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Comparison of Pin Surface Heat
Transfer in Arrays of Oblong
and Cylindrical Pin Fins
Pin fin arrays are most commonly used to promote convective cooling within the internal
passages of gas turbine airfoils. Contributing to the heat transfer are the surfaces of the
channel walls as well as the pin itself. Generally the pin fin cross section is circular; how-
ever, certain applications benefit from using other shapes such as oblong pin fins. The
current study focuses on characterizing the heat transfer distribution on the surface of
oblong pin fins with a particular focus on pin spacing effects. Comparisons were made
with circular cylindrical pin fins, where both oblong and circular cylindrical pins had a
height-to-diameter ratio of unity, with both streamwise and spanwise spacing varying
between two and three diameters. To determine the effect of relative pin placement, meas-
urements were taken in the first of a single row and in the third row of a multirow array.
Results showed that area-averaged heat transfer on the pin surface was between 30
and 35% lower for oblong pins in comparison to cylindrical. While heat transfer on the
circular cylindrical pin experienced one minimum prior to boundary layer separation,
heat transfer on the oblong pin fins experienced two minimums, where one is located
before the boundary layer transitions to a turbulent boundary layer and the other prior to
separation at the trailing edge. [DOI: 10.1115/1.4025213]

Introduction

In modern gas turbine engines, temperatures entering the first
stage turbine are significantly hotter than the blade material can
withstand. For this reason, turbines must feature complex blade
cooling technologies, both external to the blade and within its in-
ternal passages. Internal cooling of the trailing edge of a turbine
airfoil is a unique challenge because of the blade’s small cross
section and the high heat removal necessary. For internal cooling,
turbine blade designs typically use three methods of cooling: jet
impingement, flow through ribbed channels, and flow through pin
fin channels.

Many studies of pin fin arrays for turbine cooling concentrate
on circular cylindrical pin fins that are oriented in an array perpen-
dicular to the flow. From a heat transfer standpoint, the benefits of
adding pin fins into the flow are twofold: The pin fins increase the
area over which heat transfer can occur and generate increased
channel turbulence. The pins disrupt the boundary layer on the
channel walls by inducing vortices at the pin fin base and in the
wake of the pin fin. Research on pin fins focuses on the size,
shape, and spacing of these pins, all of which significantly affect
the heat transfer within an array. Most of the literature, however,
gives experimental results in which combined channel wall plus
pin surface heat transfer is presented, thereby preventing particu-
lar pin fin features from being highlighted.

The present study investigated pin fin heat transfer in oblong
pins and aims to compare directly the performance of these
oblong pins to that of circular cylindrical pins, hereon referred to
as simply cylindrical pins. In particular, the focus of the experi-
ments reported was to determine the effect that spacing has on the
pin heat transfer itself in both a single row as well as in the third
row of a multirow array.

Previous Studies

Previous research has been devoted to characterizing heat trans-
fer in arrays of cylindrical pin fins. Armstrong and Winstanley [1]

reviewed much of the early work on cylindrical pin fin arrays,
including that of Metzger et al. [2], Vanfossen [3], Brigham and
Vanfossen [4], and Simoneau and Vanfossen [5]. Armstrong and
Winstanley provided correlations for array-averaged heat transfer
and array pressure drop. These correlations are able to predict
heat transfer to within 20% for pin fin arrays having H/D� 3,
2� S/D� 4, and 1.5�X/D� 5. In recent years, the effects of
Reynolds number, spacing and pin fin height have been studied in
greater detail. Lyall et al. [6] and Lawson et al. [7], for example,
made spatially resolved heat transfer measurements for single and
multirow cylindrical pin fin arrays, respectively. Lyall et al. and
Lawson et al. also made point measurements on the pin fin sur-
face. In general, decreased spacing and increased Reynolds num-
ber led to higher pin fin heat transfer. Chyu et al. [8] reported the
end wall and pin fin contribution to heat transfer for varying
height-to-diameter ratios. Chyu et al. showed that the dependence
of array-averaged heat transfer on Reynolds number changed
between H/D¼ 2 and 3. For H/D¼ 1 and 2, Chyu et al. reported a
Reynolds number exponent of 0.65 and 0.75, respectively. While,
for H/D¼ 3 and 4, the Reynolds number exponent was 0.39 and
0.35, respectively.

In addition to Reynolds number, spacing and pin height, other
considerations have been taken into account for the design of pin
fins. One such consideration comes in constraints from manufac-
turing processes. Chyu [9] showed that pin fin fillets reduce heat
transfer as compared to the nonfillet case. Arora and Abdel-
Messeh [10] investigated the effects of partial length pin fins, as
well. Another consideration involves the importance of maintain-
ing heat transfer capacity deeper into an array of pin fins. Busche
et al. [11] studied the effects of replenishing the cooling air in a
pin fin array, thereby replenishing the heat capacity of the coolant
and maintaining the heat transfer coefficient further into the array.
Such a design consideration is important for pin fin arrays longer
than four rows or in arrays with a combination of streamlined and
bluff bodies. Heat transfer capacity of the fluid could potentially
be saved until further into the array if streamlined bodies were
placed at the front of the array, which would allow for higher heat
transfer in the back of the array.

Pin fin shape has also been considered in the public literature,
including cylindrical-, square-, and diamond-shaped pin fins [12].
Using pin fins with sharp corners was found to increase heat
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transfer as a result of the increased turbulence generated in the
shear layers. Uzol and Camci [13] investigated elliptical-shaped
pin fins in comparison to cylindrical pin fins. Flowfield measure-
ments showed that turbulence was greatly reduced for the ellipti-
cal pins. Heat transfer was reduced for the elliptical pins as a
result of the reduced turbulence, but when considering both fric-
tion factor and heat transfer, the array performance index showed
that elliptical pins outperformed the cylindrical. Ling et al. inves-
tigated the effects of adding streamlined pedestals in the last row
of a cylindrical pin fin array [14]. Introducing these streamlined
pedestals into the array caused the formation of horseshoe vorti-
ces, which positively impacted the heat transfer.

Andreini et al. [15] and Metzger et al. [16] are the only studies
in the public domain, to the authors’ knowledge, that investigated
oblong-shaped pin fins. Andreini et al. simulated one row of
oblong pin fins in a converging channel and noted the combinato-
rial effects of the horseshoe vortex formation, flow recirculation
in the wake region, and mean flow acceleration due to the channel
convergence. The authors, however, did not report on the heat
transfer distribution along the oblong pin. Metzger et al. consid-
ered an oblong pin fin having H/D¼ 1 and L/D¼ 2, where L is
measured from leading to trailing edge. Metzger systematically
varied the orientation of the oblongs from aligned to perpendicu-
lar with the flow, including pins oriented at alternating angles.
The aligned case showed the lowest heat transfer and lowest
pressure drop, while the perpendicular case showed the highest of
both heat transfer and pressure drop. An intermediate angle of
alternating 630 deg was found to give the highest array perform-
ance index. The study performed by Metzger et al. was most
closely related to the study performed here.

Ames and Dvorak [17] investigated the influences of turbulence
on pin heat transfer and developed empirical correlations for local
heat transfer coefficients with local turbulence parameters. Specif-
ically, Ames and Dvorak investigated the effect of these turbu-
lence parameters on the stagnation point heat transfer and showed
that the approaching Reynolds number was the dominant effect.

This review of previous literature demonstrates that the main
focus in pin fin research has been on cylindrical pin fins. While
Metzger et al. [16] studied the effects of pin fin angle on array-
averaged heat transfer for oblong pins, no studies exist that distin-
guish the heat transfer characteristics on the surface of oblong pin
fins alone. The present work investigates Reynolds number and
spacing effects on the heat transfer along the surface of oblong
pin fins. Comparisons were made with cylindrical pins to aid in
identifying the differences in flowfield that result in differences in
heat transfer.

Experimental Facility

Experiments for cylindrical and oblong pin fins were carried
out in a large-scale, recirculating channel using air as the working
fluid. All experiments were conducted under steady flow condi-
tions and no measurements were time dependent.

Figure 1 [18] shows a schematic of the test facility. The experi-
ments were performed in a constant cross-sectional area test
section, of height 63.5 mm and of width 1.22 m, allowing for a

width-to-hydraulic diameter ratio of 9.4. The test section channel
walls were constructed of glass and polycarbonate. Flow through
the experimental facility was driven by a centrifugal blower, con-
trolled by an electric motor with variable frequency drive that was
capable of 0.66 m3/s. The flow from the blower entered the inlet
plenum containing a splash plate, ensuring no jet formation inside
the test section. Before entering the test section, the flow was
forced through a sharp-edge contraction to encourage the onset of
a turbulent channel flow; the flow then exited the test section into
a plenum. The empty duct flow was validated to be fully turbulent
at the position of the first pin fin at 22.4 hydraulic diameters
downstream from the inlet of the channel [18]. The exit plenum
contained another splash plate as well as a heat exchanger that
acted to remove the excess heat created by the blower. Lastly,
before reentering the blower, the flow passed through a Venturi
flowmeter.

Experiments using this facility were conducted at three differ-
ent pin Reynolds numbers of 1.0� 104, 2.0� 104, and 3.0� 104.
In each experiment, the pin Reynolds number, based on the diam-
eter of the pin and the maximum velocity in the channel, was
matched. For each experiment, mass flow rate was measured and
used to calculate the maximum velocity, which corresponds to the
flow through the minimum area between the pins. Maximum ve-
locity was calculated by dividing the bulk channel velocity by the
ratio of channel area to area covered by pins. For the oblong pin
fin experiments, either one row of pin fins or three rows of pin fins
were used. Similarly for experiments containing cylindrical pin
fins, experiments were conducted with either one or seven rows of
pins. Orientations of the pins relative to one another were deter-
mined based on the diameter of the pins; streamwise spacing (X)
and spanwise spacing (S) were each systematically varied for each
test and measured with respect to the pin diameter. Figure 2 shows
the orientation of the oblong pin fins. As previously mentioned,
the goal of these experiments was to quantitatively determine the
contribution of a pin fin in cross flow to the overall heat transfer
performance of an array. To achieve this goal, experiments
included one heated pin fin in an array of nonheated pin fins.

Fig. 1 Schematic of recirculating test facility used for both cylindrical and oblong pin fin testing [18]

Fig. 2 Diagram used to describe streamwise and spanwise
spacing definitions for oblong pin fin array
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Various sensitivity tests were conducted on both oblong and
cylindrical pin fin arrays to understand the effect of downstream
pins on the heat transfer on the trailing edge of an upstream pin.
For cylindrical pins, Ostanek [19] found that heat transfer on the
backside of the first row of pins was affected when X/D was
reduced from 2.60 to 2.16; spacings greater than X/D¼ 2.6
showed negligible effects on trailing edge heat transfer from
downstream pins. Similarly, experiments performed with one
heated oblong pin in the first of three rows showed negligible
effects of downstream oblongs at the streamwise spacings of inter-
est. Results for oblong pins will be presented as one heated pin in
the first of one row and one heated pin in the third of three rows.

In calculating the heat transfer coefficient for the single heated
pin fin, the reference temperature for the fluid was the upstream
channel temperature. In the case with all pin fins heated, the bulk
temperature (mass-averaged temperature) was the appropriate
fluid reference temperature to be used for the heat transfer coeffi-
cient. The heat transfer coefficients along the pin fins in this ex-
perimental setup are expected to be the same as those for the case
where all pin fins in the array are heated, provided the thermal
wakes from the pins are mixed out. Since the streamwise spacings
considered were relatively large (X/D> 2.6), the thermal wakes
are assumed to be mixed out and the heat transfer coefficients pre-
sented in these experiments can be considered the same as those
where all pins are heated. As previously mentioned, flowfield
measurements have confirmed the mixed out wakes at these
streamwise spacings [19].

The height-to-diameter ratio of both the cylindrical and oblong
pin fins was unity, where the diameter of the pin fins matched the
height of the channel. The diameter of the oblong pin fin corre-
sponded to the diameter of the cylindrical pin and the length of
the oblong was two pin diameters from leading to trailing edge, as
shown in Fig. 3.

Each heated pin was wrapped in an Inconel heater having a
thickness 0.0254 mm, which supplied a constant heat flux bound-
ary condition on the pin. As Inconel has a low emissivity
(e¼ 0.21), radiation losses were minimized to 0.1% of the total
heat flux. Each cylindrical pin was formed from polycarbonate
(k¼ 0.2 W/m �K) while each oblong pin was formed via stereoli-
thographic material (k¼ 0.175 W/m �K). These low thermal con-
ductivity materials worked to minimize conductive losses.
Conductive losses from the pin to the channel end walls were cal-
culated to be 3.6% of the total heat flux. Ostanek [19] performed a
separate study using a finite element model to examine three-
dimensional effects of conductive losses through the pin fin walls;
the overall heat transfer results did not change significantly. Data
presented in this paper have included conduction losses only from
the pin to the channel end walls. Small holes were drilled around
the perimeter of the pin to allow for thermocouples to be attached
to the underside of the heater using a thermally conductive and
electrically insulating cement (k¼ 1.1 W/m �K). Inside of each
heated pin was fiberglass insulation (k¼ 0.043 W/m �K), which
also minimized conduction losses.

One large difference between the instrumentation of the cylin-
drical pin fins and the oblong pin fins is the number of thermocou-
ples used. The shape of the cylindrical pin fin allows for the use of

symmetry: Five thermocouples were mounted to the underside of
the heater at various azimuthal locations and at 50% of the pin
height. The pin fin was then rotated to obtain measurements in
10 deg increments. On the oblong pin, 25 thermocouples were
placed around half of the oblong at 50% of the pin height to obtain
the same temperature measurement concentration. To validate the
assumption of symmetry about the streamwise axis, four thermo-
couples were mounted on the other half of the oblong. Figure 3
shows the thermocouple positions for oblong pin fins.

Uncertainty Analysis

Measurement uncertainty was quantified using the sequential-
perturbation method [20]. Uncertainty measurements were calcu-
lated at a 95% confidence level. The maximum uncertainty in
Reynolds numbers of 2.0� 104 and 3.0� 104 was 1.5%, whereas
the maximum uncertainty in a Reynolds number of 1.0� 104 was
10.3% due to the small pressure differentials. The maximum
uncertainty in Nusselt number was 10.0%. Uncertainty in
Reynolds number is driven by the measurement of the pressure
differential across the Venturi flowmeter whereas the uncertainty
in Nusselt number is strongly influenced by the measured heat
flux of the heater.

The uncertainty in friction factor was 6.4% at a Reynolds num-
ber of 3� 104 and as high as 23.7% at a Reynolds number of
1� 104. Much like the uncertainty in Reynolds number, uncer-
tainty in friction factor is driven by the pressure transducers used
to measure the extremely small drop in pressure across the
channel.

Results and Discussion

To validate the measurement method, stagnation point heat
transfer in the first row of pin fins was compared to that given in
the literature by examining the Fr€ossling number, which is given
by NuD/ReD

1/2. For S/D¼ 3 and ReD¼ 2.0� 104, a single row
of cylindrical pin fins showed Fr¼ 0.88 at the stagnation
point and a single row of oblong pin fins at the same conditions
showed Fr¼ 0.87. ReDh for these experiments was 2.5� 104,
where ReDh is the channel Reynolds number based on Um. The
stagnation heat transfer for the present cylindrical and oblong pin
fins was in 7.4% and 8.4% agreement, respectively, with that of
Ames and Dvorak [17], who showed Fr¼ 0.95 for the first row of
cylindrical pin fins having H/D¼ 2, S/D¼ 2.5, X/D¼ 2.5, and
ReD¼ 1.0� 104. ReDh for the experiments by Ames and Dvorak
was 2.2� 104. Given that approaching Reynolds number has the
largest impact on stagnation heat transfer [17], the two studies are
comparable.

The remaining results compare cylindrical and oblong heat
transfer characteristics for various Reynolds numbers as well as
various spacing configurations. First, the Reynolds number effect
on flow behavior through the pins is investigated. Additionally,
the difference in strength of this effect on both the first and third
row pin is explained. Next, the effect of pin spanwise and stream-
wise spacing on the flow characteristics is investigated. Following
the spacing analyses, averages across the pin surface are calcu-
lated and compared for cylindrical and oblong pins. Lastly, fric-
tion factor in the array is explored.

Reynolds Number Effect in First and Third Rows. An im-
portant difference in the flow characteristics between cylindrical
and oblong pin fin arrays can be explained by the fact that the
oblong pin is inherently longer in the streamwise direction. For
this reason, the laminar boundary layer that forms along the
oblong pin is able to transition to turbulence, thereby giving rise
to a number of different scenarios that are dependent on Reynolds
number and pin spacing. In general as the boundary layer grows
along the oblong pin surface, the heat transfer decreases until tran-
sition to turbulence, at which point a sharp increase in heat trans-
fer occurs. As the turbulent boundary layer grows, heat transfer

Fig. 3 Schematic of oblong size and locations of thermocou-
ples used in instrumentation
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decreases again until just before the flow separates at the trailing
edge of the oblong. As flow separates and recirculates in the trail-
ing edge of the pin, the heat transfer increases due to mixing in
the wake region. For the Reynolds number range considered,
the boundary layer along the oblong pin is expected to exhibit the
behavior described above whereas along the cylindrical pin, the
boundary layer is expected to separate prior to transition [21].

As an important note for data presentation, the data in the sub-
sequent graphs were simply mirrored between the positive and
negative flow sides (6s/D). Also shown in the graphs, however,
are open symbols that represent the single thermocouples on the
s/D> 0 side in which direct heat transfer measurements were
made to document the symmetry. In all cases, the mirrored meas-
urements agreed with the direct measurements to within 6%.

Figures 4(a)–4(c) provide the nondimensional heat transfer data
for the oblong pins relative to the cylindrical pins in a single row.
Note that the Nusselt and Reynolds numbers are based on the pin
diameter. The figures show the three Reynolds numbers studied
and three spanwise spacings of the pin fins of S/D¼ 2, 2.5 and 3,
respectively. As shown in Figs. 4(a)–4(c), the oblong and cylindri-
cal pin fins showed highest heat transfer at the stagnation point.
Expectedly, the stagnation point heat transfer for the cylindrical
and oblong pin fins coincides because the Reynolds numbers were
matched for the single row data.

Figures 4(a)–4(c) show that for all cases, the heat transfer
decreases beyond the stagnation location until s/D¼ 0.9, which is
the start of the flat portion for the oblong pin and is near 100 deg
for the cylindrical pin (Fig. 3). Beyond s/D¼ 0.9, the heat transfer
begins to increase for both pins. However, the physical reasons
for that increase differ for the two pin geometries. The boundary
layer on the oblong pin transitions to a turbulent boundary layer at
the highest Reynolds number for all spacings. For the lowest
Reynolds number case at the two closest spacings (S/D¼ 2 and
2.5) as well as the mid Reynolds number for the closest spacing
(S/D¼ 2), no transition was assumed to occur because a secondary
peak in heat transfer was not seen. At the widest pin spacing, a
slight increase in heat transfer is seen even at the lowest Reynolds
number. Spacing effects will be further discussed in the following
section. For the cases in which the boundary layer does transition,
Figs. 4(a)–4(c) indicate the transition location moves closer to the
stagnation point as the Reynolds number increases, which is
expected.

Beyond the transition to turbulence for the oblong pin, the flow
behaves as would be expected: heat transfer decreases due to tur-
bulent boundary layer growth, reaches a minimum at the point of
separation and increases again due to recirculating flow in the
wake that impinges on the trailing edge of the pin. Conversely, for
a cylindrical pin, the boundary layer grows along the pin until
flow separates. At the separation point, the heat transfer rises to a
level near that at the stagnation for all spacings considered.

For a heated oblong pin in the third row of a three-row array,
much higher heat transfer occurs as compared to the data for a pin
in the first row of a single row array. Figures 5(a)–5(c) show this
behavior. However, similar trends on the oblong pin are visible:
The boundary layer transitions to turbulence before separating.
The difference in heat transfer magnitude can be understood
by investigating the flow seen by the first row of pin fins versus
the flow seen by the third row of pins. Many researchers have
shown that channel turbulence levels are elevated through the
downstream rows due to the influence of the upstream pins
[2,13,17,22]. The effects of the higher turbulence levels can be
seen at both the stagnation point as well as along the straight
portion along the oblong. Figures 5(a)–5(c) show the effect of the
elevated channel turbulence through higher stagnation point heat
transfer relative to the first row, which was shown previously in
Figs. 4(a)–4(c).

The data in Figs. 5(b) and 5(c) show that the heat transfer is
lower at the stagnation location and along the oblong surface as
compared to the heat transfer from a cylindrical pin fin. Uzol and
Camci [13] showed that turbulence intensity was much greater in

the wake of cylindrical pins in comparison to streamlined, ellipse
pins. Additionally, Ames and Dvorak [17] showed that heat trans-
fer at the stagnation point depends on the approaching Reynolds
number, the integral turbulent length scale, and turbulence inten-
sity. It follows in the present work that the cylindrical pin fins

Fig. 4 (a)–(c) Effect of ReD on the first row of both cylindrical
and oblong pins at different spanwise spacings
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would experience higher stagnation point heat transfer than the
oblong pins because of the increased turbulence generated from
the cylindrical pin fins.

As was discussed, an important difference between the first and
third row pins is that overall heat transfer levels along the

oblong are higher for the third row when compared with the first
row. Figure 6 shows a direct comparison of first and third row
heat transfer with S/D¼ 2.5 at the lowest Reynolds number of
ReD¼ 1.0� 104. As a notable difference between the data for the
first and third rows of pins, the boundary layer clearly does not
transition on a first row oblong as compared to a third row oblong.
The elevated channel turbulence levels for the third row pin pro-
motes transition to turbulence even at low Reynolds numbers.
Based on these results, the ReD can be argued to have a more sig-
nificant effect on the first row of pins rather than on the third row
of pins, while the levels of channel turbulence more strongly
affect the third row of pins.

Spanwise Spacing Effect in First and Third Rows. Matching
the pin Reynolds number ReD as opposed to the channel Reynolds
number ReDh results in a difference in velocity through the duct
(bulk velocity) versus through the pins: ReD is based on Umax and
ReDh is based on Um. To match the pin Reynolds number with a
tighter spanwise spacing, a decrease in channel (bulk) velocity
occurs, resulting in lower channel Reynolds numbers. As such, the
tighter spanwise spacing results in stronger flow acceleration
through the pins. While array heat transfer depends mainly on the
pin Reynolds number ReD, the flow acceleration through the pins
was found to influence the heat transfer distribution on the surface
of the pin itself [2]. For all oblong pin experiments, a clear
dependence on spanwise spacing is seen; the strength of that
dependence increases with increasing ReD. Figures 7(a)–7(c) show
that as spanwise spacing increases, the peak in heat transfer as the
boundary layer transitions also increases. For example, for the high-
est Reynolds number at the widest spanwise spacing (S/D¼ 3), the
transitional peak in heat transfer nearly reaches that of the stagna-
tion point heat transfer. The duct velocity is 0.67 of maximum ve-
locity, indicating that the pressure gradient induced by the pin array
is relatively small. As a point of contrast, the differences in heat
transfer along the oblong at the lowest Reynolds number are quite
small. For the smallest spanwise spacing of S/D¼ 2, the duct veloc-
ity is 0.5 of the maximum velocity. A minimal increase in heat
transfer beyond the stagnation point is seen for the tightest span-
wise spacing, even at high ReD because of the larger difference in
duct and maximum velocities. The tightest spanwise spacing
(S/D¼ 2) induces the largest pressure gradient through the pins due
to the relatively high acceleration of flow between the pins as com-
pared to the widest spacing (S/D¼ 3). The process of boundary layer
growth, transition to turbulence and separation becomes suppressed
due to the induced favorable pressure gradient.

Fig. 5 (a)–(c) Effect of ReD on the third row of both cylindrical
and oblong pins at different spanwise spacings

Fig. 6 Direct comparison of the difference between the first
and third row of the oblong pin fin array at ReD 5 1.0 3 104 and
S/D 5 2.5
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As previously mentioned, varying spanwise spacing from
S/D¼ 2 to 3 causes a difference in the ratio of Umax/Um from 2 to
1.5, respectively. Figures 7(a)–7(c) show that decreasing S/D
resulted in a decrease in stagnation point heat transfer, despite

maintaining a constant pin Reynolds number ReD. For tighter
spanwise pin spacings, however, the bulk velocity is lower than
for wider spanwise spacings. Ames and Dvorak [17] showed that
one of the factors that influences stagnation point heat transfer is
the approaching Reynolds number. Ames and Dvorak defined the
approaching Reynolds number using an approach velocity,
derived from pin fin static pressure measurements, along with the
pin fin diameter. Although the approach velocity was not meas-
ured in the present work, the approach velocity is more closely
approximated by the bulk velocity rather than the maximum ve-
locity through the pins. Figures 7(a)–7(c) show that one possible
reason for the reduced stagnation heat transfer for decreased S/D
was caused by the difference in approaching channel Reynolds
number.

For the experiments containing cylindrical pin fins, heat trans-
fer performance seems to be unaffected by varying spanwise spac-
ing, with the exception of the stagnation location. Figure 8 shows
minimal differences in heat transfer downstream of the stagnation
location. The largest difference in heat transfer level is seen at the
stagnation location due to the difference in approaching Reynolds
number when varying S/D. As previously discussed, the stream-
wise distance along a cylindrical pin fin is not enough for a bound-
ary layer to transition to turbulence, separate and reattach to the
pin surface. The variation in spanwise spacing most significantly
affects the oblong boundary layer growth, so the cylindrical pins
remained unaffected by this spacing variation. Important to note
is that on a single, infinitely long cylinder, boundary layers show
characteristically different behavior than on a pin in a channel.

Similar to that previously discussed, the effect of pin spacing
on the third row of pins is relatively small in comparison to the
effect of the channel turbulence. Figures 9(a)–9(c) show that
spanwise spacing bears no influence on heat transfer performance,
with the exception of the closest spaced pins. For the closest spac-
ing of S/D¼ 2 at ReD¼ 1.0e4, the boundary layer transitions to
turbulence, which is a different behavior than that of a single row,
as was seen in Figs. 7(a)–7(c). As previously argued, the channel
turbulence generated in the flow promotes boundary layer transi-
tion. The favorable pressure gradient generated by the first row
pins had a negligible effect on the third row.

Similar to the oblong pin fin, the third row of cylindrical pin
fins exhibits exactly the same trend in heat transfer in comparison
to the first row. Figure 10 shows virtually no spanwise-spacing
dependence on heat transfer. Even at the stagnation point, heat
transfer performance is similar. The wake interactions are unaf-
fected by varying the spanwise spacing of the pins and, therefore,
the turbulence generated by the arrays also seems independent of
spanwise spacing for the configurations considered.

Fig. 7 (a)–(c) Effect of spanwise spacing on heat transfer for
the first row of oblong pins at three ReD

Fig. 8 Effect of spanwise spacing on heat transfer for the first
row of cylindrical pin fins at one ReD

041015-6 / Vol. 136, APRIL 2014 Transactions of the ASME

Downloaded From: http://turbomachinery.asmedigitalcollection.asme.org/ on 11/26/2013 Terms of Use: http://asme.org/terms



Streamwise Spacing Effects in First and Third Rows. Two
experiments were performed where the streamwise spacing varied
for a three-row array of oblong pin fins and a seven-row array of
cylindrical pin fins. In each experiment, a pin was heated in the
third row. For the oblong pins, the spanwise spacing stayed

consistent at the smallest spacing of S/D¼ 2 and streamwise spac-
ing varied from X/D¼ 2.6 and 3.03. For the cylindrical pin fin,
spanwise spacing also remained at S/D¼ 2 but the streamwise
variations were of X/D¼ 2.16 and 2.6.

Figures 11(a)–11(c) show that the oblong array appears nearly
unaffected by the variation in streamwise spacing. Heat transfer
performance follows the same trend for each streamwise spacing
at each ReD; the location of the boundary layer reattachment and
the magnitude of the heat transfer performance at that point are
nearly identical. Figure 12 shows that the cylindrical pins exhibit
a similar trend to the oblong pins. Figure 12 shows a slight differ-
ence in stagnation point heat transfer, but the difference between
the two spacings is small and within the experimental uncertainty.
Based on these results, the effect of streamwise position can be
assumed to be negligible over the range studied.

Average Pin Heat Transfer in First and Third Rows. To
understand the overall heat transfer effectiveness of a pin, the
averages of the Nusselt number on the pin surfaces were calcu-
lated. Figure 13 shows a comparison of the first row of both cylin-
drical and oblong pins. Trend lines are seen for the oblong pins,
though overall averages for the cylindrical pins were taken only at
ReD¼ 2.0� 104. Trend lines for the oblong pins show a depend-
ence on spanwise spacing, whereas the cylindrical pin average
heat transfer is clustered together at ReD¼ 2.0� 104. This
behavior is supported by the previous spanwise spacing analysis.
Additionally, the oblong pins show a dependence on Reynolds
number, as the heat transfer performance increases with increas-
ing Reynolds number. Figure 13 demonstrates that overall, cylin-
drical pins perform better than oblong pins in the first row. One
reason for decreased heat transfer on oblong pins is the formation
and growth of a boundary layer along the flat portion of the pin.
The boundary layer growth along the cylindrical pins was dis-
rupted by separation. Also, the wake of the cylindrical pin showed
greater heat transfer recovery resulting from a stronger recircula-
tion and higher turbulence levels than the oblong pins saw [13].

Figure 14 highlights the heat transfer performance for cylindri-
cal and oblong pins in the third row of an array. The difference
between the cylindrical and oblong pins is greater in the third row.
As previously discussed, the channel turbulence is the driver for
heat transfer performance in the third row and Fig. 14 supports
this assessment. A cylindrical pin array generates more turbulence
and, therefore, higher overall heat transfer. Additionally, the span-
wise spacing dependence seen in the first row of oblongs is not
seen in the third row; the trend lines for the oblong pins are more
clustered.

Fig. 9 (a)–(c) Effect of spanwise spacing on heat transfer for
the third row of oblong pin fins at three ReD

Fig. 10 Effect of spanwise spacing on heat transfer for the
third row of cylindrical pin fins at one ReD
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Pressure Loss Measurements. For all experiments performed
in this test facility, pressure loss measurements were taken in
order to calculate the friction factor. Nine pairs of pressure taps
were mounted flush with the test section; each pair had one tap
upstream of the pin fin array and one tap downstream of the array

Fig. 11 (a)–(c) Effect of streamwise spacing on heat transfer
for the third row of oblong pin fins at one ReD

Fig. 12 Effect of streamwise spacing on heat transfer for the
third row of cylindrical pin fins at one ReD

Fig. 13 Comparison of overall heat transfer in the first row of
cylindrical and oblong pin fins at all spanwise and streamwise
spacings

Fig. 14 Comparison of overall heat transfer in the third row of
cylindrical and oblong pin fins at all spanwise and streamwise
spacings
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in order to measure the pressure drop across the array. Friction
factors were calculated for seven rows of cylindrical pin fins at
ReD¼ 1.0� 104 and 2.0� 104. For the oblong pins, friction factor
was calculated with three rows of pins in the channel at
ReD¼ 1.0� 104, 2.0� 104, and 3.0� 104. The friction factor
calculations are normalized for the number of rows studied and
are, therefore, directly comparable.

Figure 15 shows the calculated friction factor for all oblong and
cylindrical pin tests. As a general trend, friction factor decreased
with increased spacing and increased Reynolds number for both
geometries. However, the decrease in friction factor with ReD was
steeper for cylindrical pins. As previously discussed, the turbu-
lence levels generated by an array of cylindrical pins were greater
than levels generated by an oblong pin array. This effect can
contribute to the difference in friction factor between the two geo-
metries. Also of note are the relative magnitudes of the friction
factors for both oblong and cylindrical pins; oblong pins provide a
smaller friction factor due to their geometry. Because the geome-
try of an oblong is more streamlined, the pressure drop across an
array of oblongs is expected to be lower. Metzger et al. [16] sup-
ports this finding as well.

Conclusions

Detailed heat transfer measurements were conducted on the sur-
face of cylindrical and oblong pin fins and the results were com-
pared. The study was performed to understand the impact of a
pin’s surface on the heat transfer in a pin fin array and to gain
insights on how important various flow mechanisms are to pin sur-
face heat transfer. Results from this study showed in detail how
stagnation point heat transfer and flow transitions are affected by
pin spacing.

In the first row of pins, both geometries showed a strong
dependence on ReD. The oblong pins also showed a strong
dependence on spanwise spacing. In particular, the ReD and span-
wise spacing affected the boundary layer growth along the oblong
pin surface. The present heat transfer measurements implied that
the boundary layer transitioned from laminar to turbulent along
the flat portion of the oblong pin and then separated from the rear
of the pin. This behavior led to a double peak in heat transfer per-
formance seen on the oblong surface: The location of the first
peak was at the stagnation point and the second peak was seen to
occur where the boundary layer transitioned to turbulence, which
is consistent with what is to be expected. As a point of contrast,
the cylindrical pins did not see such a cyclical pattern in heat
transfer. As the boundary layer grew along a cylindrical pin, it
separated before transitioning to turbulence. Like the oblong pin,

the highest point of heat transfer coincided with the stagnation
location but no secondary peak in heat transfer is visible on the
cylindrical pin surface.

The lowest ReD and smallest spanwise spacings showed the
poorest heat transfer for both geometries. The oblong pins were
more severely affected by these parameters, given that they
affected the boundary layer growth along the surface. Conversely,
high ReD and wide spanwise spacings provided an environment
for the boundary layer to transition to turbulence and cause a sub-
stantial increase in heat transfer beyond the stagnation point.
Streamwise spacing was seen to have a negligible effect on either
geometry array.

In the third row of pins for both geometries, the dominating fac-
tor in heat transfer performance was the channel turbulence
induced by the array. ReD, spanwise spacing, and streamwise
spacing effects seemed small in comparison to the effect of chan-
nel turbulence. Cylindrical pins generated elevated channel turbu-
lence and, therefore, produced higher overall heat transfer when
compared to the oblong pins.

Friction factor for the oblong array was shown to be lower than
the calculated friction factor for the cylindrical pins. The more
streamlined geometry of the oblong led to a lower pressure drop
within the array.

These results indicate the importance of spacing and Reynolds
number effects on the pin fin surface heat transfer. Furthermore,
this study provides a systematic extension of earlier work on pin
fin heat transfer and has filled a gap in the literature. The insights
from this study can help designers provide better estimates on
expected pin fin array heat transfer levels as well as provide
options for new designs. One design consideration is to maintain a
high heat transfer capacity of the cooling medium throughout the
array. In certain situations, streamlined pins such as the oblong
pins studied here may be desirable because they provide a moder-
ate amount of heat transfer augmentation, thereby ensuring the
heat transfer capacity is not diminished in the initial rows of the
array.
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Nomenclature

D ¼ pin diameter
Dh ¼ hydraulic diameter

f ¼ friction factor, f¼DP(2qU2
maxN)�1

Fr ¼ Fr€ossling number, Fr¼NuDReD
�1/2

H ¼ pin height
k ¼ air thermal conductivity
L ¼ length of oblong pin
N ¼ number of rows

NuD ¼ pin Nusselt number, NuD¼ hDk�1

NuD ¼ area-averaged pin Nusselt number
ReD ¼ pin Reynolds number, ReD¼UmaxD��1

ReDh ¼ duct Reynolds number, ReDh¼UmDh�
�1

s ¼ distance along a pin surface
S ¼ spanwise spacing

Um ¼ mean velocity through the channel
Umax ¼ maximum velocity through the minimum flow area

X ¼ streamwise spacing

Greek Symbols

DP ¼ differential total pressure
e ¼ surface emissivity
� ¼ air kinematic viscosity
q ¼ air density

Fig. 15 Comparison of friction factor in arrays of cylindrical
and oblong pins fins at all spanwise and streamwise spacings
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