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FLUTED TUBES* 
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ABSTRACT 

·· ·-_:-~-:-=~:-=--' · Experiments were run to determine heat transfer performance of single vertical 
:-=.::::::'-:7=-··tubes with ammonia condensing on the outside. The four test tubes (aluminum) 

were of l-in. nominal diameter and 4-ft length with 0 (smooth), 24, 48, and 
60 external flutes. The condensing heat transfer coefficients are reported 
as composite coefficients that include the resistance of both the condensing 
side and the tube wall. The composite condensing coefficients ranged from 
720 to 9600 Btu/hr• ft 2 • °F over a heat cflux range of 1600 to 16000 Btu/ _ ·- ~--
11r• ft 2 • All parameters were based on total condensing surface area. Th·e · 
data show that, 'for a given heat flux, a fluted tube can. increase condensing 
coefficients up to 7.2 times smooth tube values. Corresponding condensing 
temperature differences (composite) ranged from 0.3 to 23°F . in the experiments; 
and the data show that, for a given condensing temperature_~ifference, a 
fluted tube can accommodate heat loads up to 5.4 times the smooth tube values. 
Conversely, for a given heat load, a smooth tube requires condensing tempera-
ture differences up to 9.7 times the fluted tube values. 
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Nm!ENCLATURE 

y-intercept on the Wilson plot 

slope of the line on the Wilson plot 

heat transfer surface area of test tube 

cp specific heat 

D tube diameter 

g local gravitational acceleration 
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RQ 

Re 
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6T 

6T 

6T* 

u 

v 

thermal conductivity 

mass flow rate 

pressure 

heat. load 

heat flux 

radius 

resistance to heat flow 

ratio of conden~ing temperature differences [6T* (smooth tube)/ 
: ·6T* (fluted tube)] at equal· heat load --,-·-----.. -· ----· -----=----~----------- ---

ratio of condensing coefficients [h* (fluted tube)/h!'i,.(smooth tube)] 
at equal heat flux 

ratio of heat loads [Q (fluted tube)/Q (smooth tube)] at equal 
condensing temperature difference 

Reynolds number 

temperature 

temperature difference 

mean temperature difference between the condensing vapor and coolant 

composite condensing temperature difference including both vapor side 
and wall 

overall condensing heat transfer coefficient 

water velocity 
.. ,-

Greek Symbols 

r Condensate mass flow rate at bottom of tube per unit length of periphery 

u absolute viscosity 

P mass density 

a surface tension 
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Subscripts 

avg average 

fi inside fouling 

fo outside fouling 

i inside 

o outside 

v vapor; vapor.(condensing) side 

w water; water side X-

wall wall; surface 
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INTRODUCTION 

One method for increasing the thermal performance of heat exchangers is 
enhancement of the heat· transfer coefficient through use of modified Reat 
transfer surfaces. Studies at the Oak Ridge National Laborato~y [1] in the 
period 1964 to 1972 considered the thermal performance of evaporator­
condenser tubes modified in various ways to augment condensation and evapora­
tion or boiling coefficients. This work '"as done for the Office of Saline 
Water and concentrated on water and brines for application to desalination 
plants. The results from the program were very encouraging, reporting over­
all coefficients up to seven times larger for augmented surfaces than those 
obtained with conventional smooth tubes. 

In a manner similar to this earlier work, the present study examined the 
potential for improving the heat transfer performance of condensers for con­
ditions.typified by an ocean thermal energy conversion (OTEC) plant. Any ---··------­
significant increase in the thermal performance of the heat exchangers (con-
densers and evaporators) could result in a substantial capital cost reduc-
tion of a power conversion plant for utilizing the resource and favorably 
affect the overall feasibility of developing the resource .. __ -·--·-

Specifically, the enhancement of heat -transfer coefficients for ammonia o 

condensing on vertical tubes was investigated in this study. Ammonia was 
chosen since this is the prime candidate for the working fluid in an OTEC 
plant. The need for these studies rests in large part on the sparseness of 
the condensing experimental data for fluids other than wat~!· The experi­
mental study undertaken included the determination of average heat transfer 
coefficients for alnmonia condensing both on smooth tubes and on fluted tubes 
of various geometries. The emphasis on fluted tubes stemmed from the perform­
ance efficacy identified in water studies, such as that of Alexander and 
Hoffman [1]. 

BACKGROUND 

In 1916, Nusselt [2] derived the theoretical relations for predicting heat 
transfer coefficients for film condensation of pure vapors on tubes and 
plates. Subsequently, extensive work was carried out in the general area of 
film condensation by other investigators; their efforts incfuded many modifi­
cations to Nusselt's analysis. Thus, for film condensation on the outside 
of vertical surfaces in laminar flow, McAdams [3] developed a semiempirical 
relationship for predicting the heat transfer coefficients in which Nusselt's 
theoretical equation was multiplied by a constant. This recommended equation 
by ~lcAdams was based on a comparison of Nussel t' s predicted coefficients '"i th 
experimental data; the expermental data averaged at least 20% above Nusselt's 
theoretical prediction. Kutateladze [4] presented a semiempirical equation 
for predicting film condensation coefficients for laminar flO\" on vertical 
surfaces that purports to account specifically for the effect of ripples 
(irregularities in the liquid-vapor interface) on heat transfer. For film 
condensation '"here the flow is turbulent, ~lcAdams [3] recommended the correla­
tion of Kirkbride [5]. 
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More recently, investigators have focused their attention on the potential 
for augmenting film condensation heat transfer. In most film-type condensing 
situations, the major r~s1stance to h~at transfer lies in the liquid film 
that forms on the cooled surface as the vapor condenses. Therefore, conden~ 
sation heat transfer enhancement depends primarily on methods for reducing 
the effective thickness (or resistance) of this liquid film. ~lodified sur­
faces, such as fluted tubes, have proved successful in reducing the resistance 
of the liquid film. 

The first study of fluted enhanced surfaces was by Gregorig :[6] in 1954, who 
showed analytically and experimentally that fluting the tube surface can sig­
nificantly augment film condensation heat transfer; thus, by fluting the out­
side surface of a vertical tube, Gregorig ·obtained increases of 200 to 800% 
in the average film condensation coefficient for condensing steam. The 
observed enhancement was attributed to surface tension forces (see Fig. 1 for 
illustration of fluted tube .. principle of operation) acting to push the con- ... 
densate from the convex surfaces (crests) into the concave channels (troughs) 
down ,.,hich it drains by gravity. This results in thinning of the liquid film 
on the crests, greatly reducing the resistance to heat flow through the crest 
area. The resistance to heat flow is increased somewhat in the troughs _ . 
through thickening of the fflm by addition of the fluid from the crests .. , The 

· overall effect is an improvement in the average condensing film coefficient; 
however, the magnitude of the augmentation depends on the trade off between 
improvement in the crest area heat transfer and the degradation in trough 
area heat transfer. · -- ··· 

Gregorig's idea stemmed from the fact that the pressure of the fluid inside 
a curved interface will be greater than the pressure of the fluid outside the 
interface by an amount given by Laplace's formula [7]: 

(1) 
\. 

' where CP1 - P2) is the surface pressure difference, r1 and r2 are the principal 
radii of curvature of the interface, and a is the surface tension. Thus, if 
a vertical condensing surface is not smooth, but instead contains corrugations 
or ridges (flutes) and troughs running vertically on the surface, condensate 
forming on the crests will be at a slightly higher pressure than surrounding 
vapor, while liquid in the troughs ,.,rill be slightly below the pressure of the 
vapor. This difference in pressure is what forces the liquid off the crests 
into the troughs resulting in thin film regions as illustrated in Fig. 1. 

Other investigators have confirmed Gregorig's findings ... The study of fluted 
tubes by Carnavos [8] reported film condensing coefficients 4.5 to 7 times 
greater than those obtained for a comparable smooth tube at a given heat flux. 
The work of Alexander and Hoffman [1] with modified surfaces indicated signif­
icant increases in the overall heat transfer coefficients (6 to 7 times larger 
than those of smooth tubes); no direct measurement of condensing-side coeffi­
cients were made in this study. Thomas [9,10] achieved considerable enhance­
ment of film condensation by modifying vertical condenser tubes in two ways: 
(1) loosely attached small longitudinal \vires and (2) loosely clamped longi­
tudinal fins. With the wires, Thomas was able to increase the condensing 
film heat transfer coefficient as much as a factor of 4.5 over a smooth tube; 
while with the fins, enhancement factors greater than 9 were reported. 
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All of the work previously mentioned was with condensing steam and, in general, 
most of the work on film condensation has been done with steam. Little experi­
mental data are reported for fluids other than water, and even less for such 
fluids condensing on ennanced surfaces. Thus, for the past several years, the 
Oak Ridge National Laboratory [11,12] has been involved in an experimental prog­
ram to obtain film heat transfer coefficients for fluorocarbons condensing on 
both smooth. and f"luted vertical surfaces. Kratz et al. (13] studied ammonia 
condensing on smooth tubes in several types of condensers, but reported only 
overall coefficients. 

EXPERIMENTAL EQUIP~~NT 

Equipment used in this investigation is shown schematicalli in Fig. ·2. The 
system was designed for a heat load of 5 kW.and consisted of thre~ circ~its 
an anunonia loop, a primary cooling. loop, and a secondary cooling loop. _.The _____ _ 
ammonia loop was designed for a maximum operating pressure and temperature of 
250 psia and ll0°F. The test section, a single-tube vertical condenser, was 
built to accommodate tubes of 1- or 2-in. nominal diameter and 4 ft in length. 
The system was manually controlled, and the heat load was set by the power 
input to the boiler. The ammonia loop was constructed of stainless steel to 
minimize compatibility problems. View ports on the test section permitted 
visual observation of the condensing surface with the aid of a light at suit-
able locations. Water served as the~.coolant in. both the primary and secondar;' 
cooling loops. The primary coolant removed the heat from the tube in the test 
section; and in turn, the heat was transferred to the ~eco~dary coolant. 

General Flow Description 

Flmv directions in the system are indicated by arrows in Fig. 2. Typically, 
the ammonia was vaporized in the boiler and passed through an entrainment 
separator before entering the condensing test section. The vapor entered the ~ 
top of the test section, and the liquid (collect.ed in the separator) returned 
to the boiler. The vapor condensed on the outer surface of the test tube in 
the test section and formed a falling film of liquid. The liquid condensate · 
exited at the bottom of the test section, passed through a condensate measur­
ing station, and returned to the bottom of the boiler to complete the closed 
loop. A pump was not needed for the circulation of the ammonia since the 
liquid head in the test-section side of the loop furnished the driving force 
required for flow through the condensate measuring station. 

In the primary cooling loop, a centrifugal pump transferred demineralized 
water from a storage tank to the bottom of the test section and upward through 
the test tube. The primary cooling flow was measured by rotameters upstream 
of the test section and controlled by a hand valve located do\mstream of_the 
test section. From the top of the test section, the water returned to the 
storage tank to complete the closed loop. The seconGary cooling loop removed 
the heat load from the system by transferring the heat from the primary cooling 
water to plant process water. Primary cooling water recirculating through the 
storage tank dumped.heat to secondary cooling water which passed through a cool­
ing coil in the tank and then discharged to the drain. The flow rate of the 
secondary coolant was regulated by a hand valve located downstream of the cool­
ing coi 1. 

.... - . '-=.:._ _.,. __ ..,...: 
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Condensing Test Section 

The shell of the test section was fabricated from 4-in. Schedule 40 stainless 
steel pipe. Figure 3 is a detailed sketch of the test section includlng an 
assembly diagram. The outside (condensing) surface of the experimental test 
tube could be viewed at locations near the top and bottom of the test tube 
through two windows (Fig. 3). Provision was made at the bottom of the test 
section to collect separately the condensate forming on the inside of the 
shell, and this condensate was returned to the boiler downstream of the con­
densate measuring station. The total condensing length in the test section 
was 4 ft. 

A stainless steel rod of 0.50-in. ouiside diameter was installed through the 
center of the test section (inside the test tube) in order to decrease the 
hydraulic diameter and increase the velocity for a given primary cooling - -- ·--·-­
volume flow. Both of these variations tended to increase the heat transfer -
coefficients on the water side; and, as a result, improved the accuracy of 
the Wilson-plot technique [14] used to interpret the experimental data. For 
example, with a smooth 0.87-in.-ID tube (designated Tube A in the following 
section), insertion of the Q. 50-in. -OD rod decreased the hyd-raulic diameter - , ---·- --· 
by 57% and increased the velocity by 49%. · 

Test Tubes 

The performance of four tubes (1-in.-nominal diameter) was examined in this 
investigation. Letter designations (as noted in Table 1) --are used to identify 
the tuL~s. Detailed descriptions of the tubes are given in Table 1. All 
tubes were aluminum and, with the exception of Tube A, were fluted; Tube A 
had a smooth surface. As sho\m in Table 1, Tubes F and G had rounded flutes 
(corrugations), while Tube E had square flutes (square ridges). All tubes 
except Tube G had a smooth inside surface;_ the inside surface of Tube G con- " 
tained some irregularities (scratches) apparently created during the extrusion• 
process. 

Tube E was selected from an assortment of tubes rema1n1ng from previous heat 
transfer studies at the Oak Ridge National Laboratory by Alexander and Hoffman 
[1]. Tubes F and G \vere fortuitous findings, being commonly sold as standard 
shower curtain rods, in that the number of flutes fell conveniently in multiples 
of 12 bet\veen Tubes A and E. Tube F is distributed by the Macklanburg Duncan 
Company, and Tube G is distributed by Kirsch under the designation Part No. 
BFl00-54. A duplicate of Tube F (designated as Tube F-1) was also tested with 
a neoprene skirt attached at the midpoint of the condensing length; these tests 
were conducted to obtain some indication of the effect of tube length on the 
condensing heat transfer performance of fluted tubes. 

PROCEDURES AND INSTRUMENTATION 

Heat rates and temperature· differences in the test section were calculated 
from experimental data taken during steady-state operations. Accurate tempera­
ture measurements were critical, since it was sometimes necessary to measure 
very small temperature differences (~0.2°F) to within +0.04°F to obtain reli­
able heat balances. Further~ small condensate flows (as low as 0.01 gpm) had 
to be measured accurately for good interpretation of the experimental_ d~ta. 

• ... .s-
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Steady-State aperation 

The heat rate to the boiler was controlled manually by setting the voltage to 
the boiler. After setting the heat fate to the boiler, the primary cooling 
flow rate was adjusted by the valve dmmstream of the test section. Since the 
inlet temperatur~ of the secondary cooling water was fixed by the plant process 
water conditions, the flow rate of the secondary cooling water was used to 
control the temperature of the primary cooling water. This, in turn, controlled 
the vapor temperature in the test section. Temperatures and pressures through­
out the system were monitored to determine when steady-state conditions existed; 
steady state \vas assumed when there was no significant change in temperatures 
(~0.1 to ~0.2°F) throughout the system over a five- to·ten-minute span. 

Once a steady state was achieved, the .experimental data \vere recorded. , The 
information recorded included the vapor temperature and pressure,in both the 
condenser and boiler, the flow rate and temperature of the condensate, the - -~~---­
inlet and outlet temperatures and flow rates of the primary and secondary cool-
ants, and the voltage and current to the boiler. These exp~timental data \vere 
then used to calculate heat transfer rates and temperature differences in the 
system and to check pressure-temperature values against saturation data for 
ammonia. 

After all the data were recorded for a given steady-state situation, the flow 
rate of the primary cooling water was changed and the flow rate of the second­
ary cooling water adjusted (range of 0 to 4 gpm) until the system reached a 
new steady state. \'/hen this steady state was reached,. the_ ~xperimental data 
were again recorded. The same procedure was followed until data were collected 
for at least three coolant flmv rates at the same boiler heat rate. In the 
experiments, the primary cooling flow rates ranged from 3.0 to 34.0 gpm. The 
heat rate to the boiler was then changed, and the entire procedure was repeated 
at the new heat rate. 

' The major difficulty encountered during operation of the system arose from the 
presence of noncondensable gases (primarily air). Great care was taken to _ 
insure that noncondensables were removed before experimental data were recorded. 

Temperature 
:r 

The s-ystem was equipped with chromel-alumel thermocoup-les that \vere read with 
a potentiometer to obtain the temperatures used in the data analysis and 
recorded continuously on two multipoint recorders to obtain a permanent record. 
Thermocouples were located in the liquid and vapor of the boiler, in the vapor 
feed to the test section, in the inlet and outlet of both cooling water loops, 
near the condensate measuring station, and on each heater. The recorded thermo­
couple data were used in deciding when the system reached a steady state. 

Both a quartz thermometer and a thermistor were located in the vapor feed to 
the test section and in the inlet and outlet of the primary cooling water. In 
addition, a quartz thermometer was located near the condensate measuring station. 
The information from the quartz thermometers (Hewlett Packard, Model 2801A) and 
the thermistors (Thermometries, Part No. S-10-4-wire) were used for data reduction 
because of the greater accuracy_ attributed to these instruments. However, the 
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experimental data from the three sets of temperature measuring instruments 
were checked against each other to increase the confidence in the tempera­
ture measurements. 

Condensate Flow Rate 

The condensate flow in the ammonia loop was measured by .two instruments: an 
integral orifice meter and a turbine flow transducer. These two instruments 
were located in parallel with piping permitting the routing of the flow through 
either device. An integral flow orifice assembly was used to adapt a pneumatic 
d/p cell transmitter (Foxboro Model 15A) for the measurement of lm<~ flow rates. 
With the integral orifice meter, it was necessary to change orifice plates 
(bores of 0.0595, 0.0810, 0.995, and 0.159 in.) for various flow ranges. A 
turbine flow transducer (Flm<~ Technology, Model FTI-1-NX3-WS) equipped with a 
range extending amplifier (Flm<~ Technology, Jl.-fodel LFA-300AX) facilitated opera-
Lion. The range extending amplifier made it possible to cover the full range . 
of interest (0.01 to 0.2 gpm) with only one instrument. Measurements from ~-----:---:::-=:---­

the turbine flow transducer were used in reducing the data with the integral 
orifice meter results used as a check. The two values always agreed to within 
a fe\<~·percent. 

ANALYSIS 

Overall Condensing Coefficients 

The heat transfer rate in the condenser can be written: 

Q = UAtoT , (2) 

where U is the overall heat transfer coefficient, toT is the mean temperature 
difference between the condensing vapor and the primary cooling water, and A .._ 
is surface area of the test tube. The heat transfer rate can be computed fron • 
either.the condensate mass flow rate Cmc) or from the product of mass flow 
rate Cmw) and temperature rise (toTw) of the primary cooling water; thus, 

Q = m hfg c (3) 
_.,. 

and 

Q = mw c toT pw w (4) 

where hf is the latent heat of ammonia, cpw is the heat capacity of water. 
These t\ve values provided a means for checking heat balances; for over 98% of 
the runs, the checks were better than +10% and over 80% were better than +5%. 
In this analysis, all physical property data for ammonia were taken from ASH~~ 
handbooks [15-18], where ammonia is designated as Refrigerant 717. 

The arithmetic mean difference is used for toT, since in 
ture difference across the-water was relatively small. 
saturated vapor: 

·""'. ·.,. .. -.---

most cases the tempera­
Therefore, assuming 
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fiT= T - T. 
v w,avg (5) 

where Tv is the ammonia vapor 
erature. Defining an overall 
area (A0 ) and rearrangirig Eq. 

temperature and T is the average water temp-
coefficient (U ) w,avgbased on the outside surface 

0 
(2): 

u = __;Q:.._ 
0 A fiT 

0 

(6) 

The next step in the analysis is the evaluation of individual condensing-side 
coefficients from the overall coefficients. 

Individual Condensi~g-Side Co~fficionts 

A technique introduced by Wilson. [14] in 1915 was used as the primary method ________ _ 
of analysis in this study; this is a graphical method of interpreting overall 
coefficients of heat transfer in surface condensers such that individual ·._: _ 
condensing-side coefficients can be evaluated. Beatty et al~ [18) determined 
film coefficients for various fluids condensing on the outside of finned tubes 
by a modification of the method proposed by Wilson. In this analysis, the 
Wilson-plot method \vas applied as originally presented by Wilson. The follow-
ing treatment presents the method and describes the application to the experi-
mental data in this study. 

The overall resistance to heat flow (LR = 1/U) in a conden2~r is equal to the 
!;UIIl uf the individual res!sta~ces; thus, 

1/U = R + Rf + R + Rfi + R , (7) v 0 wall w· 

where Rv is the resistance on the vapor (cpndensing) side, Rwall that of the .._ 
wall, R that on the water side, and Rfo and Rfi account for any fouling on the' 
outsidewand inside surfaces of the tube, respectively. Introducing individual 
average heat transfer coefficients (h), neglecting any fouling, and correcting 
for differences in area, the overall coefficient based on the outside surface 
area is represented by: 

Ao 
1 L+R +.----
uo = h wall h A. ' v w 1 

(8) 

where A. is the inside surface area of the tube, h is the vapor-side heat 
transfef coefficient based on the outside tube areX, and. hw is the water-side 
heat transfer coefficient based on the inside tube area. For a smooth tube, 
the wall resistance based on the outside tube area is given by: 

(9) 

where r and r. are the outside and inside radii of the tube, respectively, and 
k is thg thermh conductivity of the tube \vall. 

! ) 
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Neglecting the effects of changes in water temperature, the water-side 
resistance (1/hw) can be taken as a function of the water velocity (v). 
For turbulent flow of water, this can be expressed as 

'• 

1/h o: l/v0 · 8 
w 

and thus, Eq. (8) can be rewritten:. 

1 - 1 + R + al v-o,a . 
U

0 
- hv wall (10) 

If, following Wilson, the sum of the first two resistances (1/h + R 11) is 
taken as approximately constant, Eq. (10) becomes: v wa 

... 
·-~-------- ----

(11) 

In this form, a plot of l/U
0 

vs 1/vO.B on ordinary rectangular coordinates 
should give a straight line £rom which the constants a0 and a1 can be determined. 
Thus, the constant a0 is given by thecy-intercept on the Wilson plot and cor­
responds to the sum of the first two resistances (vapor side plus wall) in Eq. 
(10): 

a 
0 

The constant a1 is the slope of the straight line on the Wilson plot. 

(12) 

For a smooth tube, Eq. (9) can be used to calculate a wall resistance, and h 
can be computed from Eq. (12). However, for fluted tubes, it is very diffic~l~ 

' to estimate the contribution of the wall due to the more complicated wall geo~e-
try and heat distribution. Accordingly, the coefficients for the fluted tubes 
are reported as a composite condensing coefficient (h*) that includes ·both the 
vapor-side resistance and the wall resistance: 

or 

·I 
h* = (1/h ) + R 

v wall 

h* = 
1 
a 

0 

(13) 

(14) 

The corresponding composite condensing temperature difference is given by: 

i\T* = Q ll*A ·, 
. 0 

(15) 

and represents the temperature difference beb·een the vapor and the inside wall 
of the test tube. 

II . ' 
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Mal ternative scheme was employed for a rough check of the Wilson-plot results. 
Heat transfer correlations for fully developed turbulent flow in round tubes -
McAdams [3), Colburn [19), Sieder & Tate [20)- were used to estimate the water­
side heat transfer coefficients. The· composite coefficient was backed out of 
the overall coefficient ·by subtracting the estimated water-side coefficient. 
Substituting the water-side coefficient predicted by one of the three correla­
tions for hw in Eq. (8) and solving for the composite condensing coefficient 
yields: 

(16) 

However, the composite coefficient estimated in this way is very sensitive to 
the water-side coefficient; especially at lo\v water velocities (low water-side 
coefficients). Therefore, the scheme was only employed at the highest water 
velocity for each Wilson plot. Results from· this scheme are presented in the __ . -·- -­
next section. 

The analyses outlined by Rohsenmv and Choi [21) for the infi~ence of fluid 
film turbulence and vapor shear stress on the condensate flow indicated 
negligible effect on the ammonia condensation results. The maximum vapor vel­
ocity in the test section during the experiments was less than 0.2 ft/sec. 
The assumption of no fouling is probably valid, since the tubes were run for 
only short periods of time (two to f~ur weeks) during which the experimental 
overall coefficients did not degrade. · 

-. 
RESULTS AND DISCUSSlON 

Sample Wilson plots are shown in Figs: 4 and 5 for a smooth and a fluted tube, 
respectively. Results from the Wilson plots are presented in Fig. 6, where 
h* (the composite condensing coefficient) is given as a function of the heat 
flux (Q/A); it should be noted that the heat transfer area used in obtaining 
both h* and Q/A is the total outside tube surface area. Parameter ranges for 
the experiments were as presented in Table 2. A more detailed description of 
this study (including experimental data and sample calculations) is presented 
in Reference 22. r 

Smooth Tube 

Tube A (smooth) data are presented in Fig. 7 in nondimensional form. The 
ordinate is the standard nondimensional heat transfer coefficient (mean or 
average coefficient): 

(17) 

' 

In this case, the wall resistance has been eliminated from the composite coef­
ficient by the use of Eq .. (9). The abscissa is the liquid film Reynolds number: 

Re = 4r/IJ , (18) 



.~ ·' t 

.. .,. ......... 

where r is the condensate mass flow rate at bottom of tube per unit length of 
periphery. All fluid properties (k, p, and ~) were evaluated at the equivalent 
film temperature as suggested by McAdams [3]. 

As illustrated in Fig. 7-, the smooth-tube data lie considerably above- the 
Nusselt [2] (analytical) prediction; however, the semiempirical correlation of 
McAdams [3] is in good agreement with the smooth-tube data. A correlation by 
Zazuli [4], \vhich purports to account for ripple effects in the condensate 
film, seems to be slightly higher than the experimental data on the average. 
In general, however, it can be claimed that the smooth-tube data are in good 
agreement with standard correlations. 

The smooth-tube data for ammonia are plotted in Fig. 8 along with similar data 
taken previously at Oak Ridge National Laboratory [12] for fluorocarbons con­
densing on smooth tubes. The data from all fluids, including ammonia, are seen 
Lu gruup in a rather tight band despite the ·rather wide spread in individual 
fluid properties (see Table 3); this suggests that the nondimensional groups 
account adequately for the governing mechanisms of heat transfer. As seen in 
Fig. 8, the data for ammonia (squares) span the Reynolds number range of 150 
to 1500 and do not enter the laminar-turbulent transition as do the data for 
the fluorocarbons (Re = 400 .to ~3000). · 

Results fro~ the l~ilson plots for the smooth tube were compared with the 
results using water-side correlations (McAdams, Colburn, and Sieder and Tate) 
in Eq. (16). The composite condensing coefficients (h*) from Eq. (16) were 
in good agreement (-11.4 to +6.9%) with the corresponding Wilson-plot coef­
ficients. The results were not very sensitive to the correlation used for 
predicting water-side coefficients; thus, the comparison ranged from -10 to 
0% with the McAdams correlation, from -6.4 to +6.9% with Colburn, and from 
-11.4 to 0% with Sieder and Tate. The agreement between the two methods is 
very good, since +10 to +30 is usually considered an acceptable range for pre­
dicted heat transfer coefficients. 

Fluted Tube 

Heat transfer data for the three fluted tubes (E, F, and G) are presented 
along with smooth-tube (A) data in dimensional form in Fig. 6 .. More scatter 
is observed in the fluted-tube data than was found with the smooth-tube data; 
this difference results from the problems of measuring the lower temperature 
differences associated with the higher coefficients for the fluted tubes. The 
coefficients are reported as composite coefficients because of the difficulty 
in accounting for the wall resistance of the fluted tubes; therefore, it is 
not convenient to put the coefficients in nondimensional form as was done for 
the smooth tube. The wall resistance of the smooth tube can be evaluated and 
is only about 10% of the composite resistance; but for the fluted tubes, the 
wall resistance is a much greater percentage since the coefficients are sig­
nificantly higher. Thus, reporting composite coefficients circumvents the 
problem of evaluating the wall resistance. In practice, designers can work 
easily with the composite soefficient. 

The curves dra\m through the experimental data in this section provide only a 
means for visual comparison and a basis for estimating enhancement ratios; no 
analytical curve fitting was employed. The data for Tube A in Fig. 6 show 

- o o - ~ .,_.. ... -~~";...1" ':'"w ..... -- .;....,..... .... , ..... " ...... ':". 
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that for a smooth tube heat transfer coefficients decrease only slightly with 
increasing heat flux in the test range. In contrast, the data for the fluted 
tubes indicate heat transfer coefficients that are not only considerably higher 
than those achieved wi~h Tube A but also· decrease rapidly with increasing heat 
flux. Tube E data are slightly above Tube G data at the lower heat fluxes but 
approach Tube G values at higher heat fluxes (~11,000 to 12,000 Btu/hr·ft2 ). 
Heat transfer coefficients for Tube F are higher than those for Tube E over the 
full heat flux range of these experiments. While Tubes E and G have significantly 
greater condensing area (see Table I) than Tubes A and F, this effect is essen­
tially accounted for since the ordinate and abscissa bases are on total area 
bases. Therefore, some additional effect must account for the observed perfo~­
ance improvement. Such results are consistent with those of previous investi­
gators (working primarily with water) who attributed their findings to surface 
tension drainage effects on contoured surfaces [1,6,8-12]. ·Alternatively, the 
condensing coefficient and heat flux can be.based on the area de~ermined from 
the nominal outside (rubber band) tube circumference in which case an ~mprove- _-::_·~ -~_:_ __ 
ment in the heat transfer coefficient due to the extra area would also show up. 

A comparison of the data for the fluted tubes in Fig. 6 sug~~sts that the heat 
transfer coefficients are a function of the shape of the flute as well as the 
size and number of flutes. Thus, the coefficients for Tube E (60 square ridges) 
are lmver than those for Tube F (48 corrugations) and comparable to the coef-
ficients for Tube G (24 corrugations). This suggests that the corrugations or 
rounded flutes on Tubes F and G are more efficient than square ridges, since 
fewer flutes are required to achieve better or similar performance. It is 
observed that the performance of the fluted tubes is simil~! to that found with 
fluorocarbons [11,12] where data were substantially above that of a smooth 
tube; however, the magnitude of the coefficients are much greater for ammonia 
(~5 to 10 times for a smooth tube) and is attributed to superior fluid proper-
ties of ammonia (see Table 3) . · 

F~gure 9 uses an enhancement ratio [R * = ·h* (fluted tube)/h* (smooth tube)] t~ 
provide another form of comparison be¥ween fluted-tube and smooth-tube coeffi­
cients. The ratio is plotted as a function of heat flux. For Tube F, the 
enhancement ratio (Rh*) ranged from 5.0 at high heat flux to over 7.0 at low 
heat flux; for Tube E, the range was 4.3 to 5.5; and for Tube G, 4.0 to 4.8. 
The magnitude of the enhancement again varies with both the type of fluted 
tube and the heat flux. 

Another dimensional presentation of the data may be more meaningful for particu­
lar design situations. In Fig. 10, the data have been replotted as heat load 
vs condensing temperature difference. In this form (alternate to the previous 
total area basis), the. designer can take "credit" for the increased area of the 
fluted tube. Thus, for fixed h·eat load or condensing temperature difference, 
enhancement factors can be evaluated. In Fig. 10, it can be seen that the per­
formance rank order of test tubes is switched from the order in Fig. 6; that 
is, Tube A is still the worst, but Tube E is now. the best with Tube F second 
and Tube G third. It is clear that the relative positions of Tubes E and G 
improve when compared on the heat load-condensing temperature difference basis, 
because their total surface areas are greater than those of Tubes A and F. 

,· 
·-·- -· -··· --~ . 
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Figure 11 is an enhancement plot for the fluted tubes where the ratio of con­
densing temperature differences [R~T* = ~T* (smooth tube)/~T* (fluted tube)] 
is plotted as a functi~n of heat load. The maximum condensing temperature 
difference ratio was 9.7 at the lowest heat load for Tube E; the minimum ratio 
was 4.8 at the highest h-eat load for Tube G. 

In a similar manner, the ratio of heat loads [R = Q (fluted tube)/Q (smooth 
tube)] can be evaluated at a constant condensin~ temperature difference. The 
heat load ratio can be estimated from the curves sketched through the data in · 
Fig. 10. The maximum heat load ratio achieved in these tests was 5.4 occur­
ring with Tube E at a condensing temperature difference of 1.2°F (lowest value 
reported for Tube A). This indicates that Tube A could~accommodate only a heat 
load of 1800 Btu/hr; whereas, Tube E could handle 9700 Btu/hr at a composite 
condensing temperature difference of 1.2°F. The minimum heat load ratio was 
3.5 occurring at the highest condensing temperature difference (4.4°F) with 
Tube G. --·-·· .. -------------------- -------------------

Wilson-plot results for the fluted tubes with smooth inside surfaces (Tubes E 
and F) were compared with the results obtained using water-side correlations 
[Eq. (16)] .. The smooth-tube correlations for water-side coefficients were not 
applicable for Tube G, since- it contained irregularities on the inside surface. 
The composite condensing coefficients from Eq. (16) were in fair agreeme-nt 
(-38 to +11.68%) with the corresponding Wilson-plot coefficients for the fluted 
tubes; the Colburn correlation gave the best agreement for both Tube E (-17 to 
+9.7%) and Tube F (-3.1 to +11.6%). In general, the coefficients for Tube F 
were in better agreement than those for Tube E. While agr~~ment is not within 
+12% as with the smooth-tube coefficients, it is fairly good considering the 
rough nature of the predicted water-side coefficients and the sensitivity of 
the Wilson-plot results to temperature measurement a~curacy. 

Tube Length Effects 
... 

Figure 12 shows a comparison bet\veen the heat transfer data for Tube F ( 4 ft 
long) and Tube F-1 ("effectively" 2ft long). As indicated in the figure, the 
effect of tube length on performance is not detectable. The data for Tube 
F-1 fall within the normal scatter of the data for Tube F. Present \vork at 
Oak Ridge National Laboratory with fluorocarbons has indicated significant 
effects of tube length on heat transfer performance with shorter condensing 
lengths improving the heat transfer.performance. The decrease in heat transfer 
performance for longer condensing lengths is attributed to liquid flooding 
of the drainage channels or troughs. However, the large latent heat of vapori­
zation for ammonia (see Table 3) results in much less condensate and thinner 
films on the tubes at the same heat flux and could explain why no length 
effects were observed for tubes of the lengths used in ammonia experiments. 

CONCLUSIONS 

Heat transfer coefficients for ammonia condensing on the fluted outside surfaces 
of tubes are up to 7.2 times smooth tube values at a given heat flux; this aug­
mentation cannot be accounted for by the greater surface area of the fluted 
tubes. These results confirm that fluted tubes, previously shown to enhance 
steam and· fluorocarbon condensing coefficients significantly, are also effective 

,.:. 
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with ammonia vapors. The magnjtude of the heat transfer enhancement varies 
with both the number of flutes on a tube of given diameter and the heat flux. 
Rounded flutes (corrugations) appear to be more effective than square flutes 
(square ridges) for enhancing heat transfer, indicating that the shap~ of the 
flute is also a key variable. 

For a given heat load, a smooth tube can require condensing temperature dif­
ferences up to 9.7 times the fluted tube values; conversely, fluted tubes· can 
increase heat load capability up to 5.4 times smooth tube values for a given 
condensing temperature difference. 

No appreciable effect on the heat transfer performance of a fluted tube 
condensing ammonia was detectable in going from an "effe.cti ve" condensing 
length of 4 ft to 2 ft. In this respect the ammonia performance differed 
substantially from that of the fluorocarbons (for example, R-113), where heat 
transfer coefficients increased by up to 60% as the tube length was halved. 
The experimental equipment used in this investigation limited-the heat flux to--~~---
16,000 Btu/hr•ft2 . Experiments run at higher heat fluxes would provide more 
insight into the flooding mechanism for ammonia condensing on fluted tubes. 
This factor may well account for the lack of any observed effect of tube length 
on condens'ing coefficients in the present study. ... .. · .... _- · ·- · 
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TABLE I. CHARACTERISTICS. OF TUBES 
. ~ 

Outside surface 

Cross section . ' Tube Inside diameter Outside Eerimeter area Number of 
designation "( (in.) m2 (ft 2) flutes em (in.) . em·· 

0 A 2.21 .(0.87) 7.98 (3.14) 0.09H ( 1. OS) 

i 

0 " 
E 2.21 (0.87) 12.70 (5. 00) 0.1490 ( 1. 60) 60 

~ 
~: 

0 F 2.29 (0. 90) 8.26 (3.25) 0.0964 ''(1. 04) 48 

., 
I 

;! ': : ,. 
)l. :j. 

·' l: !•' 
./ I 

G 2.54 ( 1. 00) 9.75 (3.84) 0.1143 (1. 23) 24 

I 
'I 

J: 
·I 

.;-

+ 
i ~ ' ~ 

I ~ 

I 
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TABLE I I. PJ\RMI.:TER RJ\NGf:S I'OR CONilE:-IS 1:-IG TESTS 

_____________ Test tt.:.:.•h:..:e ______________________ _ 
Parameter 

Condensing temperature 

Condensing pressure 

Units 

K 
(0 I') 

~11'::1 

(p!<ia) 
'.I 

A 

293-316 
(69-109) 

0.88-1.7 
(127-242) 

0.7-12.6 

E 

296-314 
(73-105) 

0. 95-1.6 
(131!-;~27) 

0.2--1.8 

I' 

2911-~·15 

(77-107) 

1.0-1.6 
(146-236). 

0.2-2. 2 

1'-1 

301-315 
(82···108) 

1.1-1.6 
(160-·240) 

0. 2-1.9 Composite condensing 
temperature difference 

K 
(0 I') .... (1.2-22.7) (0.3--3.2) (0.4-1.0) (0. 4-3. 5) 

Jle:Jt load 

Heat flux 

Composite condensing he:Jt 
transfer coefficient 

I~ 

(Btu/hr) 

l~/m2 
(Btu/hr· ft 2) 

W/m 2·K -+ 

(Rtu/hr•ft2•°F) • 

----------------
-·--·-··---·----- -----------

500-5000 
(1700-17 ,000) 

5200-52,000 
( 1600-16. 000) 

4100-7900 
(720·-1400) 

I 000--5000 
( 3500--17. 000) 

7000·-33. 000 
(2200-11. 000) 

1 7 , ooo .... n . ooo 
(3000-7200) 

1000-l!lOO 
(3500-16 ,000) 

11, oo~5o. ooo· 
(3400-1 5. 000) 

22,000-54,000 
(3!lfl0·-%1l0) 

Joso--t:;oo 
(3()00-15. 000) 

II , 000--1 R, 000 
(3500-1 5. 000) 

24.000-48.000 
(-121Hl·l!500) 

----·-----·-------­
~-------------------

I 
I 
I 

:I 
. :1 

I 

I 

G 

302-316 
(83-1 09) 

I. 1-1. 7 
(I 1>3-2-15) 

0.3-2.5 
(0. 5--t. ;j) 

1 ooo·-51 no 
(3500-17 ,llOO) 

8800--15 ,000 
( 2800-1-1. 000) 

!8,000-3h,OOO 
( 3200-(o3111l) 



TABLE III. CmtPARISON OF FLUID PROPERTIES AT 38°C (100°F) 

a Property 

Saturation pres­
sure, rsat 

Thermal conduc­
tivity, k 

Viscosity, 11 

Density, p 

Latent hc:H of v:.~por­
ization, hfg 

llcat capacity, cp 

Surface tension, o 

Units 

Pa 
(psi a) 

W/m•K 
(Btu/hr•ft•°F) 

Pa•s 
(lbihr•ft) 

kg/m 3 
(lh /ft 3) 

m 

.J/kg 
(Btu/Ibm) 

.J/kg·K 
(Btu/! h

10 
• ° F) 

!'1/m 
(lhf/ft) 

... 

... 

.... 

... 

l. 618 X 105 
(23.46) 

0.0839 
(0.0•185) 

3. 70 X 10-4 
(0.894) 

) 

1445 
,(90.21) 

I. 7-19 X lOS 
.(75. 24) 

895 
(0. 214) 

..... 

0.0167 
(1.14 X 10-3) 

aThc propcrtit·s k, IJ, p, and c arc for the I iquid. 
p 

bSho~n for comparison. 
- ... -.. ---·-·-.. ---· 

2. 761 X 10 5 

(40. 04) 

0.0974 
(0.0563) 

2.84 X 10-: .. 
(0.686) 

l:B5 
(83. %) 

2.211Xl0 5 

(95.12) 

1090 
(0. 260) 

0.0163 
(1.12 X 10- 3) 

ncfl"igcrant numhcr 
(t~ormul a) 

22 
(CIIC I F2) 

1. 452 X 106 : 
(210.6) 

0.0815 ' 
(0.0471) ., 

1. 84 X 10-" · 
(0.0444) 

11·11 
(71.23) 

i 

1.693 X 10 5 : 
(72. 84) 

.1310 
(0.313) 

,, 
0,00645 I 

(4 .42 x lo- 4 ) 

114 
(C 2CI 21\) 

3.'161 X 105 
(45. 85) 

0.0613 
(0.0354) 

2.9 X 10- 4 

(0. 71) 

1416 
(88.40) 

1.230 X 10° 
(52.91) 

1040 
(0.249) 

0.0105 
(7.20 x lo- 4 ) 

I. 4Cd X 106 
(211.9) 

0,452 
(0.261) 

1.23 X 10- 4 

(0. 2!18) 

5R3. I 
(3n.40) 

l.IIOXIOf' 
(4i7.8) 

4R.J5 
(1.158) 

0.0175 
(1.20 x lo- 31 

6550 
(0.950) 

0.628 
(0.363) 

6. 53 X 10-"_ 
().58) 

993.2 
((>:?. 00) 

2.410 X lOS 
(1037) 

-1175 
(0. !1!18) 

0. 0(•!19 
l-1.79 X 1(1-3) 

I • ---~---·-----··------·---·---··--.----· 
~---;---:--

1 

i 
I' 
' 

:i 
:I 

'i 
,I, 

:I 
id 1·1. 

:! 
I 

I 
I 
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CONDENSING SIDE 
(fluted outsid·~ surface) 

HEAT FLOW 

THIN FILM REGION 

WATER SIDE 

i .. 
-. 
! ,, ' 
I 

' 
VAPOR 

CONDENSATE 
II . 

(smooth inside surface) 
--·-·----------··--·-···----·;----·- -----------;,----

Fig. 1. 
1 

Fluted Tube Principle of Operation (Condensation Mode) 1- Surface 
Tension Forces Acting to Push Condensate from Cre.sts in Troughs. 
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TO VENT, VACUUM, 
AND PURGE SYSTEMS 

VAPOR 
TEMPERATU,~E­

PRESSURE 

WATER OUTLET 
TEMPERATURE 

VIEW PORT. 

I . ! 
i I d · 

: :~ FALLING FILM CONDENSER 

~ ltl TEST.SECTION VAPOR GENERATION -
CONDENSATION LOOP 

(AMMONIA LOOP) 

i 

LIQUID 
RETURN 

LINE 

CONDENSATE FLOW 
MEASURING STATION 

1,1 
I I 

: : TEST TUBE 
I II 
I I~ 

·tf-i \W) .. 
_j(l I 

~:.1 ,,1 .. 
WATER INLET .. 
TEMPERATUR-E 

I 

I' 

I' 
I 

... 

PRIMARY COOLING 
WATER LOOP 

SECONDARY 
COOLING 

WATER LOOP 

--------------------·---------·---··-·····--·-------------- ----------~--------------- ------­...:.-------
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Fig. 2. Schematic Diagram of Experimental Apparatus. 
--------· -- ·-----------------·-·--·-·----·-·- ·-··-
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SECTION A: TOP HEAO ASSEMBLY DETAIL 

SECTION B: BOTTOM HEAO ASSEMBLY DETAIL 

---------·· 

NH3 
OUTLET 

-------------------

t.45m 
C~7in.) 

rl' 
II 
I 

t.l7m I 
(46in.) 

TEST TUBE Cl-in. 
NO~ INAL ClAM) 

i. 

n.22m 
4111 SHELL C 4-in. SCHEO 40 PIPE,SS) 

10• 0.102 m C4.026in.l 
00•0.114 mC4.~0in.) 

-------·-
1..:_.:-- .. -· ... ---··· -- --------- ---·-·····-·--------------- . I 

. .i 
Fig. 3~ Details of the Test Sect1on. 
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Fig. 4. .. 
Wilson Plot for Ammonii Condensing on Tube A (Smooth Tube) . 
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0.002 

0.001 

OPERATING CONDITIO~ 

CONDENSING TEMPERATURE 77° TO 83oF 
CONDENSING PRESSURE 147 TO 162 psia 
HEAT LOA"o 4700 Btu/hr 
HEAT FLUX 2900 Btu/hr-ft2 
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