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An Experimental Investigation on
the Characteristics of Turbulent
Boundary Layer Flows Over a
Dimpled Surface
An experimental investigation was conducted to quantify the characteristics of the turbu-
lent boundary layer flows over a dimpled surface in comparison to those over a conven-
tional flat plate. In addition to measuring surface pressure distributions to determine the
friction factors of the test plates and to map the surface pressure inside the dimple cavity,
a high-resolution digital particle image velocimetry (PIV) system was used to achieve
detailed flow field measurements to quantify the characteristics of the turbulent boundary
layer flows over the test plates and the evolution of the unsteady vortex structures inside
the dimple cavity at the middle of the dimpled test plate. It was found that the friction fac-
tor of the dimpled plate would be about 30–80% higher than that of the flat plate, depend-
ing on the Reynolds number of the test cases. In comparison with those over a
conventional flat surface, the flow characteristics of the turbulent boundary layer flows
over the dimpled surface were found to be much more complicated with much stronger
near-wall Reynolds stress and higher turbulence kinetic energy (TKE) levels, especially
in the region near the back rims of the dimples. Many interesting flow features over the
dimple surface, such as the separation of oncoming boundary layer flow from the dimpled
surface when passing over the dimple front rim, the formation and periodic shedding of
unsteady Kelvin–Helmholtz vortices in the shear layer over the dimple, the impingement
of the high-speed incoming flow onto the back rim of the dimple, and the subsequent gen-
eration of strong upwash flow in the boundary flow to promote the turbulent mixing over
the dimpled surface, were revealed clearly and quantitatively from the PIV measurement
results. The quantitative measurement results are believed to be the first of its nature,
which depict a vivid picture about the unique flow features over dimpled surfaces and
their correlations with the enhanced heat transfer performance reported in previous
studies. [DOI: 10.1115/1.4031260]

1 Introduction

Modern gas turbines operate at a peak turbine inlet temperature
well beyond the maximum endurable temperature of the turbine
blade material. As a result, hot gas-contacting turbine blades have
to be cooled intensively by using various cooling techniques, such
as internal convective cooling [1–20] and film cooling [21–24] on
the blade exterior, in order to ensure a good structural integrity of
the turbine blades. Dimple arrays, which can be placed throughout
the entire internal cooling passage of turbine blades incorporating
with other augmentation methods (such as impingement holes, rib
turbulator, and pin-fins), have become a magnet in forced convec-
tive heat transfer studies in recent years [1–19]. Due to its good
heat transfer enhancement performance with comparatively
smaller pressure loss penalties in comparison to other types of
heat transfer augmentation devices such as pin-fins and rib tabula-
tors, a dimpled surface (i.e., a flat surface with dimple arrays) pro-
vides a desirable alternative for the internal cooling of turbine
blades, especially in the rear regions of turbine blades.

A number of experimental and numerical studies have been
conducted in recent years to investigate heat transfer augmenta-
tion performance of dimpled surfaces [3–7,9–13,15–19]. It is
found that the heat transfer performance of a dimpled surface is
greatly affected by the configuration of the dimples, including
dimple diameter, dimple depth ratio, distribution pattern, and

shape of the dimples. Terekhov et al. [12] conducted an experi-
mental study to measure the heat transfer coefficient and aerody-
namic resistance of a dimpled surface, and found that the
augmentation of heat transfer is much greater than that of flow
resistance, leading to an overall increase in the rate of heat trans-
fer process. Mahmood et al. [7] and Ligrani et al. [3,19] studied
the local heat transfer and flow structures over dimpled surfaces
experimentally with Reynolds numbers (based on channel height
H) changing from 1250 to 61,500, dimple depth ratio of 0.2, and
channel height to dimple diameter ratio of 0.5. Based on qualita-
tive flow visualization with smoke wires, Ligrani et al. [3,19] sug-
gested that unsteady vortex structures shedding from dimples
(including upwash flows and packets of vortices generated from
the dimples) would enhance the turbulent mixing between the
mainstream coolant flow and the hot flow inside the dimple cavity,
therefore, leading to an augmentation of local Nusselt numbers
over dimpled surfaces. Mahmood and Ligrani [15] conducted an
experimental study to investigate the combined influences of
channel height ratios (0.2, 0.25, 0.5, and 1.0), temperature ratios
(0.78–0.94), Reynolds number (600–11,000), and flow structures
on the heat transfer process over dimpled surfaces. They found
that, as the channel height H/D decreases, both the shedding of
unsteady vortex structures and local Nusselt numbers become
greater. Mitsudharmadi et al. [5] investigated the effects of round
edged dimple arrays on the development of boundary layer flows
over dimpled surfaces with depth ratios of 4%, 8%, and 12%.
Their measurements revealed that the flow separation observed
for the test case with deeper edged dimples has similar flow struc-
tures as those of the cases with sharp dimple edge. Jordan et al.
[6] conducted detailed measurements of Nusselt number
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distributions over an array of V-shaped dimples using both tran-
sient liquid crystal and temperature sensitive pain technique. Their
measurements results indicate that V-shaped dimples appear to
enhance heat transfer augmentation with Reynolds number
increasing, while marginal increase of pressure drop. As reported
in Bunker et al. [17], dimple arrays were found to enhance heat
transfer process not only in rectangular channels, but also in circu-
lar tubes was well. Based on the numerical simulation results with
a large eddy simulation (LES) method, Turnow et al. [16] claimed
that the fluctuations of streamwise velocity and the turbulent vor-
tex structures are responsible for the augmentation of heat transfer
over a dimpled surface. More recently, Xie et al. [4] conducted a
numerical study to compare the surface heat transfer enhancement
of six different shaped dimples, and found that the greatest heat
transfer enhancement would be reached when the largest cross
section area of the dimple is oriented to be perpendicular to the
incoming flow direction. Rao et al. [9] conducted an experimental
and numerical study on teardrop shaped dimples and reported that
teardrop shaped dimples exhibit the highest heat transfer ratio
among all the tested shapes, which is about 18% higher than con-
ventional spherical dimples.

While many significant findings have already been uncovered
through those previous studies, most of the previous studies
focused mainly on global features of the enhanced heat transfer
over dimpled surfaces, very few studies can be found in literature
to provide detailed flow field measurements to quantify the unique
characteristics of the boundary layer flows over dimpled surfaces
and/or inside dimple cavities. While the unsteady vortex struc-
tures generated inside dimple cavities were suggested to play a
very important role for the heat transfer augmentation over
dimpled surfaces [3,7,19], most of the previous studies were con-
ducted by using smoke wires to qualitatively visualize the
unsteady vortex structures over dimpled surfaces or/and inside
dimple cavities, no quantitative measurements have ever been
available to characterize the evolution of the unsteady vortex
structures over dimpled surfaces and/or inside dimple cavities.
Such quantitative information is highly desirable to elucidate
underlying physics for improved heat transfer performance of
dimpled surfaces.

In the present study, an experimental investigation was con-
ducted to quantify the characteristics of the turbulent boundary
layer flows over a dimpled surface with staggered dimple arrays,
in comparison to those over a conventional flat plate. The experi-
mental study was conducted in a low-speed, open-circuit wind
tunnel with the Reynolds number (i.e., based on the hydraulic
diameter of the dimpled channel and freestream velocity) in the
range of Re¼ 8200–50,500, i.e., in the range of the Reynolds
numbers for internal cooling channel of gas turbine blades. In
addition to measuring surface pressure distributions to determine
the friction factors of the test plates, a high-resolution digital PIV
system was utilized to achieve detailed flow field measurements
to quantify the characteristics of turbulent boundary layer flows
over the test plates and to reveal the evolution of the unsteady vor-
tex structures inside the dimple cavity. The detailed flow field
measurements were correlated with the surface pressure measure-
ment data to gain further insight into underlying physics to
explore/optimize design paradigms for better internal cooling
designs to protect turbine blades from the extremely harsh
environments.

2 Test Models and Experimental Setup

2.1 Test Models. The experimental study was performed in a
low-speed, open-circuit wind tunnel located at the Department of
Aerospace Engineering of Iowa State University. Similar as those
used in previous studies [1–5], a rectangular channel with a small
aspect ratio was designed to simulate the channel flow inside the
internal cooling channel of gas turbine blades. The tunnel has an
optically transparent test section of 20 mm� 152 mm in cross

section (H/W¼ 0.132) with a corresponding hydraulic diameter
(Dh) of 35.4 mm (i.e., Dh¼ 35.4 mm). The airflow in the wind tun-
nel is driven by a centrifugal blower. A settling chamber with hon-
eycomb, screen structures and a contraction section with an area
ratio of 10:1 are installed at the upstream of the test section in
order to provide uniform low turbulent incoming flow into the test
section. The turbulence intensity level of the airflow in the test
section of the wind tunnel was found to be about 1.0%, as meas-
ured by hotwire anemometer. In the present study, 2-in.-wide 64
grit sand papers were employed on both the top and bottom surfa-
ces of the inlet duct (i.e., 14 Dh distance upstream of the test plate)
in order to trip the oncoming boundary layer flow at the entrance
of the test plate to ensure a fully developed turbulent boundary
layer flow over the test plate.

Figure 1 shows the schematic of a dimpled test plate along with
a conventional flat plate as the comparison baseline used in the
present study. As shown in Fig. 1, the two test plates are designed
to have the same dimension, i.e., 275 mm in length, 170 mm in
width and 12.7 mm in thickness. The test plates are made of hard
plastic and manufactured by using a rapid prototyping machine.
For the dimpled test plate, an array of spherical dimples with the
same diameter of 20 mm and sharp edges (i.e., D¼ 20 mm and
spherical diameter of 29 mm) are distributed uniformly on the test
plate in a staggered pattern. The distances between the adjacent
dimples in both streamwise and spanwise directions are the same,
i.e., P¼ 25 mm. The depth of the dimples is set to be h¼ 4 mm
with the corresponding depth ratio of h/D¼ 0.2. It should be noted
that the depth of the dimple is relatively large to the channel
height, 20 mm. Considering fluid with 25% of local cross-sectional
change in the main flow direction, the flow inside dimple cavity
could be regarded as pulsatile internal flow along the main stream,
rather than the effect on single-surface boundary layer. During the
experiments, the dimpled test plate was flush mounted onto the
bottom plate of the test section to form a narrow test channel. The
arrangement of dimple arrays over the dimpled test plate used in
the present study is very similar as that used in Mahmood and
Ligrani [15].

Fig. 1 Schematic of the two test plates used in the present
study (unit in mm): (a) a dimpled test plate and (b) a conven-
tional flat test plate
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A total amount of 45 pressure taps with 0.5 mm in diameter for
each taps were arranged over the dimpled test plate in order to
map the surface pressure distributions on the test plate. While 21
pressure taps were distributed uniformly inside the dimple at the
center of the test plate, five pressure taps in each group were
located at the leading and trailing edges of test plate, and the rest
of the 14 pressure taps were arranged along the centerline of test
plate. The pressure taps were connected to three units of digital
sensor arrays (DSA3217, Scanivalve Corp., Liberty Lake, WA 16
channels for each unit) by using tygon tubing with 1.5 mm diame-
ter and 0.5 m length for the pressure data acquisition. The
DSA3217 system incorporates temperature-compensated piezore-
sistive pressure sensors with a pneumatic calibration valve, RAM,
16 bit A/D converter, and a microprocessor in a compact self-
contained module. The precision of the pressure acquisition sys-
tem is 60.05% of the 610 in. H2O full scale range. During the
experiments, the instantaneous surface pressure measurement data
for each pressure tap were acquired at a data acquisition rate of
300 Hz for 100 s.

It should be noted that, since Reynolds number based on either
channel height or hydraulic diameter of the rectangular test chan-
nel has been widely used in the previous studies to investigate the
flow characteristics and heat transfer performance of internal cool-
ing designs of gas turbine blades, same definition of Reynolds
number is also used in the present study in order to correlate the
measurement results of the present study to those of the previous
studies [1–8]. During the experiments, the central line flow veloc-
ity of the rectangular test section was set to change from �U
¼ 4–22 m/s, and the corresponding Reynolds number based on
the hydraulic diameter (Dh) of the rectangular channel varies from
Re¼ 8200–50,500, which is in the range of the typical Reynolds
numbers of the channel flows to study internal cooling of gas tur-
bine blades [9,15]. The Reynolds number levels of the test cases
based on the dimple diameter (D) and the channel height (H) are
also listed in Table 1 for comparison.

2.2 Experimental Setup for PIV Measurements. Figure 2
shows the schematic of the experimental setup used for PIV meas-
urements. The incoming airflow was seeded with �1 lm oil drop-
lets generated by a fog seeding machine. Illumination was provided
by a double-pulsed Nd:YAG laser (NewWave Gemini PIV 200)
adjusted on the second harmonic and emitting two laser pulses of
200 mJ at the wavelength of 532 nm with a repetition rate of 5 Hz.
The laser beam was shaped to a thin sheet by a set of mirrors,
spherical, and cylindrical lenses. The thickness of the laser sheet in
the measurement region was set to be about 0.8 mm. During the
experiments, the illuminating laser sheet was first aligned vertically
along the incoming flow direction (i.e., in the X–Y plane as shown
in Fig. 2) passing the symmetric plane of the dimpled test plate,
which were used to determine the ensemble-averaged velocity field,
Reynolds stress and in-plane TKE distributions of the boundary
layer flow over the dimpled surface in the X–Y plane. Then, the illu-
minating laser sheet was rotated 90 deg for the PIV measurements
in the X–Z plane at about 1.5 mm above the dimpled test plate. A
high-resolution 14-bit (2048 pixels� 2048 pixels) charge-coupled
device (CCD) camera (PCO2000, Cooke Corp.; PCO-TECH,
Romulus, MI) with its view axis normal to the illuminating laser
sheet (i.e., for both of the test cases with the laser sheet in X–Y
plane and X–Z plane) was used for PIV image recording, which has
a field of view 45� 25 mm2 and a magnification of 0.025 mm/pix.

The CCD camera and the double-pulsed Nd:YAG lasers were con-
nected to a workstation (host computer) via a Digital Delay Genera-
tor (Berkeley Nucleonics, Model 565, San Rafael, CA), which
controlled the time interval of the laser illumination and the image
acquisition.

In the present study, PIV measurements were also conducted
with the CCD camera tilted at an angle of� 30 deg with respect to
the vertically aligned illuminating laser sheet (i.e., X–Y plane)
passing the symmetric plane of the dimpled test plate, as shown in
Fig. 2, in order to quantify the turbulent flow and unsteady vortex
structures inside the dimple cavity. A tilt-axis mount was installed
between the lens and the camera body to satisfy the Scheimpflug
condition to ensure that the tracer particles in the laser sheet (i.e.,
objective plane) being focused on the image planes. Since the
image plane of the CCD camera is tilted with respect to the objec-
tive plane for such a setting, the magnification factors between the
image plane and the object plane are variable due to the perspec-
tive distortion. An in situ calibration procedure as suggested by
Soloff et al. [25] was conducted in the present study to obtain the
quantitative mapping functions between the image plane and the
object plane for the PIV measurements to reveal unsteady vortex
structures inside the dimple cavity. It should also be noted that, in
order to alleviate the contaminations of the strong laser reflection
from the surfaces of the test plates to the acquired PIV raw
images, the test plates were coated with a layer of Rhodamine 6G
dye. Meanwhile, a 532 nm band pass filter was mounted in front
of the optical lens of the CCD camera to filter out the laser-
induced fluorescence from the Rhodamine 6G coated surfaces.
Since the adhesion of tiny oil droplets (i.e., PIV tracers) onto the
channel walls during the experiments may affect PIV measure-
ments, the test plate was removed from the test rig for a thorough
clean after each test run in order to minimize the effects of the oil
droplet deposition on the PIV measurements.

After PIV image acquisition, instantaneous velocity vectors
were obtained by frame to frame cross-correlation of particle
images, using an interrogation window of 32 pixels� 32 pixels.
An effective overlap of 50% of the interrogation windows was
employed in PIV image processing, which results in a spatial reso-
lution of 0.4 mm for the PIV measurements. After the instantane-
ous velocity vectors (ui vi) were determined, the distributions of
the ensemble-averaged flow quantities such as averaged velocity,

normalized Reynolds Shear Stress (~s ¼ �u0v0= �U
2
), and normal-

ized in-plane TKE (i.e., 0:5ðu02 þ v02Þ= �U
2

in X–Y plane or

Table 1 Reynolds numbers of the three test cases

Test cases
Reynolds number based

on hydraulic diameter, Dh

Reynolds number based
on dimple diameter (D) or height (H)

Reynolds number based
momentum thickness (h)

Case 1 8.2 4.6 306
Case 2 36.7 20.7 1187
Case 3 50.5 28.5 1370

Fig. 2 Experimental setup for PIV measurements
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0:5ðu02 þ w02Þ= �U
2

in X–Z plane) were obtained from a sequence
of about 1000 frames of instantaneous PIV measurements, where
�U is the spatial averaged velocity of cross section (bulk velocity).
The measurement uncertainty level for the instantaneous velocity
vectors is estimated to be within 3.0%, while the uncertainties for
the measurements of the ensemble-averaged flow quantities are
estimated to be within 7.0%.

3 Results and Discussion

3.1 Characteristics of the Oncoming Boundary Layer
Flow. As described above, sand papers were employed on both
the top and bottom surfaces of the inlet duct to trip the boundary
layer flows over the top and bottom surfaces. Since the tripped
boundary layer flows over both the top and bottom surfaces would
develop and eventually merge at the center of test channel, the
thickness (d) of the boundary layer flows would be 0.5H (i.e.,
d¼ 10 mm) after becoming fully developed [12,26]. In the present
study, the characteristics of the oncoming boundary layer flow at
the entrance of the test plate were measured by using the digital
PIV system at three different test conditions (Re¼ 8.2 K, 36.7 K,
and 50.5 K). Figure 3 shows the measured velocity profiles of the
oncoming boundary layer flow at the entrance of the test plate. It
can be seen clearly that, except for the test case of Re¼ 8.2 K, the
velocity profiles of the oncoming boundary layer flow are found
to follow a one-seventh power law well, i.e., U=U0 ¼ ðY=dÞ1=7

,
where U0 is the velocity at Y¼ 0.5H height. It indicates a fully
developed turbulence boundary layer flow over the test plate.
While the momentum thicknesses of the turbulent boundary layer
flow was found to be 0.099d and 0.083d, the corresponding shape
factor (H*) is 1.31 and 1.32 for the test cases of Re¼ 36.7 K and
Re¼ 50.5 K, respectively. As for the test case of Re¼ 8.2 K, the
momentum thickness of the boundary layer flow was found to be
0.114d and shape factor of 1.54.

According to the logarithmic law (Uþ ¼ ð1=jÞlnyþ þ A, where
j ¼ 0:41 and A¼ 5.2) of the velocity profiles for a fully devel-
oped turbulent channel flow [27], the friction velocity (u�) and

local wall shear stress (sw) were also estimated based on the meas-
ured flow velocity profiles (30 � yþ, y � 0:3d) at the entrance of
the test plate, and the results are listed in Table 2.

3.2 Friction Factor Measurement Results. In the present
study, the friction factors of the channel flows over the test plates
were determined based on the measured surface pressure distribu-
tions on the test plates. For a fully developed turbulent channel
flow, the friction factor of a test plate can be calculated by using
following equation [28–30]:

f ¼ DhDp

2Lq �U
2

(1)

where Dh is the hydraulic diameter of the test section (i.e., Dh

¼ 35.4 mm for the present study); Dp is the pressure loss along
the dimpled test plate; L is the distance between the two rows of
the pressure taps at the inlet and outlet of the dimpled test plate
(i.e., L¼ 220 mm); q is the density of air flow; �U is the bulk
velocity of the test section. Figure 4 gives the measured friction
factors of the dimpled test plate in comparison with those of the
flat test plate.

The applicability of Eq. (1) to estimate the friction factor of a
fully developed turbulent channel flow was validated by quantita-
tively comparing the measured friction factors of the flat test plate
with those predicted by using an empirical formula suggested by
Dean [31] (i.e., f ¼ 0:073Re�0:25;Re ¼ q �UDh=l). As shown in
Fig. 4, it is obvious that the measured friction factor of the flat test
plate (solid circular marks) agree very well with those predicted
by using the empirical formula suggested by Dean [31] within the
entire Reynolds number range of the present study (i.e.,
10,000<Re< 60,000). It confirms the applicability of Eq. (1) to
estimate the friction factor of fully developed turbulent channel
flow over the flat test plate.

As clearly shown in Fig. 4, as the Reynolds number increases,
while the friction factor of the flat test plate would decrease gradu-
ally, the friction factor of the dimpled surface (solid square marks)

Fig. 3 Measured velocity profiles of the oncoming boundary layer flow at the entrance of test
plate for the test cases of Re 5 8.2 K, Re 5 36.7 K, and Re 5 50.5 K, respectively (where U0 is the
maximum flow velocity inside the channel)
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was found to increase rapidly at first, reaching the peak value at
Re � 33,000, then decrease slightly with the increasing Reynolds
number until Re � 40,000. The friction factor of the dimpled sur-
face was found to become almost constant as the Reynolds num-
ber being greater than 41,000 (i.e., Re> 41,000). Compared with
those of the flat test plate, the friction factor of the dimpled sur-
face was found to be about 30–80% greater at the same Reynolds
number levels. Similar conclusions were also reported in the pre-
vious study of Han et al. [2]. The higher friction factor of the
dimpled surface as shown in Fig. 4 is believed to be closely
related to the more complicated turbulent flow structures induced
by the dimple arrays, which will be discussed in Sec. 3.4 of the
present study.

3.3 Surface Pressured Distributions Inside the Dimple
Cavity. As shown schematically in Fig. 2, 21 pressure taps are
arranged inside the dimple at the center of the test plate in order
to map the surface pressure coefficient (Cp ¼ P� P1ð Þ= 1

2
q �U

2
)

inside the dimple cavity at different test conditions, where P1

is the static pressure of the incoming flow measured at the
inlet of the test section. Figure 5 shows the measured surface
pressure coefficient distributions inside the dimple cavity at
the test conditions of Re¼ 8.2 K, 36.7 K, and 50.5 K,
respectively.

As shown clearly in Fig. 5, the distribution pattern of the sur-
face pressure coefficients inside the dimple cavity was found to be
quite similar in general at different Reynolds number levels.
While the surface pressure was found to be relatively low in the
region near the front rim of the dimple, a region with much high
surface pressure exists near the back rim of the dimple. Such a

distribution pattern was found to be closely related to the unique
flow characteristics inside the dimple cavity, i.e., the incoming
mainstream flow would separate from the dimpled surface when
passing over the front rim of the dimple, which leads to the forma-
tion of a recirculation region with relatively low surface pressure
at the front portion of the dimple cavity. The low pressure at the
front portion of the dimple would cause the mainstream flow to
shift downward slightly and impinge onto the back rim of the dim-
ple, resulting in a high pressure region near the back rim of the
dimple.

While the global features of the surface pressure distribution
pattern inside the dimple cavity were found to be quite similar for
the three test cases, some differences still can be identified from
the comparison of the surface pressure distributions given in Fig.
5. The size of the region with relatively low surface pressure at
the front of the dimple cavity was found to become greater as the
Reynolds number increases, which is believed to be closely
related to the stronger recirculating flow at the front of the dimple
cavity for the cases with higher Reynolds numbers.

Figure 6 shows the transverse profiles of the surface pressure
coefficients along the centerline of the dimple for the three test
cases, which reveals the variations of the surface pressure inside
the dimples cavity more clearly and quantitatively. As shown in
the plot, the surface pressure inside the dimple cavity was found
to decrease slightly at the front of the dimple (i.e., within the recir-
culation region as revealed from the PIV measurement results to
be discussed later), then increase rapidly at the rear portion of the
dimple cavity, and reach their peak values at the back rim of the
dimple. As described above, while the general trend of the surface
pressure profiles at different Reynolds number levels was found to
be almost the same, the slightly earlier increase of the surface

Table 2 Flow characteristics of the oncoming boundary layer flow over the test plate

Test cases Displacement thickness (d�) Momentum thickness (h) Shape factor (H*) Friction velocity (m/s) Wall shear stress (N/m2)

Re¼ 8.2 K 0.175d 0.114d 1.54 — —
Re¼ 36.7 K 0.130d 0.099d 1.31 0.90 0.96
Re¼ 50.5 K 0.110d 0.083d 1.32 1.14 1.53

Fig. 4 Measured friction factors of the test plates a function of the Reynolds number
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pressure inside the dimple cavity can be observed for the case
with the lowest Reynolds number (i.e., Re¼ 8.2 K case).

3.4 PIV Measurements to Quantify the Flow Characteris-
tics Over the Dimpled Surface. As described above, a high-
resolution PIV system was used in the present study to conduct
detailed flow field measurements to quantify the characteristics of
the turbulent boundary layer flow over the dimpled test plate in
comparison with those over the flat plate. The PIV measurements
were conducted in the vertical plane passing the center of the
dimple in the middle of the dimpled test plate, i.e., in the X–Y
plane shown in Fig. 2. Figure 7 shows the typical PIV measure-
ment results over the dimpled surface in the terms of instantane-
ous velocity field, the instantaneous vorticity distribution, the
ensemble-averaged flow velocity field, and “in-plane” TKE of

0:5ðu02 þ v02Þ= �U
2

for the test case of Re¼ 50.5 K. The PIV mea-
surement results of the turbulent boundary layer flow over the flat
surface were also given in the figure as the comparison baseline. It
should be noted that PIV measurements were also conducted for

the other test cases with Re¼ 8.2 K and 36.7 K. Since very similar
flow features were seen for the other test cases, only the PIV mea-
surement results for the test case of Re¼ 50.5 K are shown here
for conciseness.

As shown clearly and quantitatively in the instantaneous veloc-
ity and vorticity distributions given in Fig. 7, the vortex structures
in the boundary layer flow over the dimpled surface were found to
become much more complex in compared with those over the flat
surface. While only very few vortex structures were identified in
the boundary layer flow over the flat test plate, a series of
unsteady vortex structures were found to be generated and shed
periodically from both the front and back rims of the dimple as
the incoming mainstream flow passing over the dimple. After
shedding from the front and back rims of the dimple, the unsteady
vortex structures were found to break down into smaller vortices
as they moving downstream. As a result, the turbulent boundary
layer flow over the dimpled surface was found to be filled with
various vortex structures with different size and orientations. The
instantaneous PIV measurement result also reveals clearly that a
strong upwash flow was generated near the back rim of the dim-
ple, which would greatly enhance the turbulent mixing between
the low-momentum flow near the wall and the high-momentum
freestream flow further away from the wall. As a result, the heat
transfer process between the hot flow near the wall and the main-
stream coolant flow would be augmented due to the existence of
the dimple arrays over the dimpled plate. The upwash flow gener-
ated at the back rim of the dimple and the enhanced turbulent mix-
ing in the boundary layer flow over the dimpled surface can also
be seen clearly in the ensemble-averaged velocity field and the
in-plane TKE distributions given in Fig. 7.

Based on qualitative visualization with smoke wire, Ligrani
et al. [3,19] conducted a series of experimental studies to examine
the relationship between the enhanced local heat transfer and the
characteristics of the flow structures over dimpled surfaces. They
suggested that the vortex structures shedding from the dimples
(including large upwash regions and packets of vortices generated
from the dimples) would enhance the turbulence mixing between
the mainstream coolant flow and the hot flow inside the dimples,
therefore, leading to an augmentation of local heat transfer near
the rims of dimples. The existence of the strong upwash flow and
packets of unsteady vortex structures over the dimpled surface
revealed quantitatively from the PIV measurements described
above was found to be in good agreement with the qualitative
smoke wire visualization results reported in Ligrani et al. [3,19].
While TKE level is usually used as an index to evaluate the extent
of the fluid mixing in a turbulent flow, as shown quantitatively in
the in-plane TKE distributions given in Fig. 7, the appearance of a
region with high in-plane TKE levels near the back rim of the

Fig. 5 Measured surface pressure coefficient distributions
inside the dimple cavity: (a) Re 5 8.2 K, (b) Re 5 36.7 K, and (c)
Re 5 50.5 K

Fig. 6 The profiles of the surface pressure coefficient along
the centerline of the dimple
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dimple illustrates a strong correlation between the enhanced tur-
bulent mixing in the boundary layer flow over the dimpled surface
with the improved local heat transfer in the region near the back
rim of the dimple reported in Ligrani et al. [3,19], which will be
addressed in further detail in the later section of the present study.

While the PIV measurement results given in Fig. 7 reveal the
significant differences in the characteristics of the turbulent

boundary layer flows over the dimpled surface, in comparison
with those over a conventional flat surface, it is highly desirable to
conduct quantitative measurements to examine the flow features
inside the dimple cavity in order to gain a more intuitive insight
into the underlying physics. As described above, by tilting the
camera for PIV image acquisition with an angle of 30 deg to
the vertically aligned laser sheet along the middle plane of the

Fig. 7 PIV measurements of the flow field over the dimpled and flat surfaces at Re 5 50.5 K: (a) Instantaneous velocity field
over the dimpled (left) and flat (right) surfaces, (b) instantaneous vorticity distributions over the dimpled (left) and flat (right)
surfaces, (c) mean velocity field over the dimpled (left) and flat (right) surfaces, and (d) in-plane TKE distribution over the
dimpled (left) and flat (right) surfaces
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dimpled test plate (i.e., X–Y plane as shown in Fig. 2), the flow
field inside the dimple was also measured in the present study by
using the high-resolution PIV system. Figures 8–10 give the typi-
cal PIV measurement results to reveal the flow characteristics
inside the dimple cavity for the test cases with Re¼ 8.2 K, 36.7 K,
and 50.5 K, respectively.

As revealed clearly in the PIV measurement results, the flow
features inside the dimple cavity were found to be actually quite
complicated. While the flow velocity inside the dimple was found
to be relatively small in general as expected, a large recirculating
flow was found to form inside the dimple. The high-speed incom-
ing mainstream flow was found to separate from the wall surface
when passing over the front rim of the dimple. Due to the
Kelvin–Helmholtz instabilities [32] in the shear layer between the
high-speed mainstream flow and the low-speed recirculating flow
inside the dimple cavity, unsteady vortex structures were found to
be generated and shed periodically along the interface between
the two flow streams. It should be noted that
Tollmien–Schlichting (T–S) instability may also contribute to the

generation of unsteady vortices structures in the boundary layer
flow over the dimpled surface.

The generation and periodic shedding of the unsteady
Kelvin–Helmholtz vortices would cause intensive turbulent mix-
ing in the boundary layer flow over the dimple not only by pro-
moting the entrainment of high-speed mainstream flow from
outside into the near-wall region, but also boosting the ejection of
the low-speed recirculating flow out of the dimple cavity. As a
result, the heat transfer process between the high-speed coolant
flow and the near-wall hot flow over the dimpled surface is greatly
enhanced, as reported in Ligrani et al. [3,19].

The PIV measurement results also reveal clearly that, due to the
existence of the low pressure at the front of the dimple cavity as
shown clearly in Fig. 5, the high-speed mainstream flow would
shift downward slightly and impinge onto the back rim of the dim-
ple, creating a strong upwash flow near the back rim of the dim-
ple. As described above, the impingement of the high-speed
mainstream flow onto the back rim of the dimple would result in a
high pressure region over the back portion of the dimple cavity,

Fig. 8 PIV measurement results of the flow field inside the dimple at Re 5 8.2 K: (a) instantaneous velocity field, (b) instanta-
neous vorticity distribution, (c) ensembles-averaged velocity field, (d) streamlines of the mean flow field, (e) normalized
in-plane TKE distribution, and (f) normalized Reynolds stress distribution

021204-8 / Vol. 138, FEBRUARY 2016 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/138/2/021204/6194989/fe_138_02_021204.pdf by Iow

a State U
niversity user on 23 Septem

ber 2022



which is also revealed clearly and quantitatively from the surface
pressure distributions given in Fig. 5. As shown clearly in the nor-
malized in-plane TKE and Reynolds stress distributions given in
Figs. 8–10, the regions with high TKE and Reynolds stress values
were found to concentrate mainly in the shear layer between the
high-speed mainstream flow and the low-speed recirculating flow
inside the dimple cavity, which is correlated well with the shed-
ding path of the unsteady Kelvin–Helmholtz vortices described
above. Corresponding to the formation of the strong upwash flow
near the back rim of the dimple, the TKE and Reynolds stress val-
ues were found to increase significantly in region near the back
rim of the dimple.

While the global features of the flow characteristics inside the
dimple were found to be quite similar in general for the test cases
with different Reynolds number levels, some differences still can
be identified by carefully inspecting the PIV measurement results
for the three compared cases. As shown in the ensemble-averaged
velocity fields and the corresponding streamline distributions,
while the center of the recirculation zone inside the dimple cavity

was found to move further forward to the front rim of the dimple,
the recirculating flow inside the dimple would much become
stronger, as the Reynolds number increases. This explains the
larger size of the region with relative low surface pressure at the
front portion of the dimple for the cases with higher Reynolds
numbers, as shown in Fig. 5. It can also be seen that the upwash
flow near the back rim of the dimple would become much stronger
as the Reynold number increases, which results in higher normal-
ized in-plane TKE and Reynolds stress levels in the boundary
layer flow over the dimpled surface.

Figure 11 shows a schematic sketch of the flow features over a
dimple, which vividly illustrates the unique flow characteristics
and evaluation of the unsteady vortex structures revealed from the
measured surface pressure distributions and PIV measurement
results given above. As shown in the diagram, the incoming high-
speed mainstream flow would separate from the dimpled surface
when passing over the front rim of the dimple, which leads to the
formation of a strong shear layer between the high-speed main-
stream flow and the low-speed recirculating flow inside the dimple

Fig. 9 PIV measurement results of the flow field inside the dimple at Re 5 36.7 K: (a) instantaneous velocity field, (b) instanta-
neous vorticity distribution, (c) ensembles-averaged velocity field, (d) streamlines of the mean flow field, (e) normalized
in-plane TKE distribution, and (f) normalized Reynolds stress distribution
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cavity. The separated boundary layer flow over the dimple would
behave more like a free shear layer which is highly unstable;
therefore, rolling up of unsteady vortex structures due to the
Kelvin–Helmholtz instabilities would be readily realized. As

shown schematically in Fig. 11, the unsteady Kelvin–Helmholtz
vortices will not only promote the entrainment of high-speed
mainstream flow from outside into the near-wall region but also
booster the ejection of the low-speed recirculating flow out of the

Fig. 11 Schematic of the flow structures inside a dimple cavity

Fig. 10 PIV measurement results of the flow field inside the dimple at Re 5 50.5 K: (a) instantaneous velocity field, (b) instan-
taneous vorticity distribution, (c) ensembles-averaged velocity field, (d) streamlines of the mean flow field, (e) normalized
in-plane TKE distribution, and (f) normalized Reynolds stress distribution
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dimple cavity. The ejection of the low-speed recirculating flow
inside the dimple cavity into the high-speed mainstream flow will
result in the formation of so-called “mushroom vortex” structures
as described in Mahmood et al. [7]. The existence of the low pres-
sure region at the front portion of the dimple, which is correlated
to the formation of the low-speed recirculating flow inside the
dimple cavity, will cause the high-speed mainstream flow to shift
downward slightly and impinge onto the back rim of the dimple.
After the impingement, the flow would split into two streams with

one stream recirculating inside the dimple cavity and the other
ejected out of the dimple cavity as a strong upwash flow. With
such a process, the dimple acts as a “turbulator” to generate vari-
ous unsteady vortex structures and strong upwash flow in the
boundary layer flow over the dimpled surface to promote the tur-
bulent mixing between the high-speed coolant flow and the hot
low-speed flow inside the dimple cavity. This is believed to be the
primary reason why a dimpled surface can have a good heat trans-
fer enhancement performance with comparatively smaller pres-
sure loss penalties, in comparison to other types of heat transfer
augmentation devices such as pin-fins and rib turbulators used for
the internal cooling of turbine blades.

It should also be noted that while Mahmood et al. [7,15] and
Ligrani et al. [3,19] conducted a series of experimentally studies
to investigate the unsteady vortex and turbulent flow structures on
and above dimple arrays as well as their correlations to the
enhanced heat transfer performance of dimpled surfaces, most of
the research findings were derived based on qualitative flow visu-
alization images obtained with a smoke wire method to visualize
flow features on and above dimpled surfaces, very limited quanti-
tative information about the flow characteristics and unsteady vor-
tex structures has ever been reported in previous studies. The
quantitative measurement results given in the present study are
believed to be the first of its nature to quantify the unique flow
characteristics and evolution of the unsteady vortex structures
inside the dimple cavity and the enhanced turbulent mixing in the
boundary layer flow over the dimpled surface. The formation and
shedding of the unsteady Kelvin–Helmholtz vortices, the impinge-
ment of the high-speed mainstream flow onto the dimple back
rim, and the subsequent generation of strong upwash flow to pro-
mote the turbulent mixing over the dimpled surface were revealed
clearly and quantitatively from the PIV measurement results given
above. In comparison with the qualitative flow visualization
images reported in Mahmood et al. [7,15] and Ligrani et al.
[3,19], the quantitative flow field measurement results given in the
present study depict a much more vivid picture about the unique
flow characteristics and evolution of the unsteady vortex struc-
tures on and above dimpled surface, which is highly desirable to
elucidate underlying physics to gain further insight into underly-
ing physics and to explore/optimize design paradigms for better
internal cooling designs to protect turbine blades from the
extremely harsh environments.

In the present study, PIV measurements were also conducted in
a horizontal plane parallel to the dimpled test plate, i.e., in the
X–Z plane as shown in Fig. 2. For the PIV measurements in the
horizontal plane, the laser sheet was set to be about 1.5 mm away

Fig. 12 Distributions of the normalized in-plane TKE (i.e., 0:5ð �u02 1 �w 0 2 Þ= �U
2
) in the horizontal plane near the upper surface of

the dimpled test plate: (a) Re 5 36.7 K and (b) Re 5 50.5 K

Fig. 13 (a) Measured TKE profiles of the present study and (b)
Measured local Nusselt number data reported in Mahmood and
Ligrani [15]
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from the upper surface of the dimpled test plate (i.e., Y/D� 0.08)
in order to minimize the strong reflection of the illuminating laser
sheet from the upper surface of the test plate. Figure 12 shows typ-
ical PIV measurement results in the terms of the normalized in-
plane TKE distribution (i.e., 0:5ðu02 þ w02Þ= �U

2
) for the test cases

of Re¼ 36.7 K and 50.5 K. Corresponding to the generation of
upwash flows near the back rims of the dimples as shown sche-
matically in Fig. 11, regions with high TKE values can be seen
clearly near the back rims of the dimples. It can also be seen that
while the magnitudes of the normalized in-plane TKE values in
the boundary layer flow over the dimpled surface were found to
become greater as the Reynolds number increases, the regions
with relatively greater TKE values near the back rims of the dim-
ples were also found to become much wider for the case with
higher Reynolds numbers.

It is well known that convective heat transfer process over a
heated surface is closely related to the flow characteristics of the
turbulent boundary layer over the surface. TKE is one of the most
widely used quantities to indicate the extent of turbulent mixing
in a turbulent flow. A much higher TKE level would indicate
more intensive mixing in the turbulent flow, which would lead to
a stronger convective heat transfer process. With an infrared ther-
mography technique to quantify local heat transfer characteristics
of dimpled arrays at different Reynolds numbers, Mahmood and
Ligrani [15] found that the regions with high local Nusselt number
levels are usually located near the back rims of dimples, which is
correlated very well with the regions with high TKE levels, as
shown in Fig. 12.

In the present study, by combining the two-dimensional PIV
measurement results of the in-plane TKE in the vertical plane (i.e.,

0:5ðu02 þv02Þ= �U
2

as shown in Figs. 8–10) and the horizontal plane

(i.e., 0:5ðu02 þ w02Þ= �U
2

as shown in Fig. 12), the normalized TKE

(i.e., TKE ¼ 0:5ðu02 þ v02 þ w02Þ= �U
2
) of the boundary layer flow

over the dimpled surface can be determined. Figure 13(a) shows
the profiles of the normalized TKE along the centerline of the dim-
ple in the Y/D� 0.08 plane. The heat transfer measurement results
of Mahmood and Ligrani [15] in the term of measured local Nusselt
number along the centerline of a dimple at similar test conditions
as those used in the present study were given in Fig. 13(b) for quali-
tative comparison. As shown clearly in Fig. 13(a), the normalized
TKE levels were found to decrease slightly in the region over the
front portion of the dimple, and reaching their minimum values at
the downstream location of X/D � 0.2. The normalized TKE values
were found to increase gradually afterward as the downstream dis-
tance increases, reaching their maximum peaks at the downstream
location of X/D � 1.1, and then decrease gradually at further down-
stream locations. The general trend of the normalized TKE profiles
of the present study was found to match well with that revealed
from the measured local Nusselt number profiles of Mahmood and
Ligrani [15] given in Fig. 13(b). As shown in schematically in Fig.
11, since the low-speed recirculating flow inside the dimple cavity
would trap the hot fluid inside the dimple cavity, the heat transfer
process over the wall surface near the front rim of the dimple would
be deteriorated. As a result, the local Nusselt number was found to
decrease gradually over the wall surface near the front rim of the
dimple, as shown clearly in Fig. 13(b). Due to the impingement of
the high-speed coolant flow onto the wall surface near the back rim
of the dimple, a strong upwash stream is generated in the boundary
layer flow over the back portion of the dimple, which would signifi-
cantly enhance the turbulent mixing in the boundary layer flow
over the back portion of the dimpled surface, consequently, aug-
ment the heat transfer process between the high-speed coolant flow
and the low-speed hot flow over the wall surface near the back rim
of the dimple. Therefore, the local Nusselt number was found to
increase continuously over the surface at the back portion of the
dimple. As described in Mahmood and Ligrani [15], the measured
local Nusselt number would reach their minimum and maximum
values at about 0.2D and 1.1D away from of the front rim of the
dimple, which are found to correlate very well with the positions of

the minimum and maximum peaks of the normalized TKE (i.e., at
the downstream locations of X/D � 0.2 and X/D � 1.1) revealed in
the normalized TKE profiles shown in Fig. 13(a).

4 Conclusions

In the present study, an experimental investigation was con-
ducted to quantify the characteristics of the boundary layer flow
on and over a dimpled surface in comparison to those over a con-
ventional flat plate. The experimental study was conducted in a
low-speed, open-circuit wind tunnel with the Reynolds number
(i.e., based on the hydraulic diameter of the dimpled channel and
freestream velocity) of the test cases in the range of
Re¼ 8200–50,500. In addition to measuring surface pressure dis-
tributions to determine the friction factors of the test plates and to
reveal detailed surface pressure map inside a dimple cavity, a
high-resolution digital PIV system was used to achieve detailed
flow field measurements to quantify the characteristics of the tur-
bulent boundary layer flows over the dimpled test plate and the
evolution of the unsteady vortex structures inside the dimple cav-
ity at the middle of the dimpled test plate.

It was found that the friction factor of the dimpled test plate
would be about 30–80% higher than that of the conventional flat
plate, depending on the Reynolds number of the test cases, which
agrees well with the findings reported in previous studies. The
detailed surface pressure measurements inside the dimple cavity
at the middle of the dimpled test plate reveal clearly that, while
the surface pressure in the front portion of the dimple was found
to be relatively low, a region with much high surface pressure
would exist near the back rim of the dimple. Such a surface pres-
sure distribution pattern was found to be closely related to the
unique flow characteristics inside the dimple cavity.

As shown clearly and quantitatively from the PIV measurement
results, the high-speed incoming mainstream flow would separate
from the dimpled surface when passing over the front rims of the
dimples. The separated boundary layer flow was found to behave
more like a free shear layer which is highly unstable; therefore,
rolling up of unsteady vortex structures due to the
Kelvin–Helmholtz instabilities in the shear layer between the
high-speed mainstream flow and the low-speed recirculating flow
inside the dimple cavity would be readily realized. The unsteady
Kelvin–Helmholtz vortices were found to be able to not only pro-
mote the entrainment of high-speed mainstream flow into the near
wall region, but also booster the ejection of the low-speed recircu-
lating flow out of the dimple cavity. The existence of the low pres-
sure region at the front portion of the dimple, which is correlated
to the formation of the low-speed recirculation zone inside the
dimple cavity, would cause the high-speed mainstream flow to
shift downward slightly and impinge onto the back rim of the dim-
ple. Consequently, a strong upwash stream was generated, which
would significantly enhance the turbulent mixing in the boundary
layer flow over the back portion of the dimpled surface. With such
a process, a dimple would act as a “turbulator” to generate
unsteady vortex structures and a strong upwash to promote the tur-
bulent mixing in the boundary layer flow over the dimpled sur-
face, thereby, to enhance the heat transfer between the high-speed
mainstream flow (i.e., coolant stream) and the low-speed near-
wall flow (i.e., hot flow) over the dimpled surface. This is believed
to be the primary reason why a dimpled surface can have a good
heat transfer enhancement performance with comparatively
smaller pressure loss penalties, in comparison to other types of
heat transfer augmentation devices such as pin-fins and rib turbu-
lators used for the internal cooling of turbine blades.

The quantitative measurement results given in the present study
are believed to be the first of its nature to quantify the characteris-
tics of the boundary layer flows over dimpled surfaces and evolu-
tion of the unsteady vortex structures inside dimple cavities,
which depict a vivid picture about the unique flow features on and
above a dimpled surface and their correlations with the enhanced
heat transfer performance. Such quantitative information is highly
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desirable to elucidate underlying physics to gain further insight
into underlying physics and to explore/optimize design paradigms
for better internal cooling designs to protect turbine blades from
the extremely harsh environments.
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