to be 0.00012, and this value is in
agreement with results obtained by Bergles [2].

There was no reason to suspect any degradation in tube perfor-
mance for runs 3 and 4, but during these runs the non-isothermal pressure
drop increased, particularly at higher flow velocities (see Figure 17).
Therefore, upon completion of run 4 a set of data was taken for the iso-
thermal case; and, as shown in Table III, the friction factor changed
slightly, starting with flow velocities of 11.5 ft/sec.

Before run 5 was made, the inside of the test tube was cleaned
with a solution of 50 percent hydrochloric acid. The isothermal pressure

drop test was conducted, and it was found to be in agreement with runs
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1l and 2. The exact nature of the fouling was not determined nor was the
cause of the fouling determined. A plausible explanation may be as fol-
lows. The tube was placed in the test condenser just prior to runs 1
and 2. After the completion of run 2, the system was shut down, and
water was allowed to stand in the test tube. Runs 3 and 4 were conducted
approximately five days later, and this is when the fouling was noticed.
As previously mentioned, the inside of the test tube was cleaned before
run S.

The results of the non-isothermal friction factor test are very
close to those of the isothermal case, as can be seen from a comparison
of Figures 17 and 18. In agreement with this result, R. R. Rothfus [10]
demonstrated that the friction factor in smooth tubes did not vary signi-

ficantly between isothermal and non-isothermal cases.

D. CONDENSER HEAT TRANSFER PERFORMANCE

1. Test Conditions

The average steam vapor te}rtperatue in the test condenser was
maintained between 144.0°F and 145.9°F for all runs. Pressure in the
test condenser was maintained between 3.0 psia and 3.1 psia for all runs,
which means the saturation temperature in the test section was 141.5°F.
This means that the steam entering the test condenser was slightly
superheated, between 2.5°F and 3.5°F on the average. This level of super-
heat had to be tolerated because any further attempt to reduce the tem-
perature to the saturation level led to an unacceptable amount of con-
densate carryover from the desuperheater. This caused a rain effect on
the test tube which was felt to be detrimental to the intent of this

study.
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As noted earlier, an air-to-water heat exchanger was installed
in the cooling water system to control the cooling water inlet tempera-
ture, but the heat exchanger was dependent on the ambient air tempera-
ture over which there was no control. The selection of the timing of
the test runs was such that the ambient air temperature would not be
increasing and would, at the start of each run, be approximately the same
for each run. The cooling water temperature was then able to be main-
tained at 75°F with a variation of approximately + 2°F for all test runms.

2. Overall Heat Transfer Coefficient

To obtain the overall heat transfer coefficient, UO, the follow-

ing expression was used to determine the heat transfer rate:

Q = chp(TCO = TCi) (%)

The heat transfer rate also can be determined from the following expres-

sion:

o
]

Uy AT}y (5)

where
in S L

R
s co

By equating equations (4) and (5), the following expression yields the

overall heat transfer coefficient (see Figure 19):

mcc Ts"Tci
§) =—A—-P-lnT-——T-— 7
" o s~ ‘co

The values forthe overall heat transfer coefficient and the un-

certainty band of each value are listed in Table IV. Figure 20 shows
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the relationship between the overall heat transfer coefficient and the
cooling water velocity. As can be seen, runs 1 and 2, which were mixed
dropwise and filmwise condensation, have a consistently greater overall
heat transfer coefficient than any of the other runs. Runs 3 and 4 had
the lowest values of the overall heat transfer coefficient over the en-
tire cooling water velocity range. This can be attributed to pure film-
wise condensation plus the fouling discovered through the increased
pressure drop. The overall heat transfer coefficients for run 5 fell
between the other two curves as was expected. The values were lower than
those for runs 1 and 2 due to pure filmwise consensation and were higher
than runs 3 and 4 because the effect of fouling had been reduced.

Even though every attempt was made to insure that the inlet cool-
ing water temperature remained constant, there were fluctuations as noted
earlier. These fluctuations in the inlet cooling water temperature af-
fected the overall heat transfer coefficient when the cooling water
velocity in the test tube was above 19.5 ft/sec. A one degree change in
the cooling water inlet temperature led to a 10 percent change in the
overall heat transfer coefficient above that velocity. When the cooling
water velocity was below 19.5 ft/sec, the variation in the overall heat
transfer coefficient was less than 5 percent for similar changes in the
cooling water inlet temperature.

The uncertainty in the overall heat transfer coefficient was de-
pendent primarily on two quantities: the uncertainty in the cooling
water mass flow rate and the uncertainty in the natural log term contain-
ing temperature differences. At low cooling water velocities, below 14
ft/sec, the dominant factor was the uncertainty in the cooling water mass

flow rate, which was one percent of the mass flow rate. For flows above
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this velocity, the uncertainty in temperature became the dominant factor
due to the natural log term becaming increasingly smaller. A breakdown
of the uncertainty analysis for the overall heat transfer coefficient is
given in Appendix C.

R. M. Jackson, Jr., [16] studied the effects of cooling water
velocity on the overall heat transfer coefficient for various tube mate-
rials. His results for 0.625 inch outside diameter, 90-10 copper-nickel
tubes are plotted on Figure 20 and appear to correspond to the values ob-
tained in runs 1 and 2 of this study. The tubes tested by Jackson were
degreased using trichlorethylene, but no mention was made of the exact
mode of condensation observed, which could explain the differences in
the results of the two studies. Another factor which could contribute
to the difference in results is that the steam velocity in Jackson's
study was 120 ft/sec, while in this study the steam velocity was 22 ft/
sec. The effect of steam velocity on heat transfer is discussed later.

3. Inside Heat Transfer Coefficient

To calculate the inside heat transfer coefficient h; for the
test tube, the Sieder-Tate equation [17] was used (see Figures 21 and
22):

h:D.

11 Ci(Re)o's(Pr)0'33

0.14

/) (8)

The value of C; was determined using the Wilson Plot technique [5].
Three curves were plotted on the Wilson Plot, Figure 23. The

lower curve was determined from the data of runs 1 and 2. The upper

curve was determined from the data of runs 3 and 4. The middle curve

is for run 5. The slope of all three curves was determined from a least

squares regression, best curve fit. The following expression equates

Ci to the slope of the Wilson Plot curve:
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For runs 1 through 4 a value of 0.0276 + 0.0019 was obtained
for C;. For run 5 the value for C; was calculated to 0.0282 + 0,0019.
These values of C; were put into equation (8) to determine the inside
heat transfer coefficient of the test tube. The experimental values
of the inside heat transfer coefficient were independent of the mode
of condensation and of the fouling. The values ranged from 1500 BTU/
hr-£t%-°F at a cooling water velocity of 5.6 ft/sec to 4900 BTU/hr-ft2-
°F at a cooling water velocity of 25.1 ft/sec. A complete tabulation
of the inside heat transfer coefficients and uncertainties is given in
Table IV.

The uncertainty in the coefficient C; is dependent on the slope
of the Wilson Plot curve which is a function of the overall heat trans-
fer qoefficient, Reynolds number, Prandtl number and the dynamic viscos-
ity of the cooling water. The uncertainty of C; was determined to be
+ 6.9 percent for all three curves.

The uncertainty in the inside heat transfer coefficient is de-
pendent primarily on two factors. The first is the uncertainty in C;,
which is given in the preceding paragraph. The second factor is the un-
certainty in the Reynolds number which is dependent on the uncertainty
in the cooling water mass flow rate, which decreases as the mass flow
rate increases.,

The theoretical value of C; used in the Sieder-Tate equation is
0.027, and there is good correlation between this value and the experi-
mental values obtained in this study. In the Heat Transfer Research,
Inc., report (4], a value of 0.028 was obtained for Ci for smooth tubes.

Withers and Young (18] tested 0.625 inch bare copper and 1.0 inch bare
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30-10 copper-nickel tubes and obtained values of 0,025 and 0.026 for C;
respectively., D. M. Eissenberg [19] obtained a value of 0.027 for C;
in testing a smooth, 1.0 inch outside diameter aluminum tube. Correla-
tion between these previous experimental studies and this study is there-
fore considered good.

4. Outside Heat Transfer Coefficient

The overall heat transfer coefficient for a single tube is con-

sidered to be composed of a series of film resistances:

D
1 o) 1
—— = + R = (10)
Uo DiHi W ho

Equation (10) in its more complete form contains expressions for fouling
resistance and resistance due to non-condensable gases. In this study,
the fouling resistance was not included because it is difficult to accu-
rately determine the magnitude of this resistance, and it was felt that
it could be controlled by cleaning the inside surface of the test tube
as witnessed by the difference in the results of runs 3 and 4 versus
run 5. Because of the complexity of arriving at a value for the resist-
ance due to non-condensable gases, this resistance was also neglected.
Therefore, the following expression was used to determine the experi-

mental value for the outside heat transfer coefficient, h, (see Figure

23):
h = L (11)
= D
_l_ % S
Y
where D 1Inr /r.
R, = _°.__2k_°_l.. (12)
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To determine the wall resistance, &J, a value of 25.8 BTU/hr-ft-°F was
used for the value of the thermal conductivity of the test tube. The
values of the outside heat transfer coefficient and the uncertainties
for each data point are tabulated in Table IV.

The uncertainty in the experimental values for the outside heat
transfer coefficient is dependent on the uncertainties of the overall
heat transfer coefficient, the inside heat transfer coefficient and the
wall resistance. The uncertainties of the overall heat transfer coeffi-
cient have been discussed along with the uncertainties for the inside
heat transfer coefficient. The uncertainty in the wall resistance was
determined to be 5 percent of the wall resistance. A breakdown of the
uncertainty analysis for the outside heat transfer coefficient is con-
tained in Appendix C. Figure 24 shows how the uncertainties for the
overall, inside and outside heat transfer coefficients vary with the
cooling water velocity for run 5. The range of the uncertainties for the
outside heat transfer coefficient was from + 13 percent to + 24 percent,
with the highest uncertainties occurring at low cooling water velocities.
In the work by Heat Transfer Research, Inc. [4], they had an uncertainty
in the outside heat transfer coefficient of + 15 percent and decided to

define a corrected overall heat transfer coefficient instead of calculat-

'ing inside and outside heat transfer coefficients. The corrected overall

heat transfer coefficient was the experimental overall heat transfer co-
efficient minus the wall resistance. This approach was selected because
they felt it reduced the uncertainty in the results.

The following is Nusselt's theoretical expression for the out-

side heat transfer coefficient [17]:

3
pelpe~p,)g h._ k

h = 0.725 (——atev— f8 f ,0.25 (13)

Y “fDo(Ts-Tw)
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In comparing the experimental values of the outside heat transfer coef-
ficient to those predicted by Nusselt's equation, it became clear that:
(1) the experimental values for runs 1 and 2 were consistently greater
by more than 10 percent due to the fact that there was both filmwise
and dropwise condensation occurring; (2) the experimental values for runs
3 and 4 were consistently below the theoretical value because of the in-
creased fouling resistance (estimated to be on the order of 1 x 10~ "
hr-ftz-oF/BTU) that was not considered; (3) the experimental values for
run 5 were in good agreement with the theoretical values. Figure 25
shows the relationship of the outside heat transfer coefficient for run
5 compared to the values predicted by Nusselt's equation.

Nusselt's equation, equation (13), was derived for stagnant vapor
flow, and experimental values of the heat transfer coefficient can be as
much as 10 percent greater than that predicted by the Nusselt expression.
This occurs because as the steam moves by the condensing surface, it
causes ripples, and the condensate formed can be sheared away much
quicker. Several studies have been conducted to study the effect of
steam velocity on the convective heat transfer coefficient.

A study by Berman and Tumanov [20] gave the effect of a downward
flow of steam past a tube within a dummy bundle. The bundle had a S/DO
ratio of 1.475 and the study covared steam temperatures from 75°F to
175°F, with mass velocities varying from 60 to 1000 1b/hr-£t2, They
found an increase in the condensate film heat transfer coefficient with
increased steam velocity, correlating the results by the following

empirical equation:

h 11.8/ /Aoy
— 1,0 + 9.5 x 10° N

N

3
Res (14)




where Res is the vapor Reynolds number defined using the tube outside
diameter and the superficial steam velocity, and NuN is a condensation

Nusselt number defined as:

NuN 5 s (15)

where hON is defined in equation (13). In this study, only one steam

velocity, 22.4 ft/sec, was used and a maximum mass velocity of 671.4

lb/hr—ft2

was calculated for this flow velocity. In Knudsen and Katz
[14] the Reynolds number for flow across a tube bank is as follows:
G d
Re = --“—‘”‘T—e : (16)
£
where d, is the equivalent diameter and this was determined to be the
outside diameter of the test tube. Applying equation (16) *o equation
(14), a value of 2641 BIU/hr—ft°-°F was calculated for the outside heat
transfer coefficient. Figure 25 shows the relationship between this
value and that obtained by the Nusselt equation.

Another study conducted by Shekriladze and Zhorzholiani [21]
also observed the effect of steam flow across a horizontal tube, but
their work attempted to include the effect of the afterbody of the
cylinder, which up to this time had been neglected. Their results sup-
ported the hypothesis that the condensate film heat transfer coefficient
increases with increasing steam velocity, correlating the results by
the empirical equation:

_ _hp, % %
Nu = —— = 0.64 /Re [1 + (1+1.69K)% an

£




T

where U D

Re = °°v° , and (18)

5 2

A value of 2790 BTU/hr-ft?-CF was obtained for the outside heat transfer
coefficient by using equation (17). One problem with using this formu-
lation is in defining U, when the flow is through a tube bank. It was
determined that, in this study, a representative value for the flow area
above the tube would be three times that of the area between tubes; and,
therefore, a value of U /3 was chosen for U, (see Figure 7).

Because equations (13), (14), and (17) are all based on pure
filmvise condensation, the correlation between experimental and theoreti-
cal values for the outside heat transfer coefficient will be discussed
for run 5 only. Figure 25 shows that there is good correlation between
the experimental values and the values predicted by Nusselt, as noted
earlier. There is no real basis in this study to indicate that the steam

velocity had any real effect on the outside heat transfer coefficient.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

There are several conclusions to be drawn from the experimental re-
sults. The test tube did not behave as a smooth tube but rather hadl a
roughness height to diameter ratio of 0.00012 in agreement with earlier
work [2].

The overall heat transfer coefficient is less sensitive to minor
cooling water inlet temperature variations when the cooling water veloc-
ity is below 19.5 ft/sec. When the cooling water velocity is greater
than 19.5 ft/sec, a one degree Fahrenheit change in the cooling water
inlet temperature caused a 10 percent change in the overall heat trans-
fer coefficient, while the effect was only 5 percent for cooling water
velocities below 19.5 ft/sec.

The results for run 5 are the most important because it is the only
run where there was pure filmwise condensation with a minimum of fouling.
The results obtained for run 5 for the inside and outside heat transfer
coefficients are in good agreement with theoretical values. The values
obtained for the inside heat transfer coefficient are within 5 percent
of those values predicted by the Sieder-Tate equation. The values of
the outside heat transfer coefficient obtained are within 8 percent of
those values predicted by the Nusselt equation. It can be further con-
cluded that with cooling water velocities up to 9.0 ft/sec, the greatest
resistance to heat transfer ison the cooling water side, and above this

velocity the greatest resistance is on the steam side.
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B. RECOMMENDATIONS

To reduce the uncertainty in the cooling water mass flow rate at low
flow rates, it is recommended that a smaller rotameter be used at the
low flow rates.

The Wilson Plot technique is necessary in determining the inside and
outside heat transfer coefficients so that a determination can be made
as to the largest resistance to heat transfer, particularly when studying
new tubes. There appears to be inherent uncertainties in this technique,
especially in the determination of the outside heat transfer coefficient
where uncertainties are in the order of 15 percent [4]. Because of these
uncertainties it is recommended that a corrected overall heat transfer
coefficient be used for design purposes, thus reducing uncertainty. As
defined by the Heat Transfer Research, Inc., the corrected overall heat
transfer coefficient is the experimentally obtained overall heat transfer .
coefficient less the wall resistance.

The following tests are recommended:

1. Experimentally test various tube geometries under the following
conditions:
a. various cooling water velocities
b. various degrees of fouling

: f Ce va.rious steam velocities

d. various test condenser pressures

e. various percentages of non-condensable gases

various amounts of inundation

e

2., After testing with a single tube, the testing should be expanded

: : to test a bank of tubes under the same conditions as outlined

above,

e A b ol D il



; To increase the steam mass flow rate it is recommended that the house
steam be connected to the existing system. With the incorporation of

house steam, testing with various steam velocities will be possible.

e
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TABLE I. Summary of Comparative Qualities of Some Enhanced Tubes [6].
7ube Tube Pressure Overall Overall Tube Side Tube Side '
~umber | Type | Drop Ratio Coefficient | Performance | Coefficient | Performance'
AP Ratio Ratio ) Ratio Ratio _ )
Sk L e (om) =Y '=ﬁ' (i) - B
APy Ug ? hg PJ
s. 3 a 4.54 1.690 0.372 1.788 0.3%4 |
S.12 a 2.00 1.456 0.728 1.357 0.678 .
5.13 a 1.50 1.541 1.027 1.203 0.802 |
S.14 a 1.318 1.544 .17 1.116 0,847 :
Sa7 a 6,970 1.988 0.285 2.212 0317
RM 41 (b 2,273 1.755 0.772 1.232 0.542 |
S.43 a 2,045 1.399 0.684 1.556 0.761 |
S.44 a 3.485 1.554 0.446 1.659 0.476 |
5.46 a 7.227 1.904 0.264 2,476 0.343 |
S. ¢ | & 3.088 1.821 0. 590 1.472 0.477 |
s. 7 c 4.382 2.023 0.462 1.902 0.434
s. 9 c 3.559 1.905 0.535 1.675 0.47
S.10 c 1,794 1.702 0.949 1.258 0. 701
S.11 c 1.66 1.607 0,968 1.193 0.718
S.16 c 1.787 1,565 0.876 1.264 0.707 !
s.8 d 5,97 2.109 0.353 2.129 0,357
-
G. 6 e 2,103 1.798 0.855 1.315 0,625
G.30 e 2.152 1.926 0.895 1.466 0.681
G.31 e 1,909 1.868 0.978 1.338 0., 701
G.32 e 2.515 2,036 0.809 1.659 0. 766
G.33 e 1.742 1.904 1.091 1.228 0,705
G.35 f 2,030 1.846 0.909 1.370 0.675
G.36 f 2,030 1.736 0.855 1.337 0.559
G.47 f 1.470 1.609 1.094 1.19 0, 586
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Run

1(Aug 6)

2(Aug 7)

3(Aug 12)

4(Aug 14)

5(Aug 18)

TABLE II. Test Run Description

Preparation

None
None
Outside Treatment
Outside Treatment

Outside and Inside
Treatment

Condensation Mode

Mixed dropwise and
filmwise

Mixed dropwise and
filmwise

Pure filmwise, some
fouling

Pure filmvise, same
fouling

Pure filmwise, clean
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(a) Flow at low air velocities ,

r

(b) Flow with smoke secured, showing stagnation regions.

Figure 11. Flow Visualization with Two Exits.,
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(a) Flow at low air velocities.

(b) Flow at high air velocities.

Figure 12, Flow Visualization with Two Exits Plus Inlet Screens.
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(a) Valve open.

(b) Valve closed.

Figure 13, Comparison of Flow with Exit Valve Open and Closed.
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Figure 17. Isothermal Friction Factor Versus Reynolds Number.
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APPENDIX A: CALIBRATION PROCEDURES

1. Rotameters

The two rotameters installied in the test condenser and by-pass lines
were calibrated by the use of scale and stop watch. The procedure that
was used is as follows:

a. Establish flow through the rotameter at a specified

percentage level.

b. Record weight of container at time zero.

c. Record weight of container at time t.

d. Flow rate for specified level was determined by dividing

the weight gain by the elapsed time.

2. Thermocouples

All thermocouples used in this test apparatus were calibrated in a
silicone oil bath against a platinum resistance thermometer. The output
of the platinum resistance thermometer was determined by the use of a
Wheatstone bridge and is accurate to the nearest 0.02°F (0.01°C). The
Autodata Nine Recorder, the output device for all sheathed thermocouples,
is accurate to the nearest 0.2°F (0.1°C) , and all sheathed thermocouples
were found to record the same temperature that was indicated by the

platinum standard.

A it bl

3. Pressure Transducer

Calibration of the absolute pressure transducer was done by using a

mercury manometer. The amplifier for the transducer had an excitation
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voltage of 16.2 volts. A second voltage setting was used to set the
scale of the output, and this was set so that .the output corresponded

to centimeters of mercury. The calibration showed a linear relationship
between the transducer and the actual pressure. The output of the trans-
ducer when multiplied by ten is equal to the pressure in centimeters of

mercury.




W Iy S T e

T

APPENDIX B: OPERATING PROCEDURES

1. Light-off
a. Using Boiler

(1) Energize main circuit breaker located in power panel P-2.

(2) Turn key switch on--located on right side of main control
board.

(3) Energize circuit breaker on left side of main control panel
by depressing start.

(4) Energize individual circuit breakers on left side of main

control panel. The following lists the identification of

each circuit breaker:

(a) Feed pump

(b) Outlets

(c) Hot water heater (feedwater tank)
(d) Condensate pump

(e) Boiler

(5) Energize circuit breaker for cooling water pump on power

panel P-5 (only when using closed cooling water system).
(6) Insure water level is up in the feedwater tank. Turn
switch on to energize heater.
(7) Energize instrumentation.
(a) Autodata 9 machine and amplifier.
(b) Multichannel pyrometer.
(8) Open valves IW-1 and IW-2, and energize switch to feed pump

to recirculate water in feedwater tank.
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(9)

(10)

(1)
(12)

Insure nitrogen level in cold trap is at full mark (if
installed) and start vacuum pump.

After feedwater tank has reached a temperature of 1u0°F,
open valve IW-4, and insure water level in boiler is above
low level mark and energize boiler.

Start vacuum pump.

Open valve DS-1.

b. Using House Steam

Follow steps (1) through (5), (7) and (9) as outlined for

procedure using boiler.

2. Operation
a. Cooling Water System

1)

(2)

(3)
(4)

Open valve CW-1; then open valve CW-2 one turn to prime

the cooling water pump, keeping valves CW-3 and CW-4 closed.
Energize pump, and close valve CW-2. Open valve CW-3 one
turn until flow is established, then open valve CW-4 to
purge air.

Open valves CW-3 and CW-4 to obtain desired flow rates.
When using the house water supply remove plug from sump and
open valve CW-2 with valve CW-1 closed. Follow step 3.

b. Steam System

1)

Using Boiler

(a) When boiler has reached the desired pressure (approxi-
mately 3 psig) opén valve MS-1.

(b) Insure valves MS-6 and MS-5 are open.

(c) Open valve MS-3 to obtain desired steam flow rate to
test condenser. Open valve MS-4 as necessary to main-

tain boiler pressure at desired level.
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(2) Using House Steam
(a) Insure valve MS-1 is closed. Open valve MS-2.
(b) Follow steps (b) and (c) for boiler use.
Condensate and Feedwater System
(1) Using Boiler
(a) To collect drains in test condenser hotwell operate
with valve C-1 closed. After test run has been com~
pleted, open valve and condensate will drain into
secondary condenser.

(b) The condensate pump is operated intermittently, when

level in secondary condenser dictates. When pump is
secured, keep valve C-2 closed. When pump is required,
start pump and then open valve C-2 to pressure vacuum.
In this mode keep valve C-3 closed.

(c) While feed pump is running (continuous operation)
valve FW-1 must be fully open and valve FW-2 must be
throttled so that a positive flow is insured. Valve
FW-3 is a solenoid valve which is actuated by the
boiler controls.

(d) When boiler is energized, valve FW-4 must be fully

open.

(e) Make-up is added to the system through the top of the
feedwater tank by removing anode.
(2) Using House Steam
(a) Follow step (a) for using boiler.
(b) To pump condensate from secondary condenser hotwell,
start pump, and open valve C-3. In this mode keep
valve C-2 closed.
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3. Securing System

(c) Delete steps (c) through (e) for using boiler.

a. Using Boiler

D)

(2)

(3)
(4)
(5)

(6)
(7

(8)
(9)
(10)

b. Using House Steam

(L
(2)
(3)

4, Secondary Systems

Close valves MS-3 and MS-4. Close valve MS-1 and secure
power to boiler.

Pump condensate fram secondary condenser hotwell to feed-
water tank. Secure valve C-2.

Secure power to heater.

Secure vacuum pump.

Secure cooling water pump or close valve CW-2 when using
house water supply. Close valves CW-3 and CW-4,

Secure instrumentation.

Bottom blow boiler to remove deposits. Repeat twice, blow-
ing from high water mark to low water mark.

Secure power to feed pump.

De-energize individual circuit breakers.

De-energize circuit breaker on control panel; depress stop.
Turn key switch off.

Close valve MS-2,

Pump condensate into return line; close valve C-3.

P

Follow steps (4) through (6), (9) and (10) as outlined for

procedure using boiler.

a. Vacuum System
Vacuum is established by mechanical vacuum pump and is controlled
by a vacuum regulator mounted on instrument board mounted by test

condenser.




6.

b. ~ Desuperheater

Valve DS-1 controls flow of feedwater (140°F) to spray nozzles.
Optimum flow level is between 15 and 20 percent flow on rota-
meter. Condensate is collected in a small tank below desuper-
heater so the mass flow rate can be determined.

Safety Devices

a. Emergency Power Shut-Off
To secure all power to the system in an emergency, depress the
red button on the right side of the main control panel.
b. Boiler
(1) The mercury switches mounted on the main control panel
secure power to the heating elements of the boiler when
the steam pressure exceeds 25 psig. Power is restored to
the heating elements when the pressure drops to approxi-

mately 15 psig.

(2) A low water level limit switch is contained within the
boiler; and when the water level inside the boiler drops
below a preset level, power is secured to the boiler and
will not be restored until the water level is above this
preset height.

(3) The relief valve mounted on the boiler is set to lift at

30 psig.

Instrumentation

a. The Autodata 9 is an automatic recording device with a digital
output. This machine records all test temperatures and the
test condenser pressure. The following listing gives the out-
put of each of the active channels:
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Channel
1

40
41
42
L : 43

4y
| 45
ug
47
ug
49
50
51

Channel

OO ENH

b. Main Control Board
(1) The multi-channel pyrometer is powered from the outlets and
has a switch located on the front panel. All thermocouples
wiréd to the pyrometer are teflon coated copper-constantan,
and they monitor temperatures for system operation. The fol-

lowing is a list of the active channels and their outputs:

i (2) The single channel iron-constantan pyrometer displays the
boiler steam temperature (°F).

é (3) The Bourdon tube pressure gauge displays the boiler steam

Output

Test Condenser Pressure (cm of Hg x 1071)
Cooling Water Inlet Temperature e
Cooling Water Outlet Temperature (°C)
Cooling Water Outlet Temperature (°C)
Cooling Water Outlet Temperature (c)
Cooling Water Outlet Temperature (°C)
Test Condenser Steam Temperature (°C)
Test Condenser Steam Temperature (°C)
Test Condenser Steam Temperature “c)
Test Condenser Steam Temperature (°C)
Test Condenser Steam Temperature (°C)
Test Condenser Steam Temperature (°C)
Test Tube Wall Temperature (°C)

Output

Secondary Condenger Hotwell (°F) T
Feedwater Tank (°F)

Cooling Water Inlet Temperature (°F)
Cooling Water Outlet Temperature (°F)

Test Condenser Steam Temperature (°F)

Heat Exchanger Water Inlet Temperature (°F)
Heat Exchanger Water Outlet Temperature (°F) ;

pressure in psig.
(4) Two rotameters are mounted on the main control panel to
measure cooling water flow rates.
(a) The rotameter on the left has a capacity of 18.6 gal/min
and indicates the flow rate through the test tube.
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(b) The rotameter on the right has a capacity of 86
gal/min and indicates the flow rate through the
by-pass loop.

Auxiliary Instrument Board

The auxiliary instrument board is mounted on the test condenser

stand and has the following instrumentation:

(1) Absolute mercury mancmeter to measure the test condenser
pressure,

(2) Mercury manometer to measure the differential pressure
drop across the test tube.

(3) Two campound pressure gauges: top one measures pressure
in calorimeter and, bottom one measures the pressure in
the secondary condenser.

(4)  Vacuun control regulator to control the pressure inside
the test condenser by injecting air into the suction of

the vacuum pump.
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Annubar - Steam Flow Measuring Device

An inclined water manometer is connected to the Annubar to
measure the differential pressure across the Annubar. The
following equation is used to determine the steam mass flow
rate through the Annubar [22]:

2
0.1266 SND FAF V‘_:l

see reference 22

see reference 22

see reference 22

= differential pressure ("H20)




APPENDIX C: UNCERTAINTY ANALYSIS

The general form of the Kline and McClintock [23] "second order"
equation is used to compute the uiicertainty. If the resultant, R, is
some function of primary variables x-, Xps ses5 X, then the uncertain-
ty in R, 4R, is given by:

2 oR 2.%
6R = [(-5— le) + (T 6x2) #iiee (-E 6)31) 1 (c-1)
where le, 6x2, et Gxn are the uncertainties in each of the measured
variables X5 Xy eeey XKoo

The overall heat transfer coefficient is given by equation (7).

U= mccp 1n Ts Tei
o Ao Ts T

By applying equation (C-1) to equation (7), the following equation

results:
sU SA (Yol ém GT (T . ) 2
o _ S\ 2 2 c\2 ci” co
_ﬁg - [(TS-) i (_CE) : (—) y {(T )( ) TS Tcl } ;
c -T T -T 1n T
Ts co

6T 2 8T 24.%
{ co — } + { cl — } ] (C=2)
s ci s “ci
(T T )1ln prt (T T )In oSt

S CO TS TCO

N .t e A S i S

PR RO




The following were the uncertainties assigned to the variables:

6c, = 0.001 BTU/ 1bm-CF
6m, = 0.01 m, lbm/hr
. =0.2%

8T, = 0.2 °F

§T,; = 0.2 °F

6A, = 0.008 ft?

By applying equation (C-1), the uncertainty for the Reynolds number

is given by:

ém 8D,
6Re _ (s Spy 2 1,2.%
[(—)° + (—11—) + (—D-.-) 1

= (C-3)
“Re mg A
where
Gmc = Ble0i mc lbm/hr
Sp = 0.01 1bm/ft-hr
cSDi = 0,005 inches
The uncertainty for the coefficient, Cs» is given by:
éC. 8§D S
i 042 sl 2 8k 2.%
= (= + (2BE)° 4 (294 (C-4)
—fi' R slope K
where
GDO = 0,005 inches
6k = 0,001 BTU/hr-ft-°F
Gslope = 0.065 slope
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Applying equation (C-1) to equation (8) results in the following
expression:

Sh. éD. dC.
- 8ky2 1,2 i,2 0.86Rey2 0.336Pr,2
= [}TEJ + (.TE? + (_E;J + (._15;._) + (._TEr__.) +

By
SCu/w)
{ m&r} 1 (0-5)
\Y
where 6k = 0.001 BTU/hr-ft-°F
6D, = 0.005 inches

6C. = from equation (C-4)

§Re = from equation (C-3)
éPr = 0.01
G(u/uw) = 0.01

Applying equation (C-1) to equation (11) results in the following

expression:
f}}:_o'_ [{ 6U° " }2+{ 6% }2+
% D
° T A e 7N
o U, "w Dy U, ~ %~ O
D 6h.
o 4
(D—iq)(-fq) 2 ak
) ] (C-6)
G- R o)
(o} i B
where 6U, = from equation (C-2)
6R, = 9 x 107° he-£t*-°F/BTU

6h; = from equation (C-5)
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APPENDIX D: SAMPLE CALCULATIONS

The following are the calculations far the isothermal pressure drop

for runs 1, 2 and 5 for a flow rate of 50 percent

£ = 8p g /20V*(L/Dy)
Too = 68.9°F
L = 51.125"
D; = 0.521"
= 62.3 1b/ft3
A correction A v f
("Fé' ("Hg) pst  (ft/sec)
6.30 0.5 410,22  14.27 0.0053

The following heat transfer calculations are for run 5 with a 50 per-
cent flow rate.

Determination of the overall heat transfer coefficient:

m.c Ta=TF 5
U =SBy, .8 ci
- (o) Ts'Ico
where Ty = 144,5°F
Ty = 76.8°F
Ty, * 83.7°F
T .+ T
P = o O.
Tg = ——5—= = 80.3°F
T-To

s el _
ln'I;—_T-o—o- 0.1075
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R

1.316 lbm/sec

= WL = 0,4908 £t

o & B
]

0.999 BTU/1bm-°F

U = £1.316 1b/sec)(3600)(0.999 BTU/1bm-°F)
0.4908 £t

(0.1075)

1037 BTU/hr-ft2-OF

Determination of Wilson Plot Abscissa (Re~0+8 pr1/3 (u/uw)°0’lu)

_ VD oDi(m/pA)  dm

c -
Re = —= = —— = mp; = 67,118
where D; = 0.521"
W = 2,07 1bw/ft-hr
Pr = 5,82

W, = 1.24 1bm/ft-hr

: Re~0:8 pp-1/3 Gl )7 = 00719 5 287

Determination of inside heat transfer coefficient, hi:

_k 0.8 .. 173 0.14
3
i where k = 0.355 BTU/hr-ft-°F !
D; = 0.521"
Ci = 0.028
0.355

h, = =22 ___ (0,028)(14.025 x 10%)
1 (0.521/12)

= 3211 BTU/hr—ft2-OF
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Determination of outside heat transfer coefficient, hg:

h,

(o]

p 4 D

(e]

U e vy

1

Do In To/P5 _ 0.625 1n 0.625/0.521

= 1.837 x 10~}

2

- = = 2453 BTU/hr—£t>-OF
9.6ux10™'-1.837x10™ &

0.625
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