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Turbulent junction flow is commonly seen in various turbomachinery components, heat exchangers, sub-
marine appendages, and wing-fuselage attachments, where the approach boundary layer separates and
rolls up into a coherent system of vortices upstream of a wall-mounted bluff body. One of the signature
features of this flow is its tendency to switch randomly between two semi-stable states. The highly
unsteady behavior causes high pressure fluctuations on the wall and obstacle surfaces and high heat
transfer. Despite its prevalence, few studies have examined the Reynolds number dependence of the
dynamic junction flow behavior. In this paper, the flow physics as well as heat transfer of the turbulent
junction flow are investigated using high speed particle image velocimetry and time-average infrared
thermography measurements. A wide range of approach momentum thickness Reynolds numbers are
studied, ranging from 550 to 5740. Although the time-mean flowfield does not show significant
Reynolds number dependency, the normalized turbulent kinetic energy in and around the vortex core
increases with Reynolds number, and the high heat transfer associated with the junction flow moves clo-
ser to the junction. These effects are linked to the increasing randomness in the position of the primary
junction flow vortex as the Reynolds number increases.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Turbulent junction flow is a phenomenon that is often observed
in turbomachinery components, wing-fuselage attachments on air-
craft, fin-tube interfaces of heat exchangers, in front of bridge piers,
and in front of submarine appendages. It is generally well-
understood that turbulent junction flow causes high flow unsteadi-
ness and high surface heat transfer near the junction [1]. This rise
in surface heat transfer can severely affect the performance of hot-
section turbomachinery components such as first-stage turbine
vanes and blades; Han, et al. [2] reported that a variation of 25�C
in metal temperature (where nominal gas temperature is 1800�C)
for hot-section turbine parts can reduce the part life by half.

A turbulent junction flow or horseshoe (HS) vortex system
occurs when a turbulent boundary layer on a wall encounters a
bluff body, which causes the turbulent boundary layer to separate
from the wall under adverse pressure gradient and reorganize into
coherent vortices. The size and dynamics of the HS vortex system is
dependent upon the approach flow Reynolds number, the size and
orientation of the body, surface roughness properties, and inlet
boundary conditions. In turbulent flow, this flow feature is known
to be highly unsteady, which leads to high turbulence intensity in
the junction flow region and high pressure fluctuations around the
vortex location and on the surface mounted obstacle [1,3,4]. In
addition, convective heat transfer near the junction due to the HS
vortex can be up to 200% greater than in the boundary layer
upstream [5].

In this paper, the effect of momentum thickness Reynolds num-
ber on the fluid dynamics and heat transfer behavior of junction
flow is explored, and an experimental setup is presented which
is designed to capture the time-resolved junction flow in front of
a common research wing geometry, also known as the Rood wing
[6]. Experimental measurements of the junction flow are captured
with a high speed stereo particle image velocimetry (SPIV) system,
which provides three components of velocity in a plane at kHz
sampling rates. Time-averaged data are compared to previous
measurements [6] of junction flow, and the temporally resolved
dataset are analyzed for dynamic behaviors over a wide range of
momentum thickness Reynolds numbers. Finally, time-average
convective heat transfer around the junction is presented and
explained using the flowfield measurements.
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Nomenclature

BF Bluntness Factor (Eq. (2))
C airfoil chord length
CP static pressure coefficient
Cf skin friction coefficient
DES Detached Eddy Simulation
f actual flow sampling frequency
fnd non-dimensional sampling rate corrected for differing

flow through times
h heat transfer coefficient
HS horseshoe
IR infrared
LDV laser Doppler velocimetry
MDF Momentum Deficit Factor (Eq. (1))
N number of vortex cores identified at a given location
Ntot total number of flow samples
Nft total number of flow-through times captured
SPIV Stereo particle image velocimetry
RANS Reynolds-Averaged Navier Stokes
Reh momentum thickness Reynolds number, Urefh

m
ReT body thickness Reynolds number, Uref T

m
RMS root-mean-square of quantity
S airfoil span
St local Stanton number, h

qCpUref

Stinlet Stanton number far upstream of body

T maximum airfoil body thickness
Dtft flow-through time in measurement domain
Dttot total flow sampling time
TKE turbulent kinetic energy
Tu turbulence intensity
u� friction velocity,

ffiffiffiffiffiffiffi
swall
q

q
urms root-mean-square of fluctuating velocity
Uref Freestream velocity upstream of body
Vj j velocity magnitude
xft length of flow measurement domain in dominant flow

direction
X streamwise direction
yþ inner coordinate, y�u

�
m

Y direction normal to the endwall
Z direction across the tunnel

Greek
d boundary layer thickness
d� displacement thickness
e surface emissivity
h momentum thickness
m kinematic viscosity
q density
xz vorticity out of plane
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2. Previous studies

Junction flow is a frequently studied topic in fluid mechanics
and heat transfer due to its relevance in many engineering applica-
tions. Initial insights concerning the structure of the junction flow
horseshoe vortex system were contributed by authors such as
Hunt et al. [7], Baker [8], Dargahi [3], and Kim et al. [9], who iden-
tified instantaneous structures and time mean lines of separation
within the junction flow using flow visualization techniques. These
techniques often identified a highly unsteady primary horseshoe
(HS) vortex that coexists and interacts with a varying number of
other vortex structures within the junction region.

To correlate the time-mean behavior of turbulent junction flow,
Fleming et al. [10] proposed a Momentum Deficit Factor (MDF),
and a Bluntness Factor (BF) to characterize flow distortion and
effects of bluff body shape, respectively. According to Fleming
et al., MDF is defined using body maximum thickness, approach
boundary layer momentum thickness, and body thickness Rey-
nolds number:

MDF ¼ Re2T
h
T
¼ ReT � Reh ð1Þ

The MDF parameter seems to correlate time-mean flow distor-
tions downstream of the max thickness location for a given wing
shape, with high values of MDF resulting in smaller overall flow
distortion but stronger near-wall vortical structures at the wing
junction.

To understand the effects of airfoil leading edge shape, Blunt-
ness Factor was also proposed by Fleming et al. [10]. BF is a func-
tion of the leading edge radius (R0), chordwise position of the
maximum thickness (XT), and the distance from the leading edge
along the airfoil surface to the maximum thickness (ST):

BF ¼ 1
2
R0

XT

T
ST

þ ST
XT

� �
ð2Þ

BF was used to correlate the stretching rate of a vortex gener-
ated at the leading edge and progressing along the airfoil surface
to the max thickness location, which is thought to be related to
the strength of the vortex and its propensity for breakdown.

Devenport and Simpson [6] provided further insight into junc-
tion flow dynamics through laser Doppler velocimetry (LDV) mea-
surements of the HS vortex region in front of a Rood wing (3:2
semi-elliptical leading edge connected at the maximum thickness
with NACA0020 trailing edge). Time mean measurements of veloc-
ity identified significantly larger Reynolds stresses in the junction
region than commonly observed in a turbulent boundary layer
flow. This increase in local turbulence was determined to be the
product of a strong bi-modal distribution of streamwise velocity
fluctuations, as determined by examining probability density func-
tions of the instantaneous velocity in the junction flow region. Fur-
ther analysis suggested that the primary HS vortex might exist in
two quasi-steady non-periodic modes. These modes include a large
coherent ‘‘backflow mode” in which the primary vortex is often
positioned upstream of the wing and emits a strong backflow jet,
sometimes called the secondary vortex, from underneath the vor-
tex core, and a more chaotic ‘‘zero-flow mode” closer to the junc-
tion with limited upstream ejection.

Similar bi-modal behavior in the instantaneous velocity
upstream of the junction has since been found for a variety of bluff
body shapes in turbulent junction flow [11–18]. More recent stud-
ies with cylindrical bodies, such as Chen et al. [19] and Apsilidis
et al. [20], report a third mode, called ‘‘intermediate mode”, which
persists between the backflow mode and zero-flow mode. It is yet
unclear, however, whether the existence of the intermediate mode
is dependent on the body shape. A detailed large eddy simulation
(LES) and planar PIV comparison study by Schanderl et al. [21] fur-
ther showed that this oscillation of the primary vortex during
mode transition accounts for the largest contribution in the pro-
duction of turbulent kinetic energy in the junction flow region,
with the second largest contribution coming from the closely
related unsteady acceleration of backflow ejected by the vortex.
A primary cause of HS vortex quasi-modal oscillation has recently
been attributed to the interaction of hairpin vortices with the pri-
mary core, originating both in the incoming boundary layer and in
front of the primary vortex upon backflow eruption, which wrap
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around and destabilizing the vortex, causing its retreat from back-
flow to zeroflow mode [13,22].

The Reynolds number dependence of the HS vortex behavior
has been explored by several studies but is not fully understood.
Fleming et al. [10] and Ballio et al. [23] compared studies of the
HS vortex at varying Reynolds numbers and concluded that in
the turbulent regime, the time-mean vortex core location is unaf-
fected by Reynolds number, and the HS vortex dynamics mainly
depend on the maximum bluff body thickness. Escauriaza and
Sotiropoulos [16] simulated the HS vortex in front of a cylindrical
wing using DES at an order of magnitude lower Reynolds number
(ReT ¼ 2:0� 104) than in the experiment of Devenport and Simp-
son [6], however, and found that the mean flow and coherent
dynamics of the turbulent HS vortex varied significantly from
Devenport and Simpson’s observations. Apsilidis et al. [20]
observed bimodal behavior in fluctuating velocity in the junction
region of a cylinder bluff body for a range of Reynolds numbers
spanning from 2.9 * 104 to 12.3 * 104, and noted that at high Rey-
nolds number, the eruptions of the primary vortex from the wall
are more violent and chaotic than at lower Reynolds numbers.

Junction heat transfer measurements have been of significant
interest to the turbine heat transfer community, with many show-
ing that the high turbulence and swirling motion of the junction
flow causes high time-mean heat transfer at the endwall-body
junction [5,24–29]. Yet, few studies have investigated the time-
resolved heat transfer effect of the vortex with a corresponding
view into the flowfield dynamics that cause high heat transfer.
Spatially- and temporally-resolved heat transfer measurements
for a faired cylinder in a water tunnel were made by Praisner
and Smith [30] showing two distinct bands of high heat transfer;
one located very close to the junction, and a secondary band
located further upstream. Time-resolved flowfield measurements
in the symmetry plane indicated that the upstream secondary
band was associated with the region where the HS vortex switched
between its quasi-stable states. Further, high St fluctuations were
found near the inrush location (secondary high heat transfer band)
where the junction vortex undergoes the bimodal switching phe-
nomenon. During each switch, a strong inrush of fluid was
observed which was hypothesized to bring cold mainstream fluid
from outside the thin thermal boundary layer down to the hot end-
wall. This resulted in high instantaneous and time-average heat
transfer. Eruptive events in the junction fluid which resulted in
high heat transfer were identified to have a non-dimensional fre-
quency similar to the bursting frequency in the incoming turbulent
boundary layer, suggesting a link between these events. However,
the study was done at a freestream Reynolds number based on
cylinder diameter of only 24,000, an order of magnitude below that
of Devenport and Simpson [6], and it is unclear how the short ther-
mal boundary layer development length and moderate Pr fluid
(water) would affect the conclusions for air applications. Lewis
et al. [31] also measured time-resolved heat flux in air using small
gauges, for the same Rood wing shape as in this study, and found
high RMS values near the junction vortex. Lewis et al. [31] did
not find any bimodal behavior in PDF’s of heat flux, despite the
strong bimodal flow behavior seen by Devenport and Simpson
[6]. Neither of these studies, however, reported behaviors over a
range of Reynolds numbers.

While much research has already been done on HS vortex
dynamics, only a few studies have examined both the HS vortex
dynamics and the associated heat transfer over a wide range of
Reynolds numbers. The study presented in this paper attempts to
provide correlated velocity field and endwall heat transfer mea-
surements over a wide range of momentum thickness Reynolds
numbers using a commonly studied symmetric airfoil as a bluff
body. In addition, the study presents detailed boundary condition
information so that this work can be used to benchmark higher-
order numerical studies of the HS vortex (such as DES, LES, or pos-
sibly DNS). The archived dataset, including flowfield and heat
transfer measurements, as well as the wing and tunnel coordi-
nates, is available by request from the last author.
3. Experimental setup

3.1. Facility and experimental techniques

All the experiments for this paper are conducted in a large
closed-loop low speed wind tunnel. As shown in Fig. 1, the air cir-
culates around the tunnel via a fan, and the flow can be precondi-
tioned by heat exchangers at different stages in the wind tunnel.
Also shown in Fig. 1 is a test section with significant optical access
for flow diagnostics. The test section sidewalls as well as the top
wall are made of polycarbonate (Lexan), and these walls also have
sections where glass is used for optical accessibility. A flow trip as
shown in Fig. 1 is applied at the start of the boundary layer to
ensure a turbulent boundary layer throughout the boundary layer
development region. For the current studies, the test section has a
hydrodynamic boundary layer development length of 2.58 m. The
width and height of the test section are 1.12 m and 0.55 m respec-
tively. Two symmetric convergence features ensure a smooth tran-
sition of tunnel flow into the boundary layer development region.

The test section in Fig. 1 houses a single airfoil (Rood wing) at 0�
angle of attack. The Rood wing is a research airfoil [6,13] consisting
of a 3:2 ellipse nose joined to a NACA 0020 tail at the maximum
thickness point. In Fig. 2(a), a symmetric hollow Rood wing with
removable nose piece and embedded pressure taps is shown. The
dimensions of this geometry are a chord (C) of 40.0 cm, a span
(S) of 54.5 cm, and a maximum thickness (T) of 9.42 cm. The coor-
dinate system origin for this study is at the intersection of the lead-
ing edge and endwall, where X is the streamwise direction, Y is the
direction normal to the endwall (also parallel to the wing height),
and Z is across the tunnel. The Rood wing body is transparent for
experimental ease and so that the pressure taps remain visible.
The wing is manufactured using a stereolithographic process. The
removable nose piece highlighted in Fig. 2(a) is made out of pol-
ished acrylic so that a laser sheet can be sent through it.

Static pressure taps are located at 50% of the span to check flow
symmetry and agreement of the wing pressure distribution with
expected behavior in the tunnel. The leading and trailing edges of
the Roodwing are intentionally clusteredwith pressure taps so that
flow symmetry and pressure coefficient (Cp) can be determined
with high precision. Fig. 2(b) compares measured Cp with time-
averaged RANS predictions at 50% span. The x-coordinate is non-
dimensionalized by the chord length (C). The CP measured from
the right and left sides of the Rood wing aligns well with time-
averaged RANS simulations of the wing geometry in the tunnel,
confirming flow symmetry around the wing and expected behavior.

The wing and test section are carefully designed to minimize
endwall glare from the laser-based flow diagnostics described
later. As shown in Fig. 1, the laser output is directed to a 45�mirror
under the test section, and then to a series of cylindrical lenses to
create a laser sheet, (lenses are not shown in Fig. 1 for simplicity),
and finally to a second 45� mirror inside the Rood wing. This opti-
cal path directs a laser sheet through the leading edge of the wing
body along the symmetry plane of the wing, which illuminates the
junction flow region for stereo particle image velocimetry (SPIV)
measurements. The intensity of the laser sheet near the wall can
be controlled to minimize wall reflection.

To capture the flow physics in the junction flow region, two sets
of flow diagnostics are available: a three-component laser Doppler



Fig. 1. A recirculating low-speed wind tunnel with an optically accessible test section for LDV and SPIV fluid measurement diagnostics, as well as an IR camera for surface
heat transfer.

Pressure taps  

Removable nose  

(a) (b) 

Fig. 2. (a) The Rood wing with the leading edge removable nose section and integral pressure taps; (b) non-dimensional static pressure coefficient around the wing at 50%
span compared to prediction using time-averaged RANS.
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velocimeter (LDV) and a stereo particle image velocimetry (SPIV)
system. For the current study, only the SPIV is used for the junction
flow measurements. Two components of the LDV are used to mea-
sure incoming boundary layer velocity profiles. The LDV system
consists of a Coherent Innova 70C series argon-ion laser outputting
three wavelengths of light into a TSI Fiberlight beam splitter. The
beam splitter output is coupled by fiber optic cables to a two-
component transceiver probe equipped with a 2.6� beam expan-
der attachment. A TSI PDM 1000 photo detector module along with
a TSI FSA 3500 signal processor, all controlled by Flowsizer soft-
ware, are used to acquire measurements. Di-Ethyl-Hexyl Sebecat
(DEHS) is used as a tracer particle in the flow. The probe volume
is approximately 70 mm in diameter at a standoff distance of
750 mm using the beam expander. Coincident measurements of
streamwise and wall-normal velocity are obtained for most of
the boundary layer profiles, at sampling rates ranging from
100 Hz very near the wall to 3500 Hz in the freestream. 20,000
data points are obtained for each measurement location to ensure
statistical convergence.

The stereo PIV system includes two Photron FASTCAM Mini
UX100 high speed cameras, a Photonics DM20-527 Nd:YLF dual-
head laser, and a LaVision timing unit and software control. Images
collected are processed using DaVis 8 software. For all cases, the
high speed cameras are run at their maximum resolution of



Table 2
Summary of experimental cases in this study.

Uref (m/s) 1.10 2.01 3.88 7.52 11.95
T (cm) 9.42 9.42 9.42 9.42 9.42
ReT ¼ UrefT=m 6920 12,600 25,400 47,000 75,000
Reh ¼ Urefh=m 550 730 1650 3230 5740
d=T 0.732 0.541 0.605 0.626 0.700
d�=T 0.118 0.082 0.094 0.093 0.104
h=T 0.079 0.057 0.067 0.069 0.076
Cf 0.00583 0.00513 0.00434 0.00337 0.00300
Tu 2.1% 1.4% 1.7% 1.6% 1.9%
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1280 � 1024 pixels and at a frame rate of 4000 frames per second,
or 2000 image pairs (flow samples) per second. For each case, two
sets of 4370 image pairs are acquired, (8740 total image pairs,
camera memory limited to total of 4370 image pairs at full resolu-
tion) taken within 10 min of each other at steady state conditions.
A comparison of an increasing number of data samples, from 4000
samples up to the total acquired of 8740, was performed to confirm
that the total number of data samples achieved statistically con-
verged results in both mean velocity and turbulent kinetic energy.
Because sampling is done with the same sampling rate and image
count for all Reynolds numbers, a differing number of flow-
through times is captured for each Reynolds number, as can be
seen in Table 1. A nondimensional sampling frequency (fnd) is cal-
culated to represent the number of samples per flow-through time,
where a representative flow-through time is estimated using half
of the reference velocity (this is also the average velocity in the
measurement window as determined by an area-average) and
the size of the measurement window. A check confirmed that the
mean velocity and turbulent kinetic energy for a given Reh were
within experimental uncertainty when the various Reh datasets
were sampled at an equivalent number of flow-through times
(achieved by reducing the sample rate for low Reh).

During data collection, both cameras are fitted with 200 mm
focal length lenses and Scheimpflug adapters, for a magnification
of 0.04 mm/pixel. Initial calibration of the cameras is done using
a LaVision supplied calibration plate, and stereo self-calibration
is performed in DaVis after data collection prior to processing to
increase stereo reconstruction accuracy. The laser source, with
timing controlled by the Lavision system, outputs light at a wave-
length of 527 nm with a maximum output pulse energy of 20 mJ
per head. Tracer particles of Di-Ethyl-Hexyl Sebecat (DEHS), with
a diameter of approximately 1 mm, are introduced to the flow
upstream of the fan so that they are fully mixed in the flow by
the time they reach the test section.

To capture time-averaged convective heat transfer coefficients
near the junction flow region, a constant heat flux boundary condi-
tion (indicated in Fig. 1) is applied using a specially designed ser-
pentine Inconel electric circuit encapsulated in Kapton. A thin
copper layer is adhered to the top surface of the encapsulated
Inconel circuit to increase heat flux uniformity, and insulation is
placed underneath the circuit to minimize the conduction loss.
The heaters are coated with a thin layer of black spray paint to
increase surface emissivity to a value of e ¼0.95. The temperature
difference between surface and freestream is maintained to
approximately 30 �C by the heaters. A FLIR A655sc IR camera with
640x480 pixel resolution is mounted above the wing, looking
through portholes in the top endwall toward the bottom endwall
to capture time-averaged endwall temperatures. Five images are
obtained and averaged for each of the seven separate measurement
locations around the wing. The images are then calibrated to
embedded thermocouples attached to the underside of the heater,
and transformed to wind tunnel coordinates using an in-house
Matlab code.
Table 1
Summary of data sampling times and flow-through times captured.

Reh

Data sampling frequency, f (samples/s)
Total number of samples, Ntot

Total sampling time, Dttot ¼ Ntot=f (s)
Domain size in x-direction, xft (mm)
Flow-through time, Dtft ¼ xft=ð0:5 � Uref Þ (s)
Total flow-through times captured, Nft ¼ Dttot=Dtft
Nondimensional sampling rate, corrected for differing flow-through times, fnd ¼ Ntot=
To calculate surface heat transfer coefficients, the electric power
supplied to the circuit is converted to heat flux by dividing by the
circuit active area. Conduction (<2%) and radiation losses (�15%)
are subtracted to determine convective heat flux. The calibrated
surface temperatures from the IR camera, the measured freestream
temperature in the tunnel, and the convective heat flux are then
used to determine local convective heat transfer coefficients.

3.2. Approach boundary layer parameters

Flowfield and heat transfer measurements are taken with the
baseline freestream turbulence level in the tunnel (�1.8%), at five
flow speeds corresponding to Reynolds numbers based on wing
maximum thickness (T) ranging from approximately ReT ¼7000–
75,000, with corresponding momentum thickness Reynolds num-
bers of 550–5740. Table 2 indicates the range of conditions studied
along with the measured inlet boundary layer parameters.

Table 3 compares the range of cases in this study to similar
studies from previous work. In Table 3, all the datasets used the
Rood wing geometry as the bluff body except Praisner and Smith
[5] and Hada et al. [28]; however, those cases also provided
resolved surface heat transfer measurements. In Table 3, the
nomenclature is as follows: JLF is Fleming et al. [10]; WJD is from
Devenport et al. [6]; Lewis is from Lewis et al. [31]; JS is from Pierce
and Shin [32]; Hada is from Hada et al. [28]; and PS is from Praisner
and Smith [5]. As seen in Table 3, the current study encompasses a
wide range of momentum thickness Reynolds numbers found in
other studies, while keeping the ratio of momentum thickness to
body thickness relatively constant and in the middle of the range
of prior studies.

4. Data validation and uncertainty analysis

4.1. Flowfield validation

Velocity field measurements obtained using Stereo PIV were
compared against the LDV measurements of Devenport and Simp-
son [6] for the highest body thickness Reynolds number case of
ReT = 75,000, Reh = 5740. This Reynolds number provides a similar
magnitude to that of Devenport and Simpson’s study on an identi-
cal Rood wing geometry (see Table 3 for a comparison of the inlet
550 730 1650 3230 5740

2000 2000 2000 2000 2000
8740 8740 8740 8740 8740
4.37 4.37 4.37 4.37 4.37
52.5 52.5 52.5 52.5 52.5
0.0954 0.0522 0.0271 0.0140 0.0088
46.0 83.7 161 312 498

Nft 190 104 54.2 28.0 17.6



Table 3
Comparison of current study to previous junction flow studies.

Data set JLF, WJD Lewis JS Hada PS Current study (Reh = 550) Current study (Reh = 5740)

Geometry Rood wing Rood wing Rood wing Cylinder Faired cylinder Rood wing Rood wing
Heat transfer? No Yes No Yes Yes Yes Yes
T or D (cm) 7.17 7.17 7.1 5.0 15.08 9.42 9.42
Uref (m/s) 26.75 32.4 20.9 30.0 0.147 1.10 11.95
d/T 0.513 – 1.15 0.400 0.345 0.732 0.700
d�/T 0.0779 0.036 0.148 0.050* 0.047 0.118 0.104
h/T 0.0548 0.026 0.1227 0.039* 0.037 0.079 0.076
Cf 0.0025 0.0033 0.0026 0.0033* 0.0047* 0.00583 0.0030
ReT or ReD 115,000 143,500 95,400 95,300* 24,400 6,920 75,000
Reh 6,300 3,730 11,700 3,716* 814 550 5,740

MDF *10�8 7.24 5.58 11.2 3.56* 0.220 0.037 4.28

BF 0.48 0.48 0.48 1.42 1.42 0.48 0.48

* Estimated based on assumed equilibrium turbulent boundary layer.
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boundary layer parameters). A comparison of two component
(streamwise and wall-normal) turbulent kinetic energy and mean
velocity between these two cases is presented in Fig. 3. In general,
the time-mean velocity magnitude and turbulent kinetic energy
show good agreement between the two datasets, which were
obtained in two different experiments using different laser-based
flow diagnostic tools. A slight offset in the x-location of the vortex
Fig. 3. (a) Comparison of two component (u-v) turbulent kinetic energy and mean velo
ReT = 75,000 at X/T = �0.16, compared against Devenport and Simpson [6] at X/T = �0.2
core is visible in Fig. 3a between the PIV measurements and Deven-
port and Simpson’s data, with the PIV measurements indicating
that the vortex core is approximately 0.04 X/T closer to the Rood
wing leading edge. A comparison of two-component (streamwise
& wall-normal) turbulent kinetic energy is shown in Fig. 3a, which
demonstrates similar magnitudes of turbulent kinetic energy in the
vortex core and a similar shape of the turbulent kinetic energy dis-
city magnitude contours, and (b) vertical profiles at the time-mean vortex core for
0.
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tribution between the two datasets. In Fig. 3b, profiles of the turbu-
lent kinetic energy in a vertical line through the time-mean vortex
core for each case are compared and show good agreement in the
peak turbulent kinetic energy in the vortex core. Near the wall
below the vortex core, however, the PIV measurements indicate a
weaker second peak in turbulent kinetic energy than is shown in
Devenport and Simpson’s data. This is likely due to the limitations
of the PIV system in capturing the very high velocity gradient right
at the wall.
4.2. Inlet flow and heat transfer characterization

Two components of the LDV are used to take inlet mean velocity
profiles in all five Reh cases. The measurements are taken 40.6 cm
(X/C = �1.0) upstream of the Rood wing leading edge. As seen in
Fig. 4(a), the inlet mean velocity profiles compare well with Spald-
ing’s law of the wall, as expected. Further, Fig. 4(b) shows that good
agreement exists in inlet mean profiles of two-dimensional turbu-
lent kinetic energy as compared against Wu and Moin [33] for
varying Reh, in inner coordinates.

For heat transfer development validation, thermocouples are
located underneath the endwall heaters from the start of the heat-
ing zone to the wing. The supplied heat flux and the measured sur-
Fig. 4. (a) Inlet mean velocity profiles in inner coordinates for varying Reh; (b) Inlet mea
varying Reh , compared against Wu and Moin [33]; (c) local Stanton numbers (Stx) along
face temperature are converted to a local heat transfer coefficient,
non-dimensionalized as Stanton number (Stx). Fig. 4(c) shows the
measured Stx compared with the turbulent Stanton number corre-
lation for a flat plate with a constant heat flux surface, which
shows good agreement for all cases.
4.3. LDV and PIV uncertainty

Uncertainty analysis is performed on the Stereo PIV and LDV
measurements in this study, showing estimated total time mean
uncertainty for PIV measurements ranging from less than 1% near
the freestream to approximately 11% in the vortex core, and show-
ing a time-mean uncertainty of approximately 5% for LDV mea-
surements. Uncertainty is estimated for PIV measurements using
the correlation statistics approach described by Wieneke [34].
Uncertainty in velocity measurements for each of four locations
in the PIV measured flowfield is reported in Table 4 for the lowest
Reynolds number case, which had highest uncertainty due to the
smaller velocities present. Uncertainties in each component of
velocity are presented as percentages with respect to the free-
stream velocity, not local velocity. This is done because in the vor-
tex core region, local velocity is nearly zero, making a percentage
based on local velocity meaningless. The high degree of uncer-
n profiles of the two-dimensional turbulent kinetic energy in inner coordinates for
the heater upstream of the wing.



Table 4
Uncertainty in time-mean components at various locations for Reh = 550.

Location Non-dimensional location (X/T, Y/T) Uncertainty in time-mean velocity (%
with respect to Uref) u/v/w

Uncertainty in time-mean
Reynolds normal stress (% with
respect to Uref2) Ruu/Rvv/Rww

HS Vortex Center (�0.15, 0.04) 3.3 4.0 1.6 3.3 3.7 1.1
Outer HS Vortex (�0.145, 0.075) 2.4 1.8 1.7 2.0 1.3 1.1
Near Bottom Surface (�0.15, 0.01) 3.8 2.3 1.2 4.4 1.7 0.7
Near Freestream (�0.54, 0.34) 1.5 0.75 0.85 1.0 0.4 0.5
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tainty in the inner core of the vortex is likely due to the large gra-
dients in velocity in this region, known to be difficult for PIV to
accurately capture, as well as centrifugal forces which reduce par-
ticle seeding in this region. LDV precision uncertainty was done by
taking multiple points from two separate boundary layer profile
measurements in the log layer and the freestream, to estimate
overall RMS of uncertainty in the reported velocities.
4.4. Heat transfer coefficient uncertainty

The surface temperatures are measured with thermocouples
that have 0.5 �C bias and 0.26 �C precision uncertainties. The free-
stream velocity is measured with a pitot probe, with approxi-
mately 5% uncertainty. The emissivity (eÞ from the surface with a
thin coating of flat black paint is assumed to be 0.95 but is verified
by calibration of the infrared surface temperature measurements
against underside-mounted thermocouples. Fig. 5 shows how the
overall uncertainty in the heat transfer coefficient measurements
varies for the various cases examined. These uncertainties in Stan-
ton number with varying Reynolds number are calculated
upstream of the Rood wing where the thermal boundary layer is
unaffected by the horseshoe vortex. The downward trend in the
Stanton number uncertainties can be correlated to the decrease
in the thermal boundary layer thickness as Reh increases. The pri-
mary contributions to the overall uncertainty come from the
uncertainties associated with the measurements of freestream
temperature, surface temperature, and surface heat flux.
5. Results and discussion

5.1. Time mean velocity measurements

An analysis of the time-mean flowfields measured using high
speed PIV at varying Reynolds numbers has revealed several key
trends in the behavior of the horseshoe vortex with varying Rey-
550  730  1650  3230  5740  

Fig. 5. Percent uncertainty in Stanton number shows decreasing trend with
increasing Reh .
nolds number. Contours of the three component normalized mean
velocity magnitude, turbulent kinetic energy, and the RMS of the
fluctuating u-component velocity are provided in Fig. 6. The
time-mean velocity is typical of other studies, with a large primary
vortex that is elliptical-shaped. These results do not indicate strong
secondary or tertiary vortices upstream of the primary vortex, as
found by some researchers [5,20], although those vortices are also
not apparent in the laser-Doppler velocimetry measurements for
the Rood wing of Devenport and Simpson [6]. The time-mean tur-
bulent kinetic energy is also typical of other studies, with high tur-
bulence in the core of the vortex. A significant contribution to the
turbulent kinetic energy is the u-component fluctuations, which
are highest right below the time-mean vortex core. This is the
region where the intermittent breakdown of the vortex between
the backflow and zero-flow modes is occurring most strongly.

Based on the contours of mean velocity magnitude and turbu-
lent kinetic energy in Fig. 6, there is no strong trend between the
position of the time-mean vortex in the x-direction and the Rey-
nolds number. This conclusion is supported by the earlier findings
of Ballio et al. [23] which also found little effect of Reynolds num-
ber on mean core location for a similar range of body-thickness
Reynolds numbers.

Fig. 6 indicates some changes in the structure of the mean tur-
bulent kinetic energy within the HS vortex with varying Reynolds
number. These changes affect the time-mean horseshoe vortex
most significantly at low to middle ranges of Reynolds number,
with little apparent sensitivity of the vortex turbulent kinetic
energy to Reynolds number above Reh of 1650. Underneath the
time mean vortex core, turbulent kinetic energy increases near
the wall as Reynolds number increases, an effect that is primarily
due to an increase in fluctuating velocity in the x-direction near
the wall. High turbulent kinetic energy near the wall was also
observed at high Reynolds number by Devenport and Simpson
[6] and by Escauriaza and Sotiropoulos [16]. Escauriaza and Sotir-
opoulos also found some evidence of changes to the turbulent
kinetic energy underneath the vortex core with Reynolds number;
however, they only investigated a small range of Reynolds num-
bers. The results presented here indicate significant strengthening
of the high urms region found beneath the vortex as Reynolds num-
ber is increased.

The evolution of the RMS of v and w components of fluctuating
velocity with Reynolds number are presented in Fig. 7. Note that
wrms is rarely reported for junction flows, but is measurable in
the stereo PIV setup used here; also, note the difference in contour
scale relative to vrms. The magnitude and extent of high fluctuating
velocities, both in vrms andwrms, are slightly larger around the time-
average core location at middle and high Reynolds number relative
to low Reynolds number. As will be shown later, junction flow
structures decrease in relative size and unsteadiness increases
when comparing between low to medium Reynolds number. All
components of fluctuating velocity are most sensitive to changes
in Reynolds number at low Reynolds numbers, and become less
sensitive at high Reynolds numbers.

To understand the cause of the variation in RMS velocities with
Reynolds number, the instantaneous frames from the SPIV were



urms/UrefTKE/Uref² |V|/Uref

 = 6,920 
 = 550 

 = 25,400 
 = 1,650 

 = 47,000 
 = 3,230 

 = 75,000 
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Fig. 6. Contours of non-dimensional velocity magnitude (left), turbulent kinetic energy (center), and RMS of streamwise fluctuating velocity (right) for all ReT cases.
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examined. Fig. 8 shows three instantaneous vorticity contours for
the lowest (a–c) and highest (d–f) Reynolds number cases mea-
sured. The three instantaneous measurements for a given Reynolds
number are not sequential in time, but instead were chosen to rep-
resent the range of motion of the primary vortex core as it goes
through the back-flow to zero-flow modes. The levels of negative
normalized vorticity compare relatively well within the core of
the vortex between the two Reynolds number cases in Fig. 8, but
it is clear that at the higher Reynolds number, there are a larger
number of small vortex structures around the primary vortex core
which are less coherent and contribute to higher overall unsteadi-
ness. This behavior agrees well with the phenomenon identified in
the DES results of Paik et al. [13] and Escauriaza and Sotiropoulos
[16], which also show that at high body-thickness Reynolds num-
ber, small-scale turbulence structures generated near the wall
interact with and energize the primary vortex core, precipitating
its destruction and retreat closer to the wing leading edge.

5.2. Vortex tracking and probability density function analysis

An analysis tool was developed to track the instantaneous vor-
tex core to provide additional insight on its movement with vary-



vrms/Uref

wrms/Uref

Fig. 7. Contours of non-dimensional RMS of streamwise fluctuating v and w component velocities for low, middle and high ReT cases.

Fig. 8. Instantaneous flowfields at the symmetry plane for low (a–c) and high (d–f) Reynolds number.
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ing Reynolds number. The analysis tool computes a two-
dimensional formulation of the instantaneous q-criterion (second
invariant of the velocity gradient tensor [35], where q greater
than 0 is associated with the swirling component of flow) for each
time step and normalizes it so that the maximum in the flowfield is
equal to one. It then searches through a specified region in the flow
where the primary HS vortex is known to exist, and extracts the (x,
y) coordinates that correspond to a value of normalized q-criterion
larger than 0.75 which correspond to the primary vortex core. This
cutoff is necessary, since in some instances there is no clear vortex
feature in the flow during the breakdown events. A search window
with dimensions of �0.3 � X/T � �0.02 and 0.005 � Y/T � 0.2 is
generally sufficient to capture all locations of the vortex position,
as observed by watching instantaneous flowfields. A sensitivity
analysis of the cutoff value of 0.75 for normalized q-criterion was
also performed and indicated negligible changes in the distribution
of the instantaneous vortex position, for a range of cutoff values
between 0.6 and 0.9. Fig. 9 shows output from the tool at two sep-
arate time sequences, which correspond to the well-known zero-
flow mode and backflow mode of the HS vortex. The red crosshair
indicates the instantaneous position of maximum q-criterion, and
in the right set of figures, the black line is the prior track of the vor-
tex before the current timestep.

From the instantaneous tracking results, two-dimensional his-
tograms of the vortex core location in x and y space are given for
each Reynolds number in Fig. 10. The contours shown are of the
number of occurrences at a given (x,y) location, normalized by
the total number of flow samples (8740). In general, the his-
tograms are elliptical in shape, with the major axis of the ellipse
tilted from vertical. The elliptical shape is due to the bimodal
switching phenomenon. For low Reynolds number, the vortex core
is more likely to be found in a tight distribution close to the time
mean position of the core. For higher Reynolds number, however,
the histogram shows a broader distribution of vortex positions in
the x-direction away from the time mean core location. The vortex
core thus shows a higher likelihood to travel up and downstream
from the mean core position in the higher Reynolds number cases
than in the lower Reynolds number cases. This supports the obser-
vations from the instantaneous flowfields that at higher Reynolds
number, the core is less stable and more easily affected by varia-
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Fig. 9. Instantaneous images of the vortex tracking procedure, for two instances (a) at
vorticity (upper left), u and v vectors (upper right), the vortex core position track (lowe
tions in the incoming boundary layer or the freestream. As can also
be seen in Fig. 10, the highest occurrences in the histograms are
often grouped in two distinct locations, especially for low Reynolds
number cases. These positions correspond to the back-flow and
zero-flow modes of the horseshoe vortex. In Fig. 10, it seems that
the spacing between the two modes becomes less distinct with
increasing Reynolds number, due to more frequent perturbations
of the vortex by the increasingly large range of turbulent scales
in the incoming boundary layer.

A decrease in the distinction between the backflow and zero-
flow modes with increasing Reynolds number can also be seen in
the corresponding probability density functions (PDFs) of stream-
wise fluctuating velocity, as shown in Fig. 11 at several vertical
positions (Y/T) underneath the time-mean core location. In
Fig. 11, for both low and high Reynolds number, a bimodal proba-
bility distribution of fluctuating streamwise velocity occurs at
some locations underneath the time-mean core location, a charac-
teristic also observed in Devenport and Simpson [6] and Escauriaza
and Sotiropoulos [16]. This bimodal distribution occurs due to the
frequent transitions of the vortex between zero-flow and backflow
modes. At higher Reynolds number, however, the phenomenon is
limited to a region much closer to the endwall surface, approxi-
mately Y/T < 0.017, whereas at low Reynolds number, the bimodal
distribution persists in a region of Y/T < 0.028. This trend can be
explained by the less coherent and more chaotic nature of the vor-
tex at high Reynolds number as alluded to in Fig. 8.

5.3. Time-averaged heat transfer

Fig. 12 shows endwall time-averaged non-dimensional heat
transfer coefficient represented in terms of local Stanton number
(St) for five cases ranging from Reh = 550 to Reh = 5740. Due to
the placement of thermocouples underneath the heaters to avoid
flow disturbance, calibration marks were made on the top surface
of the heaters, to indicate their locations for use in calibration and
image coordinate transformation. These marks are seen as red iso-
lated spots in the IR images.

The general effect of the junction flow is to generate high values
of St right around the airfoil-endwall junction, caused by the strong
swirling motion of the HS vortex in this region. At X/T = �0.06 in
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start of tracking, and (b) after several timesteps. In a given instance, contours of
r left), and contours of q-criterion (lower right) are shown.
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Fig. 10. Histograms of number of instances of vortex core position normalized by total number of flow samples.

Reθ = 5550 Reθ = 5740

Fig. 11. Probability density functions of u’/Uref taken at various vertical positions underneath the time-mean vortex core location, for lowest (a–d) and highest (e–h) body-
thickness Reynolds number.
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front of the leading edge for ReT = 25,400, the local St is 0.0073,
which is in good agreement to the St value of 0.0072 at the same
non-dimensional distance upstream of a faired cylinder reported
by Praisner and Smith [5] for a body thickness Reynolds number
of ReT = 24,400. However, unlike that study and other recent stud-
ies of endwall heat transfer for cylindrical leading edge geometries
[28], the results here do not indicate a second distinct band of high
heat transfer away from the junction, which has been ascribed to
the effect of strong fluid inrush caused by a secondary vortex
upstream of the primary vortex that draws cold freestream fluid
to the endwall. One possible reason for the lack of a secondary
band of high heat transfer in Fig. 12 is a weak or non-existent sec-
ondary vortex in front of this geometry (see Fig. 6). However,
another possibility is the effect of thermal boundary layer thick-
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ness at the junction. Praisner and Smith [5] suggest that the sec-
ondary band is due to their thin thermal boundary layer thickness
(due to both the use of water as a working fluid, and a short ther-
mal development length), and that the inrush events draw in cold
fluid above the thermal boundary layer to enhance heat transfer at
the inrush location. Junction heat transfer measurements by Lewis
et al. [31] with a co-developing momentum and thermal boundary
layer did not find a distinct heat transfer band upstream of the
wing. For this study, the long development length for the thermal
boundary layer means that inrush events may draw in already-
warmed fluid in the thermal boundary layer and result in only
moderate heat transfer at the inrush location.
 = 6,920  = 12,600

 = 47,000 

= 550 = 730 

= 3,230 

Fig. 12. Time-averaged IR images show endwall heat transfer (non-dimension
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Fig. 13. Endwall Stanton number normalized by upst
Comparing between the cases in Fig. 12, the Stanton number
decreases with increasing Reynolds number, as would be expected
based on the dependency of St with Reynolds number for a turbu-
lent boundary layer. Fig. 12 also suggests, however, that the shape
of the contours extends further away from the leading edge in the
low Reynolds number case compared to the high Reynolds number
case. This effect is more apparent in Fig. 13, where the local St for a
given case is normalized by the value of St at X/T = �2.00 upstream
of the leading edge. Around the junction flow region, the normal-
ized St is almost 300% higher than in the upstream turbulent
boundary layer, which agrees well with other studies. The legs of
the HS vortex around the sides of the wing, which result in the high
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alized as Stanton number) around the Rood wing for five ReT;Reh cases.
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ream value at X/T = �2.00, for all ReT, Reh cases.



Fig. 14. Heat transfer at the symmetry plane with different distance normalizations, (a) by maximum body thickness T; or (b) by body thickness and approach Reh .
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heat transfer close to the wing junction, appear to move closer to
the wing as ReT and Reh is increased. This may be due to differences
in the behavior of the vortex legs where they originate from the
symmetry plane; Fig. 8 suggests that the average position of the
HS vortex is more distinct in the low Reynolds number case rela-
tive to the high Reynolds number case. From many observations
of instantaneous SPIV frames (also see Fig. 8), the primary vortex
core is somewhat stable and is occasionally located far upstream
for low Reynolds number cases relative to the higher Reynolds
number cases. The instantaneous screenshots in Fig. 8 also suggest
that the primary vortex core is reduced in size as Reynolds number
increases, due to increased interaction between the incoming
boundary layer turbulence structures and the primary vortex core.

The effect of the change in the junction flow heat transfer with
increasing Reh and ReT is quantified in Fig. 14, which shows the
local Stanton number in the symmetry plane normalized by the
Stanton number at X/T = �2.0 upstream of the wing. Two other
studies of junction flow heat transfer are also included, where
the inlet Stanton number is selected from the farthest upstream
location available in the data.

In Fig. 14(a), the abscissa of the plot is x-distance normalized by
maximum body thickness (T). The current measurements are in the
same range as Lewis, et al. [31] and Praisner and Smith [5]. Neither
this data, nor that of Lewis, et al., indicates a strong secondary peak
of heat transfer as seen at X/T = �0.3 in Praisner and Smith’s data.
In the current results, heat transfer enhancement above the inlet St
value starts occurring at smaller X/T toward the junction as ReT
and Reh increases. However, the curves look somewhat similar
between the various cases, which motivated an analysis of scaling
in the x-coordinate. In Fig. 14(b), the abscissa is normalized by
both the maximum body thickness and Reh of the approach bound-
ary layer. An exponent of 0.2 was found to best collapse the current
dataset to a single curve, over the order of magnitude range of Reh
in this study. The data of Lewis et al. [31] with the same scaling
shows some agreement especially close to the wing-body junction.
The scaled results of Praisner and Smith [5] are not as clear, but as
mentioned previously this could be due to the effect of using water
as the working fluid, with a thin thermal boundary layer.

6. Conclusions

This paper describes high speed spatially resolved flowfield
measurements obtained with PIV, and time-average surface heat
transfer around the Rood wing research airfoil obtained from sur-
face temperature measurements on a constant heat flux surface. A
wide range of Reynolds numbers (Reh) were studied to determine
mean and dynamic behavior of the HS vortex. The results support
prior conclusions that the time-mean position of the vortex does
not significantly change with Reynolds number. However, turbu-
lent kinetic energy within the time-average vortex core, and
directly below it, increases with Reynolds number. Observations
from a vortex tracking tool and an analysis of the probability den-
sity functions of fluctuating streamwise velocity underneath the
time-mean core position suggest that a larger degree of random-
ness in the vortex core position and motion exists with higher Rey-
nolds number. Further, observations of the instantaneous flowfield
suggest that the large range of scales in the flow are drawn under
the primary vortex. These effects tend to destabilize the vortex and
result in high turbulent kinetic energy.

Time-average heat transfer measurements captured the effect
of the junction flow in increasing local heat transfer by up to
300% relative to the incoming boundary layer. The heat transfer
is impacted by the changes in the dynamic nature of the junction
flow, with high heat transfer regions moving closer to the wing
as Reh increases. A scaling based on the incoming boundary layer
momentum thickness Reynolds number appears to collapse the
behavior over the range of Reh in this study, although the success
of the scaling is likely dependent on the body shape and the thick-
ness of the thermal boundary layer relative to the velocity bound-
ary layer upstream of the body. Future work should investigate
these two dependencies.

The increasing randomness of the junction flow with increasing
Reynolds number suggests that dynamic control strategies to
manipulate the junction flow may have more likelihood of success
at low Reynolds number. This is because the flow structures are
more coherent and possibly susceptible to manipulation at low
Re. A related point is the influence of freestream turbulence on
the junction flow. In many practical applications, freestream turbu-
lence is present and could interact with the junction flow, influenc-
ing its dynamics. These effects should be investigated further.
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