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OTEC PERFORMANCE TESTS OF THE 
UNION CARBIDE ENHANCED-TUBE CONDENSER 

by 

David T. Yung, David L. Hillis, James J. Lorenz, and Norman F. Sather 

ABSTRACT 

Results of performance tests conducted on a Union Carbide 
enhanced-tube condenser with wire wrapping on the ammonia 
side and· internal axial fins on the water side are reported. 
This unit performed satisfactorily and was free of operational 
difficulties. At design operating conditions (a heat duty of 
3.2 million Btu/hr, an inlet water temperature of 40°F, and a 
water flow rate of 3200 gpm) the steady-state value of the 
overall heat transfer coefficient was found to be 818 Btu/ 
hr•ft2•°F, and the ammonia-side and water-side heat transfer 
coefficients were 5180 and 1130 Btu/hr•ft2•°F, respectively. 
The water-side pressure drop was 1.8 psi. Varying the heat duty 
-from 2.4 million to 4.0 million Btu/hr had a negligible effect 
on thermal performance. The value obtained for the ammonia-side 
heat transfer coefficient at nominal conditions is about two 
times that predicted by the Nusselt expression for condensation 
on a smooth tube. The water-side coefficient is within 3% of 
the value predicted by the Noranda correlation for finned 
tubes. 

1 INTRODUCTION 

Energy stored in the warm surface waters of the tropical oceans can 
be converted to electrical energy in a suitably designed power plant. Al­
though Ocean Thermal Energy Conversion (OTEC) plants can utilize the warm 
ocean water directly as the working fluid, the primary emphasis in the cur­
rent federal development program is on closed-cycle plants that use ammonia 
or some other refrigerant in a Rankine power cycle. In such a plant the 
warm water is p~mped through a heat exchanger where thermal energy of the 
water is transferred to the ammonia, causing it to v~porize. The vaporized 
ammonia, under pressure, flows from the exchanger through a turbine-gener­
ator that converts the pressure energy into electrical energy. The vapor 
then flows to a second heat exchanger where the ammonia is condensed at low 
pressure. Here the heat of condensation is transferred to a cold water 
stream that is pumped up to the condenser from the ocean depths. Finally, 
the l_l.quid ammonia is pumped back to the evaporator to complete the eye le. 

Since the temperature difference between the warm and cold ocean 
water is at most 35-40°F, ti:te· net energy conversion. efficiency of the plant 
is low (= 3%) and the amount of thermal energy that can be obtained from a 
pound of water is small (corresponding to 2-4°F sensible heat). Conse­
quently, the heat exchangers must handle very large heat duties and water 
flows, on the order of 100 million Btu/hr and 100 thousand gpm per megawatt 
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of generating capacity. This means that the heat exchangers will be much 
larger and more costly than those used in conventional coal and nuclear 
power plants. 

However, improvements in the performance of the evaporator and con­
denser can significantly reduce both capital and operating costs. The per­
formance of the exchangers is characterized by two quantities, the overall 
heat transfer coefficient and the water-side and ammonia-side pressure drops. 
The latter are important because the parasi~ic power required for pumping is 
proportional to them. Clearly, cost trade-offs between pumping power and 
heat-transfer performance are possible. For example, increasing the water 
velocity through the exchanger will improve the heat transfer coefficient 
and thereby reduce the amortized equipment cost, but at the expense of a 
greater pumping power cost. Water-side and ammonia-side heat transfer en­
hancement techniques offer similar trade-off possibilities and, hence, op­
portunities for maximizing the overall cost-effectiveness of the heat ex­
changers. The most cost-effective design would take into account costs of 
biofouling control, pumping, and the amortized cost of materials and fabri­
cation. 

The purpose of this report is to present and discuss the results 
of performance tests on an enhanced-tube condenser designed by Union Carbide 
Corporation. The tests were run at the OTEC heat exchanger test facility at 
Argonne. This condenser is one of a series of five high-performance shell­
and~tube heat exchangers that have been tested. The other exchangers tested 
to date are the Union Carbide flooded-bundle evaporator, the Carnegie-Mellon 
University (C-MU) vertical fluted-tube condenser, the Union Carbide sprayed­
bundle evaporator, and the C-MU vertical fluted-tube evaporator. Test results 
on the first of these have been published,! and reports on the others are 
forthcoming. In addition, the results of performance tests on several shell­
less types of heat exchangers will be issued later this year. All of the heat 
exchangers involved are sized to handle 3.2 million Btu/hr, corresponding to 
1/40 MWe capacity. Consequently, through these tests it should be possible to 
determine whether the performance anticipated on the basis of single-tube 
experiments can be achieved in large tube-bundle configur.at ions. Such in­
formation is necessary before full-size commercial OTEC plants can be de­
signed. 

2 ENHANCED-TUBE CONDENSER 

The enhanced-tube condenser was supplied by the Linde Division of the 
Union Carbide Corporation as part of the DOE OTEC heat exchanger development 
program. The condenseP, a horizontal shell-and-tube heat exchanger, has 
1.5-in.-O.D. aluminum (3003) tubes with external wire wrapping and internal 
axial fins. Details of the Union Carbide condenser are shown in Figs. 1 and 
2, and an illustration is provided in Fig. 3. The external wire wrapping, 
which is in contact with ammonia, promotes thin-film condensation; the internal 
axial fin arrangement, which is in contact with water, promotes turbulent 
convection. The water side is single pass with the cold water entering one 
end of the condenser and passing horizontally to the other end. Ammonia vapor 
enters from the top and the condensate leaves from the bottom. Table 1 gives 
the nominal design/operating parameters for this condenser. 
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Table 1. Nominal Design Parameters for the 
Enhanced-Tube Condenser 

Parameter 

Heat·duty 
Ammonia condensing temperature 
Water inlet temperature 
Water outlet temperature 
Number of tubes 

Externally enhanced tube length 
Tube outside diameter (excluding wrapped wire) 
Tube inside diameter 
Effective outside heat transfer areaa 
Mean water velocity in tubes 

Overall water-side pressure drop 
Shell inside diameter 
Shell-side design pressure 
Tube-side design pressure 
"Clean'' overal1 heat transfer coefficientC 

Value 

3.2 million Btu/hr 
48°F 
40°F 
42°F 
147 

154.5 l.fl, 

1. SO in. 
1.37 in. 
743 ft2 

4.7 ft/sec 

2.0 psidb 
29.25 in. 
215 psig 
100 psig 

780 Btu/hr•ft2'°Fb 

Source: Czikk, A.M., et al., Fluid Dynamic and Hea~ Transfer Studies 
of OTEC Heat Exchangers, Proc. Fifth Ocean Thermal Energy Conversion 
Conf., Vol. 3, Miami Beach, Fla. (Feb. 20-22, 1978). 

aBased on outside diameter without wrapped wire and on actual en­
hanced tube length of 154.5 in.; the total tube length betwe~n the 
tube sheets is 6.4 in. longer. 

bBased on communication with Union Carbide, Linde Division, 
Tonawanda, New York. 

CBased on outside. tube surface area. Assumes no tube-side or 
shell-side fouling. 

3 HEAT EXCHANGER TEST FACILITY 

3.1 PIPING LAYOUT 

A piping schematic of the OTEC heat exchanger test facility at Argonne 
1s shown in Fig. 4. The facility consists of a warm water loop, a test evap­
orator, an ammon1a loop, a test condenser, and a cold water loop. 

The nominal heat duty of the warm water loop is 3.2 million Btu/hr; 
however, the heater and steam supply line are sized to handle up to 6 million 
Btu/hr. The heater can be set for a constant heat· duty over the range of 0. 5 
million-6 million Btu/hr. The warm water flow rate is a nominal 3200 gpm, but 
the pipe ·and pump are sized for flows up to 8000 gpm. This large range of 
flows improves the accuracy of calculation of the individual water-side and 
ammonia-side heat transfer coefficients. An important feature of the flow 
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·loop is a bypass around the warm water heater. Typically, about 10% of the 
water flows through the heater and 90% flows through the bypass line. The 
temperature of the water passing through the heater is raised by about 20°F; 
when the heated water is mixed with the water from the bypass line, the de­
sired water temperature is achieved. This arrangement greatly improves the 
a·ccuracy of measurement of the heat input from the steam heater. Static 
mixers are used to eliminate radial temperature variations at locations 
where measurements of bulk mean temperatures are needed. 

The ammonia loop is provided with a demister that removes entra1ned 
liquid droplets from the vapor stream. The demister contains a 6-in.-thick 
pad woven from polypropylene filaments. The ammonia droplets are caught on 
the pad and returned to the evaporator as a liquid stream from the bottom 
of the demister vessel. The manufacturer's rating indicates that all but 
submicron-sized particles are caught at the vapor velocities of the tests. 
The ammonia loop also contains an expansion valve for adjusting the pres­
sure of the vapor supplied to the test condenser. 

The cold water loop contains a chiller capable of.removing up to 6.4 
million Btu/hr from the recirculating cold water flow. Condenser inlet water 
temperatures as low as 40°F are possible over most of the range· of heat du­
ties. However, at duties above 5 million Btu/hr, a 40°F cold water tempera­
ture cannot be attained because the required refrigerant temperature is below 
the capability of the chiller. The nominal cold water flow rate is 3200 gpm, 
but the pump and pipe are sized to handle as much as 8000 gpm if necessary. 
The chiller is rated at 4000 gpm maximum; the bypass around the chiller can 
be used to obtain the higher flows needed for determining the film heat trans­
fer coefficients. Static mixers are also used in the cold water loop to fa­
cilitate measurement of bulk mean temperatures. 

3.2. INSTRUMENTATION 

Pressures, temperatures, and flow rates are measured in each of the 
three test facility loops. The instruments used were chosen on the basis of 
measurement accuracy and compatibility with the computer data handling system. 
The original accuracy goals for measurements characterizing overall perfor­
mance of the heat exchangers were ±3% for the overall heat transfer coeffi­
cient and ±5% for the water-side pressure drop. In all instances these goals 
were met or surpassed during testing. Table 2 lists the more important in­
struments used and the accuracy of mea·surement obtained routinely during test 
operations . 

. 3.3 DATA HANDLING SYSTEM 

The test facility has a computer-based data system that can, on command, 
read the sources of data, apply calibration and correction factors to these 
data, compute heat balances and overall .heat transfer coefficients, and pro­
duce hard-copy records of all measured and calculated quantities. Figure 5 
shows a typical hard-copy output of the data calculated for a particular test 
run. Most of the entries 1n Fig. 5 are self-explanatory; those that are not. 
will be discussed in Sec. 5. 
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Table 2. Instruments and Measurement Accuracy 

Quantity measured 

Temperature of: 

Water into and out of condenser 
Ammonia vapor after expansion valve 

Water into and out of chiller 

Pressure of: 

Ammonia vapor in condenser and after 
expansion valve 

Pressure difference of: 

Water into and out of condenser 
Water into and out of cold water 

pump 

Flow rate of: 

Water through condenser 
Water through chiller bypass 

Liquid ammonia feed to evaporator 

In.strument 

Quartz crystal 
thermometer 

Copper-constantan 
thermocouple · 

Quartz crystal 
transducer 

Strain gauge. 
transducer 

Turbine meter 

Turbine meter 

4 OPERATING PROCEDURE 

Accuracy of 
measurement 

±o.oo5 psia 

±0.5% 
of reading 

±0.15% 
of reading 

±0.5% 
of reading 

The Union Carbide enhanced-tube condenser was installed in the test 
loop in the condition in which it had been received, without cleaning, since 
the heat transfer surfaces had been maintained in a protected, clean condition 
during shipment. Cleanliness was also maintained during installation. 

As for the test facility itself, this had been cleaned prior to the 
initial start-up, and the process was not repeated. During the initial clean­
ing, all piping, valves, and vessels of the ammonia system (excluding the test 
heat exchangers) were cleaned with hot caustic to remove grease. Acid washing 
(pickling) was then performed to remove rust, mill scale, and particles of 
iron left from the welding performed during fabrication. The surfaces were 
then passivated, flushed with water, and put under a nitrogen blanket. Ini­
tially, the ammonia system had been evacuated to remove noncondensables and 
water from the ammonia sides of the heat exchangers and from the ammonia pip­
ing. When the Union Carbide condenser was added to the loop, it was checked 
for leaks, evacuated, back-filled with ammonia, and isolated from the rest of 
the system under a positive ammonia pressure. 

This condenser was not used during the tests of the Union Carbide 
flooded-bundle evaporator nor during the initial tests of the Union Carbide 
sprayed-bundle evaporator. Midway through tests of the sprayed-bundle evap-
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'· 

1.953 



10 

orator, it was decided to start us1ng the Union Carbide condenser in antic­
ipation -of full-scale testing scheduled later. (Until that time, the C-MU 
condenser had been used; testing on that unit had been completed.) When the 
Union Carbide condenser was first valved into the main ammonia loop, several 
leaks developed in the interconnecting piping when system pressure was raised 
over· 80 psi. These were located and corrected by tightening bolted connec­
tions. 

The cold ~ater loop had also been cleaned and passivated by the same 
procedure used for the ammonia system. The loop was then filled with potable 
water that had first beeh through two water-softening treatments. A corrosion 
and fouling inhibitor (Nalco 8330) was added to the water in the approximate 
ratio of 3 oz per gal. 

The first step in the start-up procedure was to fill the condenser and 
evaporator receivers (sumps) one-half to three-quarters full of ammonia. Since 
the sprayed-bundle evaporator was used in this test, its ammonia head was also 
filled. The two ammonia pumps were then started, recirculating ammonia through 
the receivers in a bypass mode of operation. The cold water pump, the chiller, 
and the warm water pump were turned on. Water flows were initially adjusted to 
3200 gpm, and the cold water temperature was set at about 41.5°F. (The nominal 
temperature of 40°F is difficult to maintain on a steady-state basis.) Next, 
the ammonia flow to the evaporator was started and the evaporator pressure ad­
justed to about 134 psia. Finally, the steam heater was turned on and adjusted 
to keep the warm water temperature at· 80°F. · 

After start-up, it generally takes two to four hours to reach equilib­
rium before data-taking can commence. Data are recorded for two hours or more 
before changing operating parameters. Generally, a set of hard-copy data is 
taken every 10 to 20 minutes, with intermediate points often read and plotted 
but not printed. The data reported here were obtained during a continuous run 
of_about 100 hours starting Monday morning, November 27, and ending Friday 
afternoon, December 1, 1978. (Preliminary data had been ·recorded on ·November 
7 and 8 incidental to testing of the _sprayed-bundle evaporator.) 

The test program consisted essentially of three Wilson-plot runs at 2.4 
million, 3.2 million, and 4.0 million Btu/hr and at cold water flow rates of 
1500, 2400, 3200, 40oo; and 5000 gpm. It soon became apparent that there was 
much more variability in the calculated U0 values than was typical in the case 
of heat exchangers previously tested. The problem appeared to lie in the cy­
cling of the expansion valve, which was operating in an automatic mode. Con­
denser pressure was varying by about 1.5 psi over a regular cycle of some 40 
seconds. Since condensing temperature (and hence ~Tlmc> was calculated from 
the pressure (instead of measured directly), the reported U0 values were af­
fected by the timing of the start of data-taking. A little experimentation 
clearly confirmed this effect. When the expansion valve was switched.to man­
ual control, the pressure swings were reduced by a factor of three, and the 
data smoothed out accordingly. The testing was completed with the expansion 
valve under manual control. 

At the end of the test period, the system was shut down in approximately 
the reverse order in which it was started up, and the· ammonia was transferred 
to storage tanks located outside the building. For reasons of safety, ammonia 
was not left in the system while it was unattended. 
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5 METHODS OF CALCULATION 

5.1 EQUATIONS FOR THE OVERALL HEAT TRANSFER COEFFICIENT 

It is evident from the foregoing discussion of the ~easurements made 
during testing that there are three independent ways of determining the heat 
duty of the condenser. These are: 

1. The rate at which heat is taken up by the cold water as 
it passes through the condenser. This. can be expressed 
as follows:* 

2. 

where the first term is the sensible heat gained by the 
water as it flows through the condenser, and the second 
corre~~s for the fric~ional heat added. As might be 
expected, the frictional heat addition is quite small, 
amounting to less than 0. 5% of qcl for all runs with 
the condenser. 

The rate at which heat is removed from the cold water as 
it flows around the loop from the condenser discharge noz­
zle back to the condenser inlet. Thi's includes the net 

·effect of the heat removed in the chiller and added in the 
pump work. The cold water piping system is heavily insu­
lated, so conve~tive heat losses are negligible. Thus: 

The second term on the right side of Eq. 2 represents the 
rate of heat· addition to the water by the.pump. This term 
was obtained by making an empirical curve fit. to the manu­
·.facturer·• s effie iency data for this pump for flows between 
2400 and 4000 gpm. This was checked by direct determination· 
of the heat addition from measurements of the water temper­
ature change through the pump at different flow rates. 

3. The rate at which heat· is removed from the ammonia as it 
passes through the condenser: 

q~ = 60m!l1 H~ 

(1) 

.( 2 ). 

(3) 

During steady-state operation these three values of the condenser heat 
duty (q~l· qc2• and q~) must be equal; consequently~ the accuracy of the 
measurements can be checked by comparing the values obtained from the experi­
mental data. However, it must be emphasized.that the three methods are not 
equally accurate. Therefore, it cannot be assumed that the difference between 
the results obtained by any two methods represents the error in either method. 

*See list of nomenclature for explanation of symbols. 

. ·.·.,. 
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Once a value of the condenser heit duty, qc, is obtained, the overall 
heat transfer coefficient, U0 , is calculated from the conventional definition: 

where: 

qc 
uo = ----

Ai~Tlmc. 

= the outside surface area of the tubes (without 
wrapped wire), and 

= the log-mean temperatur.e difference between the 
water and ammonia streams. 

· The quantity b. Tlmc can be expressed in equation form as follows: 

(4) 

(5) 

Here, T~ is the saturation temperature of the ammonia vapor fed to.the con­
denser; for these tests this temperature was calculated from the measured in­
let pressure rather than1 me·asured directly, because more. accurate values could 
be obtained in that way. 

5.2. ERROR ANALYSIS 

Before the test data on the enhanced-tube condenser and the resulting 
heat transfe·r coefficients calculated from these equations are presented, a 
brief discussion of the magnitude of the expected uncert~inties in qc and U

0 
that result from inaccuracies in the directly measured quantities .is perhaps 
in order. We can determine these uncertainties by analyzing the propagation 
of the potential measurement errors (discussed in Sec. 3.2) in calculations 
with Eqs. 1 to 5 above. 

The first method of calcul~ting the heat duty (Eq. 1) involves the b.Tc 
measurement (with a measurement accuracy of ±0.3%) and the flow rate measure­
ment (±0.15% accuiacy); the expected accuracy in qcl is therefore ±0.4% (note 
that the error contribution of the frictional term is negligible). This is 
in agreement with the observed scatter in the values of qcl calculated from 
successive measurements during steady operation at ·fixed run conditions; the 
data generally fell well within a band that was 1% wide. 

The uncertainty in U0 is determined by examining the following equa­
tion, which results from combining Eqs. 1, 4, and 5 and neglecting the fric­
tional heat addition: 

(6) 
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The uncertainty in U0 is due in part' to inaccuracies in measurements 
o~ Tci and Teo obtained with quartz crystal thermometers. These inaccura-
C1es arise from the inherent precision limits of the thermometers and from 
small errors introduced during calibration. The standard calibration procedure 
is to place both measuring probes in a slush of ice made from distilled water. 
The readings ·are allowed to stabilize, and each probe is adjusted to read 
32°F. Further improvement in the accuracy of the measurement of Teo - Tci 
can be made by adjusting the instrument at the operating temperature of 42°F. 
After the standard calibration was completed, simultaneous readings of the cold 
water temperature at the same point in the loop were made with the two probes. 
Both were then adjusted to indicate the average of the original readings, and 
AT was adjusted to read zero. Values for Tci' Tc 0 , and ATe are given 
in Fig. 5; "water temp cond in" is Tci' "water temp cond out" is Tc 0 , and 
"water temp change in cond" is ATe. It can be noted that Teo - Tci dif­
fers from ATe by 0.005°F. This is typical of the discre'pancy in the two 
readings of the difference between Tci and Teo· Hence, we will use ±O.Ol0°F 
as the maximum measurement error in readings of ATe, Tci' and Teo· The 
error ·in T~ resulting from a ±0.005 psi uncertainty in the ammonia pres~ 
sure measurement is ±0.003°F. 

By applying these measurement errors to Eq. 6, the uncertainty in U0 can 
now be calculated. A 0.003°F error in T~ causes a relatively small (±0.043%) 
error in the natural logarithm factor. However, errors of O.Ol0°F in Tci and 
Teo cause errors in this factor of ±0.435% and ±0.580%, respectively, at our 
operating conditions. Hence, the estimated uncertainty in U0 is the combined 
effect of the flowmeter uncertainty (±0.15%) and the three sources of uncer­
tainty because of possible errors in Tci' Tc 0 , and T~. Since these error 
components are independent of one another, the ·total probable error is ±(0.152 
+ o.4352 + o.58o2 + o.o432~ = ±o. 74%. . 

The second method of calculating the heat duty (qc2) is subject to· a 
different set of errors. The first term in Eq. 2 is the rate at which heat is 
removed from the cold water in the chiller. The flow through the chiller is 
measured by a turbine. flowmeter to ±O .15% of the actual flow. Th.e value of A Tr 
is measured to ±0.2°F 1n about 2.5°F, or to ±8%. Thus, the total uncertainty 
in qc2 from this term is ±8%. The second term in Eq. 2 was derived from pump 
efficiency data supplied by the pump manufacturer. It contributes an uncer­
tainty to qc2 of ±1.3%. Hence, the total estimated uncertainty in qc2 is about 
10%. 

The third method for computing the heat duty is based on the rate at 
which energy is removed from the ammonia as it passes through the condenser. 
Although measured by a turbine meter that is accurately calibrated (±0.5%), 
the ammonia flow Cmi) is rather unsteady for the following reason. The flow 
is controlled by a valve operated by Ap cells that indicate .the liquid levels 
in the evaporator and condenser sumps. The valve controller is set up to keep 
the liquid in the receivers at a constant level so as to ensure a positive 
supply of liquid ammonia to the pump inlets at all times. Hence, although 
the instruments hold the liquid in the sumps at an almost constant level, the 
ammonia flow varies widely between the maximum and minimum. Attempts to im­
prove this did not result in a steady flow. Manual control of the flow valve 
steadied the flowmeter reading, but not at the correct value, since invariably 
the liquid levels drifted higher or lower over time. Furthermore, the flow­
meter apparently was not functioning properly during tests of the condenser, 

'! 

·' 

... 
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and recorded flow rates were consistently below the calculated average value 
based on heat duty. For these reasons no quantitative use can be made of the 
values of q~ other than as a rough check on qcl and qc2· No calculations of 
U0 based on q~ were made. 

Of the three possible methods described above, the first is clearly the 
most accurate and is used exclusively in calculations reported here. 

6 TEST RESULTS2 

Heat transfer performance of the Union Carbide condenser was measured 
during November and December 1978, the primary test data being taken during a 
32-hour run from November 27 to November 28. The test run was conducted at 
three different heat duties with the nominal 3.2 million Btu/hr first, 2.4 
million Btu/hr second, and 4.0 million Btu/hr last. For each heat duty, the 
overall heat transfer coefficient was obtained for the nominal flow rate of 
3200 gpm and for various other flow rates from 1500 to 5000 gpm. The measure­
ments at different flow rates provided the information for determining the in­
dividual heat transfer coefficients by the Wilson method. 

6.1 U0 AT DESIGN OPERATING CONDITIONS 

At nominal design conditions (a heat duty of 3.2 million Btu/hr and a 
water flow rate of 3200 gpm) the overall heat transfer coefficient (U0 ) was 
found to be 818 Btu/hr•ft2•°F, which is about 5% higher than the value ex­
pected by Union Carbide (see Table 1). Test data from the run at a constant 
heat duty of 3.2 million Btu/hr and at various water flow rates are shown in 
Fig. 6. It can be seen that the overall heat transfer coefficient for the 
nominal water flow rate of 3200 gpm, obtained on three separate occasions 
during the test cycle, is repeatable at an average value of 818 Btu/hr•ft2•°F. 
The scatter of the ·data in Fig. 6 is relatively large (±4%) compared to the 
scatter observed in tests with other units (±1%). However, much of the scat­
ter shown in the figure is not real, but merely reflects pressure oscillations 
caused by the cycling of the expansion valve in the automatic mode (see Sec. 
4). Since the condensing temperature (and hence 8Tlmc> is calculated indi-. 
rectly from the pressure (rather than measured directly), the reported U0 
values are affected accordingly. Although the pressure oscillates, the con­
denser saturation temperature remains essentially constant at the time­
averaged condenser pressure. Thus, despite these fluctuations in U0 , the 
time-averaged value should be very accurate. 

It should be noted that immediately prior to these test runs no vent­
ing was done to remove the noncondensables. It was found later that purging 
the noncondensables increased the overall heat transfer coefficient by 3% 
(see Sec. 6.4). 

6.2 INDIVIDUAL HEAT TRANSFER COEFFICIENTS 

Individual ammonia-side and water-side heat transfer coefficients can 
be determined by the standard Wilson procedure. This procedure makes use of 
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the relatibnship between U0 and the indi­
vidual coefficients that expresses the total 
heat transfer resistance as the sum of its 
separate components. For circular-tube heat 
exchangers this relationship is: 

1 
= 

Uo 
+ 

1 
+ -­

hfo 

where U0 -l is seen to depend linearly on 
hi-1. For circular tubes with internal . 
fins of the type used in the Union Carbide 
~ondenser, Noranda3· has developed the 
following ~mpirical correlation: 

hN = 0.178Re0.66pr0.33 k/D 

where D is the inside diameter of the tubes 
24 and the Reynolds number is defined as: 

16.04wc 
Re = -----

Thus, if a series of runs are made over a range of water flow rates, we, 
under conditions where.h0 is constant, a plot of the values of u0 -l versus 
we -0.66 will fall on a straight line (assuming, of course, that the physical 
properties are constant from run to run, as is the case in the present test). 
Extrapolation of the line to the intercept at wc-0.66 = 0 will yield a 
value of u0 -l that is equal to the sum of the last four terms on the right 
side of.Eq. 7. The value of the ammonia-side coefficient, h0 , can then be 

·determined by subtracting the values of the tube wall and fouling resistances, 
if they are known. It should be pointed·out that the ammonia-side heat trans­
fer coefficient is a function of local condensate loading, which, of course, 
varies from tube to tube. Consequently, the h0 value in Eq. 7 represents 
an average value for the bundle. Finally, the values of the water-side coef­
ficient, hi, can be obtained for each value of We· 

(7) 

(8) 

(9) 

Clearly, the ~se of this procedure for determining h 0 and hi (we) re­
quires that the data on U0 (we) be obtained under conditions where h0 is 
constant and the fouling coefficients, hfo and hfi• are known. To ensure that 

.h0 .remained the same during the runs at different water velocities, the con­
qenser heat duty, qc, was held constant at the nominal design value of 3.2 mil­
lion Btu/hr. As a result, the total condensate flow rate (and hence the average 
value of h0 ) was essentially cbnstant. 

It should be noted that although the inlet cold water temperature was held 
constant, the ammonia-side temperature· had to vary slightly from run to run in 
order to accommodate the different values of U0 • Consequently, the profiles-of 
the local difference between the ammonia and water temperature along the length 
of the tubes were not the same for th.e different water flow. rates. However, the 
small variations in temperature should not significantly affect the flow 
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characteristics or the thermophysical properties of the condensate film, and 
the h0 value can, therefore, still safely be regarded as constant during the 
runs for the Wilson determination of h0 • 

The situation with respect to the fouling resistances is perhaps some­
what less evident, particularly in the case of the water-side fouling coef­
ficient, hfi· Because of precautions taken to maintain the cleanliness of 
the test facility's ammonia system (see Sec. 4), it is unlikely that foreign 
materials from this system could foul the tube outside surface. As far as 
water-side fouling is concerned, the water system was maintained under a 
nitrogen blanket since the initial filling. The water was continuously fil­
tered during operation by a high-capacity filter located in a bypass line 
at:ound the cold water pump. The extreme cleanliness of the system and the 
effectiveness of the corrosion inhibitor in scavenging oxygen and in pre­
venting the deposit of hard calcium lead us to expect that the magnitude of 
the water-side fouling resistance is essentially zero. Thus it can be assumed 
that the last two terms in Eq. 7 are small enough to be neglected in deter­
mining h0 and hi by the Wilson procedure. 

. 
The data obtained for the overall heat transfer coefficient, U0 , at 

the nominal heat duty of 3.2 million Btu/hr and at different water flow rates 
are shown in Table 3. From the plot of u0 -l versus wc-0.66 the value of u0 -l 
at the intercept We -0.66 = 0 was determined (see Fig. 7). The· straight line 
in Fig. 7 was obtained usiny the least-squares algorithm (linear regres­
sion), and the value of u0 - at the intercept was found to be 0.0002540 
hr•ft2•oF/Btu. The wall resistance term on the right side of Eq. 7 was cal­
culated using the following data for the Union Carbide condenser: 

r 0 = 0.0625 ft 

q = 0.0571 ft 

Table 3. Values of U0 as a 
Function of Water Flow.Rate 

We Uo 
(gpm) (Btu/hr•ft2•°F) 

1540 546 

1930 625 

2410 702 

3190 818 

3970 921 

5010 1014. 

From this we obtained.: 

Substitution of this into Eq. 7 gave a 
value of h0 of 5180 Btu/hr•ft2•°F, 
which is about two times the value·cal~ 
culated from the well-known Nusselt ex~ 
pression for condensation on unenhanced 
circular tubes. This value is also high­
er than that used by Union Carbide 
(around 3000 Btu/hr•ft2•°F) for design 
calculations.4 

*For aluminum alloy 3003 Hll2. Source: Aluminum Standards and Data, 
Aluminum Association, Inc. (1979). 
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With the value of h0 known, we 
were able. to calculate hi for each flow 
rate by ~sing the U0 values in T~ble 3. 
The results are shown in Table 4 a~d plotted 
in Fig. 8. It can be seen that the values 
of hi are correlated well by the velocity 
power base~ on the Noranda equation and 
tha_t they are very close to those predic~ed 
by the No~anda correlation (about 3% higher). 
The equation for the straight line drawn 
th~ough the data is hi= 5.49wc0.66. For 
comparison, the Sieder-Tate c0rrelation5 
is also plotted in Fig. 8. In the range of 
water flow rates tested, the hi values are 
1. 50 to 1. 7 5 times larger thar:t those pre­
dicted by the Sieder-Tate equation. These 
eQhancement ratios, incidentally, are con­
sistent with the 1.8 ratio of the actual 

·wetted inside surface area (including fins) 
to the nominal inside surface area. 

Befo.re concluding this section, it 
should be mentioned that the individual 
coefficients as determined by the Wilson 

Fi&· 7. Wilson Plot method are very sensitive to the choice of 
the exponent that expresses the d~pendence 
of hi on tube-side velocity. For example, 

using the conventional -0.8 p_ower ra,ther than -0.66 yields an ammonia-side 
coefficient of 2620 Btu/hr•ft2•oF and a water~side coefficient of 1410 
Btu/hr•ft2•°F. Conseq~ently, t~e accuracy of the calculated individual 
~oefficients is strongly dependent on the accur~cy of. the velocity exponent 1n 
the correlation for hi. 

Table 4. Dependence of hi 
on Water Flow Rate 

We h· 1 
(gpm) (Btu/hr •ft2 • °F) 

1540 697 

1930 809 

2410 937 

3190 1126 

3970 1302 

5010 1518 

6.3 EFFECT OF HEAT DUTY ON U0 

The effect o~ heat duty on the 
overall heat transfer coefficient was in­
vestigated by comp~r1ng test results at 
heat duties of 2.4 million, 3.2 million, 
and 4.0 million Btu/hr. In Fig. 9 the 
effe~t of heat duty on U0 is seen to be 
negligible. This implies that within the 
range tested heat duty has a negligible 
effect on the aminonia-s ide heat 'transfer 
coefficient. Furthermore, since conden~ 
sate flow rate is proportional to heat 
duty, it follows that within the same. 
range liquid loading does not ~~gnifi­
cantly affect the ammonia-side heat 
transfer coefficient. 
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6.4 EFFECT OF NONCONDENSABLES 
(VENTING) ON U0 

As noted in Sec. 4, when origi­
nally installed in the loop, the conden­
ser had been checked for leaks, evacuated, 
back-filled with ammonia, and left under 
positive ammonia pressure. Some leaks 
had been observed when the condenser·was 
subjected to system pressure, but these 
were corrected while the system was still 
under positive pressure. The condenser 
was riot vented for removal of nonconden­
sable gases immediately prior to the start 
of testing. 

Blowdown of noncondensables was 
carried out, however, near the end of the 
test period. Two vent lines connected to 
the top of the condenser were opened for a 
period of two minutes. When data-taking re­
sumed immediately afterward, an increase 
in U0 of 3% was observed. Since the 
scatter of the data was ±1%, this change, 
though small, is apparently real. The 
venting step was then repeated with no 
further improvement in performance. 

6.5 WATER-SIDE.PRESSURE DROP 

Water-side pressure drops across 
the condenser were measured and recorded 
for all hard-copy data points. The re­
sults shown in Table 5 for each flow rate 
are averages of at least 20 values (cover­
ing all three heat duties). 

•c, gpm It must be noted that there was 
considerable scatter in individual data 
points taken for the same operating 
conditions. This was especially pro-

Fig. 9. Effect of Heat nounced at the lower water flow rates. 
Duty on U0 The variability is apparently due to 

inadvertent location of the pressure 
taps in the water lines at places where 

large pressure fluctuations occur. This gives rise to erratic instantaneous 
pressure readings. 

· 7 SUMMARY AND CONCLUSIONS 

An investigation has been made of the performance of the Union Carbide/ 
Linde enhanced-tube condenser under nominal design conditions specifically, 
a heat duty of 3. 2 million Btu/hr, an inlet water tempera'ture of 40°F, and a 
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Table 5. Water-Side Pressure 
Drop as a Function 
of Flow Rate 

Average measured 
Flow rate pressure drop 

(gpm) (psi) 

1516 0.6 (±0.4) 

2398 1.1 (±O. 5} 

3198 1.8 {±0.6)a 

3993 2.7 (±0.6) 

4965 3.9 (±0.6) 

. aThe predicted pressure drop 1S 
2.0 psi (see Table 1). 

for condensation on a smooth tube. 
Btu/hr•ft2•°F, is within. 3% of the 
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water flow rate of 3200 gpm. Under 
these conditions the value of 
the overall heat transfer coefficient 
for the condenser is 818 Btu/hr•ft2•°F, 
and the ammonia-side and water-side 
heat transfer coefficients are 5180 
and 1130 Btu/hr•ft2•°F, respec-
tively. The water-side velocity 1s 
5.0 ft/sec and ~he pressure drop is 
1.8 psi. 

The.values· for the ammonia-side 
and water-side heat transfer coeffi­
cients were obtained using the Wilson 
method,, but with a veloc.ity power of 
-0·. 66 conforming to the Noranda corre la­
tion fo.r finned tubes.· The ammonia-side 
heat transfer coefficient, 5180 Btu/ 
hr•ft2•°F, is about two times the 
value predicted by the Nusselt expression 

The water:-side heat transfer coefficient, ll30 
value predicted by the Noranda correlation. 

It was found that the individual coefficients as determined by the. 
Wilson method are very sensitive to the choice of the exponent that expresses 
the dependence of hi on velocity. For example,. using the conventional -0.8 
power rather than the -0.66 power as in the Noranda correlation yields an 
ammonia-side coefficient of 2620 Btu/hr•ft2•°F and a water-side coefficient 
of 1410 Btu/hr•ft2~°F. Consequently, the accuracy of the calculated individual 
coefficients is strongly dependent on the accuracy of the exponent in the 
Noranda correlation~ 

Additional tests were conducted' to study the effects of heat duty and 
noncondensables. The overall heat transfer coefficient was not affected when 
the heat duty was varied from 2.4 million to 4.0 million Btu/hr. This implies 
that the effect of heat duty on the ammonia-side heat transfer coefficient is 
negligible within the range tested. Since condensate flow. rate is proportional 
to heat duty, it also follows that within this range liquid loading does not. 
significantly .affect the ammonia-side heat transfer coefficient. Apparently, 
small amounts of noncondensable gases were present throughout the testing, as 
evidenced by a 3% increase in the value of U0 following a purge at the con­
clusion of the test period. 

• '.! .· : ~ 
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