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a b s t r a c t

There is a growing requirement for improved heat transfer performance for a number of electronic
devices and this dictates a need to further elevate the endwall heat transfer performances for pin-fin
channels. Driven by this need, a novel compound heat transfer enhancement (HTE) measure that
combines deepened scales and pin-fin array is devised. Characteristics of heat transfer and pressure drop
performances in two scale-roughened pin-fin channels with two different pin pitch-to-diameter ratios
are compared for both forward and backward flows in the Reynolds Number (Re) range of 1000–30000.
Comparisons of heat transfer data, pressure drop measurements and thermal performance factors with
previous results collected from a variety of single and compound HTE devices demonstrate the signifi-
cant augmentations in both heat transfer rates and pressure drop coefficients for the present HTE
measure. This present compound HTE measure with scales and pin-fin array demonstrates an
enhancement on the heat transfer up to of 22 times of the developed flow references in smooth-walled
pipe within the Re range of 1000–30000. Experimental correlations of heat transfer and pressure-drop
coefficients for two scale-roughened pin-fin channels with forward and backward flows are derived to
assist design applications.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

As a passive heat transfer enhancement (HTE) measure, pin-fins
enhance structure integrity, increase heat transfer areas via fin
effects and induce horseshoe vortices at the pin-endwall junctions
hence facilitating HTE impacts. These features are widely fitted in
the cooling passages at the trailing edge of a gas turbine blade and
in the heat sink for cooling of electronic chipsets to enhance the
heat transfer. Driven by these cooling applications, a large number
of experimental and numerical studies examined heat transfer
performances over the pin-fins and endwalls in the pin-fin chan-
nels [1–16]. These pin-fins improve heat transfer performances by
tripping wakes which enhance fluid mixing but with consequential
increase in pressure gradients and friction drag. The pin-to-endwall
junctions and each pin-row give rise to a number of complex vortex
structures that augment endwall heat transfer rates. In this respect,
the horseshoe vortices initiated upstream each pin at the pin-
endwall junctions are of the primary importance for regional
endwall HTE effects [1]. At locations upstream the leading edges of
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pin-fins on the endwall, two legs of each horseshoe vortex separate
and roll around the adjoining pin that advect downstream to form
the pin-fin wakes [2]. These wakes re-circulate the fluids behind
each pin and generate low heat transfer regions there. Adverse
pressure gradients are simultaneously developed as flows traverse
each pin that considerably elevates the pressure drop penalties. The
separated shear layers induced by these vortical flows reattach
after the recirculation zone and re-elevate local heat transfer rates
near the reattachment points. Along with the downstream growth
of the HTE mechanisms tripped by pin-fins, the boundary layers
develop over each endwall. The endwall heat transfer perfor-
mances along a pin-fin channel are indicative of the trade-offs
between the streamwise enhanced HTE mechanisms tripped by
pin-fins against the thickened endwall boundary layers. As a result
of such trade-offs, the endwall Nusselt number (Nu) increases
progressively in the downstream direction over the first 3–4 pin-
rows prior to the so-called periodically developed flow region. The
different flow conditions generated over the endwall and around
the outer surface of each pin-fin generally provide the higher HTE
effects on the pin surfaces by 35% [3] or 10–20% [4] over those on
the endwall.

While the aforementioned flow physics generalizes the heat
transfer characteristics in a pin-fin channel, the detailed HTE effects
vary with the height-to-diameter ratio [5,6] and the shape [7–11] of
pins, the arrangement [12,13] and the orientation [14] of pin-arrays
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Nomenclature

English Symbols
A,n,E,F,G Correlation coefficients
Cp Constant specific heat (Jkg�1K�1)
D Diameter of scale (m)
DP Pin diameter (m)
DS Diameter of scale (m)
d Hydraulic diameter of the test channel (m)
eS Depth of scale (m)
f Pressure drop (Fanning friction) factor ¼ [D P/

(0.5rWm
2 )]/(d/4L)

fN Fanning friction factor for developed flow in smooth
walled plain tube

H Channel height (m)
HP Pin height (m)
kf Thermal conductivity of fluid (Wm�1K�1)
L Channel length (m)
Nu Local Nusselt number ¼ qd/kf(Tw � Tb)
Nu Averaged Nusselt number for developed flow
NuN Nusselt number value for developed flow in smooth

walled plain tube

PP x-wise pin-pitch (m)
PS Skew-wise pin-pitch (m)
Pr Prandtl number ¼ mCp/kf

DP Pressure drop across entire test channel (Nm�2)
q Convective heat flux (Wm�2)
Re Reynolds number ¼ rWmd/m
S y-wise pin-pitch (m)
SP Scale pitch (m)
Tb Fluid bulk temperature (K)
Tw Wall temperature (K)
W Channel width (m)
Wm Mean flow velocity (ms�1)
x, y Coordinate system referred to midway of flow entry

as origin (m)

Greek Symbols
aS Scale attack angle (degrees)
r Density of fluid (kgm�3)
m Fluid dynamic viscosity (kgm�1s�1)
h Thermal performance factor ¼ ðNu=NuNÞ=ð f =fNÞ1=3
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and the clearance between endwall and detached pins [15,16]. In
view of the endwall heat transfer performance, the staggered dia-
mond pin-fin array with pitch ratios of 1.5–2.5 pin-diameters offers
considerable HTE effects; while the elliptical fins provide higher
thermal performance factors [13]. Among the various pin-fin
geometries, the circular pin-fins are most extensively adopted for
cooling of gas turbine blades that offer the endwall Nu elevations in
the general ranges between 2 and 3.2 times of the Dittus-Boelter
Nusselt number levels (NuN) [2]. The adverse pressure gradients
around each pin and the increased friction drag over a pin-fin array
have increased the pressure-drop penalties substantially. Therefore
previous work utilized the detached pin-fins [16] as an attempt to
reduce the pressure drop coefficients in the pin-fin channels by
eliminating the adverse pressure gradients at the pin-endwall
junctions. The accelerated flow through the small clearance
between the endwall and each detached pin replaces the dimin-
ished horseshoe vortices as an alternative HTE mechanism. For
such detached pin-fin channel with the clearance to pin-diameter
ratio of 1/4, the reductions in endwall Nusselt number (Nu) arising
from the attached pin-fin references are less than 10%; while the
pressure drop coefficients in this detached pin-fin channel fall
dramatically to the levels about 40% of those in the attached pin-fin
channel and result in the improvements in thermal performance
factors [16]. However, when occasions demand for further
endwall HTE performances in a pin-fin channel, the combination of
other HTE measure(s) with pin-fin array to form the so-called
compound HTE device is required. It is worth noting that, unlike the
channel enhanced by angled ribs which induce strong cross-plane
secondary flows as a major HTE mechanism; these pin-fins can
disrupt such rib-induced secondary flows considerably. It is
therefore considered to combine the pin-fin array with the deep-
ened scales [17] in order to merge the HTE mechanisms triggered
by the pin-fin array and the scale imprints.

With scaled imprints over an enhanced channel wall, the
boundary layers are repeatedly broken with the intensified
turbulence. Taking the fin effects into account, Nusselt number
ratios (Nu/NuN) for a scale-roughened narrow channel can reach
about 3 and 4.5 for the backward and forward turbulent flows,
respectively [17]. Our recent flow measurements [18] disclose the
flow physics associated with such HTE impacts inside a rectangular
channel with two opposite walls roughened by deepened scales. In
the spanwise direction, each deepened scale triggers a jet-like
central flow with a pair of counter-rotating vortices on its two
sides complying within the scale. The near-wall counter-rotating
vortex pairs serve as the essential HTE mechanism. These vortex
pairs roll the heated fluids toward the core region from the wall by
the vortex array functioning as the roller and are subsequently
convected downstream to merge with the main stream. Above the
near-wall vortex array, the unstable and transient large-scale
vortices are visualized which affect the turbulent structures. The
roller-like vortex arrays, dominant streamwise convective veloci-
ties, and the higher turbulent kinetic energy levels are concluded
as the main HTE mechanisms for the scale-roughened channel
with forward flows [18]. As these secondary vortices are absent for
the downward flows, forward flow cases consistently provide
higher HTE effects than their downward flow counterparts in
scale-roughened channels.

Driven by the needs to further elevate endwall HTE impacts for
the pin-fin channel with cooling applications to gas turbine blades
and electronic chipsets, the compound HTE measure is devised by
combining the deepened surface scales and the pin-fin array. The
present experimental study comparatively examines the HTE
ratios, pressure drop characteristics and thermal performance
factors for roughened pin-fin channels. No previous study is
available for this novel compound HTE measure which merges the
complex flow features induced by the pin-fin array and the scale
imprints over the endwalls.

2. Experimental details

2.1. Test facilities

Fig. 1 depicts (a) schematics of the experimental facility and (b)
the pin-fin array and scale-roughened surface. As shown in Fig. 1a,
the screw-type compressor (1) and the refrigerating unit (2)
supplied the dehumidified and cooled airflow to the test assembly
at the ambient temperature level. The test airflow was channeled
through a set of pressure regulator and filter (3), a needle valve (4),
a mass flow meter (5) and a pressure transducer (6) through which
the pressure and the mass flow rate of the test coolant entering the



Fig. 1. Experimental test facility.
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pin-fin test channel (7) was adjusted and measured. The pin-fin test
channel (7) was 240 mm � 80mm � 40 mm in dimension with
two opposite walls roughened by deepened scales. The aspect ratio
(H/W) and the hydraulic diameter of the rectangular test channel
were 1/2 and 53 mm, respectively. The pressurized airflow was fed
into a 240 mm � 80mm � 80 mm plenum chamber (8) prior to
entering the test channel. The cross-sectional area ratio between
the plenum chamber and the test channel was 2 that simulated the
abrupt entry condition. As the electrical heating also commenced at
the immediate flow entrance, the hydraulic and thermal boundary
layers were developed simultaneously at the flow entrance. A K-
type thermocouple penetrated into the core of the plenum
chamber adjacent to the entry plane of the test channel to detect
the coolant entry temperature which was constantly used to
calculate the fluid properties at the flow entrance for evaluating
Reynolds (Re) and Prandtl (Pr) numbers there. The calculation
procedure for assessing the fluid bulk temperatures (Tb) at locations
corresponding to the axial spots where the wall temperatures (Tw)
were measured was conducted using the sequential enthalpy
balance method. Three type K thermocouples with equal spanwise
interval penetrated into the core of the convergent exit chamber (9)
adjacent to the exit plane of the test channel to measure local exit
fluid temperatures. The exit fluid temperature was obtained by
averaging the three thermocouple measurements and used to
compare with the calculated Tb at the channel exit during the stage
of data acquisition in order to constantly check the accuracy of
energy conservation. Raw data batch was accepted for subsequent
data processing when the differences between the measured and
calculated Tb at the exit plane of the test channel were less than 8%.

The geometrical details of pin-fin array and the scale-roughened
endwalls are depicted in Fig. 1b. As indicated, the surface topologies
encountered by the forward and backward flows over the scale-
roughened surface are different so that the heat transfer and
pressure drop in such a scale-roughened channel depend on the



S.W. Chang, A.W. Lees / International Journal of Thermal Sciences 49 (2010) 702–713 705
direction of main flow [17]. The coordinate systems for the forward
and backward flows as well as the thermocouple locations for Tw

measurements are also indicated in Fig. 1b. To eliminate the addi-
tional fin effects provided by the pin-fin array to reveal the actual
endwall heat transfer performances, each pin-fin is made of Teflon
with thermal conductivity about 0.23 Wm�1 K�1. Each Teflon pin
with the height (HP) of 40 mm and 5 mm in diameter (DP) is
positioned at the geometric center of each scale imprint to form the
V-shaped in-line pin-fin array characterized by the following
geometrical dimensionless groups:

Skewness of V-shape pin-fin array ¼ 450

Pin diameter-to-height ratio (HP/DP) ¼ 8
X-wise pin-pitch to pin-diameter ratio (PP/HP) ¼ 3.54
Skew-wise pin pitch-to-diameter ratio (PS/HP) ¼ 1.4 or 2.8
Y-wise pin pitch-to-diameter ratio (S/HP) ¼ 1 or 2

Endwall heat transfer performances and pressure drop charac-
teristics for the scale-roughened pin-fin channels are examined for
two pin-fin arrays with different y-wise (skew-wise) pin pitch-to-
diameter ratios of 1 and 2 (1.4 and 2.8). As shown in Fig. 1-b, the
coherent scale imprints are arranged in the staggered manner and
deepened into two opposite channel wide walls characterized by
four dimensionless geometrical groups of:

Scale angle of penetration (aS) ¼ 110

Scale height to channel height ratio (eS/H) ¼ 0.025
Scale pitch-to-height ratio (SP/eS) ¼ 10
Scale diameter to scale pitch ratio (DS/SP) ¼ 1

Each scale-roughened surface was machined from the stainless
steel plate with the thermal conductivity of 15 Wm�1 K�1 and
electrically heated by a 0.5 mm thick Minco thermal foil. The
heating foil was sandwiched between a 25 mm thick Teflon plate
and the stainless steel made heat transfer surface which generated
the basically uniform heat flux heating condition.

Eleven streamwise K-type thermocouples with equal interval of
20 mm were installed on the back face of the scale-roughened wall
along the centerline for Tw measurements. Each centerline ther-
mocouple measuring Tw located precisely at the midway between
two x-wise adjacent pins irrespective to the forward and backward
flow conditions. A further ten thermocouples were installed
symmetrically to the centerline in the skew-wise direction between
two adjacent V pin-rows at two ends of the scale-roughened surface,
as indicated in Fig. 1b. Local Nu derived from each set of eleven Tw

measurements in the skew-wise direction between the two V pin-
rows are averaged to give the averaged NuðNuÞ featuring the
endwall heat transfer level in the developed flow region for forward
or backward flows. Re and Nu were experimentally defined as:

Re ¼ rWmd=m (1)

Nu ¼ qd=
�
kf ðTw � TbÞ

�
(2)

where r, Wm, d and m are the fluid density, bulk mean flow velocity,
hydraulic diameter of test channel and viscosity of fluid respec-
tively. kf, Tw and Tb in equation (1) are the thermal conductivity of
coolant, the wall temperature evaluated at the wall-to-fluid inter-
face and the local fluid bulk temperature determined from the
enthalpy balance method. All the fluid properties required to
calculate Re and local Nu were evaluated from the local fluid bulk
temperature (Tb).

The local convective heat flux (q) for Nu evaluation was
obtained by subtracting the local heat loss flux from the supplied
heat flux over the electrical heating foil. The heating surface
adopted to evaluate the heat fluxes included all surfaces of the
scale imprints. The area ratio between the present scale-roughened
surface and the base-line plane indicated in Fig. 1b is 1.4. To
minimize the external heat loss from the heated test section, layers
of thermal insulation material were wrapped over the outer
surface of the test channel. The characteristic of such external heat
loss was examined through a series of heat loss calibration tests
which revealed the proportionality between the heat loss flux and
the wall-to-ambient temperature difference. The correlation for
estimating the heat loss flux was accordingly derived and built into
the data processing program to determine the local convective heat
flux transferred by the flow (q). In this respect, local q varied over
the scale-roughened endwall as measured wall temperatures (Tw)
were not uniformly distributed due to the location dependent Nu
distributions created by the flow. With a uniform heat flux
supplied from the Minco thermal foil, the convective heat flux was
obtained by subtracting the local heat loss flux from the total heat
flux supplied at each location where Tw was detected. The review
of the entire post-processed q data indicated the maximum non-
uniformity in heat flux distributions of 8.3% due to the small
amount of external heat loss.

All the temperature measurements were monitored and stored
in PC through a Fluke Hydra 2640 A data logger. Tw measurements
were corrected into the base-line plane as indicated in Fig. 1-b using
the one dimensional heat conduction equation. Origins of stream-
wise (x) and spanwise (y) coordinate systems for the forward and
backward flows were selected at the middle span of each entry
edge.

Pressure drop tests were carried out separately at isothermal
conditions. At each Re tested, the pressure differences across the
entire test channel in terms of mm-H2O were detected through two
flexible tubes connected with the pressure taps of 0.5 mm diameter
at two origins of the coordinate systems specified in Fig. 1b. Pres-
sure differences between these two taps were measured by a digital
micromanometer with precision of 0.001 mm-H2O. Such arrange-
ment for pressure drop measurements offered the overall assess-
ments for the flow resistance over the entire test channel, which
generated the higher pressure drop coefficients than those
acquired from the developed flow regime. The dimensionless
pressure drop over the test channel was evaluated as the Fanning
friction factors (f) based on the pressure drops (DP) across the test
channel of length L with mean flow velocity (Wm) as:

f ¼
h
Dp=

�
0:5rW2

m

�i
ðd=4LÞ (3)

2.2. Procedures and data processing

Heat transfer and pressure drop tests were individually per-
formed with the airflows directed in forward and backward
directions at Re ¼ 1000, 1500, 2000, 5000, 10 000, 15 000, 20 000,
25 000, 30 000. Streamwise centerline Nu distributions along the
scale-roughened endwall, Nu and pressure drop coefficients (f) in
the tested Re range, which covered both laminar and turbulent
flows, were examined. The inclination angles of these scale
imprints are unidirectional and the V pin-rows were pointed in the
downstream (upstream) direction for the forward (backward)
flows, the performances of heat transfer and pressure drop in the
present test channel were affected by the direction of main flow.
Therefore the Re impacts on local Nu, Nu, pressure drop coefficients
and thermal performance factors for forward and backward flows
are individually examined. The HTE ratios in terms of Nu=NuN

along with the penalty of augmentations in pressure drops and the
thermal performance factors between the present test channel and
those collected from a variety of enhanced channels were
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compared. A set of empirical correlations that evaluated Nu and f
for the present test channel with forward and backward flows were
generated to assist engineering applications.

This experimental program performed the steady state heat
transfer tests. The steady state was assumed when the Tw variations
with several successive scans at one detected location were less
than 0.3 �C. The elapsed time to satisfy such steady state assump-
tion generally took 30–45 min after the heating power or the
airflow rate was adjusted. It is worth noting that the various heat
fluxes fed into the test channel affected Re at the flow entrance even
if the airflow rate remained invariant due to the thermal impacts on
the fluid properties. Adequate adjustments of airflow rate to
compensate the variations in fluid properties due to heat transfer
were constantly performed to keep the maximum differences in Re
at the entry plane of the test channel within�1% from the targeting
value.

The references selected to assess HTE ratios and pressure drop
augmentations in the present scale-roughened pin-fin channel
were those developed in a smooth-walled circular tube with fully
developed flow. The referenced Nusselt number (NuN) and pres-
sure drop coefficient (fN) for laminar and turbulent flows are
defined in equations (4)–(7).

NuN ¼ 48=11 ðlaminar pipe flow with uniform heat fluxÞ
(4)

fN ¼ 16=Re ðlaminar pipe flowÞ (5)

NuN¼0:023Re0:8Pr0:4

ðDittus-BoeltercorrelationforturbulentflowÞ (6)

fN ¼ 0:079Re�0:25 ðBlasius equation for turbulent pipe flowÞ
(7)

The thermal performance factor (h) based on the constant
pumping power consumption is quantified as:

h ¼ ðNu=NuNÞ=ðf =fNÞ1=3 (8)

The temperature measurements were the major sources for the
uncertainties in Nu and Re as the properties of coolant such as
thermal conductivity and viscosity were evaluated in accordance
with the local fluid bulk temperature. Based on the precisions
provided by the measurement devices, the maximum uncertainties
of the derived parameters for constituting the governing dimen-
sionless groups are estimated as: heat flux (0.8%), fluid viscosity
(0.35%), fluid thermal conductivity (0.28%) and fluid specific heat
(0.01%). The maximum uncertainties associated with Nu, Re and f
were respectively estimated as 9.6% and 5.8% and 3.1% following the
policy of ASME on reporting the uncertainties in experimental
measurements and results [19].

3. Results and discussion

3.1. Nu measurements and Nu correlations

Fig. 2 compares the streamwise centerline Nu distributions
along the scale-roughened endwall with pin-fin arrays of S/DP¼ 1, 2
between forward and backward flows at Re ¼ 1000, 5000, 10 000,
20 000, 30 000. The Nu levels in each scale-roughened pin-fin
channel are systematically elevated by increasing Re from 1000 to
30 000; while the pin-fin array with S/DP ¼ 1 consistently
contribute to the higher Nu than the counterparts obtained with
S/DP ¼ 2. Unlike the pattern of streamwise Nu increase found in
a pin-fin channel with smooth endwalls [16], each Re controlled Nu
variation depicted in Fig. 2 follows a general trend of exponential
decay similar to that developed in the scale-roughened channel
without pin-fin array [17]. For a pin-fin channel with smooth
endwalls, the trade-offs between two rival mechanisms, namely
the streamwise growth of HTE impacts triggered by pin-rows and
the thickened downstream boundary layers, generate the overall
streamwise Nu increase accompanying by the pin-tripped Nu
ripples [16]. Although the horseshoe vortices tripped at each pin-
endwall junction remain persistent in the present scale-roughened
pin-fin channel, the vortical structures induced by the scale
imprints [18] in the present test channel play the dominant role for
surface heat transfer so that the streamwise centerline Nu distri-
butions collected in Fig. 2 follow the typical patterns resolved in the
scale-roughened channel without pin-fin array [17]. Due to the
dominant heat transfer features generated by the scale imprints,
the abrupt entrance effects elevate Nu levels in the developing flow
region over the axial spans about 0 < x/d < 2.5 and 0 < x/d < 3 for
the forward and backward flows respectively. As seen in Fig. 2, the
flow reaches the developed region after about 8th pin-row for the
present scale-roughened pin-fin channel. In the pin-fin channels
with smooth endwalls [13,16], the developing length is about 4–5
pin-rows. The present scale-roughened pin-fin channel requires
the longer developing length than that in a smooth-walled pin-fin
channel. Clearly, the increased developing length for the present
test channel from the smooth-walled pin-fin channel is indicative
of the longer settling length for the flow interactions between the
vortices tripped by the scale imprints and the pin-rows. At the exit
end of the present test channel, Nu elevations over the final 15% of
the heat sink for both forward and backward flows are observed in
Fig. 2, due to the end loss effect. In the axial region affected by the
end heat loss, the wall temperature distribution drops in the axial
direction due to the conductive heat loss toward the supporting
parts that connect with the exit end of the heated test channel;
while the flow field has reached the developed regime. Therefore
the Nu data collected from the final 15% of the heat sink for both
forward and backward flows are discarded when the averaged Nu
over the developed flow region is evaluated.

It is worth noting that, as each thermocouple is positioned
exactly at the midway between two adjacent pin-rows, there is no
sign of pin-row driven Nu ripples displayed in Fig. 2. But the direc-
tion of main flow has profound influences on endwall Nu levels for
the present test channels with pin-fin arrays. As compared in each
plot of Fig. 2, the forward flow case consistently shows the higher Nu
than the backward flow case. Such Nu differences between forward
and backward flows are resulted from the subtle differences in flow
structures between the forward and backward flows over the scale
imprints [17,18] even if the agitated vortical flows tripped by pin-
rows prevail over the entire pin-fin test channel. With forward flows
over the present scale-roughened surface, the near-wall vortex array
plays a significant role for HTE impacts. As such near-wall vortex
arrayand its associated unstable, transient large-scale vortices in the
scale-roughened channel with forward flows are absent in a similar
channel with backward flows [18], the forward flow cases consis-
tently provide higher HTE effects than the backward flow counter-
parts in the scale-roughened channel [17,18] as well as in the present
scale-roughened pin-fin channel. In this respect for the scale-
roughened channel with two pin-fin arrays of S/DP ¼ 1 and 2, the
larger degrees of such forward-to-backward Nu differences, which
increase as Re increases, develop in the pin-fin channel with S/DP¼1.
This particular result indicates that the flow interactions between
the vortical flows triggered by pin-fin arrays and scales are different
between the forward and backward flows. But these pin-fins and the
scale imprints are unlikely to induce the strong cross-plane
secondary flows which play the dominant roles for HTE impacts in



Fig. 2. Centerline Nu variations on scale-roughened endwall with two pin-fin arrays of S/DP ¼ 1 and 2 at Re ¼ 1000, 5000, 10,000, 20,000, 30,000.
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the channels roughened by angled ribs. Due to the lack of strong
secondary flows over the cross section of the present scale-roughened
pin-fin channel in the developed flow regions between pin-rows
10–11 and 9–10 for the forward and backward flows respectively, the
Nu variations along y/W axis as depicted by Fig. 3 are quite uniform.
Nevertheless, the Nu values at locations aside y/W¼�0.5 in each plot
of Fig. 3 are slightly reduced from those in the central region due to the
thickened boundary layers developed over two channel sidewalls,
which has been previously reported for the rectangular channel with
attached pin-fin arrays [16]. Therefore the considerable heat transfer
elevations from the NuN references as compared in each plot of Fig. 2
are generated by the compound mechanisms including the boundary
layer breaking, the near-wall vortices, the enhanced turbulence and
the vortical structures evolved from the horseshoe vortices. Never-
theless, as each skew-wise thermocouple locates precisely at the
midway between two adjacent V pin-rows, there is no y-wise Nu
ripple shown in Fig. 3. By way of averaging each y-wise Nu profile
depicted in Fig. 2 resolves into Nu representing the averaged heat
transfer level in the developed flow region at midway locations behind
the pin-row.



Fig. 3. Spanwise Nu variations with pin-fin arrays of (a) S/DP ¼ 1, forward flow (b) S/DP ¼ 2, forward flow (c) S/DP ¼ 1, backward flow (d) S/DP ¼ 2, backward flow at Re ¼ 10,000,
20,000, 30,000.
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Fig. 4 depicts the varying trends of Nu versus Re for forward and
backward flows with pin-fin arrays of S/DP ¼ 1 and 2. The refer-
enced Nusselt numbers (NuN) for laminar and turbulent flows over
the tested Re range are indicated as the dotted line in Fig. 4 for
comparisons. As compared in Fig. 4, the Nu obtained with forward
flows consistently operate at the higher levels than their backward-
flow counterparts; while the Nu obtained with the pin-fin array of
S/DP ¼ 1 are higher than those obtained with S/DP ¼ 2 for forward
or backward flows. All the Re-driven Nu trends displayed in Fig. 4
can be well correlated as Nu ¼ A� Ren in which the A coefficient
and n exponent vary with the main flow direction and S/DP. The
mathematical form of correlation satisfies the limiting condition of
vanished forced convective capability ðNu/0Þ as Re/0. Table 1
compares the A, n values collected from the various Nu correlations
derived from the present test channel, the smooth-walled pin-fin
channel [16], the scale-roughened channel [17] and the channel
with the compound V-ribs and scales [20]. Among this comparative
group, the geometries of surface scales and the channel aspect
ratios (AR) for the scale-roughened channel [17], the present test
channel and the channel with compound V-ribs and scales [20] are
Fig. 4. Comparisons of Nu versus Re between forward and backward flows with pin-fin
arrays of S/DP ¼ 1 and 2.
identical so that these results can be compared directly to reveal
the impacts of the additional V-ribs and present pin-fin arrays on A,
n coefficients. However, for the pin-fin channel with smooth end-
walls [16], the channel aspect ratio is 4 and the x-wise and y-wise
pin pitch-to-diameter ratios for the in-line array are 2. As this study
is the first time attempt to arrange the V-shaped pin-fin array, no
direct relevant Nu data is available for such comparison and the
results obtained from the pin-fin channel with smooth endwalls
[16] mainly serve as references to examine the impacts of scale
imprints on n exponents.

As shown in Table 1, the present scale imprints fitted into the
plain channel [17] or combined with V-ribs [20] and the present
pin-fin array consistently raise the n exponents (of the dependence
on Reynolds’ number) from the similar channels without scale
imprints. With S/DP ¼ 2, the n exponents in Nu correlations for the
present scale-roughened pin-fin channel as indicated in Table 1 are
respectively raised to 0.737 and 0.764 for the forward and back-
ward flows from the reference value of 0.6 for the pin-fin channel
with smooth endwalls [16]. Similarly for the ribbed channels, the n
exponents in Nu correlations for the scale-roughened channel with
V-ribs are respectively raised to 0.787 and 0.649 for the forward
and backward flows from the typical value of 0.6 for the rib-
roughened channels [21–23]. In general, the Re exponent (n value)
in NuN correlation for a smooth-walled channel with turbulent
flow is 0.8. The increase of n exponent in Nu correlation toward or
above 0.8 can extend the effective Re range with HTE impact
ðNu=NuN > 1Þ. Another interesting feature disclosed by Table 1 is
the increased n exponents as S/DP increases from 1 to 2 for the
present test channels. A physical interpretation of this result is the
reduced Re range for HTE impacts as S/DP decreases from 2 to 1
even if the present Nu with S/DP ¼ 1 still remain higher than those
obtained with S/DP ¼ 2 in the Re range of 1000–30000. By way of
intensifying the density of pin-fin array enhances the dominance of
heat transfer characteristics initiated by the horseshoe vortices so
that the heat transfer impacts due to the flow structures tripped by
the scale imprints [18] are relatively weakened. As the dominance
of scale-driven flow phenomena on heat transfer performances is
weakened by intensifying the density of pin-fin array, the differ-
ences in n exponents between forward and backward flows for the



Table 1
Comparison of A coefficient and n exponent in Nu ¼ A� Ren correlations for various HTE measures in rectangular channels.

HTE measure Coefficient A Exponent n

Scale þ Pin-fin array Scale Pin-fin array Scale þ V-ribs Scale þ Pin-fin array Scale Pin-fin array Scale þ V-ribs

S/DP ¼ l, forward flow 1.36 0.09 0.16 0.56 0.82 0.79
S/DP ¼ 1, backward flow 1.05 0.17 0.49 0.56 0.7 0.65
S/DP ¼ 2, forward flow 0.18 0.09 0.51 0.16 0.74 0.82 0.6 0.79
S/DP ¼ 2, backward flow 0.12 0.17 0.51 0.49 0.76 0.7 0.6 0.65
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present test channel with S/DP¼ 1 are reduced from those obtained
with S/DP ¼ 2 as compared in Table 1. As a result, the beneficial HTE
performances attributing from the scale imprints, such as the
extension of the effective Re range with HTE impacts, are weakened
when the pin pitch-to-diameter ratios are reduced. However, the Re
exponents of 0.737 and 0.764 for the present scale-roughened pin-
fin channel with S/DP¼ 2 are both elevated from the typical value of
0.6 for the pin-fin channels with smooth endwalls and approach 0.8
in the Dittus-Boelter correlation. Thus the effective Re range within
which Nu=NuN > 1 can be extended by combining the scale
imprints with the pin-fin array. This is particularly useful for
turbine blade cooling applications as the practical Re for internal
coolant channels are often higher 30 000. Nevertheless, for the
present test channels with 1000 � Re � 30 000, 95% of the exper-
imental Nu data agree within �10% discrepancies from the results
calculated by the correlations. It is worth noting that, as Pr effects
are absorbed into the coefficients in Nu correlations, which are not
included as a parametric effect when these correlations are
Fig. 5. Comparison of Nu=NuN ratio
developed here, the four Nu correlations derived for the present
test channels are essentially limited to dry air.

The HTE impacts of present scale-roughened pin-fin channels
are evaluated as the Nusselt number ratios in terms of Nu=NuN.
Although each Re-driven Nu variation showed in Fig. 4 is followed
by the continuously monotonic increase, two different patterns of
Nu=NuN versus Re for laminar and turbulent flows are resolved in
Fig. 5 due to the different NuN references selected for laminar and
turbulent flows. Also compared in Fig. 5 are the Nu=NuN ratios
reported from different research groups using various HTE devices
[21–23]. With Re � 2000, Nu=NuN for the present scale-roughened
pin-fin channels with forward and backward flows respectively fall
in the ranges of 14.9–22 and 11.6–17.1 with S/DP ¼ 1 and 6.7–11.2
and 5.2–8.7 with S/DP ¼ 2. As NuN remains as 48/11 in the Re range
of 1000–2000, all the Nu=NuN trends obtained from the channels
fitted with various HTE devices increase as Re increases as seen in
Fig. 5. However, as NuN is proportional to Re0.8 for developed
turbulent flows in the Re range of 3000–30000, the Nu=NuN ratios
s between various HTE devices.



Fig. 6. f versus Re for scale-roughened pin-fin channels with (a) S/DP ¼ 1 and
(b) S/DP ¼ 2.

Table 2
Coefficients E, F and exponent G in f ¼ E þ F � e� G�Re correlations.

S/DP ¼ 1 S/DP ¼ 2

E F G E F G

Forward flow 3.12 36.7 4.24E-4 0.63 9.91 7.04E-4
Backward flow 2.75 29 3.45E-4 0.6 22.4 11.9E-4
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collected in Fig. 5 for the channels with various HTE devices
generally decrease with the increase of Re to reflect the correlation
results of n < 0.8 for the most of passive HTE devices in channels.
With 3000 � Re �30 000, the Nu=NuN for the present scale-
roughened pin-fin channels with forward and backward flows
reach the levels of 8.6–4.98 and 6.7–3.9 with S/DP ¼ 1 and 4.8–4.1
and 3.7–3.4 with S/DP ¼ 2. For the present test channels, the
descending rates of Nu=NuN against Re with S/DP¼ 1 are faster than
those with S/DP ¼ 2 and than those with compound scales and
V-ribs [20]. As a result, Nu=NuN for the channel with compound
roughness of scales and V-ribs [20] turn to be higher than the
Nu=NuN levels in the present pin-fin channel with S/DP ¼ 1 when
Re exceeds 20 000. With the compound roughness of scales and
V-ribs, the V-ribs induce strong cross-sectional secondary flows
swirling along the entire channel. While the turbulent eddies
induced by the scale imprints [18] are interacting with the
secondary flows induced by the V-ribs among the channel core, the
near-wall vortex array and the turbulence augmentation [18] can
still prevail over the scaled wall to considerably augment HTE
impacts. But with the presence of pin-fin array, the near-wall vortex
array induced by the scale imprints is constantly distributed by
the protruding pin-fins. The strong secondary flows induced by the
V-ribs are absent in the present test channel. As a result, the
Nu=NuN for the channel with compound roughness of scales and
V-ribs are higher than those for the present study at S/Dp¼ 1 and Re
exceeds 20 000. Nevertheless, even with S/DP ¼ 2 for the present
test channel, the Nu=NuN ratios indicated in Fig. 5 still exceed the
Nu=NuN ratios in the rib-roughened channels [21–23]. Particularly,
while the Nu=NuN for the smooth-walled pin-fin channels remain
in the ranges of 1.8–2.5 [14,16] as seen in Fig. 5, the present scale-
roughened pin-fin channels significantly enhance the HTE impacts
by elevating the Nu=NuN ratios to 5.16–22 in the Re range of 1000–
30000. The augmentations of HTE impacts by incorporating the
scale imprints over the endwalls of the pin-fin channels are
remarkable.

The increased heat transfer area from the base-line plane by
a pin-fin array is significant. This is evaluated as the Effective Area
Ratio (EAR) in Fig. 5 for each HTE device as the area ratio between
the total convective surfaces to the base-plane area. As compared in
Fig. 5, while the EAR for the ribbed or scale-roughened channels
scatter between 1.6 and 2.5, the EAR for the present pin-fin chan-
nels with S/DP¼ 1 and 2 reach 8.85 and 5.88 respectively. In view of
the heat transfer powers by taking EAR into account for comparing
the thermal performances offered by the various HTE measures, the
high EAR for the pin-fin array can offset the increased pressure-
drop penalties which will be demonstrated later in the paper.

3.2. f measurements and correlations

Fig. 6a and b respectively depict f versus Re for the present
scale-roughened pin-fin channels with (a) S/DP ¼ 1 and (b) S/
DP ¼ 2. Also compared in Fig. 6b are the experimental data
collected from the pin-fin channels with pin pitch-to-diameter
ratios of 2 in both� and y directions [16,24]. It is worth noting that,
for both present scale-roughened pin-fin channels, the x-wise pin
pitch-to-diameter ratio (PP/DP) is fixed at 3.54 which is larger than
the PP/DP ratio of 2 used by [16,24]. But, as compared in Fig. 6-b, the
f factors for the present test channel with S/DP ¼ 2, PP/DP ¼ 3.54 are
higher than the f values detected from the smooth-walled pin-fin
channels with S/DP ¼ 2, PP/DP ¼ 2 [16,24] due to the presence of
scale imprints. It is clear that the most of pressure drop in the
present scale-roughened pin-fin channels arises from the flow
resistance through the pin-fin array rather than the scale imprints.
This conclusion can be justified by the small f difference between
the present data and those reported in [16,24] as compared in
Fig. 6-b. The large pressure drop through a pin-fin channel has
always been the major drawback for such HTE device. When the
dominance of horseshoe vortices is enhanced by intensifying the
density of pin-fin array as demonstrated by the previous heat
transfer results, it is interesting to note that the differences in f
factor between the forward and backward flows in the present test
channel with S/DP ¼ 1 tend to be diminished as seen in Fig. 6a. By
way of increasing S/DP from 1 to 2, the f differences between the
two comparative cases with forward and backward flows are
observed as seen in Fig. 6b. In this respect, the f factors with
forward flows in the channel of S/DP ¼ 2 constantly operate at the
higher levels than the backward-flow counterparts. Clearly, the
enhanced scale-driven impacts on the flow interactions between
the vortices tripped by scales and pin-rows have led such f differ-
ence between the cases with forward and backward flows. Irre-
spective to the aforementioned S/DP impacts, f factors collected in
Fig. 6 consistently decrease toward the asymptotic values for both
forward and backward flows in both tested channels as Re
increases. In the range of 1000 � Re � 30 000, f factors in each test
channel with forward and backward flows are well correlated by
the equation of f ¼ E þ F�e� G�Re where the coefficient E, F
and exponent G vary with the main flow direction and S/DP here.
Table 2 summarizes the E, F, G values collected from the various f
correlations derived from the present test channels.
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The augmentations of pressure drop penalty responding to the
HTE impacts provided by the compound scale imprints and pin-fin
array as seen in Fig. 5 are examined by normalizing the f data with
fN. The variations of f/fN against Re for forward and backward flows
in present pin-fin channels with S/DP ¼ 1, 2 are depicted in Fig. 7 in
which the f/fN data reported by various research groups for various
single and compound HTE devices are included for comparison. The
f/fN ratios for the present test channel with S/DP ¼ 2 and PP/
DP ¼ 3.54 are close to the results detected from the smooth-walled
pin-fin channel with S/DP ¼ 2 and PP/DP ¼ 2 [16], which scatter
about 100 from the typical values about 10 for the rib-roughened
channels [21–23]. With S/DP ¼ 1 and PP/DP ¼ 3.54 for the present
test channel, the f/fN ratios are raised even higher to the levels
about 1000. The significant HTE impacts over the endwall of the
scale-roughened pin-fin channels shown in Fig. 5 are accompanied
by very high pressure drop penalty due to the pin-fin array. Relative
to the pressure drop incurred by the pin-fin array, the pressure drop
in association with the scale imprints becomes minor. It is worth
noting that the main contribution for f in present test channel is due
to the pin-fin array, not the scaled-roughened endwalls. In view of
the pressure drops produced by the pin-fin array, there is no
considerable difference between the forward and backward flows.
Although f in the scale-roughened channel with the forward flow is
higher than the counterpart with backward flow [17], the dominant
source for determining f in the present test channel for S/Dp ¼ 1,
which is the pressure drop caused by the pin-fin array, is rather
insensitive to the direction of the main flow. As a result, f for
backward and forward flows are very similar for S/Dp¼ 1. When the
Fig. 7. Comparison of f/fN ratios b
dominance of pin-fin array in determining f factor is weakened by
increasing S/Dp, the influence of main flow direction on f factor due
to the different pressure drops over the scale-roughened pin-fin
channel with forward and backward flows will gradually emerge.
The increased pressure drop penalty by incorporating the scale-
roughened endwall into a pin-fin channel only plays the minor role
for elevating f. But the roller-like vortex array, the dominant
streamwise convective velocity, and the higher turbulent kinetic
energy [18] has the considerable HTE impact for the present scale-
roughened pin-fin channel. When occasions demand for the pin-fin
array to be the HTE measure, such the cooling channel in the
trailing edge of a gas turbine blade, the scale-roughened endwalls
only attribute minor impacts on augmentation of f/fN but can
contribute the considerable HTE effect as illustrated in Fig. 5.

Nevertheless, the high pressure drop penalty inherited from the
pin-fin array for the present test channels has led to the necessity
for comparing the thermal performance factors (h) between the
various HTE measures.

3.3. Thermal performance factors and EAR effects

The significant pressure drops incurred by the pin-fin arrays
require design considerations. But the considerable increase of
convective area available in a pin-fin channel can elevate the heat
transfer power to large extents even if the higher Nu surrounding
each pin-fin [3,4] are estimated by the endwall Nu levels. As
a conservative measure to determine the performances of heat
transfer powers attainable from the channels fitted with various
etween various HTE devices.
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HTE devices, Nu is multiplied by EAR to index the convective
capability in terms of the transferred thermal power. From this
viewpoint, the thermal performances for various HTE devices are
evaluated as h � EAR. Fig. 8 depicts (a) h (b) h � EAR versus Re for
various HTE devices, which compares the two types of thermal
performance factors between a variety of single and compound HTE
measures. As compared in Fig. 8-a, the h values for the present test
channel with S/DP ¼ 2 are consistently higher than those detected
from the test channel with PP/DP ¼ 1 due to the lower f/fN ratios for
both forward and backward flows. Although the Nu=NuN ratios for
Fig. 8. Comparison of (a) h (b) h � EAR ve
the present test channels soar among the highest levels in Fig. 5, the
significant augmentations in f/fN due to pin-fin arrays have
considerably suppressed their thermal performance factors (h) and
bring the present test channels down to the lowest values among
the comparative group collected in Fig. 8. The highest h values
emerge for the channel with compound scales and V-ribs [20] as
seen in Fig. 8. With the exception of the channels enhanced by the
scale imprints [17] and the compound scales and V-ribs [20], the
thermal performance factors (h) for the present test channels as well
as the rib-roughened channels [21–23] decrease as Re increases for
rsus Re between various HTE devices.
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turbulent flows. Having considered the increased convective areas
from the various HTE devices on their thermal performances, the
present scale-roughened pin-fin channels consistently provide the
highest h � EAR values as seen in Fig. 8-b due to the large EAR for
the present test channels. When the application can provide the
sufficient pressure potential to overcome the large increase in f, the
scale-roughened pin-fin channel can be selected for further
improvements in HTE impact and thermal performance with EAR
considered.

4. Conclusions

This experimental study was motivated by the need to further
elevate the HTE performances over the endwalls of pin-fin chan-
nels. A novel compound HTE measure that consolidates the
coherent scale imprints and the pin-fin array was devised with
their performances of Nu=NuN, f/fN, h and h � EAR comparatively
examined in the Re range of 1000–30000 for both forward and
backward flows. The following concluding remarks are accordingly
emerged.

1. While the Nu=NuN ratios for the smooth-walled pin-fin chan-
nels fall in the ranges of 2–3.2 in turbulent regime, the present
scale-roughened pin-fin channels considerably elevate the
Nu=NuN ratios to 5.16–22 in the Re range of 1000–30000. With
Re � 2000, Nu=NuN for the present scale-roughened pin-fin
channels with forward and backward flows are respectively
elevated to 14.9–22 and 11.6–17.1 with S/DP ¼ 1 and 6.74–11.2
and 5.16–8.7 with S/DP ¼ 2. With 3000 � Re �30 000, the
Nu=NuN ratios detected from the present test channels with
forward and backward flows reach 8.6–4.98 and 6.7–3.9 with S/
DP ¼ 1 and 4.8–4.1 and 3.7–3.4 with S/DP ¼ 2.

2. The high pressure drops developed in the present test channels
are inherited from the pressure drops induced by the pin-fin
arrays rather than the scale imprints. The significant elevations
in f/fN ratios for the present test channels have suppressed the
HTE impacts and led to the lowest h values in the comparative
group collected in Fig. 8a.

3. As an HTE measure for pin-fin channels, the scale-roughened
endwalls only attribute to the insensible pressure-drop penalty
relative to the f factors induced by the pin-fin array but can
stimulate significant Nu=NuN elevations with the most effec-
tive augmentations in heat transfer power evaluated as h� EAR
as compared in Fig. 8b.

4. For design applications, two sets of empirical correlations that
evaluate Nu and f using Re as the determined variable are
derived for two scale-roughened pin-fin channels with S/DP¼ 1
and 2 under forward and backward flow conditions.
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