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Abstract—A broad-ranging investigation encompassing complementary experimentation and numerical
simulation is performed to determine the pressure drop characteristics of arrays of diamond-shaped pin
fins. The array geometrical parameters S;/W and S,/W, respectively, range from 1.15 to 2.00 and from
1.00 to 2.00, where W is the maximum fin width and St and S, the transverse and longitudinal spacings.
The investigated fins have forward-facing vertex angles of either 45 or 90 deg. The Reynolds number, based
on the maximum fin width and the maximum fluid velocity, ranges from about 20 to 2200. From the
experiments, highly accurate data for selected arrays are obtained for the per-row pressure drop, for the
combined entrance and exit losses, and for the length of the hydrodynamic development region. The per-
row pressure drop data served as a standard of comparison for the predictions of the numerical simulations,
which are performed using a finite-element code applied to the periodic fully developed regime. The thus-
validated simulation model is employed to generate results for a wide range of geometrical conditions. To
facilitate their application to design, the numerically determined per-row pressure drop results are correlated
by compact algebraic equations (equations (12)—(15)).

1. INTRODUCTION

THE INITIAL motivation for this research on arrays of
diamond-shaped pin fins was the design of an air-to-
air heat exchanger flown on space shuttle flight STS-
34 which was launched on 18 October 1989. This heat
exchanger served to cool the electronic equipment
and other apparatus heat sources in a 3M Company
experiment carried aboard the shuttle. The exchanger
consisted of two independent arrays of diamond-
shaped pin fins, with one array extending normal to
one face of a baseplate and the other array extending
normal to the other face of the baseplate. The fins
were fabricated integral to the baseplate by starting
with an aluminum plate of uniform thickness and
milling a pattern of deep grooves into each face.

Power and noise level constraints limited the size of
the fans that could be used to drive the airflow, which
meant that pressure drop considerations were of
major importance. In reviewing the literature on pin
fin arrays, it was discovered that there was no avail-
able knowledge base for the pressure drop charac-
teristics of diamond-shaped pin fin arrays (and simi-
larly for the heat transfer characteristics of such
arrays). The research program now to be described
was undertaken to provide a knowledge base for the
pressure drop characteristics.

The overall research plan encompassed a synergistic
combination of experimentation and numerical simu-
lation. The first step was to obtain highly accurate
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experimental data for the pressure drop characteristics
of selected diamond-shaped pin fin arrays. These data
were then used to establish the range of validity of
numerical predictions from computer simulations car-
ried out for these cases. Once the numerical simulation
had been validated, it was employed to obtain press-
ure drop characteristics for additional diamond-
shaped pin fin arrays beyond those of the experiments
(i.e. other pitches and layouts). As a final step, the
entire body of numerical results was generalized by
curve fits to facilitate their application to the design
of arrays the characterizing parameters of which lay
within the range of the simulations.

The reporting of the overall investigation has been
subdivided into two parts according to function and
focus and in order to stay within journal length limi-
tations. The present paper is practice-oriented. It con-
veys a full description of the experiments, the exper-
imental results, the comparisons with the numerical
simulations, and the generalizing curve fits. A second
paper [1] will focus on the numerical simulations and
on a full presentation of the numerical results.

For the experimental part of the research, an appar-
atus was designed and fabricated to facilitate highly
accurate measurements of the axial pressure dis-
tribution in diamond-shaped pin fin arrays. The fins
were fabricated to close tolerances by an injection
molding process and were installed in a duct in an
equilateral-triangular array consisting of 20 rows,
with 12 fins in each row. Two diamond-shaped fin
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Amin  minimum free flow area
D*  porosity-based characteristic length,
equations (7) and (8)

f per-row friction factor, equation (10)

H fin height

L streamwise length of diamond-shaped
pin fin

m mass flow rate

N number of rows

Paown Dressure downstream of the array

Pup pressure upstream of the array

Apenyexis  combined entrance and exit
pressure losses, equation (4)

Ap,,,, per-row pressure drop in the periodic
fully developed regime

Re Reynolds number, pV,...W/u

Re*  Reynolds number, pV,,,, D*/u

NOMENCLATURE

St longitudinal center-to-center spacing
between fins

St transverse center-to-center spacing
between fins

Vaax  average velocity in the minimum free flow

area

w maximum transverse width of diamond-

shaped pin fin.

Greek symbols

u viscosity

'S per-row dimensionless pressure
coeflicient, equation (1)

P density

¢ dimensionless combined entrance and

exit pressure losses, equation (5).

geometries were employed, one with a 45-deg vertex
angle and the other with a 90-deg vertex angle. For
each fin geometry, the array was characterized by
dimensionless transverse and longitudinal spacings
(based on the maximum fin width) of 2.00 x 1.73.

The experiments were conducted over a Reynolds
number range covering two orders of magnitude
(from about 20 to 2200 for Re based on the maximum
fin width and the maximum velocity). Over the span
of the investigated Reynolds numbers, the flow in
the array extended from the laminar regime into the
transition to turbulence. Air was the working fluid in
all the experiments. Results obtained from the exper-
iments included the fully developed per-row pressure
coefficients for the arrays, the entrance lengths, and
the entrance and exit losses.

The numerical simulations utilized the FIDAP
finite-element code in conjunction with a periodic
fully developed model of the flow field. The flow
was assumed steady and laminar, with constant
properties.

As already noted, the authors were unable to find
any prior information on the pressure drop (or heat
transfer) characteristics of diamond-shaped pin fin
arrays in the published literature. There is, on the
other hand, a very considerable literature on the press-
ure drop characteristics of circular-tube pin fin
arrays. Among these, the most encompassing pres-
entations of results are those of Zukauskus [2] and of
Gaddis and Gnielinski [3].

2. EXPERIMENTS

2.1. Experimental apparatus

The experimental apparatus was an open-circuit
airflow system operated in the suction mode. Along
its path of flow, air from the laboratory room passed

successively through the test section, flow metering
station, control valve, and blower, from which it was
discharged into a service corridor.

The test section was a rectangular duct having a
7.62 x 7.62 cm square cross section (3.000 x 3.000 in.)
and an overall length of 62.2 cm (24.5in.). It consisted
of three functional zones. The initial zone spanned a
length of 25.4 ¢cm (10 in.) downstream from the inlet.
It served as a hydrodynamic development section and
to dissipate any effects of possible flow separation at
the inlet. The second zone, an axial length of approxi-
mately 11.4 cm (4.5 in.), housed the diamond-shaped
pin fin arrays the pressure drop characteristics of
which were to be determined. The final zone, a length
of duct of 25.4 cm (10 in.), allowed free expansion of
the flow leaving the array and also served to buffer the
array from any effects of an abrupt contraction which
occurred at the downstream end of the test section.

The aforementioned functional zones are clearly in
evidence in the photograph of the test section that is
presented in Fig. 1. The pin fin array and the internal
surfaces of the duct are visible through the transparent
upper wall of the duct. In the photograph, the open
inlet of the test section is on the right while the square-
to-circular transition configuration at the duct exit is
shown on the left.

The side and lower walls of the test section duct
were fabricated from aluminum, while the upper wall
was fabricated from clear polycarbonate. The respec-
tive thicknesses of the side and upper walls and of the
lower wall were 1.27 cm (1/2 in.) and 1.91 ¢cm (3/4
in.). Longitudinal recesses were cut adjacent to the
edges of the upper and lower walls to facilitate dovetail
mating with the side walls, thereby ensuring the
strength and stability of the structure. To guard
against leakage, O-ring material was laid in longi-
tudinal grooves that had been milled into the top and
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F1G. 1. Photograph of the test section.

bottom edges of the side walls. The assembled duct was
held together by suitably positioned screws. All of the
milling operations were performed with a numerically
controlled milling machine.

The downstream end of the duct was capped by a
square plate of aluminum into which a centered cir-
cular hole had been machined and threaded. A short
length of circular pipe (i.d. x4 cm (1.6 in.)) was
inserted into the hole to consummate the square-to-
circular transition of the flow path.

To fix the position and alignment of the individual
pin fins, a patterned array of 230 holes was drilled
into the upper face of the lower wall of the test section.
The locating and drilling of the holes was numerically
controlled, with the drilling operation followed by a
reaming operation. The function of each such hole
was to receive and positively position a cylindrical
shank which extended downward from the base of
each pin fin. Each hole was 0.1994 cm (0.0785 in.) in
diameter and 1.524 cm (0.600 in.) deep.

Two distinct diamond-shaped pin fin geometries
were utilized in the experiments, and these are illus-
trated in Fig. 2. As seen there, the parameter which
characterizes the fin shape is the forward (or rear)
vertex angle, for which values of 45 and 90 deg were
chosen. For a given value of the vertex angle, it
remains to specify cither the transverse width W (as
secen by the oncoming flow) or the axial length L in
order to fix the size of the fin planform. The width W
was used for this purpose. Furthermore, W was also
used in the representation of the dimensionless pitches
of the array, i.e. St/W and S /W, where S; and S, are
the actual transverse and longitudinal pitches.

For the experiments, it was decided to use common

values of S¢/W and S /W for the two types of fin
geometries (i.e. for the two vertex angles). Further-
more, to enable the same baseplate (i.e. same pattern
of fin—shank seat holes) to be utilized for both arrays,
the pitches St and S, were chosen to be common. As
a consequence, the same width W was used for the
two fin geometries.

The fins were fabricated with W = 0.3175cm (0.125
in.). The corresponding axial lengths L for the 45- and
90-deg vertex angle fins are 0.7621 cm (0.302 in.) and
0.3175 c¢m (0.125 in.). In order to minimize end effects
resulting from the finite height of the fins, Gaddis and
Gnielinski [3] recommend that the fin height H be at
least 10 times the fin diameter (for circular fins). This
criterion was more than fulfilled in the present appar-
atus by making the fin height H = 24W, so that
H = 17.620 cm (3.000 in.).

The diamond-shaped pin fins were manufactured
by an injection molding process. Since more than 460
fins were needed for the experiments, this method of
manufacture was judged to be the most efficient and

w

FiG. 2. Diamond-shaped pin fin geometries.
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cost-effective approach for obtaining accurate and con-
sistent reproductions of the desired fin geometry. A
30% glass-filled ABS plastic was used as the molding
material. This type of plastic provided both excellent
dimensional tolerances and good structural rigidity.
The desired fin geometries were first machined into
carbon electrodes. The carbon electrodes were then
used in an electrical discharge machine to burn the
shape into a steel mold. The surface of the mold was
hand polished to a finish of less than 16 micro-in. Ra.
The 45- and 90-deg vertex angle fins were molded side-
by-side in a family mold. The mold cavities were gated
at the end away from the shank so the plastic would
flow the entire length of the pin fin. The cooling lines
in the mold ran along the length of the part. The
gating at the end of the part and the cooling line
placement are important to minimize possible warp
of the plastic part upon ejection. Because 460 parts is
a relatively small number compared with commercial
injection molding practice, a relatively long cycle time
of 30 s was allowable and desired to give the plastic
ample time to cool in the mold, which further mini-
mized the possible warp. The care taken in molding
was rewarded by the consistent dimensional precision
of the pin fins. No dimension of any part varied by
0.00254 cm (0.001 in.) from nominal, and there was

only 0.00254 cm (0.001 in.) of warp along the entire
fin height.

To help in the attainment of flow conditions which
more closely approximated those in an array of infi-
nite width, half-width pin fins were positioned adjacent
to the side walls of the duct in alternate rows. The
half-width fins were readily molded in half the mold,
with one of the mold-cavity plates replaced by a flat
plate. With this arrangement, the parting plane of the
mold was the same as the symmetry plane of the pin
fin. The achieved dimensional tolerances for the half-
width fins were identical to those for the full-width
fins.

The fully assembled arrays utilized in the exper-
iments are pictured schematically in Figs. 3(a) and
(b), which correspond respectively to the 45- and 90-
deg vertex angle fins. As seen there, the fins are posi-
tioned in a staggered, equilateral-triangular pattern.
Both arrays are characterized by the dimensionless
pitches St/W = 2.00 and S /W = 1.732. The arrays
consist of 20 rows, with 12 fins in each row. This
number of fins per row exceeds the number 10 sug-
gested by Gaddis and Gnielinski [3] for the avoidance
of significant side-wall effects. Further reduction of
possible side-wall effects was achieved by the use of
half-width fins adjacent to the duct side walls.
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F1G. 3(a). Fully assembled array consisting of 45-
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F1G. 3(b). Fully assembled array consisting of 90-deg vertex angle pin fins.
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The full-width fins were assembled by pressing
their shanks into the seat holes provided in the lower
wall of the duct. The half-width fins were glued to the
side walls.

Further inspection of Fig. 3 reveals the distinctly
different character of the two arrays. In particular,
the array with the 90-deg vertex angle fins is much
more open than the array with the 45-deg vertex angle
fins.

In addition to showing the layout of the arrays, Fig.
3 also displays the locations of pressure taps used in
the determination of the pressure distributions. The
tap locations are designated by small circle symbols.
The taps were installed in the lower wall of the test
section, as will soon be described. As seen in the figure,
there is a tap in each row within the array. In addition,
taps were provided both upstream and downstream
of the array in order to facilitate the determination of
the overall pressure drop. Although not shown, there
were seven taps upstream of the array and six taps
downstream of the array. All told, there were 33 press-
ure taps.

The taps are numbered sequentially from 1 to 33,
with numbers increasing in the downstream direction.
The numbering sequence is illustrated in Fig. 4. Tap
number 1 was located on the longitudinal centerline
of the duct, 3.43 cm (1.35 in.) from the inlet. Taps 1-
5 are lined up along the centerline and separated by a
spacing of 5.08 cm (2 in.). Taps 5-29 are positioned
such that their longitudinal spacing is equal to the
longitudinal spacing (0.5499 c¢cm (0.2165 in.)) of the
successive rows of the array. The taps in the array,
numbers 8-27, are centered between the diamond-
shaped pin fins, resulting in a staggered pattern.

This pattern was also used in positioning taps 5-7
and 28 and 29, which are adjacent to but outside of
the array. The spacing returns to a 5.08-cm (2-in.), in-
line pattern for taps 29-33.

The pressure tap holes were positioned and drilled
using numerically controlled tooling. The tap hole
opening that faced the airflow in the duct was made

29
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FiG. 4. Layout and numbering of the pressure taps.

as small as possible, 0.0889 cm (0.035 in.) in diameter,
to minimize the disturbance of the flow. Each tap hole
was completed by a larger hole drilled into the lower
wall from below. A short length of stainless steel tub-
ing was inserted into the enlarged portion of the tap
hole, and a plastic tube was slipped over the exposed
end of the stainless steel.

The plastic tubes from the pressure taps were con-
nected to the valved inlet ports of a pressure selector
switch. In turn, the exit port of the selector switch
was connected via a plastic tube to one terminal of a
Baratron capacitance-type pressure meter (the other
terminal was left open to ambient pressure). All told,
three Baratron meters were used to measure the press-
ure distributions—two with a maximum pressure
sensing capability of 1 Torr and one with a maximum
capability of 10 Torr. The respective resolutions of
the meters are 107> and 10~* Torr. The pressure-
related voltage outputs from the Baratron meters were
read and time-averaged by a digital voltmeter. The
procedures employed in processing the time-averages
will be described shortly.

The primary flowmeter for determining the mass
flow rate of the air was a calibrated orifice plate situ-
ated in a pipe with properly sized upstream and down-
stream lengths. Two different plates (i.e. different ori-
fice hole diameters) were used to cover different
portions of the flow rate range. The orifice pressures
were read with 10 and 100 Torr Baratron pressure
meters.

At the very low flows, a calibrated rotameter was
used to measure the flow rates. The valving arrange-
ment was such that the orifice meter and the rotameter
were in series, thereby enabling comparisons between
the two meters.

2.2. Experimental procedure

As a prelude to the collection of the data to be
reported later, a number of verification data runs were
made. In one such run, performed at a flow rate where
both the orifice meter and the rotameter provided
accurate data, the respective mass flows measured by
the two instruments were 0.1478 and 0.1474 Ib,, s~ !,
an agreement within 0.3%. For another test, two suc-
cessive data runs were made at identical flow rates,
but with different 1 Torr pressure meters used to mea-
sure the respective pressure distributions. The result-
ing per-row pressure drops from the two meters
differed by no more than 1%. In still another veri-
fication run, a 10 Torr meter and a 100 Torr meter
were used to measure the pressure drop across the
orifice plate. The two meters agreed to within 0.1%.

It was standard practice in all data runs to time-
average the pressure signals at each tap to eliminate
random fluctuations. As already noted, the digital
voltmeter which received the output of the Baratron
pressure meter averaged the signal over a 3 s interval.
At each tap, a succession of such 3 s averages were
recorded and subsequently averaged. The number of
successive measurements depended on the degree of



594

steadiness of the pressure at the tap, with the criterion
being that the average of the 3 s averages be inde-
pendent of further contributions to the averaging pro-
cess. It was found that 5, 10, and 20 readings per tap
were appropriate for the low, intermediate, and high
Reynolds number ranges, with corresponding aver-
aging times of 15, 30, and 60 s.

The apparatus was initially set up for the array of
45-deg diamond-shaped pin fins. Once the Reynolds
number range for this case had been covered, the 45-
deg fins were removed and replaced with the 90-deg
vertex angle fins, after which the same Reynolds num-
ber range was traversed. Each data run was conducted
under steady-state conditions, with all components
fully warmed up and stabilized.

2.3. Data reduction

The first step in the data reduction for each run
was the execution of the averaging process that was
described in the foregoing, subsequent to which the
pressure distribution was graphed and examined. It is
well established that after the fluid has traversed the
first several rows of a tube bank, a periodic fully
developed regime is established whereby the flow pat-
tern is precisely repeated from row to row. In addition,
in the periodic regime, the pressure drop per row
is constant, so that the pressure differences between
successive taps separated by an axial distance S, are
the same. As a consequence, it is expected that the
measured axial pressure distributions would display a
linear portion, and this expectation was fulfilled in all
of the data runs.

The onset of the linear regime depends on the Reyn-
olds number and the fin geometry, as will be docu-
mented later. However, for all cases, the pressure data
between taps 12 and 24 were definitely linear. These
data were used to fit a least-square straight line, the
slope of which is the fully developed pressure drop
per row Ap.,.

It is standard practice to report the pressure drop
per row in terms of a dimensionless pressure
coefficient defined as

&= AProu/ 2PV - )

Here, the density p was evaluated from the perfect gas
law at the average pressure in the array and at the
measured (uniform) air temperature. The quantity
V...x 18 the average velocity in the minimum free flow
area A, In any row

Anin = 12[H(ST_ W)] (2)

where H(S:— W) is the minimum free flow area
between adjacent tubes in a given row, and there are
12 tubes in a row. Then

Vnmx = m///)Amin' (3)

The mass flow rate m was determined by conventional
processing of the pressure data at the orifice or by
converting the rotameter scale reading from standard
to operating conditions.
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The measurement of pressures upstream and down-
stream of the array enabled the evaluation of the
entrance and exit losses. These losses are defined here
as the difference between the actual overall pressure
drop and the pressure drop in an array where the flow
is fully developed in all rows. Therefore

Apentgexit = (pup _pdown) - N(Aprow)~ (4)

In this equation, p,, and py... are the pressures
upstream and downstream of the array, Ap,,, is the
fully developed pressure drop per row, and N is the
number of rows (= 20 in the present experiments).
The difference between (p,, —Paown) and N(Ap..,) is
very much smaller than the quantities being differ-
enced, thereby resulting in a loss of significant figures.
A dimensionless form of the entrance and exit losses
was evaluated as

¢ = Apcm,’exil/;p Vl%lilx' (5)

The experimentally determined pressure drop
results were parameterized by the Reynolds number
defined as

Re = pV,W/in (6)

in which the maximum fin width W was used as the
characteristic dimension. The other characterizing
parameters were the dimensionless transverse and
longitudinal pitches S/W and S /W, the values of
which were fixed for the experiments as 2.00 and 1.73.

3. EXPERIMENTAL RESULTS

All told, pressure distributions were measured in 29
final data runs. These runs covered the range of
Reynolds numbers from 20 to about 2200 for both of
the investigated diamond-shaped pin fin arrays. A
representative sample of the pressure distributions is
presented in Figs. 5(a)—(c) and 6(a)—(c), respectively,
for the 45- and 90-deg vertex angle fins. The (a),
(b), and (c) parts of these figures are for Reynolds
numbers of approximately 45, 380, and 2200.

In each figure, the pressure at the successive taps is
plotted as a function of the tap number. The tap
locations that are situated within the array are 8-
27, with lower-numbered taps in the test-section duct
upstream of the array and higher-numbered taps in
the test-section duct downstream of the array. In cach
figure, the pressure has been referred to its value in
the test-section duct upstream of the array, so that all
pressure distributions begin with an ordinate value of
Zero.

The downsloping straight line which appears in
each figure is a least-squares fit of the pressure data
between (and including) taps 12 and 24. As noted
earlier, a linear pressure variation was achieved in this
range for all of the data runs. In each figure, the
aforementioned least-squares straight line was
extended throughout the entire array to enable devi-
ations from it to be readily identified.
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FIG. 5(¢). Measured pressure distribution in a 45-deg vertex

angle pin fin array for Re =2210. S;/W =2.00 and
SUW = 1.73.

An overall inspection of Figs. 5 and 6 reveals a
slight scatter of the data in Figs. 5(a) and 6(a), which
correspond to the low Re value of 45, while the data
displayed in the other figures are remarkably free of
scatter. From an examination of all of the data for all
of the runs, it was noted that only for the two lowest
Reynolds numbers, Re ~ 20 and 45, was there any
evidence of data scatter. All of the other 25 runs were
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Su/W = 1.73.

totally free of scatter, i.e. classic examples of excellent
data.

The presence of scatter at the very low Re and its
absence at larger Re is readily rationalized. At the very
low Re, the pressure drop in the array is so small that
the flow is affected by pressure fluctuations in the
laboratory from which the air is drawn into the test
section. Such fluctuations were caused, for example,
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by the laboratory ventilation system. As the Reynolds
number increased, the array pressure drop sub-
stantially exceeded the magnitude of the pressure
fluctuations in the laboratory, so that the fluctuations
no longer affected the flow.

The pressure distributions of Figs. 5 and 6 exhibit a
common pattern. Upstream of the array, the pressure
distribution is flat. Within the array (taps 8-27), the
pressure decreases nearly linearly, with the only devi-
ations from strict linearity being confined to the initial
rows of the array. At the exit of the array, the flow
may experience a slight pressure recovery as a result
of the deceleration of the flow, after which the pressure
distribution becomes flat downstream of the array.

The foregoing overview will now be supplemented
by a more detailed commentary based not only on
Figs. 5 and 6 but also on the other data runs not
exhibited in the figures. The first issue has to do with
the establishment of the periodic fully developed
regime, where the flow pattern is precisely repeated
from row to row. The attainment of this regime is
evidenced by the axial invariance of Ap,,,. i.e. by a
linear decrease of the pressurc at successive taps axi-
ally separated by S,.

At low Reynolds numbers, the fully developed
regime is attained after just one row of fins for both
of the investigated fin geometries. As the Reynolds
number increases, there is a marked difference in
where the fully developed regime is respectively
achieved for 45- and 90-deg vertex angle arrays. The
pressure distributions for the 45-deg array continue
to become fully developed after just one row of fins
for the entire range of Reynolds numbers. Thus, there
is virtually no hydrodynamic development length.
However, for the 90-deg vertex angle fins at the higher
Reynolds numbers, the fully developed pressure dis-
tribution is not attained until after five or six rows in
the array. The substantially slower development for
the 90-deg array can be attributed to its relative open-
ness in contrast to the 45-deg array. In particular, the
boundaries of a flow lane for the 90-deg array include
a high proportion of symmetry line surface, which
offers no constraint to the flow. On the other hand,
for the 45-deg case, the lane boundaries are mostly
solid surfaces, which constrain the flow and hasten its
hydrodynamic development.

Another difference in the pressure distributions for
the two fin geometries is the magnitude of the pressure
recovery at the exit of the array. Although in neither
case is the recovery appreciable, it is, at least, dis-
cernible for the 45-deg array, but hardly perceptible
for the 90-deg array.

The dimensionless pressure coefficient £, which
expresses the fully developed pressure drop per row,
was evaluated from the experimental data in accord-
ance with equation (1). The thus-determined & values
are plotted in Fig. 7 as a function of the Reynolds
number Re = pV ... W/u, with different symbols used
to distinguish the results for the 45- and 90-deg vertex
angle fin arrays. Both arrays are characterized by
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Fig. 7. Experimentally determined per-row pressure
coefficients for 45- and 90-deg vertex angle pin fin arrays.
Sy/W =200 and S;/W = 1.73.

St/ W = 2.00 and S, /W = 1.73 (staggered fin deploy-
ment on equilateral-triangular centers).

From the figure, it is seen that for both arrays, &
displays its typical low-Reynolds-number behavior
for staggered tube-bank arrays, i.e. ¢ decreases with
increasing Re, with the decrease becoming pro-
gressively more gradual. Atlarger Re, the & values for
the 90-deg vertex angle array are independent of Re,
while those for the 45-deg vertex angle array are tend-
ing toward independence. The flattening of the {-Re
distribution is due to the increasing importance of the
inertia-related losses relative to the friction-related
losses. Owing to the relative openncess of the 90-deg
array, the inertial losses come to prominence earlier
in that array than in the 45-deg array, thereby explain-
ing the earlier leveling off of the data for the former.

At lower Re, where friction dominates, the & values
for the 45-deg array are greater than those for the 90-
deg array. At the larger Re, where inertia dominates,
the opposite ordering is in evidence. These findings
are in accord with the relative openness and the low
presence of solid boundaries in the 90-deg case and
with the relative tightness and the high presence of
solid boundaries in the 45-deg case.

As outlined in Section 2.3, an attempt was made to
deduce the entrance and exit losses by the differencing
operation defined by equation (4) and discussed in the
related text. Since small differences between relatively
equal numbers are involved, the results are expected
to display considerable scatter. This expectation was
reflected in reality, as witnessed in Fig. 8, where the
dimensionless entrance—exit pressure loss ¢ (equation
(5)) is plotted as a function of the Reynolds number.
To assist in identifying the data, the plotted points for
each of the arrays have been interconnected with the
straight line segments.

Despite the scatter, a significant conclusion can be
drawn by comparing the magnitudes of ¢ with the
magnitudes of ¢ in Fig. 7. Such a comparison reveals
that the entrance and exit losses are always less than
the pressure drop in one row of the array in the fully
developed regime. In particular, at low Reynolds
numbers, the entrance and exit losses are substantially
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FiG. 8. Dimensionless combined entrance and exit pressure
losses for 45- and 90-deg vertex angle pin fin arrays.
S¢/W =2.00and S /W = 1.73.

smaller than that for one row. This finding reinforces
the practice of neglecting the entrance and exit losses
for arrays in which there are more than 9 or 10 rows
[2, 31.

4. DEVELOPMENT OF DESIGN EQUATIONS

In the preceding sections of the paper, highly accur-
ate experimental results were reported for the pressure
drop characteristics of selected diamond-shaped pin fin
arrays. These results will be employed as a standard
of comparison in a numerically based development
aimed at providing design equations for determining
the pressure drop characteristics of arrays charac-
terized by a wide range of transverse and longi-
tudinal spacings.

The numerical work, to be described elsewhere [1],
encompassed solutions of the partial differential equa-
tions of mass and momentum for steady, laminar,
constant-property flow. The fluid flow and pressure
fields were modeled as being periodically fully
developed, whereby the flow pattern is precisely
repeated from row to row, and the pressure drop per
row is axially unchanging. For the numerical
implementation, the FIDAP general-purpose fluid
dynamic code was employed. This is a finite-element
code in which two-dimensional, nine-noded finite
elements are used to discretize the solution domain.
Supplementary computer runs were made to establish
the number of elements needed for accurate solutions
[

The first set of numerical solutions corresponded
to the geometries and operating conditions of the
experiments. These solutions yielded the dimen-
sionless per-row pressure drop, represented by the
pressure coefficient ¢ of equation (1), as a function of
the Reynolds number Re = p¥V,, . #/u. The numeri-
cally and experimentally determined ¢ vs Re dis-
tributions have been brought together in Fig. 9 for
purposes of comparison.

From the figure, it is seen that the numerical pre-
dictions for the 45-deg pin fin array track the exper-
imental data very well up to a Reynolds number of
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Fi16. 9. Comparison of experimentally and numerically deter-
mined per-row pressure coeflicients for 45- and 90-deg pin
fin arrays. S¢/W = 2.00 and S/W = 1.73.

about 500. Beyond that point, the predicted &-Re
distribution tilts upward and breaks away from the
experimental data. The divergence may be due to vari-
ous factors. One factor is that the laminar model may
no longer be valid. Another possible factor is that the
FIDAP representation of the inertial terms may not
be appropriate for the vigorous recirculation which
occurs at the larger Reynolds numbers, and similarly
for the neglect of time dependencies.

For the 90-deg pin fin array, the close tracking of
the experimental data by the predictions is confined
to Reynolds numbers below 100. However, the pre-
dictions and the data are in qualitative agreement
about the relative insensitivity of £ to Re in the range
of Re between 150 and 500. At Re = 200, the data are
about 22% below the predictions, and at Re = 500,
the data are about 27% below.

The lesser level of agreement for the 90-deg array
compared with the 45-deg array can be rationalized
by considering the same factors as were discussed in
rationalizing the comparison between the predictions
and the data for the 45-deg case. Since the 90-deg
array is more open than its 45-deg counterpart, it may
be subject to earlier laminar—turbulent transition, to
more vigorous recirculation, and to greater unsteadi-
ness.

The foregoing comparisons of numerical and exper-
imental results lend strong encouragement for the use
of the numerical simulation to predict the pressure
drop characteristics for diamond-shaped pin fin
arrays having other S and S array spacings. In par-
ticular, since almost all of the subsequent numerical
work was performed for tighter arrays (smaller S
and §,) than those examined in Fig. 9, the accuracy
of the numerical predictions is expected to be even
better.

The array spacings for which numerical solutions
were carried out are listed in Table 1. As seen in the
table, consideration was given to arrays consisting of
either 45- or 90-deg vertex angle diamond-shaped fins.
The selected spacing ratios Sp/W and S, /W cor-
respond to either of two patterns of fin deployment—
Su/W = 0.866(S1/W) or St/ W. The former is the equi-
lateral triangular deployment, while the latter cor-
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Table 1. Array spacings for the numerical solutions

S/ W SUw St/W SUW
(a) 45-deg vertex angle fins
1.40 1.21 1.25 1.25
1.50 1.30 1.50 1.50
1.75 1.52 1.75 1.75
2.00 1.73 2.00 2.00
(b) 90-deg vertex angle fins
1.15 [.00 1.15 1.15
1.25 1.08 1.25 1.25
1.35 117 1.50 1.50
1.50 1.30 2.00 2.00
1.75 1.52
2.00 1.73

responds to equal transverse and longitudinal
spacings. All of the investigated arrays are of the
staggered type.

For each of the arrays listed in Table 1, the dimen-
sionless per-row pressure drop in the periodic fully
developed region was determined as a function of the
Reynolds number over a range similar to that of Fig.
9. To facilitate the application of these results to
design, it is appropriate to seek an algebraic rep-
resentation for them. Such a representation not only
has the benefit of compactness, but it also can serve
as a means of interpolation to obtain results for cases
other than those for which the solutions were per-
formed.

It was soon discovered that a single algebraic cor-
relation of all of the results could not be obtained, so
that separate correlations were sought for each of the
four groupings in Table 1. Furthermore, in the search
for the tightest possible correlations, it was found
advantageous to explore other characteristic lengths
as alternatives to the maximum fin width W. One of
these was the perpendicular distance between parallel
faces of neighboring diamond-shaped fins. The other
was based on the porosity of the array. The latter
generally proved advantageous, and it was utilized in
the correlations.

The porosity-based characteristic dimension may
be derived by treating the array as a packed bed. Then,
following Whitaker [4]

volume of bed available for flow

D*=4 .
wetted surface 7

Since the array is modular, equation (7) may be evalu-
ated for a typical module, with the result

D* = 2(S3S — WL/ DWW+ LAY &)
The Reynolds number based on D¥ is
Re* = pV,. D*/p. )

The initial correlations were structured as algebraic
relations between the pressure coefficient £ of equation
(1) and Re*. However, upon further consideration, it
was realized that for the 45-deg vertex angle arrays,

especially the tighter arrays, the flow passing along
any lane through the array was very nearly a channel
flow (i.e. the boundaries of the lane were, for the
most part, solid boundaries). Therefore, it appeared
reasonable to seek a correlation based on a channel-
like friction factor, i.e.

S = [(APeou/ SOD*1/3pV s (10)

Indeed, for the 45-deg arrays, f proved to be a better
correlation parameter than & On the other hand, for
the 90-deg arrays, because of their relative openness,
& was the better correlation parameter.

Taking guidance from the standard practice used
for flow in porous media, a Forchheimer-type
relationship was used to correlate the results, i.e.

y=C/Re*+C, an

where y is either f or &, and C, and C, were selected
to best represent the results for all of the spacings in
a given correlation group.

The correlations for the 45-deg vertex angle fin
arrays will be presented first. For the S /W = 0.866
x (S¢/W) arrays of Table 1(a}

f = 108/Re*+0.088 (12)

where the correlation is valid up to Re* = 200. The

correlation for the S, /W = S§;/W arrays of Table 1(a)
is

f =97/Re*+0.12 (13)

for Re* < 100.

The correlations for the 90-deg vertex angle fin
arrays required separate representations for the range
of smaller and larger S;/W. For the S, /W = 0.866
x (Sy/W) arrays of Table 1(b)

&= 127/Re*+0.90 {14a)
& = 88/Re*+0.70 (14b)

respectively for S;/D < 1.35 and §¢/D > 1.35. These
correlations are applicable for Re* up to 500. For the
Sy /W = Sy/W arrays of Table 1(b), the correlations
are

(152)
(15b)

where the ranges of Sy/D and Re* are the same as for
equations (14a) and (14b).

& = 155/Re* +0.82
& = 98/Re*+0.72

5. CONCLUDING REMARKS

The research reported here is a synergistic blend of
experimentation and numerical simulation directed
toward the determination of the pressure drop charac-
teristics of arrays of diamond-shaped pin fins. In the
experimental portion of the investigation, highly
accurate per-row pressure drop information was col-
lected for specific pin fin arrays. These data served to
validate a finite-element-based numerical simulation.
Once the simulation model was verified, it was
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employed to generate information for a wide range of
array geometrical parameters, as set forth in Table 1.

To facilitate the use of the computer-generated
pressure drop information in design, compact
algebraic representations were developed. These for-
mulas, conveyed by equations (12)—(15), served to
relate the dimensionless per-row pressure drop in the
hydrodynamically developed regime to the Reynolds
number. For arrays consisting of diamond-shaped fins
with a 45-deg vertex angle (Fig. 2), the channel-like
nature of the flow passages prompted the use of a
friction factor f similar to that used for conventional
channel flows. On the other hand, the more open
deployment which characterized the 90-deg vertex
angle pin fin arrays motivated the use of the pressure
coefficient ¢ that is commonly used for conventional
circular tube banks. The characteristic dimension
appearing in both Re* and f is based on the porosity
of the array (equations (7) and (8)).

The experimental results, in addition to serving as a

standard of comparison for the numerical simulation,
provided information on the combined entrance and
exit pressure losses and on the length of the hydro-
dynamic development region in the array. It was
found that the entrance and exit losses were always
less than the pressure drop per row in the hydro-
dynamically developed region of the array, especially
at lower Reynolds numbers.
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PERTE DE CHARGE DANS DES ECHANGEURS COMPORTANT DES
ARRANGEMENTS D’AIGUILLES A TETE DE DIAMANT

Résumé—Des expériences et une simulation numérique sont faites pour déterminer les caractéristiques de
perte de charge d’arrangements d’aiguilles 4 téte de diamant. Les paramétres géométriques Sy/W et S| /W,
ol W est la largeur maximale de I'aiguille, St et S, les espacements transverse et longitudinal, varient
respectivement de 1,15 4 2,00 et de 1,00 a 2,00. Le nombre de Reynolds basé sur W et la vitesse maximale
du fluide varie entre 20 et 2200. Par les expériences, on obtient des résultats précis de la perte de pression
par rangée pour les pertes d’entree et de sortie et pour la région de développement hydrodynamique. La
perte de pression par rangée sert d’élément de comparaison pour les simulations numériques qui sont
résolues par une méthode aux éléments finis appliquée au régime périodique complétement établi. Le
modéle de simulation ainsi validé est employé pour fournir des résultats pour un large domaine de
conditions géométriques. Pour faciliter 'application a des conceptions, les résultats de perte de charge par
rangée sont unifiés par des formules algébriques compactes.

DRUCKABFALL IN WARMEUBERTRAGERN, WELCHE AUS ANORDNUNGEN
DIAMANTFORMIGER STIFTRIPPEN BESTEHEN

Zusammenfassung—Es wird eine breit angelegte Untersuchung zur Bestimmung des Druckabfalls von
Anordnungen diamantférmiger Stiftrippen durchgefithrt, welche erginzende Versuche und numerische
Losungen einschlieBt. Die Geometrieparameter Sy/W und S, /W liegen zwischen 1,15 und 2.0 bzw. 1,0 und
2,0, wobei W die maximale Rippenbreite, S; und S, die Quer- bzw. Lingsteilung sind. Die untersuchten
Rippen haben an der Vorderseite einen Scheitelwinkel von entweder 45 oder 90 Grad. Die mit der
maximalen Rippenbreite und der maximalen Fluidgeschwindigkeit gebildete Reynolds-Zahl liegt zwischen
20 und 2200. Aus den Versuchen ergeben sich extrem genaue Ergebnisse fiir einzelne Anordnungen, und
zwar fir den Druckabfall je Reihe, fiir die kombinierten Eintritts- und Austrittsverluste sowie fiir die
Lange des hydrodynamischen Anlaufgebiets. Die Ergebnisse fiir den Druckabfall je Reihe dienen als
Vergleichsgrundlage fiir die numerischen Berechnungen, welche mit Hilfe eines Finite-Elemente-Verfahrens
im periodisch vollstindig entwickelten Gebiet ausgefiihrt worden sind. Das Simulationsmodell wird auf
diese Weise zunichst validiert und anschlieBend fiir Berechnungen in einem weiten Bereich von geome-
trischen Bedingungen angewandt. Um die praktische Anwendung zu erleichtern, werden die numerisch
berechneten Ergebnisse fiir den Druckabfall je Reihe mit Hilfe einer kompakten algebraischen Gleichung
korreliert (Gleichungen (12) bis (15)).
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XAPAKTEPUCTHUKHU NEPENAIA JABJIEHHUA B TEINJIOOBMEHHUKAX, COCTOAMUX
N3 HABOPA POBMOBHIHLIX UI'OJIBYATbHIX PEBEP

Amnoraums—IIpoBeieHo MIMpoKOMAacIITabHOE HCCIeOBaHHE, BKJIIOYAIOMIEE IKCNEPHMEHTH M YHCIIEH-
HO€ MOJIEJIMPOBaHKE C LEJbIO ONpefe/ieHHsl XapaKTepPHCTHK fepenana jJasicHus B Habopax pombGoBua-
HbIX HronpyaTeix pebep. Ieomerpuyeckue napamerpbnl HaGopos S;/W u S /W un3mensnucs
cooTsercTBeHHo ot 1,15 mo 2,00 u ot 1,00 mo 2,00, rne W—maxcumanbpHas IIMpHHA pebpa, a S; |
S, —TIoNepedHbIA U NPOAOJIbHLIA WArk. YIjbl NpH BEPLIHHE HCCNEAyeMBIX pebep cocTapisiu 45 u 90
rpaaycoB. Uucno PeiiHonbaca, OCHOBaHHOE Ha MaKCHMAaJILHOH WWIMpHHE pebpa ¥ MaKCHMalbHO#R CKO-
POCTH XHAKOCTH, H3MEHANOCh B HHTEpBae oT npubausutensHo 20 no 2200. ins BuiGpanHbIX HaGopos
IKCIIEPUMEHTAIBHO MOJYYeHbl JOCTATOYHO TOYHBIE AAaHHBIE O MEpenany NaBJICHHSA B CAVWHHYHOM DALE
pebep, COBMECTHBIM MOTEPAM Ha BXOJE M BBLIXOJE, a TAKXKe MO JUIMHE Y4acTKa THMAPOAHHAMHMYECKOro
passuTus. [laHHpie 1O Nepenany AaBJeHAS B eAHHMYHOM psile pebep HCIONB3YIOTCS B Ka4eCTBE CTaH-
[apTa [Uls CPAaBHEHHA PACYETOB MO YHCICHHBIM MOJEJAM C IPUMEHEHHEM METOMa KOHEYHBIX 3JIEMEHTOB
K NEPUOIMYECKOMY MOJHOCTBIO Pa3BHTOMY peXdMy. AnpoOHpoBaHHas TaKHM 0Opa3oM MOZENb HCIO-
np3yetcss Qs OOOOILEHHS pe3ynbTaToB, NMOJYYEHHBIX [UIS IIHPOKOTO [HMANa3oHa TEOMETPHYECKHX
yenosuit. C penbio obsierdyeHus NPAMEHCHAS NPH KOHCTPYHPOBAHHM YHCJIEHHBIC Pe3y/IbTAThI MO Mepe-
nafy OaBJeHAs B e[MHHYHOM psae pedep MpHBEAeHBbI B BHOE JOCTATOMHO NMPOCTHIX ajirebpanyeckux
ypaBHeHM# (ypaBuenns (12)-(15)).



