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Abstract-The prediction of the performance of high-performance spines for heat transfer to boiling liquids 
can be calculated logically by means of the local assumption for the heat transfer coefficient. The maximum 
heat duty is predicted adequately by a l-dimensional conduction analysis. Accuracy in predicting the 
accompanying base temperature favors a 2-dimensional conduction model. Fins with discontinuities in the 
surface shape require trial and error for optimization. A 3-disc fin has been developed which exceeds the 

performance of the best cylinder by a factor of 4.9 and the turnip shape by a factor of 3.6 

NOMENCLATURE 

cl0 integration constant: 

I-D, one dimensional; 
2-D, two dimensional; 

h, local heat transfer coefficient; 

k thermal conductivity of solid; 

P”, Legendre polynomials of order n; 

Q, heat transfer rate; 

r, radial distance to an internal point; 

R, outer radius; 

7; local temperature; 

T, temperature at fin base (wall temperature); 

TL7 saturation temperature of liquid; 

AT T- TL: 

AT, TB - TL; 

8, stem angle defined in Fig. 2: 

4. azimuthal angle defined in Fig. 2. 

INTRODUCTION 

THE MAIJ diftkulty in designing fins for use in boiling 

liquids -arises from the fact that the heat transfer 
coefficient is not constant. Thus the constant-h 
formulas in wide use for applications involving con- 
vection with no change of phase are not applicable. 
During boiling, the heat transfer coefficient is a 
function of the surface-to-liquid A’I: Therefore, the 
variable-h formulas based on a stated functionality 

between h and position [l-4] are not applicable. 
The “local assumption” described by Haley and 

Westwater [5, 63 has proved to be a good method of 
handling the variable h. The local heat transfer co- 
effkient at a point on a iin is assumed to be exactly 
the same as exists on an isothermal surface having the 
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same temperature. This method has beeome widely 
adopted [7-171. Particularly noteworthy is a recent 
study [ll] which obtained experimentally the local 
values of h and ATand showed that the local assump- 
tion is quite reasonable. 

It is of interest to select the optimum shape for fins 
used in boiling liquids. If the fin is a cylinder of con- 
stant diameter, and if one-dimensional (1-D) con- 
duction may be assumed, the design method is 
documented [6]. Two-dimensional (2-D) conduction 
in a cylindrical fin was first calculated [18] for the 
case of a length-to-diameter ratio of 5. These 2-D 
results were almost the same as those for 1-D. 

For a fin of circular cross section but a varying 
diameter, the problem of optimization is much more 
difficult. For the 1-D case, a method has been published 
[6]. If the base temperature is hot enough to cause film 
boiling, the optimum spine has the shape of a turnip. 
The reason the turnip shape is efficient is that it has a 
large surface area where the heat transfer coefficient 
is large and a small surface area where the h is small. 
The stem of the turnip serves to decrease the tempera- 
ture from a high value at the wall to a value corres- 
ponding to a high heat transfer coeftkient. 

A significant objection to the turnip shape is that it 
is difficult to manufacture. However, the complex 
shape can be approximated by simple shapes. One 
approximation [7] consists of two cones, base-to- 
base, connected to a stem. A large number of the 
double-cone fins have been computed. Three have 
been tested experimentally and were found to yield 
higher heat duties than predicted, presumably because 
the predictions were based on 1-D rather than 2-D 
conduction. Some of the double-cone tins had a 
length-to-diameter ratio near unity, and one would 
suspect that the 1-D analysis might show deviation 
at this aspect ratio. Inasmuch as a sphere also has a 
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length--diameter ration of unity, it was selected for In the present case, full advantage is taken of the 
study by 1-D and 2-D computations and by experi- simplifications resulting from spherical symmetry, 
mentation. A hemisphere, a disc on a stem, and Figure 2 defines the symbols. 
multiple discs were also investigated. The object of Equation (1) is the governing equation for thp solid 
this study was to develop a tin shape of superior sphere. 
performance-superior to the turnip shape which 
was an optimization for 1-D conduction. (?” T 
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SPHERE ON A STEM Assuming a constant thermal conductivity. it has the 
~#~~e~a~icai I -di~~izsio~al following conditions: 

Figure 1 shows a sphere and stem constructed of ?_ 
copper. The 1-D mathematical model considers the B.C. 1 
conduction equations in the direction only of the 

at fj - 0, $ = 0 

geometric axis. This is equivaIent to assuming that the 
iT 

thermal conductivity of the metal is infinite in direc- 

B.C. 2 at 4 = 71. ,?Ib = 0 

tions normal to this axis. For analysis, the sphere is B.C. 3 at r = R. 0 < $ < x -- A 

subdivided into 24 incremental slices, and each is 

assumed to be of uniform temperature. The governing 
?T II 

equations are readily solved on a digital computer 
6.- + 7 T = ‘; T, (21 

i 

using a finite difference technique. B.C. 4 at I’ - R, 7r -- E d 4 < n T= T,(4). (3) 

FIG. 1. Spherical fin of 1.22cmdia on a 2.44mmdia stem m,>untcd on a supporting rod which can be 
screwed into an electric heater. 

The finite difference technique can be used for the 
2-D case. However, a superior, iterative, point- 

matching technique was developed and is described 
below. Prior applications of the point-matching 
method have been described by others, e.g. [19-211. 

FIG. 2. Sketch of spherical I% on a stem. 

The first two conditions result from symmetry, and 
the third is a heat balance at the surface. The fourth 
is troublesome, because the junction between the 
sphere and the stem is not isothermal and it does not 
have a uniform heat flux [22]. The difference in 
temperature from (b = x - B to 4 = n in the stem was 
calculated by a 1-D analysis, then this temperature 
difference was evenly distributed over the curved 
interface between the sphere and the stem. 

Equation (1) is a partial differential equation. 
Assuming the temperature to be a product of two 
functions depending on 4 and r respectively, then 
equation (1) can be separated into a Legendre equation 
and an Euler equation. The associated eigen values 
should be integers 1,2,, . in order that the soiution 
be finite at both 4 = 0 and 71. The temperature can 
be expressed in an infinite series: 
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The experimental numerical values of h were intro- 
duced to correspond to the local surface temperatures. 
A point-matched short trial-and-error iteration 
scheme was employed to evaluate the constants C,‘s. 
The infinite series in equation (4) was truncated to 
40 terms. Trials with 60 terms [22] justified this 
cutoff. Substituting equation (4) in equations (2) and 
(3) and selecting 5 points within the stem and 35 points 
on the surface, a system of 40 equations was obtained 
in the following form. 

Within the neck, i = 1,. . . . ,5 

F P, (COS 4i) c, = TB(di) (5) 
n=O 

on the surface, i = 6,. . . . ,40 

By solving the system for the C,‘s, the temperature at 
any point can be calculated according to equation (4). 
The total heat duty is found by summing over the 
surface 

Q = I, 6 h(4)(7’- T,)J?sin~dBd& (7) 

Figure 3 shows the results for a copper spherical fin 
of 1~22cm dia on a stem of 2.44mmdia in boiling 
Freon-l 13 (CC&F-CCIF,). The read-in values of the 
h vs A~functionality used were those obtained experi- 
mentally in the authors’ laboratory and published 
previously as graphs [6,23]. 

FIG. 3. Comparison of l~imension~ and 2-dimensional 
predictions with data for spherical fin of Fig. 1. Freon-113 

on copper at atmospheric pressure. 

It is interesting that the peak heat duties as found 
by the 1-D and 2-D mathematical curves are nearly 
equal. Calculations for 5 other sphere diameters, 3 
other stem diameters, and 2 other solid materials, in 
isopropanol as well as in Freon-l 13 suggest that this 
observation is general [22]. The slopes of the curves 
are different for the 1-D and 2-D predictions, with the 
peak heat duty occurring at a greater AT, for the 
2-D case. In Fig. 3, the predicted peak heat duties 
differ by only 5 per cent, but the predicted AT, values 
corresponding to these peaks differ by 35 per cent. 

Experimental 
The equipment used to test the spines was the same 

as that used by Haley and Westwater [6]. It consisted 
ofa 4 1. stainless steel boiler with glass windows. Vapor 
rose to an overhead condenser. The fins and their 
sup~rting rod were inserted into a copper slug 
containing two 350 W electrical heaters. The tin was 
sealed in the wall of the boiler with a Teflon gasket, 

FIG. 4. Spherical fin in boilin g isopropanol. Film boiling 
covers the entire fin. Q = 28 W and AT, = 124°C. 



In the supporting rod were three thermocouples on 
the geometric axis. The temperature of the fin base 
was computed by extrapolating the temperatures in 
the supporting rod. Heat duties were determined by 
three methods: (a) by calculating the temperature 
gradient in the supporting rod. (b) by making a heat 
balance around the condenser, and (c) by metering 
the condensate. They all agreed within 10 per cent. 
Results are reported by method (a). 

Film boiling runs were made by heating the fin to a 
temperature high enough to sustain film boiling before 
adding liquid. This is the “dry charge” method. Before 
each test the tin surface was polished by means of dry 
3/O emery paper and a commercial copper cleaner in a 
consistent way. The test liquids were distilled before 
use. Data were taken on different days for each fin 
and showed good reproducibility. Photographs were 
taken by use of a photoflash at 10m6 s, which was 
short enough to freeze any bubble motion. An 
illustration of the sphere in use is Fig. 4, which shows 
film boiling over the entire tin. 

Figure 3 shows experimental results for a sphere. 
It is obvious that the data follow the 2-D prediction. 
The agreement is excellent for the first branch of the 
performance curve where nucleate boiling predomin- 
ates. It is not as good for the third branch (film boiling), 
for which the data lie about 40 per cent above the 
prediction. The middle branch of the curve cannot be 
obtained experimentally when simple electric heat is 
used. The observed peak of the performance curve 
was about 14 per cent higher than predicted. This 
might mean that some modest amendment to the 
read-in vaiues of the local h vs A.Tis needed. The tin 
data are summarized in Table I. 

HEMISPHERE ON A STEM 

A primary reason for using tins during heat transfer 
is to gain more surface area. A solid hemisphere has 

19 per cent more surface area than a sphere of equal 
volume. A I-D conduction model of a hemisphere 
having a volume of 0963 cm” (the same fin volume 
used for the fin in Figs. 1 and 3) was solved. The 
orientation was with the circular flat face perpen- 
dicular to the geometric-axis of the stem and opposite 
the stem. This orientation required minimal changes 
in the computer program. The peak heat duty for 
copper in Freon- 113 was calculated to be increased 
1X per cent above that for the equal-volume sphere. 
This demonstrated clearly the important role of 
surface area and indicated that attempts to increase 
the area couid be rewarding provided the resistance 
to conduction inside the fin be controlled properly. 
This led to the disc designs which are presented 
herein. 

DiSCS ON \ STIm 

Single-disc 
Figure 5 illustrates the 2-step, ~-dimens~o~~l. 

computation model used for one disc on a stem. The 
heat flow was assumed to be 1-D axially in the stem 
and 1-D radially in the disc. A finite-difference method 
was used with 15 nodes in the disc. Considering the 
previous fin volume. @963cm”. the best radius was 

MOi 

Front view Side view 

FIG. 5. Sketch of Z+tep, I-dimensional tzomputatlonal modei 
for a disc on a stem. 
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found by trial and error to be 1.524 cm, for copper in 
Freon-113. The dimensions are recorded in Table 2. 
This gave a peak heat duty which was 2.6 times the 
maximum for the turnip shape. This means that the 
optimization procedure used by Haley and Westwater, 
which was modified slightly from the procedure used 
earlier by Wilkins [24], is applicable only for 1-D 
conduction in a fin having no discontinuities in its 

radius. At present no mathematical technique is 
known for optimizing a fin, taking into consideration 
2-D conduction and discontinuities. 

Table 2. Dimensions of the copper disc fins 

Thickness (mm) Diameter (cm) 

l-disc 1.270 3.048 
2-disc 1,270 2.088 

1.016 2.312 
3-disc 1,016 1,880 

0.889 2.012 
0699 2.270 

4-disc 0889 1.626 
0889 1.626 
0,635 1,920 
0.508 2.144 

5-disc 0.762 1.540 
0.762 1.540 
0.572 1.778 
0.445 2,012 
0,330 2.336 

In all cases the stem segments were 3.18 mm 
long and 6,35 mm dia. Each tin assembly in this 
table had a volume of 0.963 cm3. 

The predicted performance curve for the single- 
disc fin is represented in Fig. 6 by Curves 1A and 1B 

for two stem diameters. Changes in the stem dimen- 
sions shift the curve to the left or right but do not 
affect the maximum heat duty. Here the maximum 
duty is 153 W. Experimental checks of these two 
boiling curves were carried out, and the laboratory 
data are shown in Fig. 6. The agreement is reasonable, 
particularly in view of the fact that 2-D computations 
were avoided. The measured peak heat duty for the 
disc on the larger stem was 23 per cent above the 
predicted value. 

A single-disc fin of a second metal, aluminum, was 
tested in Freon-113. This fin had the same projected 
area and the same weight, but not the same volume 
as the single copper disc of Fig. 6. The results are 
shown in Fig. 7, along with the results for the equal- 
mass copper disc. The dimensions of the aluminum 
tin are given below Fig. 7. The peak heat duty for 
the aluminum tin, as found by experimentation as 
well as by prediction, is significantly greater than the 
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FIG. 6. Predicted curves and experimental data for 1,2 and 
3-disc copper fins in boiling Freon-113. 

peak for the copper fin. The aluminum fin is 3 times 
as thick and has 15 per cent more surface area than 

the copper fin. The proper read-in values of h vs AT 

for aluminum are not known, thus they were assumed 
to be the same as for copper. This may explain why 
the agreement between prediction and data for the 
aluminum fin are the poorest of all cases in this 

paper. Along the main branch of the performance 
curve, the measured heat duty was about 20 per 
cent below the predicted values: however, the data 

o- 
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FIG. 7. Predicted curve and experimental data for l-disc 
aluminum fin in Freon-113. Disc diameter was 3,05cm, 
thickness was 0,39cm, stem diameter was 0.85 cm, stem 

length was 0.159 cm. 
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go to a higher AT’ and finally give a measured maxi- 
mum heat duty 20 per cent above the predicted peak. 

The stem design used throughout this investigation 
was simple. The stem serves as a resistance to 
decrease the temperature from the value at the wall 
to a value corresponding to a high heat transfer 

coefficient. The heat dissipated from the stem to the 
surrounding liquid is insignificant. The stem diameter 

and length are selected arbitrarily to provide the 
desired thermal resistance. The stem diameter needs 
to be large enough to satisfy strength requirements. 

The stem length needs to be great enough (say 1 or 
2 mm) to permit the easy escape of bubbles from the 
stem, the back side of the tin, and the wall surround- 
ing the stem. There is appeal in the use of a disc 

having internal tapped threads mounted on i! 
threaded stud for a stem. This permits easy adjust- 

ment of the stem length. One such device was con- 

structed, a 1% cm dia copper disc, 3 mm thick, 
mounted on a copper stud having 16 threads per cm. 
This was tested, in Freon-l 13, with the effective stem 

length being varied. The predicted and measured 
peak heat duties agreed nicely. However, the 
measured ATB was far in excess of the predicted values. 

signifying that the thermal resistance at the metal 
metal junction was serious. 

VOlUW 
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FIG. 8. Effect of disc size on peak heat duty and base tempera- 
ture difference for l-disc copper tins in Freon-l 13. The stem 
diameter was constant, 6.35 mm. For this figure only. AT,, 

refers to the junction between the disc and the stem. 

For a solid disc of fixed volume, the peak heat duty 
can be increased theoretically without limit by 
increasing the disc radius and simultaneously decreas- 

ing the thickness. However, the increase in duty is 
accompanied by an increase in the temperature 
required at the base of the fin. Figure 8 is a family 
of curves showing the peak duty for tins of different 
volume (solid fines). The disc thickness is a para- 
meter, and from the thickness one may readily 
calculate the disc radius. The largest disc included 
in this graph has a diameter of 4.35 cm. and the 
smallest is 1.33 cm. 

In practical applications, a multiple number of 
fins are used, spaced as closely together as conditions 
permit. A disc of large diameter is objectional, 
because it has a large projected area and restricts 

the number of fins which can be located on a wall of 
given area. A disc of tapered thickness was considered. 
A triangular profile (thickest at the base and sharp 

at the outer edge) was found to bc superior to :i 
trapezoidal profile or a rectangular (constant thick- 

ness) profile. However, the improvement in heat 
duty was only 8-15 per cent, depending on fin thick- 
ness, and this was less than the increase in projected 
area. 

A cup-shaped fin design was considered also. The 
stem was attached to the center of the bottom of the 
cup. The wall of the cup was assumed to have a 

constant thickness. By trial it was found that a typical 
shallow cup can reduce the projected area by 30 per 
cent compared to a disc, while suffering only a 2 per 

cent decrease in peak heat duty. A deep cup fin can 
reduce the projected area by 55 per cent at the expense 

of a 10 per cent decrease in heat duty. 
An alternate idea for increasing surface area 

without increasing the radius of a disc is io cut radial 

slots in the disc. Of course, the area increase is 
insignificant if the disc is very thin, but it may be 
substantial for a thick disc. For example. a solid 
copper disc of 2.38 cm dia and 2.54 mm thickness had 
a predicted maximum duty of 132 W in Freon-l 13. 
Consider a slotted disc with the same volume: namely 
a disc of 2.18 cm dia. 3.8 mm thick. that has 20 radial 

slots, each 0.8 mm wide and 4.6 mm long. The pre- 
dicted maximum heat duty for this is 200 W at the 
same AT, of 44.5C. This 52 per cent improvement in 
heat duty compares to the 57 per cent increase in 
surface area. The possible use of slotted fins, tapered 
furs, and cups was not pursued far. The use of 
multiple discs on a stem was found to be vastly 
superior, as will be described. 

Figure 8 may be used to compare single discs of 
various sizes. In particular, the peak heat duty per 
unit volume is of interest. On this basis. small fin\ 
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are superior to large ones. The advantage of multiple ment is calculated, and the dimensions of the parts 

discs on a stem is obvious. This permits a high heat are adjusted so that all discs reach the peak heat flux 

duty per unit volume and maintains a small projected simultaneously. Details of the trial and error design 

area. The wall temperature must be high enough to method are available [22]. The largest (and thinnest) 

cause film boiling, and the stem segments must be disc is nearest the wall, and the smallest disc is 
designed to maintain film boiling on their surfaces. farthest away. 

FIG. 9. Three-disc tin on a stem mounted on a supporting rod, side view. DimeRsjons in Table 2. 

The clearance between discs should be the smallest 
which permits rapid escape of the bubbles. This is 

Table 2 shows the results of multiple disc designs, 

about 1.6 mm according to prior studies [2S]. The 
carried out as described, for copper in Freon-113. 

performance curve for each disc is calculated separ- 
The volume of each fin assembly is 0,963 cm’. There 
is no guarantee that any of these dimensions are true 

ately, the temperature drop across each stem seg- optima, although enough trials were computed to 



convince the writers that these are near optima. 
Figure 9 is a side view of the 3-disc fin. Figure 10 is 
a front view of the same tin in use in boiling Freon- I 13 
The predicted performance curves for these assemblies 

(with the exception of the 4- and S-disc models) are 
given in Fig. 6. Also included arc laboratory data 

for the l-, 2-, and 3-disc models. For the main branch 
of the performance curves. the agreement between 

rr-- 

FIG. 11. Predicted curves and cxpcrnncnlal dat;i for 3.dlx 
and spherical copper fins in isopropanol. The predicted peak 
heat duty was 405 W at 220 C. The highest data point was 
obtained using the limiting heat output, Khich was not 

sufficient to reach the peak 

and the predicted curves arc given 111 Fig. II. The 

agreement between experiments and predictions for 
the main branch of the performance curves is good. 

The superiority of the multiple disc model over the 
sphere of equal volume is obvious 

Fins which are discontinuous shapes with large 

surface area, such as multiple discs on a stem, are 
superior to continuous shapes such as cylinders. 
spheres, and turnips. The design of the discontinuous 

shapes requires an intuitive approlach. This means that 
additional improvement may be possible. Experi- 
ments with two metals and two liquids substantiate 

the design methods. 

FIG. IO. Front view of 3.disc copper tin in boiling Freon- I 13. 
Q = 98 W and AT,, = 66.5’ C. 

predictions and measurements is good. The superi- 
ority of 2 and 3 discs over a single disc is evident. 

Table 1 is a summary comparison for all the shapes 
with the same volume. The 4-disc model +t\c 
essentially the same performance as the J-disc model. 
but the 5-disc model showed a decrease in perform- 
ance. The reason for the existence of an optimum 
number of discs is that some metal must be used in the 
stem segments and this reduces the metal in the discs. 

A second liquid, isopropanol, was used to test the 
3-disc fin and the sphere. The experimental data 
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SPHERES, HEMISPHERES ET DISQUES COMME RUGOSITES A HAUTE PERFORMANCE 
POUR LE TRANSFERT THERMIQUE PAR EBULLITION 

Resume -Le calcul des performances des rugosit$ a haute performances pour le transfert thermique aux 
liquides bouillants peut &tre effectut logiquement a partir de l’estimation du coeflicient de transfert local. Le 
flux maximal de chaleur est &value correctement par une analyse de conduction monodimensionnelle. Le 
calcul p&is de la temperature de base necessite un modtle de conduction a deux dimensions Des rugosites 
avec des discontinuites de surface doivent ttre CtudiCes par une methode d’approximations successives pour 
atteindre I’optimum. On a consider6 une rugosite a trois disques qui presente des performances 4,9 fois 

superieures a celles du meilleur cylmdre et 3,6 fois suptrieures a celle d’un bulbe. 

KUGELN, HALBKUGELN UND SCHEIBEN ALS HOCHLEISTUNGSRIPPEN FUR 
DEN WARMEUBERGANG MIT VERDAMPFUNG 

Zusammenfassung-Die Berechnung des Wirkungsgrades von Hochleistungsrippen fur den Warmeiiber- 
gang an siedende Fhissigkeiten kann mittels der Annahme eines lokalen Wiirmetibergangskoefzienten 
erfolgen. Die maximale Nutzleistung wird entsprechend durch ein 1-dimensionales WLrmeleitungs- 
berechnungsverfahren bestimmt. Die Genauigkeit bei der Bestimmung der auftretenden Rippengrund- 
temperatur wird durch ein 2-dimensionales Warmeleitungsmodell begtinstigt. Rippen mit Unstetigkeiten 
in der Oberflachenform erfordern fur die Optimierung eine Naherungsrechnung. Es wurde eine 3- 
Scheibenrippe entwickelt, die den Wirkungsgrad der besten Zylinderrippe urn einem Faktor 4.9 und die 

Rubenform urn einer Faktor 3.6 tibersteigt. 

HCHO~LSOBAHHE C@EPMrIECICBX, IIO~YC~EPH’IECKHX H fiHCIcOBbIX 
PEBEP &IIH HOBbIIIIEHklR B@@EKTBBHOCTB TEIIfiOOBMEHA IIPH HHIIEHBH 

AHHoTaRusr-Ilpone~ea pacueT pagolinx xapanTepacrun BbICOK03&$eKTPIBHbIX oe&r, EJIfl 
^ 1 1 1 .I~ 

I4HTeHCPI@lKaqPII4 TeIIJIOOTAaqH K KIlIIfI~HM EWflKOcTfI>l , B KOTOPOM gYIlTbIB%IEICb 3HaYeHHFI 

JIOKaJIbHOrO KO3@#H~IU3HTa TeIIJIOO6MeHa. h’hKCElMa.~bHbIii pWKI4M paCC%lTaH C IIOMOII(bI0 

OAHOMepHOrO ElHaJII43a TeIIJOIIpOBO;{HOCT5l. BOJIee TOYHbIe 3Ha’JeH&lH COIIVTCTBVIOIIIfdi ” Y I 
OCHOBHOik TeMIICpaTypbI IlOJIJ,W?HIJ C IIOMOWbW JlI~Me[IItOii IMORWII, TelIJIOIIpOBO~HOCT~. 

B CJIyWe pa3pbIIlHbIX IIOBepXHOCTeI? @k?p OIITliM~.~bHbII”l I’aCYeT IIOJIJPEZTCR C IIOMOIQbH) 

MeTO,?@ IIpO6 II OIIIH6OIi. Pa:SpaliOTaHO pe6pO II:1 TE’eX !\Ll(‘KOB, 3@@eKT&iBHOCTb KOTOPOFO 

I1 4,9 pa33 6OJIbIIIe 3l$@eKTI~BHOCTZl IJZl;rlIII~p”“WtiOIY~ @&‘a I1 B 3,6 pa33 6OJIb”Ie a@ipeKTIlB- 

HOCTll p&pa B ~$Op”t? JI~-KOBHI(I,I. 


