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Abstract-Experiments were performed to measure Nusselt numbers and pressure loss coefficients for 
annular-finned tubes deployed in either a one-row array or in an in-line or a staggered two-row array. The 
apparatus was electrically heated and air was the convective heat transfer medium. The transverse and 
longitudinal pitches were varied parametrically and, for each configuration, the freestream Reynolds number 
ranged from 7500 to 32,000. For the one-row arrays, both the Nusselt number and the pressure loss coefficient 
were highly sensitive to the transverse pitch. The Nusselt numbers for the first row of a two-row array did not 
deviate appreciably from those of the corresponding one-row array, with the greatest deviations occurring for 
staggered arrays having intermediate values of the longitudinal pitch. For the tubes of the second row, the 
Nusselt numbers for the staggered arrays generally exceeded those for the in-line arrays and were also less 
sensitive to the longitudinal pitch. The overall pressure drops for the two-row, staggered arrays were also quite 
insensitive to the pitch, with values that were about twice those for the corresponding one-row array. On the 
other hand, the pressure drops for the in-line arrays were always less than twice the one-row values, with a 

tendency to increase with increasing longitudinal pitch. 

INTRODUCTION 

BANKS of finned tubes are employed in a very broad 
range of heat exchanger applications. Notwithstanding 
this, there are significant gaps in the archival literature 
with regard to heat transfer and pressure drop data for 
finned tubes. In particular, there are virtually no data 
for in-line arrays. For staggered configurations, all of 
the reported heat transfer and pressure drop in- 
formation was obtained from experiments on arrays 
made up of a large number of rows (e.g., eight or more 
rows for the heat transfer experiments). More to the 
point, no prior work appears to have been performed 
for one- and two-row tinned tube banks, which are the 
subject of the experimental study that is reported here. 

The present experimental program was subdivided 
into three parts in accordance with the configuration of 
theinvestigated arrays. The first part dealt with the one- 
row array, for which the dimensionless transverse pitch 
was varied parametrically in six steps. Both the second 
and third parts were concerned with two-row arrays, 
respectively for in-line and staggered configurations. 
For both the in-line and staggered arrays, the 
longitudinal pitch was varied over a six-step range 
while the transverse pitch was held fixed at a value 
relevant to practice. 

Measurements were made to determine both the heat 
transfer and pressure drop characteristics. For the two- 
row array, heat transfer coefficients were measured 
separately in the first and second rows. For each of the 
18 array configurations for which experiments were 
performed, the Reynolds number (based on the 
freestream velocity and the diameter of the base tube) 
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was varied parametrically from 7500 to 32,000. The 
experiments were performed in air in a low-turbulence 
wind tunnel. 

The finned tubes used in the experiments were 
equipped with annular fins. In order to avoid thermal 
contact resistance, the fins were made integral with the 
base tube. Furthermore, the experiments were designed 
to circumvent the uncertainties inherent in the 
determination of external airside heat transfer 
coefficients from overall measurements in a two-fluid 
heat exchanger (i.e. the conventional method). To this 
end, only a single fluid (air) was used and the role of the 
second fluid was fulfilled by electrical heating. In 
addition, to attain well-defined thermal boundary 
conditions, guard heating was used, and the thermal 
conductivity and thicknesses of the fins and the tube 
wall were chosen so that the base tube was virtually 
isothermal and the fin efficiency near unity. 

The available relevant literature is limited to 
experiments on staggered, many-rowed, two-fluid heat 
exchangers [l-5]. The finned tubes investigated in [l- 
31 were helically finned, while those of [4] were 
equipped with elliptical studs. In [S], a variety of 
commercially available fin types were tested. An 
annular-finned heat exchanger model employed in [6] 
consisted of a single tube in each row, with two half 
tubes positioned adjacent to the sidewalls of the flow 
passage in alternate rows. Heat transfer correlations for 
staggered, many-rowed arrays of finned tubes are 
presented in [3] and [7], while pressure drop 
correlations are given in Cl-33 and [S]. 

EXPERIMENTAL APPARATUS 

The description of the experimental apparatus is 
facilitated by reference to Figs. 1 and 2. The first ofthese 
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NOMENCLATURE 

S 

Tb 
T, 
t 
u, 

u, 

spacing between fins on a given tube 
base tube temperature 
freestream temperature 
fin thickness 
superficial velocity in minimum free flow 
area 
freestream velocity upstream of array. 

Creek symbols 

P angular coordinate around circumference 
A transverse distance between fin tips of 

adjacent tubes 

r/ fin efficiency 

P viscosity 

P density. 

Other symbols 
circumferential average. 

is a side view showing one of the finned tubes in place in 
the wind tunnel in which the experiments were 
performed. As depicted there, the tubes were mounted 
with their axes vertical and occupied the entire height of 
the wind tunnel. The tunnel cross section was a 30.48 x 
60.96 cm (1 x 2 ft) rectangle, height x width, with a 
2.44 m (8 ft) streamwise length. The finned tube arrays 
were positioned well away from the inlet and exit cross 
sections. During the course of the experiments, the 
tunnel was operated in the range of freestream 
velocities from about 4 to 16 m s-l (13 to 53 ft s-l), with 
a freestream turbulence level of O&0.5%. 
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FIG. 1. Heated finned tube in place in the wind tunnel. 
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The layout of the finned tubes is illustrated in Fig. 2. 
The figure is a top view looking down on representative 
arrays of tubes. Attention may first be focused on the 
first row of Fig. 2(a), with the remainder of the figure 
being regarded as absent. That row depicts the layout of 
the one-row array with seven tubes in place. One-row 
arrays consisting of 3, 5, 8, 9 and 10 tubes were also 
investigated. Note that in the positioning of the 
sidewall-adjacent tubes, the distance between the fin 
tips and the wall was set at A/2, where A is the transverse 
distance between the fin tips of adjacent tubes in the 
array. 

SIDEWALL 

(b) dEWALL 

FIG. 2. Layout of the finned tubes. 
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In addition to A, the other dimensional nomencla- 
ture relevant to the one-row array includes thediameter 
D of the base tube, the diameter D, of the fin tips, and the 
transverse pitch S, between the tube centers. Both D 
and D, were held fixed during the course of the 
experiments. For the one-row array, the transverse 
pitch was varied in accordance with the number of 
tubes in the array. For arrays with 10,9,8,7, 5 and 3 
tubes, the corresponding values of the dimensionless 
transverse pitch are 

ST/D, = 1.07, 1.19, 1.33, 1.52,2.13 and 3.56. (1) 

The two-row, in-line array is illustrated by the two 
rows depicted in Fig. 2(a), with the same dimensional 
nomenclature as before and with the addition of SL to 
denote the longitudinal pitch between tube centers. The 
transverse pitch ST/D, was held fixed at the practically- 
relevant value of 1.52, which corresponds to the layout 
shown in the figure. Parametric variations were made 
in the longitudinal pitch, yielding the dimensionless 
values 

SJD, = 1.26, 1.52, 1.79,2.05, 3.10 and 5.20. (2) 

The last two of these are well beyond the practical range 
and were included to explore the conditions under 
which the two-row array reverts to two independent 
one-row arrays. 

Figure 2(b) illustrates the two-row staggered array. 
As seen in the figure, the staggering was achieved by the 
use of sidewall-adjacent half tubes in one of the rows. In 
common with the in-line array of Fig. 2(a), the 
transverse spacing for the staggered array was fixed at 
ST/D, = 1.52. Also in common were the investigated 
longitudinal pitches, i.e. those given by equation (2). 
The use of common values of ST/D, and SJDf for the 
two types of arrays facilitates comparisons of their heat 
transfer and pressure drop characteristics. 

In the execution of the heat transfer experiments, an 
approach commonly employed in laboratory investi- 
gations of crossflow tube banks was adopted, namely, 
that only one of the tubes in the array is heated while the 
others serve to establish the fluid flow. In the present 
experiments, the heated tube was positioned wherever 
heat transfer information was being sought-in the 
one-row array, in the first row ofa two-row array and in 
the second row of a two-row array. In all cases, the 
heated tube was centered between the sidewalls to 
minimize effects associated with the transverse 
finiteness of the arrays. 

The heated tube and the unheated tubes were of 
identical external dimensions as follows : 

D,fD = 1.8, s/D = l/10, t/D = I/30, L/D = 9.5 (3) 

where s is the spacing between the fins, t is the fin 
thickness, and L is the overall length of the tube. The 
base tube diameter D was 3.175 cm (1.25 in.). There are 
six fins per in., a value that is commonly encountered in 
practice. As noted earlier, the fins are annular. 

Each of the unheated tubes was fabricated from a 
solid aluminum rod whose surface was circumferen- 

tially grooved to create the interfin spaces. The heated 
tube was a composite structure whose main features 
will now be discussed. 

The heated tube is shown schematically in Fig. 1. As 
seen there, it consisted, in the main, of a central portion 
(the heated test section) flanked at either end by a guard 
heater. Both the test section and the guard heaters were 
fabricated from solid aluminum rod stock, into which 
integral annular fins were machined by circumferen- 
tially grooving the external surface of the rod. 

The respective sections of rod were bored along their 
axes to provide the finned tube with a hollow center. 
The wall thickness of the circular cross section which 
resulted from the boring operation was 0.635 cm 
(0.250 in.)-a relatively thickwalled tube. Uniformly 
wound heater cores, specifically fabricated for the present 
apparatus, were installed in the test section and the 
guard sections. The heater cores were, themselves, 
hollow to enable the passage of power leads and 
thermocouple wires. 

Eight pre-calibrated, fine-gage chromel-constantan 
thermocouples were installed in the test section, and 
each guard heater was equipped with three thermo- 
couples. The thermocouple junctions were positioned 
to be about 0.076 cm (0.030 in.) from the surface of the 
base tube that was exposed to the airflow in the inter- 
fin spaces. The thermocouple leads from the junctions 
were led radially inward into the hollow bore of the 
heater core and then axially upward and out the end of 
the tube (a detailed description of the thermocouple 
installation is available in ref. [9]). By design, the test 
section and the guard heaters could be rotated as a unit 
about the axis of the finned tube, thereby enabling the 
thermocouples to be positioned at any circumferential 
location relative to the freestream direction. In the 
execution of the experiments, temperature measure- 
ments were made at 30” intervals around the 
circumference. 

To facilitate the elimination of extraneous conduc- 
tion losses from the test section, the test section heater 
and the respective guard heaters were made separately 
controllable. During each data run, the temperatures of 
the adjacent portions of the test section and the guard 
heaters were matched by balancing the readings of 
suitably positioned thermocouples. To increase the 
sensitivity of the temperature-matching procedure, 
insulating spacers made of Delrin plastic were 
positioned between the respective ends of the test 
section and the guard heaters. Insulating disks, also of 
Delrin, were situated at the upper and lower ends of the 
finned tube to minimize heat flow by conduction from 
the guard heaters to the walls ofthe wind tunnel. Power 
for the test section and guard heaters was provided by a 
regulated AC supply. 

The temperature T, of the freestream flow 
approaching the array was measured by three 
thermocouples situated about 12 cm upstream of the 
first row and positioned off-center so that their wakes 
would not disturb the heated tube. All thermocouple 
outputs were read to 1 pV. 
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An L-shaped impact probe, used in conjunction with 
a contiguous wall static tap to measure the freestream 
velocity Vi,, was installed 25 cm upstream ofthe array, 
also off-center. In exploratory runs, the probe was 
transversed perpendicular to the wind tunnel wall in 
order to establish its proper positioning (i.e. outside the 

boundary layer). The aforementioned upstream wall 
static tap was also used together with another wall tap 
situated about 60 cm downstream of the array in order 
to determine the pressure drop caused by the presence 
ofthe array. The pressure drop runs were made without 
heat transfer. All pressure differences were measured 
with a Baratron solid-state pressure meter with a 
resolution of 1O-3 Torr. 

In supplementary data runs, the impact probe was 
installed immediately upstream of the array in order to 
explore possible precursive disturbances of the flow 

field caused by the blockage created by the array. In this 
installation, the tip of the probe was situated about 
2.5 cm upstream of the forward edge of the array. The 
probe was traversed in the spanwise direction, so that it 
sensed the flow ahead of both the tubes and the 
intertube spaces. Traverses were also made in the 
direction of the tube axes (i.e. in the vertical direction). 

DATA REDUCTION 

The average heat transfer coefficients for the heated 
tube were determined by introducing the experimental 
data into the defining equation 

h= Q/(&-L)(4t+vh) (4) 

where all quantities pertain to the test section portion of 
the tube. The rate of heat transfer Q was obtained 
directly from the electric power input to the test section 
heater. Corrections were not necessary since conduc- 
tion losses were eliminated by the guard heating and 
radiation losses were estimated to be negligible by 

calculation. The quantity (r, - T,) is the circumferen- 
tial average of the difference between the surface 
temperature Tb of the base tube and the freestream 
temperature T,. The circumferential temperature 
variations were quite small, as evidenced by the fact that 
the largest measured deviation of (5 - T,) from 

(‘& - T, ) was about 4%. 
In accordance with finned tube practice, the heat 

transfer surface area has been expressed as (A, + VA,), 
where A, is the exposed area of the base tube and A, is 
the area of the fins, including both the annular faces and 
the tips. The fin efficiency q which multiplies A, is an 
unknown and was found here by an iterative procedure 
in conjunction with the results of ref. [lo]. In [to], the 
conventional one-dimensional model was used to 
determine the dependence of q on the fin dimensions, 
the fin thermal conductivity, and the heat transfer 
coefficient (which, in the model, is assumed uniform). 

To begin the iteration, q was taken to be 1 and h was 
evaluated from equation (4) using the experimental 
data. With this h, a value of q was read from Table 2-2 of 

[lo], which enabled equation (4) to be re-evaluated 10 
yield a new h. In turn, a new q was obtained from [lo], 
and the procedure was continued to convergence. 
yielding final values for both v and h. 

It may be noted that in practice the heat transfer 
coefficient is not uniform along the fin surface, so that 

the 4 values obtained from the conventional fin modei 
are of uncertain accuracy. Fortunately, such un- 
certainties are not reflected in the accuracy of the heat 
transfer coefficients evaluated from equation (4), since. 
by design, the efficiencies of the present fins were near 
unity. 

In dimensionless form, the heat transfer coefficients 
from equation (4) were represented by the Nusselt 
number 

Nu = hD/k !S) 

in which D is the diameter of the base tube and k is the 
thermal conductivity of air evaluated at the film 
temperature i( Tb + T,). Since air was the heat transfer 
medium, the Prandtl number was virtually constant 
and equal to approx. 0.7. 

The array pressure drop Ap, measured between static: 
taps situated well upstream and well downstream of the 
array (as described earlier), was made dimensionless by 
means ofthe velocity head +pU’. The ratio Ap/fpU2 is 
often referred to as the pressure loss coefficient and may 
be represented by the symbol K,. In reality, two 
different velocity heads were used in order to achieve 
alternative representations of the results. 

One, based on the freestream velocity U, upstream 
of the array, is 

K P= = Ap/$p U ‘, (6) 

The other is based on the superficial velocity in the 
minimum free flow area between tubes, which includes 
both the spaces between the fins of each tube and the 
space between the fin tips of adjacent tubes. This 
velocity is, nominally, the maximum velocity in the 
array and will be denoted by U,. If the density differ- 
ence between the freestream and the minimum area 
is neglected, then 

L/,/U,, = (s + t)S& + t)A + s(D, - D)l !7) 

and 

K pm = ApjfpU; r8j 

The density appearing in equations (7) and (8) was 
evaluated at the static pressure upstream of the array 
and at T,. Note that the pressure drop data were 
collected under isothermal conditions, so that T, 
prevailed throughout the entire measurement zone. 

Two Reynolds numbers were also used in the 
characterization of the heat transfer and pressure drop 
results, namely, Re, and Re,, with the respective 
definitions 

Re, = pU,D/p, Re, = pU,D/p (9) 

where D is the diameter of the base tube. The properties 
p and p were evaluated at )(Fj;)i rX~) and at 7:. 
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respectively for the heat transfer and pressure drop 
runs, and at the upstream static pressure (for p). 

HEAT TRANSFER RESULTS 

One-row arrays 
The Nusselt number results for the one-row array are 

presented in Figs. 3 and 4. In the first of these, Nu is 
plotted as a function of the freestream Reynolds 
number Re,, while the second presents Nu as a function 
of the minimum-area Reynolds number Re,. In both 
figures, the data are parameterized by the dimension- 
less transverse pitch ST/D, over the range from 1.07 to 
3.56. 

With regard to Fig. 3, a fixed value of Re, 
corresponds to a fixed mass flowrate approaching the 
array and passing through it. Furthermore, the Nusselt 
number is a direct reflection of the heat transfer 
coefficient since the characteristic dimension D was 
fixed throughout the experiments. Therefore, the figure 
shows how the heat transfer coefficient for the one-row 
array responds to changes in the transverse pitch at a 
fixed mass flow. As expected, the transfer coefficient 
increases monotonically as the pitch decreases. The 
extent of the increase is appreciable; for example, in 
the ST/Df range between 1.52 and 1.07, Nu increases 
by about 35%. The heat transfer enhancement is 
accompanied by a pressure drop penalty, as will be 
exhibited later. 

At a given transverse pitch, the Nusselt number 
increases monotonically with the freestream Reynolds 
number. The increase is logarithmically linear at the 
larger pitches but tends to become curved at the lower 
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FIG. 3. Nusselt numbers and fin efficiencies for the one-row 
arrays plotted vs the freestream Reynolds number. 
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FIG. 4. Nusselt numbers for the one-row arrays plotted vs the 
minimum-area Reynolds number. 

pitches. The data for each given pitch have been 
interconnected with a smooth curve for continuity. 

A major cause of the aforementioned pitch-related 
increase in the Nusselt number is the high velocities in 
the interfin and intertip spaces which accompany a 
reduction ofthe pitch at a fixed freestream velocity. This 
suggests the possibility of correlating the Nusselt 
number results by using the minimum-area Reynolds 
number Re, as the independent variable, and Fig. 4 has 
been prepared in this regard. Inspection of the figure 
shows that for SJD, Q 1.52, there is a very good 
correlation between Nu and Rem, independent of &ID,. 
This is the range of ST/D, that is most relevant to 
practice. The data in this range have been fit with a 
least-squares power law having the equation 

Nu = 0.0529 Rez704. (10) 

This equation is plotted in Fig. 4. Of the 26 data points 
used to develop the correlation, 19 fall within + 3% of 
the correlating line. 

The data for the two largest ST/D,, 2.13 and 3.56, 
fall l&15% above the correlating line. These cases 
correspond to arrays that are much more open than the 
others, and it is not surprising that they do not adhere to 
a correlation which is appropriate to more tightly 
packed arrays. Another factor possibly contributing to 
the separateness of the results for the larger ST/D, is that 
the corresponding arrays contained relatively few tubes 
and may, therefore, have provided a lesser approxi- 
mation to an infinitely wide array. 

Attention is now turned to the fin efficiencies for the 
one-row array, and representative results, plotted as rl 
vs Rem, are presented in the inset of Fig. 3. These results 
correspond to the smallest investigated ST/D, (= 1.07), 
to an intermediate ST/D, (= 1.52), and to a large ST/D, 
(=3.56). The q values displayed in the figure are 
generally high, with an overall range from 0.92 to 0.98. 
These small deviations from unity reflect the use of fins 
having high thermal conductivity (aluminum) and 
moderately large thickness (0.106 cm). 

As also seen in the figure, q decreases both with 
increasing Re, and decreasing ST/D,, both of which 
tend to increase the heat transfer coefficient. Thus, the 
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results confirm the expectation that q decreases as the 
heat transfer coefficient increases for fins of fixed 
dimensions and thermal conductivity. 

Representative results for the circumferential 
distribution of the base tube temperature are presented 
in Fig. 5. The ordinate is the ratio of the local tube- 
to-freestream temperature difference (Tb- T,) to 
the circumferential-average temperature difference 

(Ts- T,). This ratio is plotted as a function of the 
coordinate p which specifies the angular position 
around the circumference ofthe base tube. The forward 
stagnation point corresponds to /I = o”, while the rear 
stagnation point is at j? = 180”. Owing to symmetry, 
only the range between b = 0” and 180” need be 
considered. The figure includes results for the entire 
investigated range of transverse spacings (Sr/D, 
between 1.07 and 3.56) and corresponds to minimum- 
area Reynolds numbers Re, in the neighborhood of 
27,000. 

It is seen from the figure that the base tube 
temperature takes on its lowest value at the forward 
stagnation point and increases monotonically with b. 
attaining a maximum at the rear stagnation point. The 
extent of the circumferential variation of the base tube 
temperature is small, consistent with the high 
conductivity and thick wall of the tube. The maxi- 

mum deviation of ( Tb - T,) from ( Tb - T, ) is about 
4%. Further inspection of the figure shows that 

(&-- T’,)/(T,-- T,) is little affected by ST/D,. 
The circumferential distribution of (Tb - T,) pro- 

vides a qualitative indication of the circumferential 
distribution of the local heat transfer coefficient, with 
lower values of (Tb- T,,) corresponding to higher 
coefficient values and vice versa. Thus, the highest heat 
transfer coefficient occurs at the forward stagnation 
point and the lowest coefficient at the rear stagnation 
point. Note that because of circumferential heat 
conduction, the local heat flux is unknown, so that the 
local heat transfer coefficient does not follow directly 
from ( Tb - T,). 

Two-row, in-line arrays 
As noted earlier, the experiments for the two-row 

arrays were performed for a fixed, practically-relevant 
transverse pitch (S,/D, = 1.52) and for six parametric 
values ofthe longitudinal pitch. As a consequence of the 
fixed transverse pitch, U JU, was also fixed and equal 
to 1.78, so that 

Re, = 1.78 Re,. (11) 

In view of this, logarithmic graphs of Nu vs Re, and of 
Nu vs Re, convey identical information, and only one 
of the two formats need be presented. Here, the Nu vs 
Re, format will be used. 

The Nusselt numbers for the first and second rows of 
the investigated two-row, in-line arrays are presented in 
Figs. 6 and 7, and the discussion of results will begin 
with the first of these figures. As seen there, the data for 
the first row of the two-row array are supplemented by a 
line (taken from Fig. 3) which represents the Nusselt 
numbers for a one-row array. 

An overview ofFig. 6shows that the first-row Nusselt 
numbers are quite insensitive to the longitudinal pitch 
and do not differ significantly from those for the one- 
row array, which serve as a lower bound. At the lowest 
Reynolds number, all of the data fall together, 
regardless of the longitudinal pitch. The sensitivity of 
the data to the pitch increases with increasing Reynolds 
number, but even at the largest Reynolds number, the 
pitch-related spread of the data is only about 10%. 

The Nusselt numbers corresponding to the largest 
investigated pitch, S JDf = 5.20, are coincident with 
those for the one-row array at all Reynolds numbers, 
while the Nusselt numbers for the S JDf = 3.10 pitch 
deviate by no more than 2%. Therefore, as far as the 
first-row heat transfer is concerned, the two-row array 
behaves like a one-row array for S,/D, > h 3. 

For S,/D, < 3, the interactions between the rows 
enhance the first-row heat transfer, albeit moderately. 
In this regard, it is reasonable to expect that the 
presence of the second row would affect the nature of 
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FIG. 5. Circumferential distributions of the base tube FIG. 6. Nusselt numbers for the first row ofthe two-row, in-line 
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FIG. 7. Nusselt numbers for the second row of the two-row, in- 
line arrays. 

the wake shed by the first row and, by this means, alter 
the heat transfer. However, heretofore, it was not 
known whether the first-row heat transfer would be 
increased or decreased by the presence of the second 
row. The fact that the actual effect is so small is, in itself, 
somewhat surprising. 

Attention is next turned to Fig. 7 and to the heat 
transfer results for the second row of the two-row, in- 
line arrays. In the upper part of the figure, the Nu, Re, 
data corresponding to each of the six indicated 
longitudinal pitches are plotted along with a reference 
line which represents the data for the one-row array. As 
designated in the legend, faired curves were used to 
interconnect certain of the data, but other data were left 
without interconnecting lines to avoid excessive 
entanglement. Also, to preserve clarity, the data for the 
SJD, = 2.05 pitch, which tend to cut across the data for 
the other pitches, are not shown as such in the upper 
part of the figure. Rather, these data have been plotted 
as 3Nu and appear in the lower part of the figure along 
with the one-row-array reference line. 

From an overall inspection of Fig. 7, taking account 
of Fig. 6 and of the reference line which is common to 
both figures, it is seen that the Nusselt numbers for the 
second row of the array exceed those for the first row. 
This trend is common to all tube-bundle-type heat 
exchangers and is due to the turbulence spawned by the 
first row which impinges on the second row. The 
maximum increase of the second-row Nusselt numbers 
relative to those of the first row is about 35%. Increases 
of this general magnitude occur at the two largest 
longitudinal pitches (SJD, = 3.10 and 5.20) over the 
entire investigated range of Reynolds numbers. 
However, lesser increases may occur at smaller 
longitudinal pitches, especially at lower Reynolds 
numbers. Indeed, at low Reynolds numbers and SJD, 

< N 1.5, the second-row Nusselt numbers are only 
slightly larger, if at all, than the first-row Nusselt 
numbers. 

Further examination of Fig. 7 reveals that the 
dependence of the second-row Nusselt number on 
the longitudinal pitch is substantially affected by the 
magnitude ofthe Reynolds number. At the lower end of 
the Reynolds number range, the Nusselt number at first 
increases monotonically with increasing longitudinal 
pitch up to SJD, = 1.79 but unexpectedly decreases at 
S JDf = 2.05 and then increases again as S JDf further 
increases. On the other hand, in the high Reynolds 
number range, the Nusselt number is relatively 
insensitive to longitudinal pitch and, for all pitches, 
substantially exceeds the one-row value. The maximum 
Nusselt number appears to occur at the next-to-largest 
longitudinal pitch, suggesting that the inevitable decay 
of the turbulence with increasing longitudinal distance 
between the rows is already taking place at the largest 
pitch. 

The complex behavior described in the preceding 
paragraphs is believed to be related to whether the 
second row is immersed in the wake ofthe first row or is 
situated downstream of the closure of the wake. For 
example, moderate fluctuations of the measured base 
tube temperatures were recorded at the lower Reynolds 
numbers for SJD, = 2.05 (and only for these cases). 
This is interpreted as suggesting that for these cases, the 
wake closure occurred immediately upstream of the 
second row, and the waving tail of the wake destabilized 
the flow washing over the second-row tubes. 

Because of space limitations, results for the fin 
efficiency and for the circumferential distribution of the 
base tube temperature will not be presented here for the 
two-row, in-line arrays. This information is available in 
ref. [9]. 

Two-row, staggered arrays 
The experiments for the two-row, staggered arrays 

were carried out for the same fixed transverse pitch 
(ST/D, = 1.52)andfor the sameparametricvalues ofthe 
longitudinal pitch as for the in-line arrays. The Nusselt 
number results for the first and second rows of the 
staggered arrays are respectively presented in Figs. 8 
and 9. 

In the upper part of Fig. 8, the first-row Nu vs Re, 
data for all the investigated longitudinal pitches are 
plotted along with a solid line which represents the one- 
row Nusselt number results from Fig. 3. A replot of the 
data for the SJDr = 1.79 pitch as 3Nu appears in the 
lower part of the figure, as does the one-row line which 
serves as a reference. 

From the figure, it is seen that the first-row Nusselt 
numbers are bounded from below by those for the one- 
row array. Furthermore, both in the practical range of 
moderate longitudinal pitches S JD, = 1.26-1.52 and 
in the large-pitch range, S JD, = 3.1e5.20, the Nusselt 
numbers are quite insensitive to pitch and deviate only 
slightly (by no more than about 4%) from the line 
representing the one-row results. However, between 
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FIG. 8. Nusselt numbers for the first row of the two-row, 
staggered arrays. 

these ranges, the data unexpectedly display both 
greater sensitivity to pitch and greater deviations from 
the line. 

The Nu, Re, distribution for the S JDf = 1.79 pitch 
suggests the existence of a transition in the pattern of 
fluid flow in the neighborhood of Re, = 11,800, and 

this conjecture is supported by observed fluctuations in 
the measured base tube temperatures at that Reynolds 
number. For this pitch and at Reynolds numbers below 
the transition, the Nusselt numbers exceed the one-row 

values by about 4%, while above the transition the 
deviations are about 15%. The post-transition flow 

pattern appears to persist for the next larger 
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FIG. 9. Nusselt numbers for the second row of the two-row, 
staggered arrays. 

longitudinal pitch, SJD, = 2.05, since the Nusselt 
numbers remain high (12-15% above the one-row line). 
On the other hand, the Nusselt numbers for the next 
longitudinal pitch, SJDf = 2.51 (an additional case 
introduced to obtain more detail), show a decline 
relative to the aforementioned high values. 

The behavior described in the preceding paragraphs 
deviates from expectations. In the staggered arrange- 

ment, the presence ofthe second row would be expected 
to constrain the width of the wakes spawned by the 

first-row tubes, especially at the smaller longitudinal 
pitches. Correspondingly, the most marked effects of 
the presence of the second row should occur at these 
pitches. The fact that the largest effects actually 
occurred at intermediate pitches suggests complexities 
in the flow field beyond those that are intuitively 

apparent. 
The first-row Nusselt numbers for the staggered and 

in-line arrays may be compared by reference to F‘igs. 8 
and 6. For the SJD, = 2.05 pitch and for Re, > 11,800 
for the S,/D, = 1.79 pitch, the staggered array clearly 
yields higher Nusselt numbers. However, for the 
practically-relevant range of smaller SJD,. the 
comparison is not clearly conclusive unless it is made 
on a Reynolds-number-by-Reynolds-number basis 
and, in any event, the differences are generally small. 

The Nusselt numbers for the second row of the 
investigated two-row, staggered arrays are presented in 
Fig. 9 in a now-familiar format. These Nusselt numbers 
are seen to fall in a band that is 3&45% above the line 
for the one-row array. Thus, the second-row heat 
transfer is definitely enhanced relative to the first-row 
heat transfer for all operating conditions. 

Overall, the Nusselt number at lirst increases with 
increasing longitudinal pitch, attains a maximum, and 
then decreases with further increases in pitch. The 
increase occurs for pitches greater than SJDf - 1.5. 
and the maximum is attained at S,/D, = 2.05 and 3.10 
over the entire Reynolds number range and at SJD, = 
1.79 for Re *I) > 12,000. The Nu, Rv, distribution for 
the latter S,/Df displays a localized rapid rise which is 
related to the flow pattern transition already discussed 
in connection with the first-row Nusselt number results. 

In the staggered arrangement, the second row is 
positioned in thejet-like streams which emerge from the 
intertube spaces of the first row. The higher velocity and 
higher turbulence of these streams (relative to those of 
the freestream) are responsible for the significant 
enhancement in evidence in Fig. 9. The turbulence 
intensity is believed to increase with increasing S, , 
attain a maximum, and then decrease, while the jet- 
stream velocity decreases as the velocity field becomes 
more homogeneous with S,. Thus, the pitch-related 
maximum in the Nusselt number is due to the action of 
the turbulence intensity. 

A comparison of the second-row Nusselt number for 
the staggered and in-line arrays (Figs. 9 and 7) shows 
that the former are generally higher. For example, the 
maximum enhancement (relative to the one-row 
results) is 45% for the staggered arrays and 35?,,: for the 
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in-line arrays. Furthermore, the enhancement is more 
uniform with respect to S, for the staggered array. 
Careful inspection of Figs. 7 and 9 shows that the 
Nusselt numbers for the largest investigated longitu- 
dinal pitch (SJD, = 5.20) are virtually the same for the 
two types of arrays. 

The fin efficiencies and base tube temperature 
distributions for the two-row, staggered arrays are 
available in ref. [9]. 

FLUID FLOW RESULTS 

Upstream velocity jeld 
As described in the Apparatus section, sup- 

plementary data runs were made with an L-shaped 
impact probe installed immediately upstream of the 
array to explore possible disturbances of the approach 
flow caused by the blockage created by the array. The 
tip of the probe was situated about 2.5 cm upstream of 
the forward edge of the array (this was as close as the tip 
could be positioned with respect to the array). 
Traverses in the spanwise direction sensed the flow 
upstream of both the tubes and the intertube spaces. 
From such traverses performed for all the arrays, the 
velocity was found to be uniform and equal to that in 
the approach flow well upstream of the array. 

These results show that for the investigated Reynolds 
number range, the presence of the array was not felt 
very far upstream. Rather, the turning of the flow to 
accommodate the blockage was accomplished very 
close to the forward edge of the array. 

Traverses were also made in the direction of the tube 
axes (i.e. in the vertical direction). These traverses 
affirmed that the test portion ofthe heated tube was well 
outside the wall boundary layers of the wind tunnel. 

Pressure drop for one-row arrays 
The measured overall pressure drops for the one-row 

arrays are presented in dimensionless terms by means 
of the pressure loss coefficients K,, and K,, defined by 
equations (6) and (8). These results are respectively 
plotted in Figs. 10 and 11 for parametric values of the 
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FIG. 10. Pressure loss coefficients for the one-row arrays 
plotted vs the freestream Reynolds number. 

dimensionless transverse pitch ST/Df. In both figures, 
the data for each pitch have been interconnected by a 
smooth curve for continuity. 

Since U, appears in both the ordinate and the 
abscissa variables of Fig. 10, the figure can be 
interpreted as showing how the array pressure drop 
responds to changes in the transverse pitch for a hxed 
freestream velocity. As expected, the pressure drop 
increases markedly with decreasing pitch (i.e. increas- 
ing blockage), the increase being, for example, about 
a factor of three in the range between ST/Df = 
1.52 and 1.07. These are the pressure drop penalties 
that are paid for the pitch-related increases in the 
Nusselt number that were exhibited in Fig. 3. 

It is also seen from Fig. 10 that K,, is not quite 
constant with Re,, as would be true if the pressure drop 
were due solely to inertial losses. The slight decrease of 
K,, with Re, reflects the fact that the increase of the 
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FIG. 11. Pressure loss coefficients for the one-row arrays plotted vs the minimum-area Reynolds number. 
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friction-related pressure drop with velocity is less rapid 
than U$. 

The rephrasing of the pressure drop results in terms 
of the minimum-area velocity U, reduces the overall 
spread in the pressure loss coefficient to a factor of three 

(compared with a factor of 12 for Q,), as can be seen in 
Fig. 11. The fact that the use of U, does not bring the 
data into complete congruence can be explained by 
noting that the minimum free flow area based strictly on 
the geometry of the system is not the actual minimum 
free flow area. The deviation is due to the vena 
contracta effect. 

To illustrate this point, consider the ST/D, = 1.07 
pitch, the smallest pitch. For this case, the change in 
cross section from the freestream to the minimum free 

flow area corresponds very nearly to an infinite 
contraction ratio, so that the contraction coefficient can 

be taken as 0.6. If U, were to be redefined using this 
contraction coefficient, the resulting pressure loss 

coefficient would be about 0.25. On the other hand, for 
the ST/D, = 3.56 pitch, the largest pitch, the contraction 
is so slight that the vena contracta effect is negligible, 
and the K,, values of Fig. 11, which are about 0.25, are 

appropriate. Thus, a proper accounting of the actual 
minimum free flow area brings all the dimensionless 
pressure drop data together. 

Pressure drop for two-row arrays 
The pressure loss coefficients representing the overall 

pressure drop data for the two-row staggered and in- 

line arrays are respectively presented in Figs. 12(a) and 
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FIG. 12. Pressure loss coefficients for the two-row arrays; (a) 
staggered, (b) in-line. 

(b) for parametric variations of the dimensionless 
longitudinal pitch SJD,. As noted earlier in connection 
with the Nusselt number presentation, the fixed 

transverse pitch (ST/D, = 1.52) means that no new 
information is provided by using U, as an alternative 
to U, for the reference velocity. Therefore, Fig. 12 is 

based on U, (i.e. K,, plotted vs Re,). For reference 
purposes, the one-row K,, data corresponding to 
S,/D, = 1.52 are plotted in both the (a) and(b) parts, as 
are the doubled one-row K,, data. 

A comparison of the two parts of the figure reveals 

marked differences between the pressure drop results 
for the staggered and in-line arrays. For the staggered 
arrays, K,, is remarkably insensitive to the longi- 

tudinal pitch, with the spread in the data at a fixed 
Reynolds number being about 15:< over the entire 
range of SJD, from 1.26 to 5.20. Furthermore, the K,, 

values do not differ appreciably from double those of 
the one-row array. 

The K,, values for the in-line arrays are generally 
smaller than those for the staggered arrays, which is 
consistent with literatureinformationfor unfinned tube 

bundles. In the practically-relevant range of moderate 
longitudinal pitches, i.e. SJD, d 1.79, the in-line K,:, 
values depend only slightly on SJD, and are 55-657; of 
those for the staggered array. The in-line K,, data for 
the SJD, = 2.05 pitch reflect a transitional fluid flow 

pattern which, as discussed in connection with the 
Nusselt number results of Fig. 7, is attributed to the 
changeover from immersion of the second row in 
the first row’s wake to closure of the wake in front of 
the second row. Evidently, the latter flow pattern gives 
rise to higher pressure drops, as is evidenced by the 

relatively high K,, values for SJD, = 2.05 at larger 

Re, and for SJD, = 3.10, which, however, are still 
below those for the staggered array. Only at the largest 
longitudinal pitch, SJD, = 5.20, are the results 
for the two types of arrays virtually coincident. 

In light of the foregoing, it is seen that the higher 

Nusselt numbers for the staggered arrays, relative to 
those for the in-line arrays, are achieved at the price of 
substantial pressure drop penalties, especially for 
SJD, d 1.79. 

COMPARISONS WITH LITERATURE 
INFORMATION 

As noted in the Introduction, no information \:‘as 

found in the published literature for one- or two-row 
finned tube arrays. Therefore, only limited com- 
parisons can be made between the present results and 

the literature. 

Heat transfer 
The only heat transfer comparison that appears 

possible is that between the first row of the present two- 
row, staggered arrays and the first row of the eight-row, 
staggered arrays investigated in ref. [3]. According to 
[3], the eight-row Nusselt number correlation given 
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there should be derated by 29% for the first row, but the 
presentation is so concise that the data on which the 
derating factor is based are not documented. The 
experiments of [3] were performed with helically- 
finned tubes (in contrast to the present annular-finned 
tubes), for a limited range of S JDf, and for values of 
ST/D, that were, for the most part, larger than the 1.52 of 
the present two-row arrays. Furthermore, a two-fluid 
heat exchanger was used in [3], while the present 
experiments were performed with a one-fluid, 
electrically-heated apparatus. 

The comparison of Nusselt number results for the 
range of SJD, common to the two sets of data is shown 
in Fig. 13(a). Despite the differences cited in the 
preceding paragraph, there is generally good agree- 
ment between the present data and the lines which 
represent the correlation of [3]. This agreement both 
reinforces the quality of the data and the utility of the 
correlating equation. 

Pressure drop 
Per-row pressure drop correlations for staggered, 

many-rowed arrays are presented in refs. [l] and [3], 
based on experiments with helically-finned tubes. 
These correlating equations have been utilized to 
provide comparisons with the present K,, data for 
two-row, staggered arrays, and the comparisons are 
shown in Fig. 13(b). Note that each correlation has been 
employed only for the range of SJDt for which it is 
applicable. 

Inspection of the figure shows that the data fall 
within the band defined by the correlating lines. The 
lines are seen to be more sloped than the data, 
suggesting that friction-related pressure losses play a 
greater role in helically-finned arrays than in annular- 
finned arrays. It may also be observed that there are 
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FIG. 13. Comparisons with literature information; (a) Nusselt 
numbers, (b) pressure loss coefficients. 

substantial differences (up to 35%) between the 
correlations set forth in [l] and [3]. 

CONCLUDING REMARKS 

The heat transfer and pressure drop characteristics of 
one- and two-row arrays of annular-finned tubes have 
been determined from airflow experiments. For the 
one-row arrays, the transverse pitch was varied 
parametrically. The two-row arrays were investigated 
for both the in-line and staggered configurations at a 
fixed, practically-relevant transverse pitch and for 
parametric values of the longitudinal pitch. For each of 
the investigated geometries, the Reynolds number, 
based on the freestream velocity and on the diameter of 
the base tube, was varied from 7500 to 32,000. 

The Nusselt numbers for the one-row arrays 
increased with decreasing transverse pitch. For 
example, in the practically-relevant range of ST/D, 
between 1.52 and 1.07, the increase in the Nusselt 
number was about 35%, while the pressure drop 
increased by a factor of three. In this range, the heat 
transfer data were well correlated by the equation, Nu 
= 0.0529 RezTo4, independent of the transverse pitch, 
where Re, is based on the velocity in the geometrical 
minimum free flow area. It was also found that the 
pressure drop data could be brought together provided 
that the pressure loss coefficient was based on the 
velocity at the actual minimum free flow area. 

For the first row of the two-row, in-line arrays, the 
Nusselt numbers were quite insensitive to the 
longitudinal pitch and did not differ significantly from 
those for the one-row array. The Nusselt numbers for 
the second row generally exceeded those for the first 
row (up to 35x), but the extent of the increase was 
sensitive to both the longitudinal pitch and the 
Reynolds number. At smaller longitudinal pitches 
(SJD, < 1.52) and lower Reynolds numbers (Re, - 
8000), the increase was less than lo%, if at all. The 
pressure drops for the two-row, in-line arrays were 
generally less than twice those of the corresponding 
one-row array, with an overall trend for the pressure 
drop to increase with increasing longitudinal pitch. 

The first-row Nusselt numbers for the two-row, 
staggered arrays differed only slightly from those for the 
one-row array, both for the practical range ofmoderate 
longitudinal pitches and in the large-pitch range. 
Between these ranges, the Nusselt number displayed 
both greater sensitivity to pitch and greater deviations 
from the one-row values. The second-row Nusselt 
numbers for all the investigated longitudinal pitches fell 
in a band that was 31Zk45~A above those for the one-row 
array. Similarly, the pressure drops for the two-row, 
staggered arrays were found to be insensitive to the 
pitch, with values that were about twice those of the 
one-row array. 

Overall, an in-line array yielded lower Nusselt 
numbers than did the corresponding staggered array, 
but with a lower pressure drop. For example, in the 
range of moderate longitudinal pitches (i.e. S,/ 
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D, < 1.79), the in-line-array pressure drops were 55- 
65% of the staggered-array pressure drops. 

Representative results were also presented for the fin 
efficiency and for the circumferential variation of the 
base tube temperature. 
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TRANSFERT THERMIQUE ET PERTE DE CHARGE POUR DES TUBES AILETES 
DISPOSES EN UNE OU DEUX NAPPES 

RbumC-- Des experiences sont conduites pour determiner les nombres de Nusselt et les coefficients de perte de 
charge pour des tubes a ailettes annulaires disposes en une seule nappe ou en deux nappes en ligne ou en 
quinconce. L’appareil est chauffe ilectriquement et I’air est le fluide de travail. Les pas transverses et 
longitudinauxsontvariableset,pourchaqueconfiguration,lenombredeReynoldsd’icoulementlibrevariede 
7500 a 32 000. Pour les arrangements a une nappe, le nombre de Nusselt et le coefficient de perte de charge sent 
tres sensibles au pas transverse. Les nombres de Nusseh pour la premiere nappe ou pour les deux nappes ne 
sont pas nettement differents de ceux de la nappe unique correspondante, avec la plus grande deviation 
apparaissant pour des nappes en quinconce ayant des valeurs intermtdiaires du pas longitudinal. Pour les 
tubes de la seconde nappe, les nombres de Nusselt des nappes en quinconce depassent generalement ceux des 
nappes en hgne et sont aussi moins sensibles au pas longitudinal. Les pertes de charge globales pour les deux 
nappes, avec quinconce, sont aussi presque insensibles au pas, avec des valeurs qui sont deux fois ceux de 
I’arrangement correspondant a une seule nappe. D’autre part, les pertes de charge pour les arrangements en 
ligne sont toujoursmoindre que deux fois les valeurs pour une seulenappe, avecune tendance a I’accroissement 

quand on augmente le pas longitudinal. 

ERGEBNISSE FUR DEN WARMEtiBERGANG UND DRUCKABFALL FUR EIN- lJND 
ZWEIREIHIGE RIPPENROHR-ANORDNUNGEN 

Zusammenfassung-Es wurden Messungen durchgefiihrt, urn die NuBeltzahlen und die 
Druckabfallkoeffizienten fur Rohre mit Kreisrippen zu bestimmen, wobei die Rohre entweder in einer Reihe 
angeordnet waren, oder zweireihig fluchtend oder versetzt. Der Apparat wurde elektrisch beheizt, und die 
Wlrmeiibertragung erfolgte konvektiv an Luft. Die Langs- und Querteilung wurde systematisch verandert, 
wobei fur jede Konfiguration der Bereich der Reynoldszahl der ungestijrten Stromung zwischen 7500 und 
32000 lag. Bei den Anordnungen in einer Reihe waren die NuBelt-Zahl und der Druckabfallkoefhzient in 
hohem MaBe von der Querteilung abhlngig. Die NuDeIt-Zahlen an der ersten von zwei Reihen unterschieden 
sich nur unmerklich von denen fur die entsprechende einreihige Anordnung, wobei die grdBten 
Abweichungen bci der versetzten Anordnung mit mittleren Werten der Llngsteilung auftraten. Fiir die Rohre 
der zweiten Reihe waren die NuBelt-Zahlen bei der versetzten Anordnung stets erheblich gr(iSer als bei 
fluchtender Anordnung ; die Langsteilung spielte keine grol3e Rolle. Der Gesamtdruckabfall bei zweireihiger, 
versetzter Anordnung hing ebenfalls wenig von der Teilung ab, wobei die Werte etwa doppelt so grog wie bei 
der entsprechenden einreihigen Anordnung waren. Andererseits waren die Druckabfallwerte bei fluchtender 
Anordnung weniger als zweimal so groB wie bei einer Reihe. Es bestand eine Tendenz zu groBeren Werten mit 

zunehmender Langsteilung. 
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PE3YJIbTATbI n0 TErUIOOGMEHY M fIEPEfIAAY AABJIEHMII AJIR OnHO-I4 
ABYXPJIAHMX nYqKOB M3 OPEEPEHHbIX TPY6 

AHHOTalJHn-npOBeAeHb1 3KCIIepliMeHTbl II0 H3MepeHnlO YnCeJI HyCCeJIbTa B IIOTepll AaB,IeHW, AJIS 

"O"epeqHO OpdpeHHbIX ~py6, yCTaHOBneHHbIX An60 B @OpMe OAHOPRAHOii peUleTKn, ne60 B @OpMe 

AByXpSAHOrO IIyqKa C KOpnAOpHbIM nn6o "IaXMaTHbIM paCIIOAOmeHneM Tpy6. Tpy6bI HarpeBaJIHCb 
WIeKTpnreCKHM TOKOM,KOHBCKTABHbIfi TeWIOCbeM OCylUeCTBJUUlC~ BO3A,‘XOM. nOIIepe'IHbIe A npOAOJIb- 

Hble warn pemeToK A3Memnncb napaMeTpmecKn Ann Kaxnoti KoH+nrypawfn, a wicno PeiiHonbAca 

CBO60AHOrO IIOTOKa BZipbnpOBaJIOCb B AnaIla3OHe 7500-32000. &Ifl OAHOp,TAHbIX peIIleTOK KaK YnCJIO 
HyccenbTa, TaK w noTepM AasneHnn cnnbH0 3amicenn 0~ nonepeqHor0 mara. ZIncna HycceJIbTa Am 

nepBOi-0 pRAa AByXpSIAHOrO EIyYKa He OTKJIOHREOTCI 3HaYnTeJIbHO OT 'IRCCA COOTBeTCTBylOU,‘% 

OAHO~~AHO~ peuIeTKn,npnYeM Han6onbmee OTKnOHeHne AMeeT MST0 B CnyYae IIIaXMaTHOrO nyrKa c 

KkiCaTe_YIbHOrO HanpSDKKeHnfl HaCTeHKeCTpeMATCX K 6eCKOHevHOCTn.3TO AMeeT MeCTO AInR IIOJIOW(nTenb- 

HOrO KaCaTenbHOrO HaIIpSDKeHnSI Ha CTeHKe,T.e.AO AOCTWfoKHIiII KJIaCCn'leCKOrO yCJIOBn5I OTpbIBa.nOKa- 


