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Abstract While flow across long tube bundles is considered

classical data, pin-fin arrays made up of short tubes have

become a growing topic of interest for use in cooling gas tur-

bine airfoils. Data from the literature indicate that decreasing

streamwise spacing increases heat transfer in pin-fin arrays;

however, the specific mechanism that causes increased heat

transfer coefficients remains unknown. The present work

makes use of time-resolved PIV to quantify the effects of

streamwise spacing on the turbulent near wake throughout

various pin-fin array spacings. Specifically, proper orthogonal

decomposition was used to separate the (quasi-) periodic

motion from vortex shedding and the random motion from

turbulent eddies. Reynolds number flow conditions of 3.0 9

103 and 2.0 9 104, based on pin-fin diameter and velocity at

the minimum flow area, were considered. Streamwise spacing

was varied from 3.46 pin diameters to 1.73 pin diameters while

the pin-fin height-to-diameter ratio was unity and the spanwise

spacing was held constant at two diameters. Results indicated

that (quasi-) periodic motions were attenuated at closer

streamwise spacings while the level of random motions was

not strongly dependent on pin-fin spacing. This trend was

observed at both Reynolds number conditions considered.

Because closer spacings exhibit higher heat transfer levels, the

present results imply that periodic motions may not contribute

to heat transfer, although further experimentation is required.

List of symbols

dP Tracer particle diameter

D Pin-fin diameter

Dh Duct hydraulic diameter

DR Dynamic range

En Percent energy contained in POD mode n

H Channel height, pin-fin height

Lc Wake closure position

n POD mode number

POD Proper orthogonal decomposition

ReD Reynolds number, ReD ¼ UMaxDm�1

RMS Root-mean-square

smax Maximum measured particle displacement

SL Longitudinal/streamwise pin–fin spacing

(X-direction)

ST Transverse pin-fin spacing (Y-direction)

Stk Stokes number, Stk ¼ dPqP=18lð Þ UMax=Dð Þ
T Time

Umax Time-mean velocity through minimum array flow

area

U Local time-mean streamwise velocity

u0 Local fluctuating streamwise velocity,

RMS velocity

v0 Local fluctuating transverse velocity,

RMS velocity

x
* Position vector

X Longitudinal/streamwise direction

Y Transverse direction

Z Wall-normal direction

Greek

qP Tracer particle density

h Circumferential location

k POD scalar temporal functions

/ POD vector spatial functions

J. K. Ostanek (&) � K. A. Thole

Mechanical and Nuclear Engineering Department, The

Pennsylvania State University, University Park, PA, USA

e-mail: jason.ostanek@navy.mil

K. A. Thole

e-mail: kthole@engr.psu.edu

J. K. Ostanek

Naval Surface Warfare Center, Philadelphia, PA, USA

123

Exp Fluids

DOI 10.1007/s00348-012-1394-1



rs Minimum measurable particle displacement

m Kinematic viscosity

l Dynamic viscosity

~xZ Instantaneous Z-vorticity

1 Introduction

Staggered tube bundles are frequently used in heat

exchange applications. Long tube bundles are used in

boilers and nuclear energy applications, and short tube

bundles are used in evaporators and air–water heat

exchangers. The intermediate case, where the cylinder

height-to-diameter ratio is on the order of unity (known as

pin-fin arrays), has received growing attention over the past

several decades. Pin-fin arrays are commonly used to cool

the trailing edge of gas turbine airfoils and to cool compact

electronics. Pin-fin arrays are a unique configuration

because both the cylindrical surfaces and the endwall sur-

faces significantly contribute to heat transfer. Additionally,

the flowfield in pin-fin arrays is highly three-dimensional

from interactions of the pin-fin wakes with the endwalls.

Heat transfer and friction factors have been well docu-

mented for long tube bundles, short tube bundles, and pin-

fin arrays (Grimison 1937; Webb 1980; Han et al. 2000).

Empirical models for each type of heat exchanger have

been developed to predict heat transfer and friction factor

as a function of tube spacing, configuration (staggered

versus aligned), and Reynolds number. Surprisingly, there

has been little research documenting the effects that tube

spacing has on the flowfield and, subsequently, on the heat

transfer coefficients in the bundle. Much of the flowfield

measurements performed in long tube bundles, for exam-

ple, has been approached from a durability standpoint with

the goal of identifying characteristic frequencies and

acoustic resonance modes. Pin-fin heat exchangers do not

face the durability issues of long tube bundles because pin-

fins are short, confined at both ends, and pin-fins are typ-

ically solid where long tube bundles are often hollow to

allow heat exchange between two fluids. In the present

work, the flowfield in pin-fin arrays was investigated to

better understand the effects of spacing on the pin-fin wake

and how the near wake behavior may influence heat

transfer. The goal of the present work was to characterize

the near wake for various pin-fin spacings by separating the

periodic (shedding) component of velocity fluctuations

from the random (turbulent) motions. The results of the

present work provide insight into the relative importance of

periodic versus random motions in pin-fin arrays, specifi-

cally when considering heat transfer performance.

The heat transfer rate and friction factor across long tube

bundles have been well documented, and is considered

classical, for various tube spacings and arrangements

(Grimison 1937; Zukauskas 1972; Zdravkovich 2003).

Additionally, the flowfield across long tube bundles has

been well documented, primarily to understand the char-

acteristic frequencies in order to design for durability

(Oengoren and Ziada 1998; Polak and Weaver 1995;

Weaver et al. 1993). Because empirical models for long

tube bundles are well established, there have been rela-

tively few studies devoted to understanding the flowfield

with the goal of improving heat transfer from long tube

bundles. In one of the few examples of work pertaining to

flowfield interactions in long tube bundles, Umeda and

Yang (1999) showed that power spectra may exhibit sig-

nificant content at low frequencies (other than the shedding

frequency) due to interactions between wake shedding and

the core flow. Iwaki et al. (2004) showed that turbulence

was more homogeneous and isotropic in staggered arrays

when compared to in-line arrays. Additionally, the flow

became fully developed in shorter distance for staggered

arrays compared to in-line arrays (Iwaki et al. 2004).

Neither Umeda and Yang (1999) nor Iwaki et al. (2004)

addressed how tube spacing may influence the unsteady

flowfield and subsequent heat transfer coefficients.

Similar to long tube bundles, heat transfer and friction

factor have been well documented for pin-fin arrays. Han

et al. (2000) provide an overview of cooling technology for

gas turbine engines which includes internal cooling for gas

turbine airfoils and, specifically, the heat transfer charac-

teristics of pin-fin arrays. Flowfield measurements have

been performed in pin-fin arrays, but do not address the

relative contribution of periodic and random unsteadiness.

Hotwire measurements have shown that turbulence inten-

sity generally peaks in the third row of pin-fin arrays,

similar to the position of maximum heat transfer (Ames

et al. 2005; VanFossen 1982; Metzger and Haley 1982).

Ames et al. (2005) were able to correlate heat transfer at

the pin-fin stagnation throughout the array as a function of

turbulence intensity, turbulent length scale, and Reynolds

number. Uzol and Camci (2005) compared ellipse pin-fins

to circular pin-fins using particle image velocimetry and

showed the classic differences of streamlined versus bluff-

body flow. When considering both heat transfer and pres-

sure loss, Uzol and Camci (2005) concluded that ellipse

shaped pin-fins outperform circular pin-fins; however, only

a small portion of the array was measured for heat transfer

rate. Delibra et al. (2010) used a hybrid RANS/LES tech-

nique to investigate the flowfield features that contribute to

heat transfer. The authors mentioned that both large-scale

motions and turbulence are important to heat transfer but

did not address the relative importance of these two

motions.

Several recent publications have developed mechanistic

models for unsteady heat transfer that takes place when a
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turbulent eddy impinged on a given surface. Nix and Diller

(2009), for example, performed simultaneous heat flux and

flowfield measurements at the stagnation point of a cylin-

der. The model of Nix and Diller (2009) was similar to that

of Ames et al. (2005) mentioned previously since both

models use local measurements of turbulent length scale

and turbulence intensity to predict time-mean, stagnation

point heat transfer. The models of both Nix and Diller

(2009) and Ames et al. (2005) were developed for a single,

infinite cylinder but Ames et al. (2005) showed good

agreement for various rows within a staggered pin-fin

array. Gifford et al. (2011) extended the analysis of Nix

and Diller (2009) to predicting the unsteady heat transfer

associated with the interaction of a turbulent eddy and a

heated, Hiemenz boundary layer. The present work serves

as an intermediate step between investigating the global

effects of tube spacing on heat transfer (Grimison 1937)

and investigating the specific mechanisms for heat transfer

augmentation from a single turbulent eddy (Gifford et al.

2011). Simply stated, time-resolved PIV measurements

were performed to provide insight into the effects of pin-fin

spacing on large-scale motions (vortex shedding) and

small-scale motions (turbulence) with a focus on the

implications for array heat transfer.

As mentioned, the present work makes use of time-

resolved, digital particle image velocimetry (TRDPIV) to

investigate the effect of streamwise spacing on the pin-fin

near wake for various row positions and various Reynolds

numbers. The time-resolved data were analyzed using

proper orthogonal decomposition (POD) to separate the

periodic from random unsteadiness. The goal of the present

work was to describe the effects of spacing on periodic and

random unsteadiness in the pin-fin near wake.

2 Experimental facility and instrumentation

2.1 Test facility

Experiments were carried out in a closed-loop, recirculat-

ing air facility that operated at steady-state conditions. The

operation of the test facility was described in detail by

Ostanek and Thole (2012b) and will be briefly summarized

in the present work. Figure 1 shows a schematic of the test

facility. Flow originated at a centrifugal blower and passed

through a settling chamber where the flow was conditioned

prior to entering the measurement section. The settling

chamber contained splash plates, to prevent jet formation,

and a heat exchanger, to remove excess heat added from

the blower. Flow then passed through the measurement

section containing the pin-fin array, where flowfield mea-

surements were made. The measurement section was

constructed of glass and polycarbonate to provide optical

access for TRDPIV measurements. After flow passed

through the measurement section, another settling chamber

was placed downstream, equipped with a splash plate. Flow

was routed back to the blower in a recirculation pipe where

a Venturi flowmeter was installed for mass flowrate mea-

surement. Pressure relief valves were installed on either

side of the blower to adjust the gage pressure within the

measurement section for the purpose of minimizing leaks

and minimizing deformation of the channel walls. Addi-

tionally, the tracer particles used for TRDPIV measure-

ments were injected just downstream of the blower. The

closed-loop facility allowed the tracer particles to be re-

circulated, allowing the flow to become fully seeded within

a few minutes.

The measurement section was a constant height, con-

stant width, and rectangular duct. The channel height was

63.5 mm (0.53 Dh), the channel width was 1.13 m (9.4 Dh),

and the channel length was 5.87 m (49 Dh). The pin-fins

were secured to both walls of the channel, such that the

cylinder axis spanned the height of the channel. The pin-

fins were constructed of polycarbonate tubing. After cut-

ting the pin-fins to length, the ends of the pin-fin tube were

capped with a polycarbonate disk that was slid into the

polycarbonate tubing and held in place with two-part

epoxy. The disks at the ends of the pin-fin provided

structural rigidity and a large surface area to secure the pin-

fins to the channel walls. There were 7 rows of pin-fins

(streamwise directions) with 9 columns of pin-fins (trans-

verse direction). The first row of pin-fins was located 24.2

Dh downstream of the measurement section inlet, measured

from duct inlet to the center of the first row of pin-fins. The

Fig. 1 Schematic of closed-loop, recirculating channel used to experimentally investigate the flow through pin-fin heat exchangers
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approaching flow was validated to be fully developed,

turbulent duct flow prior to encountering the first pin-fin

(Ostanek and Thole 2012b). LDV measurements showed

that the velocity and turbulence intensity profiles were in

good agreement with published values for fully developed,

turbulent duct flow. Additionally, LDV measurements

showed good uniformity across the transverse direction

(Y direction) of the duct.

The pin-fins had constant diameter of 63.5 mm and the

pin-fin height was also 63.5 mm, giving an aspect ratio of

H/D = 1. The pin-fins had transverse spacing of ST/D = 2,

and the streamwise spacing was varied from SL/D = 3.46

to 1.73. Pin-fin arrays of this geometry (H/D = 1,

ST/D = 2, and 1.73 B SL/D B 3.46) are commonly found

in the literature pertaining to the thermal management of

the trailing edge region of gas turbine airfoils (Metzger

et al. 1986). Note that the configuration having ST/D = 2,

SL/D = 1.73 is known as normal, triangular spacing in the

literature for long tube cylinder bundles. These limits were

quartered to give intermediate spacings of SL/D = 3.03,

2.60, and 2.16. For comparative purposes, a single pin-fin

row having H/D = 1, ST/D = 2 was included in the test

matrix. The effects of Reynolds number were considered

by investigating two conditions of ReD = 3.0 9 103 and

2.0 9 104. The definition of Reynolds number, ReD, uses

the pin-fin diameter (D) and the minimum flow area

velocity (Umax) as the characteristic scales. Umax ranged

from 0.75 m/s at ReD = 3.0 9 103 to 5.0 m/s at ReD =

2.0 9 104.

2.2 Time-resolved digital particle image velocimetry

The orientation of the PIV system in the measurement

section is shown in Fig. 2. As with the test facility, the PIV

measurement method was described in detail by Ostanek

and Thole (2012c) and will be briefly summarized in the

present work. As shown in Fig. 2, the laser sheet enters the

measurement section through the bottom (short-side) of the

duct. The laser sheet was positioned at the midline of the

duct, such that the measurement plane was located at 50 %

of the channel height. The high-speed camera used to

capture particle images was positioned outside of the

measurement channel and had line-of-sight to the laser

sheet through the glass wall of the measurement section.

The camera was aligned perpendicular to the laser sheet

such that no image transformation was required. Making

TRDPIV measurements in the interior of the pin-fin array

was challenging because of the close proximity of neigh-

boring pin-fins. The diverging laser sheet was clipped by

pin-fins. Pin-fin arrangements having closer streamwise

spacings had a smaller TRDPIV domain because the laser

was clipped to illuminate a smaller area between adjacent

rows. Note that the image resolution and field of view

remained unchanged between experiments, only the illu-

minated area of the high-speed recordings changed as a

function of streamwise spacing. To minimize reflections of

the laser sheet off of neighboring pin-fins, the pin-fins were

painted flat black. Measurement quality was unaffected by

the reflections from neighboring pin-fins, which was vali-

dated by comparisons between the single row case with

multiple row cases. Caution was exercised to minimize the

amount of time the laser was impingent on the pin-fins to

prevent the flat black polycarbonate tubes from being

damaged.

A dual-pulse laser illuminated tracer particles which

were filmed at high frequency. Atomized Di-Ethyl-Hexyl-

Sebacat (DEHS) was used as the flow tracer particles.

A Laskin-nozzle atomizer was used to generate oil droplets

having a nominal diameter of 1 lm, corresponding to a

maximum Stokes number of Stk = 3 9 10-4 (Raffel et al.

2007). The low Stokes number ensured that the tracer

particles followed the flow with minimal slip. For low

Fig. 2 Drawing of the TRDPIV

system and its orientation within

the experimental facility.

TRDPIV measurements were

made at the mid-span of the

channel, Z = 0
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Reynolds number flows, the tracer particles were filmed at

200 Hz such that vector fields were sampled at 100 Hz.

The Nyquist frequency was, therefore, 50 Hz which cor-

responded to 21 times the shedding frequency. In a given

experiment, 3,000 samples were collected, corresponding

to 30 s of flow time and 88 flow time scales (number of

times the bulk flow crossed the domain). At high Reynolds

number, the tracer particles were filmed at 2,000 Hz such

that vector fields were sampled at 1,000 Hz. The Nyquist

frequency was, therefore, 500 Hz which corresponded to

31 times the shedding frequency. In a given experiment,

3,000 samples were collected, corresponding to 3 s of flow

time and 59 flow time scales. The spatial resolution for

each experiment was 7.6 pixels/mm, and for 1,024 9 1,024

pixel images, the field of view was 128 9 128 mm.

In the present work, the field of view and measurement

resolution was chosen to capture one spanwise pin-fin

pitch. The TRDPIV domain was located at a Z location of

50 % channel height and the domain spanned Y/D = -0.5

to 0.5. In the streamwise direction, the extent of the mea-

surement domain was determined by the extent of laser

clipping from neighboring pin-fins, as discussed previ-

ously. There is a trade-off between increasing spatial res-

olution and capturing a large field of view. In the present

work, the field of view was chosen to observe the spatial

and temporal behavior of large-scale motions shedding

from both the top and bottom of the pin-fin. Ideally, the

smallest turbulent scales would have been captured as well,

yet the smallest resolvable scale is set by the grid resolu-

tion. The distance between TRDPIV vectors was 8 pixels

(16 pixel windows overlapped by 50 %) which corre-

sponded to 1.05 mm or 0.017D. This resolution is typical

for modern PIV experiments; for example, a measurement

resolution of 0.022D has shown good results for TRPIV

measurements in the wake of a single cylinder at a much

higher Reynolds number of 1.4 9 105 (Braza et al. 2006).

Particle images were processed using commercially

available software, known as DaVis (Version 7.2, LaVision

Inc., www.LaVision.de, 2012). A decreasing, multi-grid

scheme was used with fractional window offset and first-

order window deformation (Scarano and Riethmuller

2000). The fractional window offset and deformation

scheme have been shown to increase the dynamic range of

PIV measurements by an order of magnitude when com-

pared with fixed window image processing and no defor-

mation (Scarano and Riethmuller 2000). For the present

work, the dynamic range was calculated using Eq. (1).

DR ¼ sMax

rs
ð1Þ

In Eq. (1), smax is the maximum particle displacement

and rs was the minimum measureable particle displacement

as described in the uncertainty section. The minimum and

maximum displacements for the present work were 0.15 and

12 pixels, respectively, corresponding to a dynamic range

of 80. The first two passes used 64 9 64 pixel windows

having 50 % overlap. The next two passes used a 32 9 32

pixel window with 50 % overlap. The final two passes had

16 9 16 pixel window at 50 % overlap. For the initial

64 9 64 pixel window, there was no window offset or

deformation. On intermediate and final window passes,

window offset and deformation were included. Vector

validation was performed after each pass using a median

filter to remove spurious vectors.

2.3 Uncertainty analysis

Uncertainty in mean flow statistics such as Reynolds number

and bulk channel velocity was estimated using the sequential

perturbation method (Moffat 1988). The sequential pertur-

bation method uses a root-sum-square calculation for com-

bining individual sources of uncertainty into an overall

uncertainty for some parameter of interest, such as Reynolds

number or velocity. At 95 % confidence level, the maximum

uncertainty in Reynolds number and bulk velocity was 2.0

and 1.9 %, respectively.

Uncertainty in PIV measurements was estimated based

on several possible sources of error. First, when using a

fractional window offset and first-order window deforma-

tion, the maximum measurable displacement gradient

is 0.5 pixels/pixel (Scarano and Riethmuller 2000).

The maximum observed displacement gradient was

qU/qY = 0.4 pixels/pixel and qV/qX = 0.1 pixels/pixel,

such that no gradient truncation occurred. Another possible

source of error was random error in the location of the

correlation peak as a function of displacement gradient

(Scarano and Riethmuller 2000). Using fractional window

offset and first-order window deformation, a maximum

random error of e = 0.15 pixels and 0.03 pixels was esti-

mated for the U and V components, respectively (Scarano

and Riethmuller 2000). The uncertainties in U and

V velocities were 9.9 9 10-2 and 2.0 9 10-2 m/s at high

Reynolds number, respectively. The uncertainties in U and

V velocities were 9.0 9 10-3 and 1.8 9 10-3 m/s at low

Reynolds number, respectively. At the positions where the

maximum velocity gradients were observed, the maximum

uncertainty in U velocity was 2 % of the measured velocity

and the maximum uncertainty in V velocity was 0.4 % of

the measured velocity. Note that, for regions of near zero

velocity, these percent uncertainties may increase despite

the corresponding reduction displacement error. Uncer-

tainty in vorticity was quantified using the same technique

where random error in the locations of correlation peaks in

adjacent windows caused uncertainty in the instantaneous

velocity gradient. Using fractional window offset and first-

order window deformation, a maximum random error of
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e = 0.042 pixels/pixel and 0.006 pixels/pixel was esti-

mated for qU/qY and qV/qX, respectively (Scarano and

Riethmuller 2000). The resulting uncertainty in vorticity

was 2.4 and 26.5 s-1 at low and high Reynolds numbers,

respectively. The maximum percent uncertainty was 3.3 %

of the measured vorticity.

3 Results and discussion

3.1 Proper orthogonal decomposition

In previous studies of flow and heat transfer in pin-fin

arrays, it was found that heat transfer coefficient increased

for decreasing streamwise spacing in the developed, third

row and beyond, portion of the array (Metzger et al. 1986;

Lyall et al. 2011; Lawson et al. 2011; Ostanek and Thole

2012a). When investigating the near wake flowfield, the

present authors found that decreasing streamwise spacing

reduced the amount of velocity fluctuations in the wake

(Ostanek and Thole 2012c). The amount of velocity fluc-

tuations in the wake, therefore, does not correspond with

the level of heat transfer coefficient on the endwalls. As a

side note, the turbulence level measured using hotwire

anemometry between two pin-fins in a given row (as

opposed to the turbulence level in the wake region) has

been found to increase with decreasing spacing (Metzger

and Haley 1982). The velocity fluctuations measured by

Ostanek and Thole (2012a) included both periodic

unsteadiness from vortex shedding and random unsteadi-

ness from turbulent eddies. In the present work, proper

orthogonal decomposition (POD) was used to separate the

periodic unsteadiness from random unsteadiness. Using

POD, the effect of streamwise spacing will be investigated

on both the periodic motions in the wake and random

motions in the wake.

POD is a technique frequently used in turbulent flow

analysis (Holmes et al. 1996; Duggleby et al. 2009). The

basic premise of POD is to decompose a signal into a

number of orthogonal functions which are optimal in the L2

norm (Chatterjee 2000). In the context of time-resolved

PIV data, optimality in the L2 norm guarantees that the

lowest order mode contains the greatest amount of fluctu-

ating kinetic energy, the second lowest order mode con-

tains the second greatest amount of energy, and so on. The

decomposition of the time-dependent vector field is rep-

resented using Eq. 2.

U
*

x
*
; t

� �
¼

�
U
*

xð Þ þ
XN

n¼1

kn tð Þ/
*

n x
*
� �

ð2Þ

In Eq. (2), the time-dependent flowfield is ensemble-

averaged into the mean (first term on right) and fluctuating

(second term on right) component. The fluctuating

component consists of a set of temporal functions, k,

which depend only on time and a set of spatial functions, /,

which depend only on position. The temporal functions are

a scalar quantity while the spatial functions are a vector

quantity. In the present work, the decomposition of the

time-dependent PIV data into orthogonal functions k and /
was performed using the method of snapshots (Sirovich

1987). The snapshot method was chosen because it is often

more economical than the direct method (Sirovich 1987).

Also, time-resolved PIV data lend itself to the snapshot

method since data are discrete rather than continuous.

The convergence of the POD was validated using 500,

1,000, and 2,000 TRDPIV realizations resulting in 500,

1,000, and 2,000 POD modes, respectively, for each case.

The near wake flowfield was measured for several test

cases including the single row of pin-fins at

ReD = 2.0 9 104, the first row wake of SL/D = 2.16 at

ReD = 2.0 9 104, and the third row wake of SL/D = 2.16

at ReD = 2.0 9 104. For the single row of pin-fins, the sum

of fluctuating kinetic energy contained in the first four

modes changed by 4.1 % when increasing n = 500 to

1,000 and by 0.1 % when increasing n = 1,000 to 2,000.

For the first row wake having SL/D = 2.16, the sum of

fluctuating kinetic energy contained in the first four modes

changed by 14.1 % when increasing n = 500 to 1,000 and

by 8.4 % when increasing n = 1,000 to 2,000. Note that

the ensemble average statistics converge to a much smaller

percent change, but the POD convergence validation

examines the amount of fluctuating kinetic energy con-

tained in the first four modes of the decomposition. For the

first row wake, the system was of large dimension and the

first four modes contained a small fraction of the overall

fluctuating energy making the percent changes appear

inflated. For the third row wake, the sum of fluctuating

kinetic energy contained in the first four modes changed by

2.5 % when increasing n = 500 to 1,000 and by 0.6 %

when increasing n = 1,000 to 2,000. The remaining

decompositions were performed using the largest number

of TRDPIV realizations considered, n = 2,000. Note that

3,000 samples were collected in each experiment; however,

n = 2,000 was used for memory considerations in the

computationally intensive POD calculations.

After performing POD on each TRDPIV dataset, the

dimension of the system, D90, was found by the number

of modes required to recover 90 % of the flow energy.

Figure 3a shows D90 as a function of row position and

streamwise spacing at low Reynolds number. In Fig. 3a,

the dimension of the system was on the same order of

magnitude for each streamwise spacing considered. There

was, however, a significant increase in dimension for the

third row wakes compared with the first row wakes. Dis-

turbances from upstream wakes caused a more complex
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flowfield in the third row wake and caused the system

dimension to increase. Figure 3b shows D90 as a function

of row position and streamwise spacing at high Reynolds

number. From Fig. 3b, a large discontinuity was observed

in the first row wakes when comparing SL/D = 2.16 and

2.60. The discontinuity was attributed to the presence or

absence of periodic vortex shedding. Ostanek and Thole

(2012c) showed that the presence of downstream pin-fins

caused shedding to be suppressed for the case having

SL/D = 2.16 when analyzing the one-dimensional energy

spectrum of streamwise velocity at a point in the shear

layer. For SL/D = 2.60, the wake was dominated by peri-

odic vortex shedding and a sharp spectral peak was

observed at the shedding frequency. Previous research has

shown that a single, infinite cylinder in crossflow has up to

59 % of the flow energy contained in the first two POD

modes, corresponding to the vortex shedding motion (Ünal

and Atlar 2010). The present results, therefore, reflect the

presence or absence of classic vortex shedding motion.

Figure 3b, for example, shows that the first row having

SL/D = 2.16 required more POD modes to capture 90 % of

the flow energy when compared with SL/D = 2.60, which

was dominated by organized shedding motion. For

SL/D C 2.60, the third row wakes showed a higher system

dimension than the first row because shedding was dis-

rupted from upstream wakes.

3.2 Effect of streamwise spacing and reynolds number

on POD spatial and temporal functions

The system dimension has provided an initial insight into

the effects of pin-fin spacing on the near wake flow. The

POD spatial and temporal functions were also analyzed to

gain further insights into the flowfield behavior. Figure 4

shows the first four POD modes (listed from top to bottom)

in the first row wake of the pin-fin array having H/D = 1,

ST/D = 2, SL/D = 2.60 at ReD = 3.0 9 103. The spatial

functions for U and V velocities are shown in Fig. 4a, b,

respectively. The temporal functions are shown in Fig. 4c

in addition to the percentage of flow energy contained in

each mode.

The contribution of each POD mode to the original,

time-resolved flowfield is the vector product of the spatial

and temporal functions. In other words, the U velocity field

associated with the first POD mode is the vector product of

the U velocity spatial function (top row, Fig. 4a) and the

temporal function (top row, Fig. 4c) which is a scalar that

is dependent on time. The V velocity field is calculated in

the same manner, except using the V velocity spatial

function (top row, Fig. 4b). There were several features in

Fig. 4 that suggested POD modes 1 and 2 corresponded to

the vortex shedding motion. First, the V velocity spatial

function for POD mode 1 showed a region of activity

having /[ 0 at X/D = 2, Y/D = 0. At X/D = 1.5,

Y/D = 0, there was a region of activity having /\ 0.

Therefore, at any given time, there was a region of

opposing flow where the up- and down-flows (or vice

versa) were separated by a distance of 0.5 D. The same

observation was made for the U velocity spatial function

for POD mode 1. There was a strong /[ 0 at X/D = 2,

Y/D = -0.25 and a strong /\ 0 at X/D = 2, Y/D = 0.25.

When considering both U and V velocities, the first POD

mode corresponds to vortex motion that rotates clockwise

for k[ 0 and counterclockwise for k\ 0. Applying the

same logic to the second POD mode revealed that another

large-scale vortex motion was present, but with a 0.25 D

shift relative to the first POD mode. It is commonly found

that POD modes are paired together, which allows wave-

like propagation. Considering only the first POD mode

would result in oscillating flow while considering the first
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Fig. 3 Dimension of system, D90 in the near wake of pin-fin arrays having H/D = 1, ST/D = 2 at a ReD = 3.0 9 103 and b ReD = 2.0 9 104
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two POD modes would result in downstream propagation

of the oscillating flow. From the above reasoning, the first

two modes in Fig. 4 were identified as those POD modes

that represent vortex shedding motion. This deduction was

validated by reconstructing the time-resolved flowfield

using the first two POD modes and visually observing the

resulting reduced-order flowfield.

The temporal functions of Fig. 4c indicated that the

shedding motion was quasi-periodic. For comparison, the

first four POD modes in the first row wake of the pin-fin

array having H/D = 1, ST/D = 2, SL/D = 2.60 at high

Reynolds number are shown in Fig. 5. The spatial func-

tions in Fig. 5a, b showed that the first two modes were

associated with vortex shedding, similar to the low Rey-

nolds number case in Fig. 4. The temporal functions in

Fig. 5c, however, were more periodic than the low Rey-

nolds number case. Additionally, the percentage of the flow

energy in the first two modes of Fig. 5 was an order of

Fig. 4 First four POD modes for the first row of pin-fins having

H/D = 1, ST/D = 2, SL/D = 2.60 at ReD = 3.0 9 103. Spatial func-

tions are shown in a U and b V while the temporal modes are shown

in (c). The percentage of the overall fluctuating kinetic energy

contained in each mode is also displayed in (c)
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magnitude greater than the third and fourth modes. In

agreement with the spectral analysis of Ostanek and Thole

(2012c), periodic vortex shedding was a dominant motion

in the first row at high Reynolds number for pin-fin arrays

having H/D = 1, ST/D = 2, SL/D C 2.60. At low Reynolds

number, in Fig. 4c, the energy content of the first four

modes was on the same order of magnitude. Inspection of

the third and fourth POD modes revealed a similar eddy

motion as previously described for the first two POD

modes, with the exception that the vortex scale was about

0.1 D and the vortex centers were located along the shear

layers rather than along the wake centerline. In Fig. 4a, b,

therefore, the third and fourth POD modes were associated

with the formation and advection of shear layer eddies. At

low Reynolds numbers, therefore, the shear layer eddies

and shedding motions had a similar influence on the near

Fig. 5 First four POD modes for the first row of pin-fins having

H/D = 1, ST/D = 2, SL/D = 2.60 at ReD = 2.0 9 104. Spatial func-

tions are shown in a U and b V while the temporal modes are shown

in (c). The percentage of the overall fluctuating kinetic energy

contained in each mode is also displayed in (c)
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wake flowfield and the two motions were in competi-

tion, which may have contributed to the quasi-periodic

shedding.

The effects of pin-fin spacing were investigated by

plotting the first four POD modes in the first row wake of

the pin-fin array having H/D = 1, ST/D = 2, SL/D = 2.16.

Figure 6 shows the first four POD modes for the low

Reynolds number case. Similar to the wider spacing,

SL/D = 2.60, the first row having SL/D = 2.16 showed that

the first two modes were associated with quasi-periodic

shedding. The third and fourth POD modes were associated

with shear layer eddies. The closer pin-fin spacing,

SL/D = 2.16, showed a reduction in the magnitude of the

first two POD spatial functions when compared with

SL/D = 2.60, indicating weaker shedding. There was little

difference, however, in the percentage of the total fluctu-

ating energy when comparing the first two modes at

SL/D = 2.16 and 2.60. At high Reynolds number, Fig. 7

Fig. 6 First four POD modes for the first row of pin-fins having

H/D = 1, ST/D = 2, SL/D = 2.16 at ReD = 3.0 9 103. Spatial func-

tions are shown in a U and b V while the temporal modes are shown

in (c). The percentage of the overall fluctuating kinetic energy

contained in each mode is also displayed in (c)
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shows the first four POD modes in the first row wake of the

pin-fin array having H/D = 1, ST/D = 2, SL/D = 2.16.

Several key differences were observed when comparing

SL/D = 2.16 and 2.60 (at high Reynolds number). Typi-

cally, the first two modes paired together to represent the

shedding motion. In Fig. 7, however, the first and fourth

modes paired to represent shedding motion while the sec-

ond and third modes paired to represent shear layer motion.

Additionally, the energy content in the shedding motion

was much less than that of SL/D = 2.60, in agreement with

the spectral analysis of Ostanek and Thole (2012c). The

temporal functions for the shedding motion showed quasi-

periodic behavior. This analysis showed that decreasing

spacing from SL/D = 2.60 to 2.16 at high Reynolds num-

bers resulted in a change in shedding behavior from strong,

periodic motion to weak, quasi-periodic motion. When

considering heat transfer in pin-fin arrays, it is well known

that decreasing streamwise spacing increases heat transfer

Fig. 7 First four POD modes for the first row of pin-fins having

H/D = 1, ST/D = 2, SL/D = 2.16 at ReD = 2.0 9 104. Spatial func-

tions are shown in a U and b V while the temporal modes are shown

in (c). The percentage of the overall fluctuating kinetic energy

contained in each mode is also displayed in (c)
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(Metzger et al. 1986; Lawson et al. 2011). Experimental

data support a gradual increase in heat transfer for reduc-

tions in streamwise spacing. There has been no evidence in

the literature for pin-fin heat transfer that indicates any

step-change phenomena, such as the flowfield behavior

observed in the present work when considering

SL/D = 2.60 and 2.16 at high Reynolds number. In fact,

Lawson et al. (2011) showed that the first and second row

heat transfer was independent of streamwise spacing. The

present results imply that heat transfer in the first two rows

does not depend on the presence or suppression of vortex

shedding; however, further experimentation is required to

find the correlation strength between vortex shedding

motions and endwall heat transfer.

The distribution of fluctuating energy among the POD

modes provided an alternative means of comparing dif-

ferent flowfields. Figure 8 shows the cumulative energy

distribution as a function of streamwise spacing and row

position at low Reynolds number. Figure 8a shows the first

row wakes, and Fig. 8b shows the third row wakes. From

Fig. 8a, it was found that the cumulative distribution of

fluctuating energy was relatively independent of stream-

wise spacing in the first row wakes. In Fig. 8b, the pin-fin

arrays having SL/D B 2.16 showed a similar energy dis-

tribution to that of the first row wakes. For SL/D C 2.60,

however, there was greater energy content in the first two

modes which resulted in a noticeable change in the shape

of the cumulative energy distribution. Figure 9 shows the

cumulative energy distribution as a function of streamwise

spacing and row position at high Reynolds number.

Figure 9a shows the first row wakes, and Fig. 9b shows the

third row wakes. In the first row wakes, the dominance of

periodic shedding was observed for SL/D C 2.60 in the

cumulative energy distribution. The shape of the cumula-

tive energy distribution for SL/D B 2.16 was similar to that

of the first row wakes at low Reynolds number. When

considering the first row wakes, it was clear that the

flowfield was highly dependent on Reynolds number. The

third row wakes, however, were less dependent on Rey-

nolds number. Comparing Fig. 8b and 9b showed that the
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Fig. 8 Effect of SL/D on the cumulative POD energy distribution for the a first row wakes and b third row wakes at ReD = 3.0 9 103
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third row wakes exhibited similar patterns for both low and

high Reynolds numbers. Turbulence generated in upstream

rows, therefore, caused the wakes of downstream rows to

have similar kinematic behavior for a both low and high

Reynolds numbers. An example of the POD spatial and

temporal functions in the third row wake is shown in

Fig. 10 for pin-fins having H/D = 1, ST/D = 2,

SL/D = 2.60 at high Reynolds number. The temporal

functions in Fig. 10c show the quasi-periodic nature of vortex

shedding in the third row, where shedding was previously

shown to be regular and periodic in the first row wake.

3.3 Effect of streamwise spacing and reynolds number

on periodic and random unsteadiness

Using POD, the most energetic motions in the flow have

been identified. Typically, the first two modes correspond

to the vortex shedding motion. Using the spatial and

Fig. 10 First four POD modes for the third row of pin-fins having

H/D = 1, ST/D = 2, SL/D = 2.60 at ReD = 2.0 9 104. Spatial func-

tions are shown in a U and b V while the temporal modes are shown

in (c). The percentage of the overall fluctuating kinetic energy

contained in each mode is also displayed in (c)
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temporal functions of the two POD modes (some cases

were reconstructed using a different combination of modes,

such as the first row of SL/D = 2.16 at ReD = 2.0 9 104

where the first and fourth POD modes represented vortex

shedding) associated with shedding, the original flowfield

was reconstructed to capture only the vortex shedding

motion. The original flowfield was also reconstructed using

the remaining residual POD modes which were typically

n = 3 through 2,000. The reconstructed vector field using

POD modes n = 1 and 2 were low-pass filtered (only the

shedding motions were retained), and the reconstructed

vector field using POD modes n = 3 through 2,000 were

high-pass filtered (only the random motions were retained).

By reconstructing the vector field in this manner, the

periodic and random motions were separated from one

another. Van Oudheusden et al. (2005), for example,

reconstructed the flowfield using the first two POD modes

to quantify the fluctuations from the quasi-periodic motions

for flow over a cubic element attached to an endwall. This

method has the advantage of capturing cycle-to-cycle

variations in the vortex shedding behavior. Specifically,

this advantage was useful for cases where the vortex

shedding was quasi-periodic. Figure 11 shows an example

of how the original vector field was reconstructed flowfield

using POD modes n = 1 and 2 in comparison with the

residual modes (n = 3 through 2,000). Figure 11a shows

the original vector field, Fig. 11b shows the periodic

component (n = 1 and 2), and Fig. 11c shows the random

component (n = 3 through 2,000). Performing an ensem-

ble average of the resulting time series, Fig. 11d shows the

total fluctuating kinetic energy from the original vector

field. Figure 11e shows the contribution of the periodic

motions to the fluctuating kinetic energy, and Fig. 11f

shows the contribution of the random motions.

Alternatively, phase decomposition (also known as

phase-averaging or triple decomposition) may be used to

separate periodic and random motions (Hussain and Rey-

nolds 1970). When performing a phase decomposition, the

phase angle is determined from a reference signal which

has a significant periodic component. The ensemble is then

conditionally sampled depending on the phase angle. The

resulting decomposition can be used to analyze mean and

RMS data at each discrete phase angle that was condi-

tionally sampled. There are several advantages of using

POD in comparison with phase-decomposition. First, POD

allows the original vector field to be reconstructed for each

Fig. 11 Separation of periodic and random unsteadiness using POD

for the first row of pin-fins having H/D = 1, ST/D = 2, SL/D = 2.60

at ReD = 2.0 9 104 where a original, instantaneous vector field,

b POD reconstruction using modes 1 and 2, c POD reconstruction

using modes 3-2,000, d total fluctuating kinetic energy, e fluctuating

kinetic energy from periodic motions, f fluctuating kinetic energy

from random motions
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instantaneous measurement in the time series. In compar-

ison, phase-averaging is limited to the number of discrete

phase angles that were sampled. Second, POD retains

the cycle-to-cycle variation of vortex shedding. Phase-

averaging, however, cannot retain the cycle-to-cycle vari-

ation of vortex shedding. For these reasons, POD was

chosen to separate periodic and random motions in the pin-

fin wakes.

Fig. 12 Effect of streamwise spacing on periodic and random unsteadiness for the first row of pin-fin arrays having H/D = 1, ST/D = 2 where

a periodic motions, low Re b random motions, low Re c periodic motions, high Re d random motions, high Re
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Figure 12 shows the periodic and random contribution

to fluctuating kinetic energy in the first row wakes at both

low and high Reynolds numbers. Figure 12a shows the

periodic contribution at low Reynolds number and Fig. 12b

shows the random contribution at low Reynolds number.

Similarly, Fig. 12c shows the periodic contribution at high

Reynolds number and Fig. 12d shows the random contri-

bution at high Reynolds number. In agreement with

Fig. 13 Effect of streamwise spacing on periodic and random unsteadiness for the third row of pin-fin arrays having H/D = 1, ST/D = 2 where

a periodic motions, low Re b random motions, low Re c periodic motions, high Re d random motions, high Re
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previous discussion, a significant decrease in periodic

motion was observed in the first row wake at high Rey-

nolds number when SL/D was reduced from 2.60 to 2.16. At

low Reynolds number, the random contribution to fluctu-

ating kinetic energy was found to decrease with decreasing

streamwise. At high Reynolds number, the random con-

tribution was insensitive to streamwise spacing for

SL/D C 2.60. As streamwise spacing was reduced to

SL/D = 2.16 and 1.73, the level of random fluctuations

decreased. When considering heat transfer in pin-fin arrays,

Lawson et al. (2011) showed that the heat transfer coeffi-

cients in the first and second rows were independent of

streamwise spacing. It was mentioned previously that the

periodic motions do not contribute to heat transfer. The

level of random motions observed in Fig. 12 generally

decreased with decreasing streamwise spacing. In com-

parison with the results of Lawson et al. (2011), the random

motions in the first row did not participate in heat transfer,

similar to the periodic motions. The horseshoe vortex and

the impingement on the first row pin-fin were the driving

heat transfer mechanisms in the first two rows.

Figure 13 shows the periodic and random contribution to

fluctuating kinetic energy in the third row wakes at both low

and high Reynolds numbers. Figure 13a shows the periodic

contribution at low Reynolds number, and Fig. 13b shows

the random contribution at low Reynolds number. Simi-

larly, Fig. 13c shows the periodic contribution at high

Reynolds number, and Fig. 13d shows the random contri-

bution at high Reynolds number. In the third row wakes, it

was found that decreasing streamwise spacing reduced the

periodic contribution. The random fluctuations had similar

magnitude in the region where turbulence was generated,

along the shear layers. As the wake developed in the

streamwise direction, however, the magnitude of random

fluctuations decayed. From previous research, it has been

shown that heat transfer increases in the developed portion

of the array for decreasing streamwise spacing (Lawson

et al. 2011). From the present results, the magnitude of

periodic fluctuations did not correlate with heat transfer.

The streamwise decay of random motions, however, did

correlate with increasing heat transfer as streamwise spac-

ing decreased. Future studies may use the present results to

more thoroughly investigate specific geometric configura-

tions. It is recommended that future studies focus on the

turbulent heat flux near the endwall.

4 Conclusions

Time-resolved flowfield measurements were made in the

first and third row wakes of pin-fin arrays. The effect of

streamwise spacing on the near wake was investigated by

considering a single row of pin-fins in addition to pin-fin

arrays having streamwise spacing ranging from 3.46 to

1.73 diameters. In all cases, the pin-fin height-to-diameter

ratio was unity and the spanwise spacing was 2 diameters.

Reynolds number conditions of 3.0 9 103 and 2.0 9 104,

based on pin-fin diameter and velocity at the minimum

flow area, were considered.

Proper orthogonal decomposition (POD) was used to

analyze and interpret the near wake behavior. Specifically,

the contribution of (quasi-) periodic motion and random

motion was separated using POD. The level of periodic

and random motions in the near wake was dependent on

Reynolds number, row position, and streamwise spacing.

At high Reynolds number, vortex shedding was a domi-

nant flow feature in the first row for wide pin-fin

spacings (SL/D C 2.60). Decreasing streamwise spacing to

SL/D = 2.16 resulted in attenuated shedding and a signif-

icant reduction in the fluctuating kinetic energy caused by

quasi-periodic motion. At low Reynolds number, the first

row wake showed that both periodic and random motions

decreased with decreasing streamwise spacing. Vortex

shedding and shear layer motions had similar energy con-

tent at low Reynolds number which may have influenced

the periodicity of shedding.

In the third row wakes, vortex shedding was disrupted

by upstream wakes. For high Reynolds number flows, the

upstream disturbances reduced the energy content of the

vortex shedding motions. For low Reynolds number flows,

however, the upstream disturbances resulted in stronger

shedding motion than that of the first row. Random motions

in the third row wake were less dependent on streamwise

spacing in the third row wakes. For both low and high

Reynolds numbers, decreasing streamwise spacing led to

shortened distance over which turbulent decay was allowed

to occur. When compared with heat transfer data from the

public literature, the mechanism for increased heat transfer

for decreasing streamwise spacing was the reduced dis-

tance for the decay of random motions. Periodic motions

did not correlate with heat transfer.

Acknowledgments The authors would like to acknowledge the

Science, Math, and Research for Transformation (SMART) fellow-

ship program and the Department of Defense (DoD) for sponsoring

this work.

References

Ames FE, Dvorak LA, Morrow MJ (2005) Turbulent augmentation of

internal convection over pins in staggered-pin fin arrays.

J Turbomach 127(1):183–190

Braza M, Perrin R, Hoarau Y (2006) Turbulence properties in the

cylinder wake at high Reynolds numbers. J Fluids Struct

22(6–7):757–771

Chatterjee A (2000) An introduction to the proper orthogonal

decomposition. Curr Sci 78(7):808–817

Exp Fluids

123



Delibra G, Hanjalic K, Borello D, Rispoli F (2010) Vortex

structures and heat transfer in a wall-bounded pin matrix:

LES with a RANS wall-treatment. Int J Heat Fluid Flow

31(5):740–753

Duggleby A, Ball KS, Schwaenen M (2009) Structure and dynamics

of low Reynolds number turbulent pipe flow. Philos Trans R Soc

Lon A (Math Phys Eng Sci) 367(Copyright 2009, The Institution

of Engineering and Technology):473–488

Gifford AR, Diller TE, Vlachos PP (2011) The physical mechanism

of heat transfer augmentation in stagnating flows subject to

freestream turbulence. J Heat Transf 133 (Compendex)

Grimison ED (1937) Data on flow resistance and heat transfer in cross

flow of gases over tube banks. Trans Am Soc Mech Eng

59:583–594

Han J-C, Dutta S, Ekkad SV (2000) Gas turbine heat transfer and

cooling technology. Taylor and Francis, New York

Holmes P, Lumley JL, Berkooz G (1996) Turbulence, coherent

structures, dynamical systems and symmetry. Cambridge Uni-

versity Press, New York

Hussain AKMF, Reynolds WC (1970) The mechanics of an organized

wave in turbulent shear flow. J Fluid Mech 41(Copyright 1970,

IEE):241–258

Iwaki C, Cheong KH, Monji H, Matsui G (2004) PIV measurement of

the vertical cross-flow structure over tube bundles. Exp Fluids

37(Compendex):350–363

Lawson SA, Thrift AA, Thole KA, Kohli A (2011) Heat transfer from

multiple row arrays of low aspect ratio pin fins. Int J Heat Mass

Transf 54(17–18):4099–4109

Lyall ME, Thrift AA, Thole KA, Kohli A (2011) Heat transfer from

low aspect ratio pin fins. J Turbomach 133(1):1–10

Metzger DE, Haley SW (1982) Heat transfer experiments and flow

visualization for arrays of short pin fins. Paper presented at the

ASME Turbo Expo 1982, London

Metzger DE, Shepard WB, Haley SW (1986) Row resolved heat

transfer variations in pin-fin arrays including effects of non-

uniform arrays and flow convergence. Paper presented at the

ASME Turbo Expo, 1986, Duesseldorf, W. Germany

Moffat RJ (1988) Describing the uncertainties in experimental results.

Exp Thermal Fluid Sci 1(1):3–17

Nix AC, Diller TE (2009) Experiments on the physical mechanism of

heat transfer augmentation by freestream turbulence at a cylinder

stagnation point. J Turbomach 131(2):021015–021017

Oengoren A, Ziada S (1998) An in-depth study of vortex shedding,

acoustic resonance and turbulent forces in normal triangle tube

arrays. J Fluids Struct 12(Compendex):717–758

Ostanek JK, Thole KA (2012a) Effects of varying streamwise and

spanwise spacing in pin-fin arrays. Paper presented at the ASME

Turbo Expo, 2012, Copenhagen, Denmark

Ostanek JK, Thole KA (2012b) Flowfield measurements in a single

row of low aspect ratio pin-fins. J Turbomach 134:051034-

1–051034-10

Ostanek JK, Thole KA (2012c) Wake development in staggered short

cylinder arrays within a channel. Exp Fluids (Available online)

Polak DR, Weaver DS (1995) Vortex shedding in normal triangular

tube arrays. J Fluids Struct 9(1):1–17

Raffel M, Willert CE, Wereley ST, Kompenhans J (2007) Particle

image velocimetry: a practical guide. Springer, New York

Scarano F, Riethmuller ML (2000) Advances in iterative multigrid

PIV image processing. Exp Fluids 29(Supplement 1):S051–S060

Sirovich L (1987) Turbulence and the dynamics of coherent

structures. I. Coherent structures. Q Appl Math 45(3):561–570

Umeda S, Yang WJ (1999) Interaction of von Karman vortices and

intersecting main streams in staggered tube bundles. Exp Fluids

26(5):389–396
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