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Abstract- Heat transfer and pressure drop experiments were performed for cross-flow tube banks in which the 
individual tubes were equipped with longitudinal fins. The investigated geometrical parameters included the 
placement of the fins (at the front of the tube, at the rear, and at the front and rear), the fin tip shape (blunt or 
contoured), and the fin thickness. For each tube bank geometry, the Reynolds number was varied by nearly an 
order of magnitude. The results showed that a high degree of heat transfer enhancement can be obtained by 
finning, and the enhancements for the various tube bank geometries were compared at fixed pumping power, 
fixed pressure drop, and fixed mass flow. The finning-related enhancements were also compared with those 
attainable by the use of increased diameter unfinned tubes. Finning was found to be especially advantageous 
when the comparison is made at fixed pressure drop. For an array with fixed tube centers, finning permits 

greater additions of surface area than are possible by increases in the tube diameter. 

INTRODUCTION 

THIS paper explores the heat transfer and pressure drop 
response of an array of tubes to the presence of plate- 
type fins axed to the individual tubes of the array. One 
of the investigated finned tube configurations is 
illustrated schematically in Fig. 1, which shows a 
typical tube ofthe array to which plate fins are attached 
both at the front and at the back. The plate fins are 
intended to enhance the heat transfer from the basic 
array. The basic array may be either a cross-flow tube 
bundle (i.e. with another fluid flowing inside the tubes) 
or a bank ofpin fins. For the latter case, a configuration 
such as that of Fig. 1 represents the finning of fins, a 
heretofore little-explored concept. Throughout the 
paper, the word tube will be used generically, that is, it 
will denote either a tube or a pin fin. 

Experiments were performed for three finned-tube 
configurations. In one, a plate fin is affixed at the front of 
the tube (but not at the back) ; this will be designated as 
the F configuration. In the second, a fin is affixed at the 
back of the tube, but not at the front (the B 
configuration). The third configuration, designated as 
F/B, is that shown in Fig. 1, where fins are attached both 
at the front and at the back. 

/ 

/ 
FIG. 1. Illustration of a longitudinally-finned tube situated in a 

cross-flow. 

The effect of the shape of the fin tip on the heat 
transfer and pressure drop was also explored. Two fin 
tip geometries were employed. One is the blunt tip 
pictured in Fig. 1, while the other is a contoured tip 
whose shape will be detailed later. Another investigated 
parameter was the thickness of the fin, for which two 
values were employed. 

For each finned tube configuration (defined by the fin 
placement (F, B or F/B), the fin tip geometry and the fin 
thickness), experiments were performed spanning the 
Reynolds number range from 1000 to 8600. The 
experimental results to be reported include Nusselt 
numbers for the individual finned tubes and 
dimensionless per-row pressure drops, all pertaining to 
the hydrodynamically developed regime. The Nusselt 
numbers are based both on the actual finned tube 
transfer surface area and also on the surface area of the 
unfinned tube, the latter to illustrate the heat transfer 
enhancement due to finning. 

In addition to the experimental work, a performance 
analysis was made to provide perspective for the 
measured, fin-related heat transfer enhancements. The 
fin-related enhancement results from an increase in the 
transfer surface area. It is, therefore, relevant to inquire 
whether other means of increasing the transfer surface 
area are more or less enhancing than finning. One such 
alternative means is to increase the tube diameter. 
Comparisons of heat transfer enhancements due to 
finning and to diameter changes were made under the 
following constraints : (1) equal surface area and equal 
pumping power, (2) equal surface area and equal 
pressure drop, and (3) equal surface area and equal mass 
flow. In this regard, it may be noted that the surface area 
attainable by increasing the diameter of the unfinned 
tube is limited (i.e. due to contact of adjacent tubes), and 
that this limit is substantially lower than the surface 
area attainable by finning. 
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NOMENCLATURE 

A per-fin surface area Sh’ Sherwood number, K’DID 
A’ surface area of unfinned tube, nDS Sl. longitudinal pitch 
l? fins attached at back of tube S-r transverse pitch 
D tube diameter t fin thickness 
D mass diffusion coefficient t,, t, fin thicknesses in Fig. 3 
F fins attached at front of tube V* reference velocity, equation (6) 
F/B fins attached at front and back of tube i per-lane mass flow rate. 

f per-row friction factor, equation (7) 
K mass transfer coefficient based on area 

A, equation (3) 
Greek symbols 

K’ mass transfer coefficient based on area 
c( dimension ratio, S,/D 

A’, equation (3) p viscosity 

L fin length, Fig. 3 P density 

AM per-tube mass loss P”W naphthalene vapor density at transfer 

NU Nusselt number 
surface 

PP pumping power i-&b naphthalene vapor density in bulk flow 

Pr Prandtl number 
r duration of data run 

AP per-row pressure drop x constrained parameter. 

Q per-tube heat transfer rate 
Re Reynolds number, V*D/v Subscripts 
S side of square duct ; tube length 0 base case (unfinned tube bank with 
SC Schmidt number S,/D = 2) 
Sh Sherwood number, KD/D PP pumping power constraint. 

EXPERIMENTAL Figure 2 also illustrates the dimensional nomencla- 

Tube bank 
The unfinned tube bank which served as the basis for 

the experiments is illustrated schematically in Fig. 2, 
respectively in a top view in Fig. 2(a) and in a cross- 
sectional view through a typical row in Fig. 2(b). As seen 
in Fig. 2(a), the tubes were positioned on equilateral 
triangular centers. Each row consisted of six tubes, 
including, in alternate rows, side wall adjacent half 
tubes which were employed to preserve the transverse 
regularity of the array geometry. There was a total of 15 
rows in the tube bank. 

The bank was housed in a duct of square cross- 
section (Fig. 2(b)), with the tubes spanning the full 
height of the duct. Each tube was anchored to the floor 
ofthe duct by a shank integral with the lower end of the 
tube. The shank mated snugly with a hole in the duct 

floor. 

t t t 
(a) (b) 

FIG. 2. Baseline unfinned tube bank : (a) top view, (b) cross- 
sectional view. 

ture. The tube diameter is D, the transverse and 
longitudinal pitches are respectively denoted by S, and 
S,, and the side of the duct (equal to the length of the 
tubes) is S. In terms ofthese quantities, the investigated 
tube bank may be specified by the following dimension 
ratios : 

SJD = 2, SJD = (J3/2)(SJD), S/D = 12. (1) 

Fins 
The description of the plate fins that were affixed to 

the tube is facilitated by reference to Fig. 3, which shows 
the base-to-tip profile of the fin. The figure describes all 
three types of fins that were used during the course of 
the experiments. All three types had a common base-to- 
tip length L. The fins used in the first set of experiments 
were blunt tipped and of thickness t,. After these 

FIN TIP, 

FIN 

BASE’ t-_-t, -1 

FIG. 3. Base-to-tip profile of a fin. 
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experiments were completed, the tip of each fin was 
machined with an involute gear milling cutter (24 pitch, 
12 to rack) to produce the curved contours pictured in 
Fig. 3. Aside from the neighborhood of the tip, the 
thickness tr was maintained as before. 

Experiments were then performed with the 
contoured-tipped fins in place, after which the fin 
thickness was reduced to tz. In the machining 
operations employed to reduce the thickness, an 
identical amount of material was removed from each 
side of the fin in order to preserve the symmetry of the 
contoured tip. 

Relative to the tube diameter, the dimensions of the 
fins are 

L/D = 1, tJL = 0.25, t2/L = 0.16. (2) 

The thicknesses t, and t2 given by this equation pertain 
to all the finned tubes in the array except for the side 
wall adjacent half tubes. For the latter, half-thickness 
fins were employed. 

With the fins in place, the tube bank takes on an 
appearance quite different from that of Fig. 2(a) for the 
unfinned tubes. To illustrate the appearance of the 
finned-tube arrays, representative clusters of finned 
tubes for each of the configurations F, B and F/B are 
shown in Fig. 4. The illustrated fins are the blunt-tipped, 
larger-thickness type. Comparison of Fig. 4 with Fig. 
2(a) suggests that the presence of the fins tends to 
channel the flow, especially when fins are in place both 
at the front and the back of each tube. 

Mass transfer 
The heat transfer results were actually determined 

via mass transfer experiments performed with the 
naphthalene sublimation technique. As will be 
discussed later, the measured Sherwood numbers 
(dimensionless mass transfer coefficients) can be 
transformed to Nusselt numbers by making use of the 
well-established analogy between heat and mass 
transfer. From the standpoint of the experiments, the 
naphthalene technique offers important advantages 
compared to direct heat transfer measurements, 
including higher accuracy and significant apparatus 
simplifications. 

During the execution of the experiments, mass 
transfer occurred at only one of the finned tubes of the 
array. That is, the exposed surfaces of only one of the 
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FIG. 4. Clusters of finned tubes illustrating the F, B and F/B 
configurations. 

finned tubes were of naphthalene, whereas the surfaces 
of the other finned tubes were of metal. In heat transfer 
terms, this is analogous to heat being transferred at one 
of the finned tubes, with the other tubes of the array 
being adiabatic. The practice of using a single active 
tube is a widely employed approach in research studies 
of tube banks. 

The mass transfer measurements were made at the 
centrally positioned tube in the seventh row. Prior 
experiments [l] had demonstrated that hydrodynami- 
cally developed conditions are established well 
upstream of that row. 

The tube and the fin(s) which comprised the mass 
transfer active finned tube were separately coated with 
naphthalene and subsequently mated. The mating was 
accomplished by a tongue-in-groove arrangement. For 
this purpose, slots were milled into the tube, one at the 
upper end and one at the lower end. Correspondingly, 
each fin was fabricated with a pair of tongue-like 
extensions, positioned so as to mate with the 
aforementioned slots. Precise machining of the slots 
and the tongue-like extensions ensured that the mated 
fin emanated radially outward from the circumference 
of the tube and that the long dimension of the fin was 
parallel to the axis of the tube. The just-described 
method of fin-to-tube attachment was also used for the 
non-mass transfer tubes of the array (except at the side 
wall-adjacent halftubes, where the fins were attached to 
the side wall with double-stick tape). 

The coating of a tube with naphthalene was 
accomplishedbyamultistepprocess. First,anyresidual 
naphthalene remaining from the preceding data run is 
removed by melting and evaporation. Then, Teflon 
inserts are placed in the slots at the ends of the tube. 
Next, using a continuous motion, the tube is dipped six 
or seven times in and out of a bath of molten 
naphthalene, with the first dipping performed 
sufficiently slowly as to form a clear coating well- 
bonded to the metal substrate. The final step in the 
process is a machining of the cylindrical surface of the 
fin on a lathe to yield the desired final dimensions and 
surface finish. 

The coating of a fin is accomplished by a multiple- 
dipping process. By experimenting with the speed of the 
dipping motion and the temperatures of the molten 
naphthalene and the metal substrate, thin (- 0.15 mm) 
reproducible coatings of good surface quality were 
obtained. 

The determination of the mass transfer rate was 
based on the measurement of the change of mass of the 
naphthalene-coated finned tube which occurred 
between the beginning and the end of a data run. To 
accomplish these measurements, rapid access to the 
interior of the tube bank was necessary. To this end, the 
upper wall of the host duct was made removable, and 
quick-acting clamps, capable of being engaged or 
disengaged in seconds, were used to secure the wall in 
place. 

The apparatus was operated in the suction mode, 
with air drawn from the laboratory into and through 
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the tube bank. The air exited the bank into a 
continuation of the host duct. from which it passed, 
via a square-to-circular transition section. to a flow- 
meter (a calibrated rotameter). a control valve. and a 
blower. The blower was situated in a service corridor 

adjacent to the laboratory. Its compression-heated, 
naphthalene-laden discharge was vented outside the 

building. 
Each mass transfer data run was preceded by an 

equilibration period during which the tube bank (and, 
in particular. the naphthalene-coated finned tube) 

attained temperature equality with the air flow. During 
this period. sublimation was suppressed by a Teflon 
sheath which jacketed the coated finned tube. The mass 

of the coated finned tube was measured immediately 
preceding and immediately after the data run proper. 

Following the conclusion of the run, a calibration 
procedure was executed to account for possible 

extraneous sublimation during the handling of the 
finned tube. This yielded a correction of about 1%. 

The mass measurements were made using an 
ultraprecision electronic analytical balance with a 
resolution of lo- 5 g. The temperature was measured 
with an ASTM-certified thermometer with a smallest 
scale division of 0. I F. 

Pressure distribution 
The streamwise pressure distribution along the tube 

bank was measured by means of a line of pressure taps 
installed in the upper wall ofthe host duct (the taps were 
centered between the side walls). To avoid their being 

covered by the fins, the taps were positioned so as to lie 
midway between the tips of adjacent, aligned B and F 
fins. There were seven such taps in the tube bank proper 
and five taps in the duct downstream of the bank. 

The pressure distributions were measured in a set of 
data runs separate from the mass transfer runs. The 
pressure signals were detected by a capacitance-type 
pressure meter capable of resolving 10e3 Torr. 

MASS/HEAT TRANSFER AND PRESSURE DROP 

RESULTS 

Data reduction 
As noted in the Introduction, two sets of mass/heat 

transfer results were evaluated, depending on the 
surface area used in the definition of the transfer 
coefficient. For one set, the coefficient is based on the 
actual transfer surface area A of the finned tube, while 
for the other set, the surface area A’ (= nDS) of the 
unfinned tube is used. 

IfAM denotes the mass loss of the finned tube during 
adata run ofduration T, the mass transfer coefficients K 
and K’ may be defined as 

The quantities pnw and pnh respectively denote the 
naphthalene vapor densities at the finned tube surface 
and in the tlow approaching the finned tube. The latter 
is zero for the present experiments, while the former was 
evaluated from the vapor pressure/temperature 
relation for naphthalene in conjunction with the perfect 

gas law. 
The transfer coefficients K and K’can be expressed in 

dimensionless form via the Sherwood numbers 

Sh = KDJD, Sh’ = K’DJD (4) 

in which the diffusion coefficient D can be eliminated by 

using theSchmidt number SC = v/D, whereSc 7 2.5 for 
naphthalene diffusion in air. 

The Sherwood number results will be parameterized 

by the Reynolds number 

Re = V*D,lv. (5) 

The quantity V * is a reference velocity in whose 
definition there is considerable flexibility. If 3 
represents the air flow rate per lane of the tube bank 
(there are six lanes in the present tube bank as seen in 
Fig. 2(a)), V* will be defined here as 

V* = k/p(S,- D)S. (6) 

Since the area (ST-D)S was fixed throughout the 
course of the experiments, V* is a direct reflection of the 

air flow rate, as is the Reynolds number (since D was 
also fixed). Therefore, comparisons of results made at a 
fixed Reynolds number are equivalent to comparisons 
at a fixed mass flow rate. Note also that (S, - D)S is the 

minimum free-flow area per lane for an unfinned tube 
bank but is not the minimum free-flow area for a finned 

tube bank, as can be seen in Fig. 4. 
The per-row fully developed pressure drop Ap for a 

tube bank is commonly expressed in dimensionless 
form via the ratio 

f = ApJ$pV*= 

wherefis often referred to as a friction factor. Note that 

for a fixed mass flow rate (i.e. fixed V* and Re), any fin 
configuration-related changes in f are direct reflections 

of changes in Ap. 
Two complementary approaches were employed to 

determine Ap. In one, the measured streamwise 
pressure distribution was fitted with a least-squares 
straight line, from which the pressure drop correspond- 
ing to a streamwise length S, was evaluated. The second 
approach made use of the overall pressure drop 
measured between the ambient (from which the air was 
drawn) and the unobstructed duct downstream of the 
tube bank. Entrance and exit pressure losses were then 
subtracted, and the result was prorated among the 
rows, yielding Ap. In the majority ofcases, the Ap values 
determined from the two approaches agreed to within 
2%. The values of the entrance and exit losses needed in 
the second approach were determined from separate 
experiments conducted with an unfinned tube bank. It 
was assumed that these values would also be applicable 
to finned tube banks. 
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FIG. 5. Per-tube Sherwood numbers based on the actual transfer surface area. 

Mass/heat transfer analogy 
For heat transfer in cross-flow tube banks, all of the 

well-established correlations indicate that Nu N Pr”. 
Therefore, in accordance with the analogy between 
mass and heat transfer, it follows that Sh - SC” and that 

SherwoodJNusselt number results 

Nu/Sh = (Pr/Sc)“. (8) 

The present experiments provide Sherwood num- 
bers corresponding to a Schmidt number of 2.5. With 
the aid of equation (8), these results can be transformed 
to Nusselt numbers corresponding to a given Prandtl 
number Pr. If n = 0.36 in accordance with the 
Zukauskas correlation [2], then 

Nu = 0.719Pr0,36Sh,.,. (9) 

In particular, for heat transfer in air (Pr N 0.7), 

The per-tube Sherwood numbers for the hydro- 
dynamically developed regime are presented in Figs 5 
and 6. These Sherwood numbers pertain to a Schmidt 
number SC = 2.5 but, in light of equations (9) or (lo), 
they can, aside from a scale factor, be regarded as 
Nusselt numbers for any specified Prandtl number. 

NU o,7 = 0.632Sh,.,. (10) 

In light of equation (9) (or equation (lo)), the phrases 
mass transfer and heat transfer will be used 
interchangeably in the forthcoming presentation and 
discussion of results. 

In Fig. 5, the mass transfer coefficient embedded in 
the Sherwood number is based on the actual transfer 
surface area of the finned tube. The figure is subdivided 
into parts (a) and (b) where, respectively, results are 
presented for tubes with blunt-tipped fins and with 
contoured-tipped fins. In each part of the figure, the 
Sherwood number is plotted as a function of the 
Reynolds number over the range from 1000 to about 
9000. Different data symbols are used to identify the 
three fin configurations F (front), B (back), and F/B 
(front and back) that were illustrated in Fig. 4. For the 
blunt tipped case, the results correspond to a fin 
thickness t/L = 0.25, while the results for the contoured 
tipped case include both the t/L = 0.16 and 0.25 
thicknesses. 

400 r 
(a) 

0 
0 

BLUNT 
q 8 

TIPPED FINS 8 
A 

0 0 

Sh’ 

~ UNFINNED / 
TUBE BANK 

(b) 0 
0 

CONTOURED 

TIPPED FINS o 6 
8 

0.16 0.25 

F A A 

B l 0 

F/Be q 

2024 
Re x 10m3 Re x 10m3 

FIG. 6. Per-tube Sherwood numbers based on the surface area of an unfinned tube. 
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Sherwood number results for the same tube bank, 
but without fins, are depicted by the solid line which is 
drawn in each part of the figure. These results are taken 

from [i], and they are also in very good agreement with 
the Zukauskas correlation [Z]. The unfinned tube 
Sherwood numbers serve as a baseline against which to 

compare the finned tube Sherwood numbers. Further, 
since the solid line is common to the two parts of the 
figure, it facilitates comparison of the Sherwood 

numbers for the blunt tipped and contoured tipped 
cases. 

To assist in interpreting the results, it may be noted 

that a comparison of the Sherwood numbers for the 
various configurations at a fixed Reynolds number 

actually compares the mass/heat transfer rates per unit 
surface area at a fixed flow rate. An overall inspection of 
Fig. 5 indicates that the unit area mass transfer rate is 
not very sensitive to the presence or absence of the fins 
or to the specifics of the fin configuration. Indeed, the 

greatest deviation of the finned tube Sherwood 
numbers from those for the unfinned tube is about 15%. 
Therefore, the relative rates of mass transfer for the 

various configurations are more or less in proportion to 
their transfer surface areas, as will soon be documented. 

The Reynolds number dependence of the finned tube 
results is slightly steeper than that of the unfinned tube 
results. At the low end of the Reynolds number range, 
the finned tube Sherwood numbers lie below those for 
the unfinned tube, while the opposite is true at the high 
end of the range. Among the finned configurations, the 
highest Sherwood numbers are attained by the front 

finned tube bank. 
By comparing the (a) and (b) parts of the figure, it is 

evident that the unit area mass transfer rate is larger in 
the presence of blunt fins than with contoured tipped 
fins. The mass transfer enhancement associated with 

the bluntness is, however, modest-in the 5-10x range. 
A comparison of the open and black symbols in Fig. 

5(b) indicates that the unit area mass transfer is 
unaffected by the fin thickness in the investigated range. 
This insensitivity to thickness adds generality to the 
results. The t/L = 0.25 fin thickness was thelargest that 
was thought to be of practical interest, while the t/L 

= 0.16 thickness was about the smallest that could be 
conveniently used in the present experimental setup. 

An alternative presentation of the per-tube mass 

transfer results is conveyed by Fig. 6. Here, the mass 
transfer coefficient embedded in the Sherwood number 
Sh’ is based on the surface area A’ of the unfinned tube. 
Since A’is common to all of the cases dealt with in Fig. 6, 
SK serves as a dimensionless representation of the mass 
transfer rate. Thus, comparisons of the Sh’ values for the 
various configurations at a given Reynolds number are 
equivalent to a comparison of mass transfer rates at a 
given flow rate. Aside from the change of the ordinate 
variable from Sh to Sh’, the format of Fig. 6 is the same 
as that of Fig. 5. 

A comparison of the finned tube and unfinned tube 
data in Fig. 6 reveals the enhancement of the mass 
transfer rate due to finning. These enhancements are 

Table 1. Ratios of the finned-tube surface area to 
the unfinned-tube surface area 

Case Blunt 

F or B 1.637 
FIB 2.213 

Contoured 
tfL = 0.16 t/L = 0.25 

1.610 1.586 
2.219 2.173 

appreciable and reflect the ratio of the transfer surface 
areas of the finned and unfinned tubes. The F/B 
configuration, whose surface area is about 2.2 times 

that of the unfinned tube, yields mass transfer 
enhancements ofcomparable extent. The area ratios for 

the F and B configurations are equal to about 1.6, and 
the mass transfer enhancements are in this same range, 
with that for the F configuration being somewhat 
greater. 

A quantitative comparison of the mass transfer 
enhancement ratio and the surface area ratio is 

facilitated by examination of Tables 1 and 2. The area 
ratios are listed in Table 1, while Table 2 lists the ratios 

of the mass transfer rates for finned and unfinned tubes 
at the smallest and largest Reynolds numbers in the 
investigated range. The blunt tipped fin results ofTable 

2 are for t/L = 0.25, while the contoured tipped fin 
results apply equally well for t/L = 0.16 and 0.25. 

Tables 1 and 2 show that the mass transfer 
enhancement ratio is greater than the corresponding 

area ratio at the high Reynolds numbers but falls below 
the area ratio at the low Reynolds numbers. Table 2 
confirms that the F configuration yields higher mass 
transfer rates than aoes the B configuration, as do the 
blunt tipped fins compared with the contoured tipped 

fins. 
The Sherwood number results that have been 

presented in this section of the paper will be employed 

in a performance analysis that will follow shortly. 

Pressure drop results 

Thedimensionlessper-rowpressuredropfisplotted 
in Fig. 7 as a function of the Reynolds number for the 
various fin configurations (F, B and F/B), tip types, and 
thicknesses. Also plotted for reference purposes is a 
dashed line depicting the f results for the unfinned tube 
bank. These results, obtained here as a prelude to the 
finned tube experiments, are in very good agreement 

with those of Zukauskas [Z]. 
Turning first to the results for tubes with blunt tipped 

fins, it is seen that relatively high pressure drops (about 

Table 2. Ratios of mass transfer rates for finned and unfinned 
tubes 

Blunt Contoured 
Case Re= 1000 Re=8600 Re= 1000 Re=8600 

F 1.612 1.859 1.470 1.700 
B 1.555 1.724 1.470 1.606 

FIB 2.084 2.565 1.931 2.233 
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FIG. 7. Dimensionless per-row pressure drops. 
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80% greater than those for the unfinned tube bank) are 
sustained for configuration F (front fins). On the other 
hand, the pressure drops for configuration B (back fins) 
are only about one-third greater than the unfinned- 
tube values. The substantially higher pressure drop for 
the F configuration is due to the losses associated with 
the flow separation at the blunt forward-facing fin tip. It 
is noteworthy ,that the pressure drop for the F/B 
configuration lies below that for the F configuration. 
This lesser pressure drop may be attributed to a 
decrease in the aforementioned losses at the blunt, 
forward-facing tip. The decrease occurs because of the 
flow channeling which is inherent in the F/B 
configuration, as suggested by reference to Fig. 4(c). The 
channel flow does not impact squarely on the forward- 
facing tip. 

The pressure drops for the contoured finned tubes 
are substantially lower than those for the blunt finned 
tubes and, in addition, the spread among the results for 
the F, B and F/B configurations is much smaller, 
although the ordering remains as before. Even for the F 
configuration, the pressure drop is only about 15% 
greater than that for the unfinned tube bank. Of even 
greater note, however, is that the B-configuration 
pressure drops are lower (by about 7%) than the 
unfinned tube values. 

The foregoing discussion was focused on the results 
for the t/L = 0.25 thickness fins (the open data 
symbols). Figure 7 also conveys pressure drop results 
for the thinner (t/L = 0.16) contoured fins, which are 
represented by black symbols. It can be seen that the 
two sets of results are in very good agreement, with 
deviations confined to the 2% range. This insensitivity 
of the pressure drop to the fin thickness reinforces a 
similar finding from the mass transfer results (Figs 5 
and 6). 

PERFORMANCE EVALUATION 

In preceding sections of the paper, it was 
demonstrated that the use offins to add surface area can 
bring about substantial increases in the tube-bank heat 

transfer. The presence of the fins also affects the 
pressure drop characteristics of the tube bank. It still 
remains to assess the relative merits of the 
configurations F, B and F/B and of the blunt and 
contoured tip treatments (the results were shown to be 
insensitive to the fin thickness in the investigated 
range). Such an assessment will be made by comparing 
the heat transfer rates for the various finned tube banks 
(and the unfinned tube bank) under each of the 
following constraints: (a) fixed pumping power, (b) 
fixed pressure drop, and (c) fixed mass flow. 

It is also relevant to compare the heat transfer 
enhancements due to finning with those obtainable by 
employing other means of increasing the surface area. 
One easily implemented means of increasing the area is 
to increase the tube diameter (without finning). The 
enhancements due to finning and to increased tube 
diameter will be compared at equal transfer surface 
area in the performance assessment which follows. The 
equal-area heat transfer rates for the two classes of tube 
banks are compared at fixed pumping power, fixed 
pressure drop, and fixed mass flow. 

All of the tube banks to be considered in the 
performance assessment are equilateral triangular 
arrays, with the tube centers being common to all of the 
banks (common values of S, and S,). In addition, the 
tube length Sand the number of tubes per row are also 
in common. Furthermore, the comparisons will be 
focused on the hydrodynamically developed regime. 

The methodology ofthe performance assessment will 
now be outlined. To begin, a baseline case is selected 
that will serve as a standard against which the results for 
all cases (i.e. both finned tube banks and unfinned tube 
banks) will be compared. The baseline is the unjinned, 
equilateral triangular array with ST/D = 2. This case is 
selected because it is the actual base case to which fins 
were added during the present investigation. As noted 
earlier, the heat (mass) transfer and pressure drop 
results for the base case, as determined using the present 
apparatus, are virtually identical to those of the 
literature [2]. The base case will be identified by the 
subscript o, and the corresponding per-tube heat 
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transfer rate (for a specified Reynolds number Re,) and 
surface area are Q, and A,,. 

Suppose that the per-tube heat transfer rate Q for 
some other case (i.e. a finned or an unfinned tube bank) 
is to be compared with that for the base case for a fixed 
value of a parameter x (either pumping power or 
pressure drop or mass flow). Rather than select 2 
directly, it was found convenient to pick a value of Re, 
and then evaluate the corresponding x for the baseline 
case ; Q, and other quantities of interest for the baseline 
case are also evaluated for the selected Re,. Then, 
turning to the other case which is to be compared with 
the base case and using the aforementioned value of x as 
input, the Reynolds number Re is determined (in 
general, Re # Re,). For this Re value, Q and other 
quantities of interest are computed for the other case. 
Then, Q/Q,, and other relevant ratios (relative to the 
base case) are evaluated. 

In actuality, several cases (i.e. various finned and 
unfinned tube banks) are to be compared to the base 
case for the fixed value of x corresponding to the 
selected Re,, yielding a set of Q/Q, ratios. Since Q, is 
common to all, the relative magnitudes of the Q/Q, 
ratios enable the various cases to be rank ordered 
according to Q. 

In computing the performance ratios for the 
different-diameter unfinned tube banks, the Nusselt 
number and pressure drop results of Zukauskas [2] 
were employed. The latter are available for ST/D 
= 1.25, 1.5, 2 and 2.5. 

If the analogy between mass and heat transfer, as 
expressed by equation (9), is employed to transform the 
Sherwood numbers to Nusselt numbers, the perform- 
ance comparisons are independent of the Prandtl and 
Schmidt numbers. 

Fixed pumping power 
The pumping power PP per lane and per row of a 

tube bank may be expressed as 

PP = (ti/p)Ap (11) 

where G is the mass flow rate per lane and Ap is the 
pressure drop per row. Equation (11) may be rephrased 
by eliminating Ap in favor off via equation (7), i in 
favor of V* via equation (6), and V* in favor of Re via 
equation (5), with the result 

PP/$ =fRe3a2(a- 1) (12) 

where 

ti = 3(p3/p2)(SlS:), a = &ID. (13) 

Note that both the tube length S and the transverse 
pitch S, are constant for all ofthe investigated arrays, so 
that for constant properties, $ is also a constant. 
Therefore, PP/3/ can be regarded as the constrained 
parameter x for the fixed pumping power comparison, 
i.e. 

xp,, =fRe3a2(a- 1). (14) 

If xi,,, is evaluated for the base case, then Re = Re,, 

f =fO(Re,), and a = a, = 2, so that 

xpp = 4J;Rei. (15) 

For all the finned tube banks investigated here, a = 2. If 
equation (14) is applied to any one of the finned tube 
banks and xpp is eliminated via equation (15) there 
follows 

fRe3 =,f,Rei. (16) 

For each finned tube bank, equation (16) can be solved 
for the value of Re corresponding to the given Re,. 

For the different-diameter unfinned tube banks, a 
varies from case to case. The application of equation 
(14) to such a tube bank yields, after elimination of xpp, 

fRe3 =f,Re,“[4/a*(a- l)] 

which can be solved for Re. 

(17) 

With Re, for the base case and with the Re values for 
the finned tube and unfinned tube comparison cases, 
the corresponding Nusselt numbers can be evaluated 
(Fig. 6 for the finned tube cases and equation (40) of [2] 
for the unfinned tube cases). The Q/Q, ratios deduced 
from these Nusselt numbers are plotted in Fig. 8 as a 
function of the surface area ratio A/A,. Results are 
presented for three different levels of pumping power, 
respectively identified by the indicated values of Re,. To 
separate the results for the three Re,, shifted ordinate 
scales have been used. 

For all cases, Q/Q, > 1 when A/A, > 1, so that the 

The results for the finned tube banks are shown as 
discrete symbols identified in Fig. 8, while those for the 
different-diameter unfinned tube banks are represented 
by continuous curves. Note that the latter terminate at 
A/A, = 1.6, which corresponds to ST/D = 1.25 (the 
smallest ST/D for which f values are available in [2]). 
For the limiting unfinned tube bank characterized by 
ST/D = 1 (tube-to-tube contact), A/A, = 2. 
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t 
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A/A, 

FIG. 8. Comparisons of heat transfer rates at fixed pumping 
power. 
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addition ofarea is enhancing. The enhancement (i.e. the 
magnitude of Q/Q,,) is greater at higher Re,. 

As seen in Fig. 8, the only area ratio common to the 
investigated finned and unfinned tube banks is A/A, 
N 1.6 (F and B fin configurations). At that area ratio, 
the two methods of adding surface area (i.e. finning and 
increased tube diameter) yield generally similar heat 
transfer enhancements on a fixed pumping power basis. 
Finning affords a modest advantage in Q/Q, when 
contoured fins are used and at larger Reynolds 
numbers. 

the Re, = 4000 case to preserve clarity. It is seen from 
Fig. 9 that, relative to the base case, both finning and 
increases in tube diameter at fixed pumping power give 
rise to lower flow rates and higher pressure drops. 
However, the departures from the base case are much 
more moderate in the presence of finning than for 
increased-diameter unfinned tubes. As a result, at a 
given area ratio (e.g. A/A, = 1.6), the mass flow through 
a finned tube bank is substantially greater than that 
through an increased-diameter unfinned tube bank, 
while the pressure drop is significantly lower. 

The F/B configuration yields heat transfer enhance- 
ments substantially greater than those attainable with 
increased-diameter unfinned tubes. This is because 
finning enables the use of larger surface areas than are 
possible with unfinned tubes. 

With regard to comparisons among the various 
finned tube banks, it is seen that contouring is 
moderately advantageous, with the greatest benefit 
occurring for F fins at larger Reynolds numbers. As 
concerns the issue of B vs F positioning, the B position 
is advantageous for blunt tipped fins, but not 
consistently so for contoured tipped fins. 

Thus, whereas the equal-area (A/A, = 1.6) Q/Q, 
ratios for the two classes of tube banks are not very 
different (Fig. 8), the G/G, (= ApJAp) ratios are 
decidedly different. In view of this, mass flow and 
pressure drop considerations may be the pivotal factors 
in the choice of finning vs an increase in diameter. 

Note that for the tube bank with contoured B fins, i 
actually exceeds i,. This is because the friction factors 
for this case are lower than those for the base case at all 
Reynolds numbers (Fig. 7). 

Fixed pressure drop 
It is also of interest to examine the flow rate and The Re, Re, relationships for fixed per-row pressure 

pressure drop relationships which correspond to the drop (Ap = Ap,) are derived in a manner similar to 
fixed pumping power constraint. Note that at a fixed that for the fixed pumping power constraint. 
value of the pumping power, G/G0 = Ap,/Ap. The tifkO Corresponding to equations (16) and( 17), there are now 
ratio for a finned tube bank is easily shown to be obtained 

G/G0 = Re/Re, (18) 

while for different-diameter unfinned tube banks 

fRe2 = f,Rez 

fRe2 = fORei(4/a2) 

(20) 

(21) 

G/G, = [Re(a- l)]/[Re(a- l)], 

where u, = 2. 

(19) 

The G/G, (= ApJAp) ratios are plotted in Fig. 9 as a 
function of A/A, for parametric values of Re, (i.e. 
parametric values of pumping power). The results 
corresponding to Re, = 1500 and 8600 fall in close 
proximity to each other, necessitating the omission of 

where u, = 2 has been used. A given value of Re, is now 
equivalent to a fixed value of the per-row pressure drop. 
Equations (20) and (21) are employed to solve for the Re 
values corresponding to the given Re, and, with these, 
the relevant Nusselt numbers are determined to yield 
the Q/Q, ratios. 

The Q/Q, ratios corresponding to the fixed pressure 
drop constraint are plotted in Fig. 1Oasa function of the 
surface area ratio A/A,. Results are given for two 
different levels of pressure drop respectively charac- 
terized by Re, = 1500 and 8600. The discrete data 
correspond to the finned tube banks (the symbol 
definition is identical to that of Fig. 9), while the 
continuous curves are for the different-diameter 
untinned tube banks. 
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FIG. 9. Mass flow and pressure drop relationships at fixed 
pumping power. 

Examination of Fig. 10 shows that for fixed pressure 
drop, finning yields substantially greater heat transfer 
enhancement than does the use of increased-diameter 
unfinned tubes. For example, for Re, = 8600 and A/A, 
1: 1.6, Q/Q, = 1.62 for the contoured-finned tube 
banks (either F or B), while Q/Q, = 1.23 for the 
increased-diameter unfinned tube bank. The two-fold 
enhancement afforded by the F/B finned tube bank is 
well out of reach of the unfinned tube banks. 

Contouring of the fin tips appears to be 
advantageous for all configurations. Also, the B 
configuration generally yields higher Q values than 
does the F configuration. For both the finned and the 
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FIG. 10. Comparisons of heat transfer rates at fixed pressure 
drop. 

increased-diameter unfinned tube banks, greater 
enhancement (i.e. larger Q/Q,) is in evidence at higher 

Re, (higher levels of pressure drop). 
The mass flow and pumping power relationships 

corresponding to the fixed pressure drop constraint will 
now be examined. With Ap = Ap,, it follows that 

G/G, = PPlPP,. (22) 

Equations (18) and (19) for ti/tiO continue to be valid, 
with input values of Re and Re, appropriate to the fixed 

pressure drop constraint. 
The G/GO ( = PP/PP,) ratios are plotted as a function 

of A/A, in Fig. 11. As seen there, the enhanced tube 
banks (i.e. those with A/A, > 1) are generally 
characterized by lower mass flows and lower pumping 

power requirements than the base case. At a given 
surface area (i.e. given A/A,), both i and PP are higher 
for finned tube banks than for increased-diameter, 

unfinned tube banks. 
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FIG. 11. Mass flow and pumping power relationships at fixed 
pressure drop. 
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FIG. 12. Comparisons of heat transfer rates at fixed mass flow. 

Fixed mass flow 
The translation of the fixed mass flow constraint into 

a relationship between Re, and Re is accomplished by 
using equations (5) and (6). For the finned tube banks, 
there is obtained 

Re = Re, (23) 

while for the different-diameter unfinned tube banks 

Re = Re,/(cc - 1). (24) 

In these equations, a given value of Re,is equivalent to a 

fixed value of the mass flow. With these Re, and Re, 
Nusselt numbers and Q/Q, ratios are determined. 

The fixed mass flow Q/Q, ratios plotted in Fig. 12 
display characteristics that differ from those for the 
preceding constraints. For one thing, the finned tube 

Q/Q, ratios are well below those for the increased- 
diameter unfinned tubes. At the common area ratio 
A/A, E 1.6, the Q/Q, range for the various finned tube 

banks is from 1.5 to 1.85, while the Q/Q, ratio for the 
increased-diameter unfinned tube banks is 2.3. Also, for 
fixed i, the blunt fins have higher Q/Q, values than the 
contoured fins, and similarly for the F configuration 
relative to the B configuration. As will be documented 
shortly, these characteristics are related to the fact that 
the fixed mass flow constraint is unmindful of pressure 
drop and pumping power ramifications. 

By employing equations (5) and (7) the Ap/Ap, ratio 
can be expressed as 

AplAp, = [df Re’]/[u’f Re’], (25) 

with LX, = 2. Also, for fixed mass flow, Ap/ApO 
= PPjPP,. 

Equation (25) has been evaluated for the Re, and Re 
values relevant to the fixed mass flow constraint, and 
the results are plotted in Fig. 13. The figure shows that 
the pressure drop and pumping power for the 
increased-diameter unfinned tube banks are very much 
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FIG. 13. Pressure drop and pumping power relationships at 
fixed mass flow. 

higher than those for the finned tube banks. At A/A, 
2: 1.6, the former lie in the range Ap/Ap, = 6.2-7.8, 
while the latter range from 0.94 to 2.05. The high 
pressure drop penalty that is paid by the unfinned tube 
bank for greater heat transfer enhancement is, thus, 
readily apparent. Also, the pressure drop for the blunt 
fins is greater than that for the contoured fins, and 
similarly for the F configuration relative to the B 
configuration. 

CONCLUDING REMARKS 

The heat transfer and pressure drop response of a 
cross-flow tube bank to the presence oflongitudinal fins 
attached to the individual tubes of the array has been 
determined experimentally. The investigated tube 
banks are intended to model either a cross-flow heat 
exchanger or an array of pin fins. 

Several fin configurations were employed during the 
course ofthe experiments. In one, the fins were attached 

only at the fronts of the tubes, while in another the fins 
were attached only at the rear. In a third configuration, 
fins were attached at both the front and rear. The effect 
of the shape of the fin tip was also investigated and, in 
this regard, both blunt tipped and contoured tipped fins 
were employed. The fin thickness was also varied. 

For each tube bank geometry, the per-tube heat 
transfer coefficient and the per-row pressure drop were 
measured in the hydrodynamically developed regime 
over a nine-fold variation of the Reynolds number. 
These results showed that a high degree ofheat transfer 
enhancement can be achieved by finning and also 
indicated the associated pressure drop penalty (in 
certain cases, finning actually reduced the pressure 
drop relative to the corresponding unfinned tube). The 
performance of the various tube banks was compared 
at fixed pumping power, fixed pressure drop, and fixed 
mass flow. 

The heat transfer enhancements obtained by finning 
were compared with those attainable by the use of 
increased-diameter unfinned tubes. For the same 
pressure drop, finning yields significantly greater 
enhancements. At fixed mass flow, greater enhance- 
ments are attained with increased-diameter unfinned 
tubes, but at a high penalty in pressure drop and 
pumping power. For the same pumping power, the two 
methods of adding surface area yield comparable 
enhancements, with that for finning being slightly 
greater. It is also noteworthy that for an array with fixed 
tube centers, greater additions of surface area are 
possible by finning than by increases in tube diameter. 
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ARRANGEMENTS DE TUBES AILETES LONGITUDINALEMENT EN ATTAQUE FRONTALE 
ET LEURS CARACTERISTIQUES DE TRANSFERT THERMIQUE ET DE PERTE DE CHARGE 

R&m-Des experimentations de transfert thermique et de perte de charge sont conduites sur des 
arrangements de tubes en courants croisis dans lesquels les tubes sont equip&s d’ailettes longitudinales. Les 
parametres geometriques btudies incluent le positionnement des ailettes (devant le tube, a l’arriere, et a la fois 
devant et derriere), la forme du sommet et l’epaisseur de l’ailette. Pour chaque geomttrie de l’arrangement, le 
nombre de Reynolds varie approximativement dun ordre de grandeur. Les resultats montrent qu’un fort 
accroissement du transfert thermique peut etre obtenu par l’ailetage, et les accroissements pour differentes 
geometries du faisceau de tubes sont compares pour une m&me puissance de pompage, pour une perte de 
charge fix&e ou pour un debit-masse fix& Les accroissement sont aussi compares a ceux obtenus par un 
accroissement du diametre des tubes lisses. L’ailetage est specialement avantageux quand la comparaison est 
faite a une pertedecharge fix&e. Pour un arrangement avec les centres des tubes fix&s, les ailettes permettent des 

plus forts accroissements de surface que par des augmentations du diamitre du tube. 
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LANGSBERIPPTE, QUER ANGESTRGMTE ROHRBUNDEL UND IHRE 
WARMEUBERGANGS-UND DRUCKABFALL-EIGENSCHAFTEN 

Zuaammenfassung-Es wurden Warmeiibergangs- und Druckabfallsmessungen an quer angestrdmten 
Rohrbiindeln durchgefiihrt, wobei die einzelnen Rohre mit Llngsrippen versehen waren. Die untersuchten 
geometrischen Parameter waren u.a. die Anordnung der Rippen (auf der Vorderseite des Rohres, auf der 
Riickseite und auf Vorder- und Riickseite), die Form der Rippenspitze (stumpf oder geformt) und die 
Rippendicke. Fur jede Rohrbiindelgeometrie wurde die Reynolds-Zahl urn fast eine GroBenordnung 
verlndert. Die Ergebnisse zeigen, dag eine starke Verbesserung des Wirmeiibergangs durch die Berippung 
erreicht wird. Die Verbesserung bei den verschiedenen Rohrbtindelgeometrien wird bei konstanter 
Gebllseleistung, konstantem Druckabfall und konstantem Massenstrom verglichen. Die rippenbezogenen 
Verbesserungen werden such mit denen verglichen, die sich beim Einsatz von unberippten Rohren mit 
vergr%ertem Durchmesser erzielen lassen. Dabei ist die Berippung insbesondere dann vorteilhaft, wenn der 
Vergleich bei konstantem Druckabfall erfolgt. Liegen die Rohrachsen fest, so erlaubt die Berippung eine 

grogere Oberflachenzunahme im Vergleich zu einer VergrdBerung des Rohrdurchmessers. 

TEHJIOHEPEHOC M HEPEHAA fiABJIEHM5I B HPOfiOJIbHO OPE6PEHHblX, 
HOfIEPEqHO 06TEKAEMbIX HYHKAX TPY6 

AmoTauna-npoBeAeH0 3KcnepeMeHTanbHoe wccneAoBaHse TennonepeHoca M nepenana naanemin B 

nonepeYH0 06TeKaeMbIX nyrKax rpy6, B KOTOpbIX OTAeJIbHbIe Tpy6bI HMeJIA npOAOnbHOe ope6peHHe. 

k'iccneAosanucb cnenymwie reoMeTperecKse napaMeTpb1: MeCTOnOnOTeHHe pe6ep (B Harane wni B 

KOH,,e Tpy6b1, B ee Ha'faJIe A KOHUe OAHOBpeMeHHO), @OpMa BepXHeti 'iaCTH pe6pa (CKpyUIeHHaH UJIH 

3aocTpekniafl) H Tonuu4Ha pe6pa. &tn kamnoii reoMerpwe nyqka ~py6 3HawHm 9ricna Peiitronbnca 
H3MeHllJJACb npHMepH0 Ha nOpaAOK.Pe3yJIbTaTbI nOKa3bIBaK)T,'qTO 3a C'leTOpe6peHHR MOXHO AOCTHSb 

0qeHb BbrcoKoB cTeneHs siHTem4&iKaumi npouecca TennonepeHoca. npOBeAeH0 cpamiemie pocra 
BHTeHCHBHOCTU TenJIOnepeHOCa ,JJS pa3JlW,HbIX reOMeTpA8 nyVKOB npH @4KCHpOBaHHbIX 3HaYeHURX 

pacxona stiepree Ha npnaon nacoca. nepenana nannemia u Maccoaoro pacxona. Pocr nepenoca renna 
38 C'leT ope6pet:na CpaBHBBaJICa TaKEe C pe3yJIbTaTaMH. IlOJIy~eHHbIMLl IIpH UCnOJIb30BaHWW HeO- 

pe6peHHbIX Tpy6 6onbmero AHaMeTpa. nOKa3aH0, 'IT0 pe3yJlbTaTbI n0 3+$eKTliBHOCTW Ope6,peHLiSl 

OKa3bIBaH)TCR Ha&i6onee XOpOUIkiMH, eCJlH CpaBHeHHe npOBOAHTCF4 npH @iKCHpOBaHHOM nepenaAe 

AaBJleHWl. B ny'lKaX C @lKCHpOBaHHbIMH UeHTpaMH Tpy6 38 C’ICT Ope6peHHa MOKHO ElOJIyqHTb 

6onbmyio nnouanb noBepxHocTH rennoo6MeHa, qeh4 npri yeeneqenmi neabferpa rpy6. 


