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Heat Transfer Characteristics
of an Inclined Impinging Jet
on a Curved Surface in Crossflow
This study reports on heat transfer characteristics on a curved surface subject to an
inclined circular impinging jet whose impinging angle varies from a normal position
h¼ 0 deg to h¼ 45 deg at a fixed jet Reynolds number of Rej¼ 20,000. Three curved
surfaces having a diameter ratio (D/Dj) of 5.0, 10.0, and infinity (i.e., a flat plate) were
selected, each positioned systematically inside and outside the potential core of jet flow
where Dj is the circular jet diameter. Present results clarify similar and dissimilar local
heat transfer characteristics on a target surface due to the convexity. The role of the
potential core is identified to cause the transitional response of the stagnation heat trans-
fer to the inclination of the circular jet. The inclination and convexity are demonstrated
to thicken the boundary layer, reducing the local heat transfer (second peaks) as opposed
to the enhanced local heat transfer on a flat plate resulting from the increased local
Reynolds number. [DOI: 10.1115/1.4027389]

Keywords: circumferential heat transfer, convexity, inclined jet, potential core,
transition

1 Introduction

The superior heat transfer performance of impinging jets for
cooling or heating compared to other convective heat transfer
schemes has led to a variety of practical applications. Therefore, a
multitude of studies on momentum, heat, and mass transfer by im-
pinging jet flows have been reported, considering hydrodynamic
[1–3], thermal [4,5] or geometric aspects [6–8]. It has been shown
that overall and local heat transfer characteristics on a flat plate
depend strongly on a stream-wise distance from a jet exit—an im-
pinging distance, among other parameters [1,9–12]. The highest
heat transfer typically occurs at a stagnation point on a flat plate
coinciding with the jet axis—a primary peak, at low turbulence
levels and low Reynolds number ranges [13,14]. Depending on
the impinging distance relative to the potential core of jet flow, ei-
ther two peaks of local heat transfer (a primary peak at the stagna-
tion point and a second peak off from the stagnation point) or a
single peak (only a primary peak at the stagnation point) exist.
Locally, the appearance and disappearance of the second peak are
associated with the presence of the laminar to turbulent transition
of jet flow.

In some applications, jet impingement is oblique rather than
normal to a target surface due to the shape of target surfaces or to
constraints on the positioning of the jet. As the jet axis is inclined
from its normal position, there is a lateral shift of the primary
peak which initially coincides with a geometric stagnation point
(defined as the intersection of the jet axis and the target surface)

toward the so-called “uphill side” [15–21] as illustrated in Fig. 1.
With inclination, two conflicting observations have been made:
the increased primary peak (Fig. 1(a)) and the decreased primary
peak (Fig. 1(b)) while both are laterally shifted toward the uphill
side.

Akansu et al. [15] experimentally observed a monotonic
increase in the stagnation heat transfer on a flat plate with increas-
ing an oblique angle while its lateral shift toward the uphill side
was accompanied, at a small impinging distance (z/(2b)¼ 2.0),
where z is the jet axis and b is the slot width. Tong [19] performed
a numerical study on an oblique slot liquid jet heat transfer on a
flat plate at the impinging distance of 3 slot width. The results
show that with a uniform jet flow profile, the peak Nusselt number
increases as the jet is inclined from a normal position, whereas the
peak Nusselt number initially declines and eventually rises with a
parabolic jet flow profile.

An opposite response of the primary peak’s magnitude to incli-
nation has also been observed as illustrated in Fig. 1(b). Goldstein
and Franchett [16] conducted experiments to determine heat trans-
fer by a circular impinging jet at different inclination angles on a
flat plate. For the impinging distance (z) of 4–10Dj, a decrease in
the primary peak with larger inclination angles was found, where
Dj is the jet diameter. Similar observation was reported by Beitel-
mal et al. [17] who experimentally investigated an inclined im-
pinging slot jet removing heat from a uniformly heated flat plate
for the impinging distance ranging from 4 to 12 times of the
hydraulic diameter of the slot.

It seems that the inclination of both slot and circular jets from
their normal position causes either the increased peak heat transfer
or the decreased peak heat transfer while its lateral shift toward
the uphill side is in common. However, there is a hint that the im-
pinging distance, z/Dj especially its relative location to the
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potential core length of a given jet is a key parameter that deter-
mines the observed two distinctive responses, which needs to be
clarified.

Unlike the impinging jet on a flat plate, relatively few studies
have been concerned with an inclined impinging jet on a curved
surface (e.g., a circular cylinder) despite its engineering impor-
tance. Thus far, observations made on circumferential heat trans-
fer characteristics on a circular cylinder (or a convex surface)
impinged by a normal jet [22–28] are: (a) when positioned close
to the jet exit, a second peak, in addition to a primary peak at the
stagnation point, forms; (b) a second peak disappears when
positioned relatively far away from the jet exit along the jet axis

and (c) flow separation causes a local heat transfer minimum on
small target cylinders while transition from laminar to turbulent
flow causes a second peak on large target cylinders. Among these
few studies on the inclined jet, Lim et al. [29] measured local
heat transfer coefficients on a hemispherical convex surface
with a round oblique impinging jet for 2.0� z/Dj� 10.0 and
0 deg� h� 40 deg at a fixed jet Reynolds number of 23,000.
Here, h denotes the angle that is inclined from the axis normal to
the tangent of the curved surface at its geometric stagnation point.
The results show that the azimuthal shift of the primary peak that
initially coincides with the geometric stagnation point is more
pronounced with a larger inclination angle and a shorter imping-
ing distance. Tawfek [30] who experimentally investigated an
obliquely impinging round jet on a circular cylinder observed that
the azimuthal location of the primary peak is shifted toward the
uphill side, which is consistent with that observable on a flat plate.

Thus far, some local heat transfer characteristics on a flat plate
and their similar and dissimilar characteristics on curved surfaces,
both subject to a single circular impinging jet have not yet been
fully understood. This study, therefore, aims to squarely address
the following specific issues:

(a) How does the inclination affect local heat transfer charac-
teristics on curved surfaces (i.e., cylinders) compared to
those on a flat plate, which could be considered as a cylin-
der with an infinite radius?

(b) How and why does the convexity of target surfaces alter
local heat transfer characteristics?

(c) What does a short or long impinging distance specifically
refer to in both a flat plate and curved surfaces?

To address these specific issues, a series of experiments on a
circular cylinder positioned at selected downstream positions for a
fixed jet Reynolds number of Rej¼ 20,000 have been conducted.
Two selected cylinders with D/Dj¼ 5.0 and 10.0 are tested for a
fixed Dj (Fig. 2). As reference, a circular impinging jet on a uni-
formly heated flat plate (i.e., D/Dj¼1) is also considered. Heat

Fig. 2 Schematic of an inclined circular jet impinging on
curved surfaces e.g., circular cylinders where a flat plate has an
infinite radius

Fig. 3 Schematics of (a) test setup for measuring heat transfer
distribution along the circumference of a heated circular cylin-
der cooled by an inclined jet; (b) a crossflow plane

Fig. 1 Schematic summary illustrating how the inclination of a
single jet affects lateral heat transfer distribution on a flat plate
[6–11]; (a) for a “small” impinging distance; (b) for a “large”
impinging distance
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transfer and pressure coefficients along the circumference of each
cylinder and on a flat plate are measured. Prior to measurements,
the jet flow characteristics such as the potential core length were
measured for the present circular jet.

2 Experimental Details

2.1 Test Rig and Instrumentation. Figure 3 shows a sche-
matic of the present test rig consisting of a circular jet nozzle, an
air supply system, and a target curved surface (a cylinder/a flat
plate). Air at ambient conditions drawn by a centrifugal fan was
discharged from the circular jet with a fixed diameter of
Dj¼ 26 mm. The mass flow rate through the jet nozzle was calcu-
lated based on the measured velocity profile at the circular jet
exit. The jet Reynolds number Rej (based on the jet diameter Dj

and mean jet velocity) was fixed at 20,000. The circular jet was
mounted on a linear traverse system so that the impinging distance
z/Dj could be varied systematically.

The centerline velocity of the jet flow along the jet axis (the
z-axis) in a free exit was measured to quantify the potential core
length, using a pitot tube mounted on an automated linear traverse
system. Pressure readings from the stagnation and static tappings
were recorded by a differential pressure transducer. In addition,
the radial profile of the axial velocity component of the jet flow
was traversed at selected downstream planes.

Boundary layer thickness (d) was measured normal to a target
surface at selected lateral (azimuthal) locations by traversing a
boundary layer probe with a tip thickness of 0.5 mm in conjunc-
tion with a static pressure probe. The both probes were traversed
separately with an increment of 0.2 mm to resolve thin boundary
layer.

For heat transfer measurement, a film-type heating element
with a thickness of 0.32 mm that simulates constant heat flux was
attached to the outer surface of a target cylindrical perspex tube
having its outer diameter of D (listed in Table 1). The thickness of
the tube was 5.0 mm and the target cylinder was filled with a low
thermally conducting foam as a thermal insulation to minimize
heat loss. The net heat flux, q00 was estimated as

q00 ¼ q00input � q00cond � q00rad (1)

where q00input is the input heat flux from the film-type heater calcu-
lated based on the input current (I) and voltage (V) from a DC
power supply to the heater (q00input¼ IV), and q00cond and q00rad are
respectively the heat losses via conduction and radiation. The con-
ductive heat loss occurring through the target cylinder’s thickness
was estimated using Fourier’s law. The radiative heat loss was
calculated by Stefan–Boltzmann’s law as

q00rad ¼ erðT4
s � T4

aÞ (2)

where e is the emissivity, r is the Stefan–Boltzmann constant, Ts

is the cylinder surface temperature, and Ta is the ambient tempera-
ture. The surface of the target cylinder was painted in black and
the emissivity was obtained during the in-situ calibration of an
infrared (IR) camera and estimated to be e¼ 0.98 by adjusting the

emissivity setup to match the cylinder temperature readings from
flush mounted film-type thermocouples.

During the experiment on a cylinder, the target cylinder was
rotated with a 10 deg increment to cover the cylinder circumfer-
ence from a¼ 0 deg (the geometric stagnation point) to
a¼ 350 deg. Note that no flow disturbance or change by the sur-
face mounted film thermocouples was assumed due to their thin-
ness. A bead T-type thermocouple was also used to monitor the jet
exit temperature (Tj). Prior to the measurements, each thermocou-
ple was calibrated in a container filled with an ice-water mixture.

As reference, the distribution of surface temperatures on the flat
plate was measured using a pre-calibrated IR camera. Thermal
images were further corrected for a non-perpendicular viewing
angle during the post-image process. The flat plate was painted in
black to reduce the reflectivity. The backside of the flat plate was
insulated thermally to minimize heat loss.

2.2 Data Reduction Parameters and Measurement Uncer-
tainties. The jet Reynolds number based on the jet diameter Dj

and mean jet velocity wm measured at the jet exit, is defined as

Rej ¼
qwmDj

l
(3)

During the entire experiment, the jet Reynolds number was fixed
at 20,000.

The local static pressure distribution was evaluated using the
dimensionless pressure coefficient defined as

CpðaÞ ¼
pðaÞ � pe

qw2
e=2

(4)

where p(a) and pe are the static pressures measured on the target
surface at an arbitrary lateral (azimuthal) location and at the jet
exit, respectively.

The heat transfer characteristics were evaluated using the Nus-
selt number defined based on the jet diameter Dj as

NuðaÞ ¼ hðaÞ
kf =Dj

(5)

where

hðaÞ ¼ q00

TsðaÞ � Tj
(6)

Here, q00 is the estimated net heat flux (Eq. (1)), kf is the thermal
conductivity of air while Ts and Tj are the local surface tempera-
ture and jet flow temperature at the jet exit z¼ 0, respectively.
The origin of the azimuth angle a coincided with the geometric
stagnation point.

The uncertainty associated with the azimuth angle was found to
be within 6 0.2 deg. The measurement uncertainties of the Reyn-
olds number and the static pressure coefficient were estimated
using a method reported in Ref. [31] (based on 20:1 odds) and
found to be within 1.3% and 2.8%, respectively. The uncertainty
of the velocity measurement inside the boundary layer was esti-
mated to be within 5.0%. The resolution of the temperature read-
ings from the temperature scanner was found to be 60.1 K for
each thermocouple.

The estimation of the heat loss via conduction and radiation
showed that approximately 1% (conduction) and 12% (radiation)
of the input heat was lost. The uncertainty of the Nusselt number
was then calculated to be within 5.1%. In the present temperature
range, the deviation of the IR camera measured temperature from
that measured by the thermocouple was calculated to be 60.2 K.
Hence, the temperature uncertainty was estimated to be within
60.3 K. Consequently, the uncertainty of the Nusselt number on

Table 1 Parameters of test setup and conditions

Test parameter Value

Circular jet diameter, Dj 0.026 m
Circular cylinder diameter, D 0.13 m, 0.26 m, infinity (a flat plate)
Relative radius ratio, D/Dj 5.0, 10.0, Infinity (a flat plate)
Mass flow rate, _m 0.0065 kg/s
Reynolds number, Rej 20,000
Width of heating element, Sh 0.20 m
Constant heat flux, q 1428 W/m2
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the flat plate mapped by the IR camera was calculated to be within
5.8%.

3 Discussion of Results

3.1 Circular Jet Characteristics in Free Exit. The potential
core length and velocity profile indicates the jet flow characteris-
tics that subsequently influence local and overall heat transfer on
a target surface downstream. Figure 4(a) exhibits the radial pro-
files of the axial velocity component at selected traverse planes
and indicates a symmetric flow field with respect to the jet axis.
According to the classical description of free jet flow structures
[32], there exist three distinctive flow regions: (a) the initial
region, (b) the transitional region, and (c) the fully developed
region. In the initial region, the jet velocity along the jet axis
maintains its magnitude as high as that at the jet exit. Furthermore,
a region where the jet flow is undisturbed by the flow interaction
with the surrounding fluid at rest (submerged jet) is present, the
so-called “potential core.” For circular jets, Martin [9] suggested
that the core length persists up to 4Dj, while Gautner et al. [1]
reported that it typically ranges from 4.7Dj–7.7Dj. After the jet
flow is fully developed via transition, the axial velocity profiles
become self-similar, collapsing onto a single curve that could be
fitted using Gaussian distribution [33].

The potential core length of the present circular jet in the free
exit was quantified by traversing the centerline jet velocity w0 at

r¼ 0. Figure 4(b) shows the centerline velocity normalized by
that measured at the jet exit, we. Following the definition of Giralt
et al. [34] that the potential core length is the distance from a noz-
zle exit to a downstream location where the centerline velocity w0

reaches 98% of the jet exit velocity we, it is derived from Fig. 4
that the present free jet has the potential core length z/Dj¼ 4.0.
Inside the potential core (z/Dj� 4.0), the centerline velocity
has the same magnitude as we. Outside the potential core (i.e.,
z/Dj> 4.0), the axial centerline velocity w0 decays inversely
proportional to the axial distance [32], as

w0

we
� z

Dj

� ��1

(7)

The measured centerline velocity data followed the trend
expressed by Eq. (7) after z/Dj¼ 8.0. According to Abramovich
and Schindel [32], the onset of the fully developed region (or self-
similar region) occurs approximately at z/Dj¼ 8.0.

It should be noted that the flow characteristics of the present jet
in the free exit (Fig. 4) are expected to vary due to the presence of
a target cylinder downstream, but assumed to be consistent among
the considered cases. It has been argued [13,14] that the jet flow
structure affected by the presence of a target surface is limited
within approximately 1.0Dj upstream and other flow regions
remain unaffected, which may hold for the present configuration.

3.2 Heat Transfer Characteristics on a Reference Flat
Plate (D/Dj 5 ‘). Heat removal from a flat plate by an inclined
circular jet or a slot jet has long been studied [15–20]. Some con-
clusions made on local heat transfer characteristics are summar-
ized as follows. When the jet is inclined from its normal
impinging position, there is either an increase or a decrease in the
primary peak (i.e., its magnitude): the increased peak heat transfer
is observable when the flat plate is positioned “close” to the jet
exit [15,19] while the opposite is achievable when positioned rela-
tively “far away” from the jet exit [16,17]. In both cases, the lat-
eral shift of the primary peak toward the uphill side is in common.
Furthermore, the second peak in addition to the primary peak is
formed only if the flat plate is close to the jet exit, which is associ-
ated with the presence of laminar to turbulent transition on the flat
plate.

This section serves firstly to confirm these previous observa-
tions as reference, second to clarify a key parameter that causes
the observed opposite (or transitional) response of the primary
peak (i.e., its magnitude) to the inclination, and lastly to provide

Fig. 4 Free jet characteristics of a circular jet at Rej 5 20,000;
(a) radial profiles of axial velocity at selected downstream trans-
verse planes; (b) variation of normalized centerline velocity
along the jet axis (i.e., the z-axis), indicating a potential core
persisting up to z/Dj 5 4.0

Fig. 5 Comparison of lateral heat transfer distributions on a
flat plate subject to a normal impinging jet to the data reported
by Goldstein and Franchett [16] and Lee et al. [35]
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the mechanisms of newly found local heat transfer characteristics
in the present study.

3.2.1 Shifting of the Primary Peak. Before proceeding further,
it is instructive to provide the credibility of the present experimen-
tal setup. To this end, lateral heat transfer distributions on a flat
plate positioned at z/Dj¼ 4.0 and 6.0 are compared to the data
reported in Refs. [16,35] for the normal impinging jet position
(h¼ 0 deg). Good agreement is obtained in Fig. 5 except a slight
deviation in the stagnation region, which may be caused by differ-
ent turbulence levels at the jet exit (Gardon and Akfirat [13]).

Figure 6(a) plots the lateral heat transfer distribution on Figure
6(a) plots the lateral heat transfer distribution on the flat plate
which is at z/Dj¼ 2.0 (inside the potential core), for four selected
inclination angles (h¼ 0 deg, 15 deg, 30 deg, and 45 deg). To
facilitate the comparison, the local Nusselt number was normal-
ized by that measured at the stagnation point for h¼ 0 deg,
denoted as Nustag. At h¼ 0 deg, the local heat transfer peaks at the
stagnation point i.e., a¼ 0 deg, forming the primary peak. As the
inclination angle increases up to h¼ 45 deg, the primary peak
moves toward the uphill side and its magnitude is increased.

With the flat plate near the tip of the potential core (z/Dj¼ 4.0),
the inclination only causes the lateral shift of the primary peak to-
ward the uphill side, Fig. 6(b): the magnitude of the primary peak
remains unchanged. For the flat plate slightly downstream of the
potential core (z/Dj¼ 5.0), the magnitude of the primary peak is
decreased, while its consistent lateral shift toward the uphill side
is evident in Fig. 6(c). Positioning the flat plate farther down-
stream e.g., z/Dj¼ 8.0 does not cause any further changes
(Fig. 6(d)).

In previous studies, the lateral shift of the primary peak toward
the uphill side has been univocal [15–20]. However, on the effects
of the inclination on the magnitude of the primary peak, two con-
flicting observations have been reported: the increased inclination
angle from the normal position leads to its increase [15,19] or its
decrease [16,17]. Based on the present systematic study, it can be
clarified that if the flat plate is positioned inside the potential core
of the jet flow, the primary peak is increased with the inclination

whereas outside the potential core, the primary peak is decreased.
There is a transition near the tip of the potential core in which no
change of the primary peak in magnitude is taken place while its
shift toward the uphill side is consistent.

3.2.2 Formation of the Second Peak. A second peak of local
heat transfer on the flat plate is formed at s/Dj¼ 2.0. Its formation
is known to be associated with the occurrence of laminar to turbu-
lent transition [13]. The present results in Fig. 6 indicate that both
the impinging distance (z/Dj) and the inclination angle (h) are
influential.

At z/Dj¼ 2.0 (inside the potential core) and h¼ 0 deg (no incli-
nation), the second peak is formed in both the uphill and downhill
sides. As the jet is inclined, the second peak on the uphill side dis-
appears whereas that on the downhill side remains. The magnitude
of the second peak is increased as well. The laminar to turbulent
transition appears to be delayed: an elongated distance from the
actual stagnation point (i.e., the primary peak) to the local heat
transfer minimum on the downhill side.

Near the tip of the potential core (i.e., z/Dj¼ 4.0), there is no
obvious second peak with no inclination (at h¼ 0 deg) as depicted
in Fig. 6(b). However, as the jet is inclined, the second peak

Fig. 6 Lateral heat transfer distribution on a flat plate subject to an inclined jet
at Rej 5 20,000 with four selected inclination angles with the potential core persisting up to
z/Dj 5 4.0; (a) z/Dj 5 2.0 (inside potential core); (b) z/Dj 5 4.0 (at potential core tip); (c)
z/Dj 5 5.0 (slightly outside potential core; (d) z/Dj 5 8.0 (outside potential core)

Fig. 7 Velocity profiles measured at selected lateral locations
on the downhill side positioned at z/Dj 5 2.0
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begins to develop only on the downhill side. Especially at
h¼ 45 deg, the second peak becomes obvious. However, outside
the potential core (Figs. 6(c) and 6(d)), the second peak disappears
on both sides regardless of the inclination angle.

The cause of the increased heat transfer at the second peak as a
result of the jet’s inclination has not yet been fully understood.
Momentum boundary layer measurement conducted by Vipat
et al. [6] shows that the inclination causes the uneven flow distri-
bution on the uphill and downhill sides on a flat plate subject to
the slot jet impingement: a higher momentum on the downhill
side than on the uphill side exists. The present boundary layer
data measured at the selected lateral locations on a flat plate
where the second peak is formed i.e., s/Dj¼ 2.0 for h¼ 0 deg and
s/Dj¼ 3.0 for h¼ 45 deg (Fig. 7) reveals that the momentum on
the downhill side is increased but the thickness of boundary layer
(d) remains almost unchanged e.g., n/Dj� 0.05 when the jet is
inclined (Fig. 7). Here, the boundary layer thickness d is typically
defined as the distance between the surface and the velocity maxi-
mum [36]. The increased momentum leads to an increase in the
local Reynolds number, resulting in a larger velocity gradient on
the flat plate. This implies the increased wall shear stress as indi-
cated in Fig. 7. Consequently, the local heat transfer at the second
peak is enhanced as the jet is inclined (or as the inclination angle
is increased).

3.3 Heat Transfer Characteristics on a Curved Surface
(D/Dj 5 5.0). Heat transfer characteristics on a cylinder with a fi-
nite diameter ratio e.g., D/Dj¼ 5.0 subject to the same circular jet
in crossflow are considered. Due to the radius of the cylinder
which changes a viewing angle to the fixed IR camera’s position

dramatically, exhaustive corrections to compensate the curvature
are required. Therefore, a film-type thermocouple flush mounted
on the cylinder surface was used instead. An automated rotation
of the cylinder allows a full azimuthal coverage of the local
heat transfer data. The jet Reynolds number was set to be
Rej¼ 20,000.

3.3.1 Inside the Potential Core. With the target cylinder
inside the potential core of the jet flow (z/Dj¼ 2.0) at the normal
impinging position (h¼ 0 deg), a symmetric local heat transfer
distribution in the crossflow plane is seen in Fig. 8(a). The highest
heat transfer coincides with the geometric stagnation point
(a¼ 0 deg). The local heat transfer is decreased until a¼ 30 deg
having a local minimum, followed by a slight increase up to
a¼ 50 deg where a second peak is formed. After which, the local
heat transfer is monotonically decreased. This overall distribution
is qualitatively consistent with that observed on the flat plate.

As the circular jet is inclined from the normal position, the
changes in the local heat transfer distribution are similar to those
observed on the flat plate such as (a) the azimuthal shift of the pri-
mary peak toward the uphill side, (b) the increase in its magni-
tude, (c) the disappearance of the second peak on the uphill side,
(d) the decreased local heat transfer on the uphill side while the
increased local heat transfer on the downhill side, and (e) the
delayed laminar to turbulent transition from the actual stagnation
point on the downhill side. However, there also exist differences
in the local heat transfer characteristics such as (a) the uphill side
heat transfer distribution is more sensitive to the inclination than
the downhill side as opposed to the equal sensitivity on the flat
plate and (b) on the rear cylinder surface the local heat transfer
values become similar regardless of the inclination angles.

A more distinct difference is the magnitude of the second peak
on the downhill side that is decreased in contrast to the observed
increase on the flat plate (Fig. 6(a)). Since the target surface is
convexed, the flow on the cylinder surface turns, inducing an addi-
tional force i.e., the centrifugal force. The static pressure distrib-
uted along the circumference of the cylinder (Fig. 8(b)) indicates
that the flow on the cylinder surface is attached since flow separa-
tion does not occur.

Figure 9 shows the velocity profiles measured at selected azi-
muthal locations including those coinciding with the second peak
at a¼ 45 deg for h¼ 0 deg and a¼ 45 deg for h¼ 45 deg (denoted
as (II) in Fig. 8(a)). A change in the maximum velocity at the two
azimuthal locations is negligible although the jet is inclined. How-
ever, the thickness of boundary layer is almost doubled. The
thickened boundary layer then causes the decrease in the local
heat transfer at the second peak as observed in Fig. 9. It should be
noted that on the flat plate the boundary layer thickness remains
the same while the maximum velocity is increased as a result of
the inclination, resulting in the enhanced local heat transfer.

In summary, the inclination of a circular jet impinging on a
curved surface (cylinder) causes the thickening of the boundary
layer. As a result, the local heat transfer at the second peak is
decreased.

Fig. 8 Circumferential distribution of (a) heat transfer and (b)
static pressure on a target cylinder (D/Dj 5 5.0) positioned
inside the potential core at Rej 5 20,000

Fig. 9 Velocity profiles measured at selected azimuth angles
in the downhill side at z/Dj 5 2.0
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3.3.2 Outside the Potential Core. The results in Fig. 10 ex-
hibit local heat transfer distribution on the cylinder positioned out-
side the potential core (z/Dj¼ 8.0) showing the disappearance of
the second peak. The decrease in the primary peak and its azi-
muthal shift toward the uphill side are also consistent with those
observed on the flat plate. One noticeable feature is almost invari-
ant local heat transfer on the downhill side while a decrease of the
local heat transfer on the uphill side is evident as the inclination
angle is increased.

The disappearance of the second peak on the flat plate that is
positioned outside the potential core has been argued by Jambuna-
than et al. [10] as follows. A series of toroidal vortices that form
in the shear region around the circumference of the jet are con-
vected downstream. Subsequently, these vortices merge into large
vortices and brake down into small-scale random turbulence that
penetrates into the jet axis. This penetration causes the radial (or
lateral) oscillation of flow on the flat plate, resulting in the break-
down of any distinct flow features including flow transition from
laminar to turbulent flow. This argument seems to hold for the
impinging jet on to the circular cylinder.

3.4 Effects of the Convexity. The alteration of local heat
transfer characteristics due to the convexity of the curved surfaces
is compared next for given inclination angles. Three selected
diameter ratios (or the convexities), D/Dj¼ 5.0, 10, and 1, posi-
tioned inside and outside the potential core are considered sepa-
rately. To facilitate the comparison, the abscissa is converted to
the lateral distance from the geometrical stagnation point i.e., s/Dj

instead of the azimuth angle.

3.4.1 Inside the Potential Core. At h¼ 0 deg (the normal im-
pinging position), the local heat transfer distribution on the large
cylinder (D/Dj¼ 10.0) follows that on the flat plate, including the
consistent lateral location of the local minimum at s/Dj¼ 1.5 and
the second peak at s/Dj¼ 2.0 (Fig. 11(a)) [1,9–11,13,29]. As the
jet is inclined to h¼ 45 deg, the difference in the local heat transfer
on the downhill side becomes evident: a higher heat transfer on the
flat plate and a lower heat transfer on a cylinder with a smaller
D/Dj ratio as plotted in Fig. 11(b). However, its difference on the
uphill side is negligible. The lateral location for the primary peak,
the local minimum, and the second peak is coincident. Only the
magnitude of the local heat transfer on the downhill side varies.

To examine qualitatively why the higher local heat transfer is
obtained from a curved surface with a larger D/Dj (e.g., the flat
plate) on the downhill side, an infinitesimally small fluid element
following the streamlines in the vicinity of the cylinder surface is
considered. No discontinuity of the streamlines is caused due to
flow separation and a pressure gradient along the circumference
of the cylinder is insubstantial as indicated by the static pressure
distribution in Fig. 8(b). Force balance on this element along the
axis normal to the cylinder surface i.e., the n-axis gives

F ¼ q
V2

D=2
(8a)

where F is the centripetal force toward the center of the cylinder
and V is the nominal velocity component parallel to the cylinder

Fig. 10 Circumferential distribution of heat transfer on a target
cylinder (D/Dj 5 5.0) positioned outside the potential core at
Rej 5 20,000

Fig. 11 Lateral heat transfer distribution on curved surfaces
subject to an inclined impinging jet at z/Dj 5 2.0 and
Rej 5 20,000: (a) h 5 0 deg and (b) h 5 45 deg

Fig. 12 Velocity profiles measured at s/Dj 5 4.0 (denoted as (III)
in Fig. 10(b)) on two cylinders and a flat plate positioned at
z/Dj 5 2.0 (denoted as (III) in Fig. 10(b))
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surface. Velocity profiles in Fig. 12 measured downstream of the
second peak i.e., s/Dj¼ 4.0 (indicated as (III) in Fig. 11(b)) dem-
onstrate that the maximum flow velocity (taken as V in Eq. (8a))
is invariant i.e., V¼ constant whereas the boundary layer is
substantially thickened as the cylinder becomes smaller (e.g.,
D/Dj¼1! D/Dj¼ 5.0).

For a smaller cylinder, a greater centripetal force is required for
balancing the centrifugal force to force the fluid element follow-
ing the curved surface as

F � 1

D=2
(8b)

With V¼ constant in Eq. (8a) irrespective of the D/Dj ratio, the
centrifugal force is strengthened as the D/Dj ratio becomes
smaller. The thickener boundary layer on a smaller cylinder
(Fig. 12) indicates that the centripetal force F cannot balance the
greater centrifugal force, which lifts the flow father away from the
convexed surface. Hence, a further reduction of the local heat
transfer is caused on the smaller cylinder surfaces as observed in
Fig. 11(b); an upper bound is set by the flat plate. It should also be
pointed out that the local Reynolds number based on the maxi-
mum flow velocity at n/Dj¼ d remains unchanged: the local
Reynolds number plays no part in influencing the local heat
transfer.

3.4.2 Outside the Potential Core. Outside the potential core,
the two cylinders almost follow the local distribution on the flat
plate (Fig. 13(a)). The local heat transfer decreases monotonically
from the stagnation point without forming a second peak. At
h¼ 45 deg, the high heat transfer on the flat plate and the low heat
transfer on the small cylinder as depicted in Fig. 13(b) whereas
the negligible change of the local heat transfer is observed on the
uphill side.

Similar to the observation on the cylinder positioned inside the
potential core, the flow that undergoes the transition on the down-
hill side is influenced by the centrifugal force which pushes the
flow away from the cylinder surface as inferred by the thickened
boundary layer (Fig. 14 at the lateral location of s/Dj¼ 4.0 i.e.,
(IV) indicated in Fig. 13(b)). As a result, the local heat transfer is
reduced on the small cylinder. It should also be pointed out that
the local Reynolds number based on the maximum flow velocity
at n/Dj¼ d remains almost unchanged.

Fig. 13 Lateral heat transfer distribution on curved surfaces
subject to an inclined impinging jet at z/Dj 5 8.0 and
Rej 5 20,000; (a) h 5 0 deg; (b) h 5 45 deg (location (IV) in Fig. 12)

Fig. 14 Velocity profiles measured at s/Dj 5 4.0 (denoted as
(IV) in Fig. 12(b)) on two cylinders and a flat plate positioned at
z/Dj 5 8.0 (outside potential core)

Fig. 15 Schematic summary illustrating how the inclination of
a single circular jet affects azimuthal heat transfer distributions
on a curved surface: (a) inside the potential core; (b) outside
the potential core
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4 Conclusions

Details of local heat transfer characteristics on curved surfaces
emitting constant heat flux subject to an inclined jet were consid-
ered at a fixed jet Reynolds number. Particular focus was placed
on the effects of the inclination, the relative impinging distance to
the potential core of jet flow, and the convexity of the target surfa-
ces on local heat transfer characteristics. Similar and dissimilar
characteristics on the curved surfaces to the flat plate were identi-
fied. New findings in this study are summarized with schematic
illustrations in Fig. 15 as follows:

(1) There is a transitional response of the stagnation heat trans-
fer (the primary peak) to the inclination, depending on the
relative stream-wise location of a target surface to the
potential core of jet flow.

(2) Inside the potential core, the primary peak that initially
coincides with the geometric stagnation point shifts toward
the uphill side with an increase in its magnitude as the incli-
nation angle is increased regardless of the convexity of
curved surfaces (Fig. 15(a)).

(3) Outside the potential core, the primary peak that shifts to-
ward the uphill side is conversely decreased as the inclina-
tion angle is increased regardless of the convexity of
curved surfaces (Fig. 15(b)).

(4) With the normal impinging jet, the second peak is formed
only positioned inside the potential core. With the inclina-
tion, it disappears on the uphill side while that on the down-
hill side remains (Fig. 15(a)).

(5) Inside the potential core, the second peak on the downhill
side is decreased with the inclination whereas that on the
flat plate conversely increases (Fig. 15(a)). This is attribut-
able to the thickening of the boundary layer whose extent is
greater on small cylinders.
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Nomenclature

Cp ¼ Static pressure coefficient defined in Eq. (2)
D ¼ circular cylinder diameter (m)
Dj ¼ circular jet diameter (m)
F ¼ centripetal force (N)
h ¼ convective heat transfer coefficient (W/(m2K))
kf ¼ thermal conductivity of air (W/(mK))
n ¼ coordinate perpendicular to a target surface

Nu ¼ Nusselt number based on a jet diameter defined in Eq. (3)
p(a) ¼ pressure measured at an arbitrary azimuth angle (Pa)

pe ¼ static pressure measured at a jet exit (Pa)
q00 ¼ net heat flux (W/m2)

q00cond ¼ conductive heat loss (W/m2)
q00input ¼ input heat flux (W/m2)

q00rad ¼ radiative heat loss (W/m2)
_m ¼ mass flow rate (kg/s)

Rej ¼ Reynolds number based on a jet diameter defined in
Eq. (1)

s ¼ lateral distance from the geometrical stagnation point (m)
Ta ¼ ambient temperature (K)
Tj ¼ jet temperature measured at jet exit (K)

Ts ¼ local surface temperature measured on a circular cylinder
or a flat plate (K)

w ¼ axial velocity component of jet flow discharged from
circular jet (m/s)

we ¼ jet exit velocity at r¼ 0 and z¼ 0 (m/s)
wm ¼ mean jet velocity (m/s)
wn ¼ axial velocity along the n-coordinate
w0 ¼ centerline (axial) velocity at r¼ 0 (m/s)
wr ¼ jet velocity at a selected radial location (m/s)

z ¼ axial coordinate coinciding with a jet axis
a ¼ azimuth angle measured from a geometrical stagnation

point (deg)
d ¼ boundary layer thickness (m)
e ¼ emissivity
h ¼ inclination angle (degree)
l ¼ viscosity of air (kg/(ms))
q ¼ density of air (kg/m3)
r ¼ Stefan–Boltzmann constant
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