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This study presents thermo-fluidic characteristics on a circular cylinder subject to the impingement of
single-/two-counter jets in crossflow. For a fixed circular jet diameter (Dj), the diameter of a target
cylinder (D) varies, D/Dj = 2.5, 5.0, and 10.0. Two separate scenarios are considered and compared; at a
fixed jet Reynolds number, Rej = 20,000 and at a fixed total mass flow rate. Results demonstrate that
laminar to turbulent transition occurs on a fore cylinder surface which contributes significantly to overall
heat transfer. However, it occurs only if the target cylinder is positioned inside the potential core of each
jet and only if enough spacing (T) between the jets which is determined by the diameter ratio (D/Dj) as
T = pD/2, is ensured. With small spacing, a reverse flow region formed between the jets (=pD/4)
suppresses the occurrence of the transition. For a fixed jet Reynolds number, the added second jet
improves local heat transfer only on the rear cylinder surface whereas the fore cylinder surface is
essentially unaffected by the second jet. For a fixed total flow rate, the single impinging jet removes
substantially more heat than that achievable by the two-counter jets in the present D/Dj ranges.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Thermo-fluidic characteristics of jets impinging on a flat plate
for cooling or heating have long been studied due to its superior
heat transfer performance compared to other convective heat
transfer schemes. Consequently, a multitude of studies have been
conducted [1–4]. It has been established that with a single imping-
ing jet, the overall and local heat transfer on a flat plate depends
strongly on many parameters including a jet exit-to-flat plate dis-
tance (termed an ‘‘impinging distance’’) [1,3]. The highest heat
transfer on a flat plate typically occurs at the stagnation point coin-
ciding with the jet axis at low Reynolds number ranges and low
turbulence levels [5,6]. Depending on the impinging distance
relative to the potential core of jet flow, either two peaks of local
heat transfer (the primary peak at the stagnation point and a sec-
ond peak off from the stagnation point) or a single peak (only the
primary peak at the stagnation point) exist.

In certain applications, the radius of a target surface is finite
compared to the infinite radius of a flat plate. The cooling of a cir-
cular furnace containing the melt of metal slurry with gaseous
pores during the closed-cell foaming process (e.g., via the direct
foaming method) [7,8] (Fig. 1) can be an example. In this particular
application, many parameters affect the quality of final foam
products including those associated with the cooling. A literature
survey reveals that previous studies on crossflow multiple jets
impinging on a circular cylinder emitting constant heat flux are
scares.

Two separate configurations may serve as references to this
particular configuration (or application): (i) heat removal from a
circular cylinder by an impinging jet and (ii) multiple jets imping-
ing on a flat plate. Some major findings on each reference are sep-
arately summarized as follows.

Observations made on circumferential heat transfer character-
istics on a circular cylinder (or a convex surface) impinged by
single impinging jet [9–17] are: (a) when positioned close to the
jet exit (i.e., inside the jet’s potential core), a second peak, in addi-
tion 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; (c) flow separation causes a local heat
transfer minimum on ‘‘small’’ target cylinders (smaller than the
jet diameter) whilst transition from laminar to turbulent flow
causes a second peak on ‘‘large’’ target cylinders (larger than the
jet diameter), and (d) the overall heat transfer rate decreases as
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Nomenclature

Cf skin friction coefficient defined in Eq. (10)
Cp static pressure coefficient defined in Eq. (5)
D target circular cylinder diameter, m
Dj circular jet diameter, m
E voltage from hot-film sensor, V
g gravitational acceleration, m/s2

Gr Grashof number based on cylinder diameter, Gr = gb(Ts -
� Tj)D3/m2

h convection heat transfer coefficient, W/(m2 K)
kf thermal conductivity of air, W/(m K)
n the number of jets
Nu Nusselt number based on a jet diameter defined in Eq.

(6)
p(a) static pressure measured at an arbitrary azimuth angle,

Pa
pe static pressure measured at a jet exit, Pa
q00 heat flux, W/m2

_m mass flow rate, kg/s
r radial coordinate

Rej Reynolds number based on a jet diameter defined in Eq.
(4)

Ri Richardson number in Eq. (8)
s lateral distance from a stagnation point, m
S cylinder span, m
T jet-to-jet spacing (=pD/n), m
Tj jet temperature measured at a jet exit, K
Ts(a) local temperature measured on a cylinder surface, K
w axial velocity component of jet flow discharged from a

circular jet, m/s
we jet exit velocity at r = 0 and z = 0, m/s
w0 centerline (axial) velocity at r = 0, m/s
y coordinate normal to a cylinder surface
z coordinate coinciding with a jet axis
a azimuth angle measured from a stagnation point, �
b thermal expansion coefficient
q density of air, kg/m3

l dynamic viscosity of air, kg/(m s)
m kinematic viscosity of air, m2/s
sw wall shear stress, N/m2
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the impinging distance increases for fixed Reynolds numbers. It
has also been reported that a diameter ratio (D/Dj) plays an impor-
tant role in determining overall heat removal performance: a
higher overall heat transfer on a smaller diameter ratio is obtained
for a given jet Reynolds number and fixed impinging distance
[9–10,14].

For multiple jets impinging on a flat plate, if spacing between
neighboring jets and an impinging distance are small, the interfer-
ence between jets is strong. A region called ‘‘a reverse flow region’’
is formed where counter-flowing streams from the jets meet (on
the symmetric axis in Fig. 1). This region lowers the overall rate
of heat transfer if the jet flow is confined [18,19] whereas its
adverse effect is observed if the jet flow is unconfined [20]. The
jet flow leaving the stagnation point formed by each jet experi-
ences initially a favorable pressure gradient but followed by an
adverse pressure gradient in a ‘‘wall jet region’’ [21]. With small
spacing between the jets, this adverse pressure gradient may be
strengthened due to a relatively high pressure existing in the
reverse flow region [22]. As a result, laminar to turbulent transition
on the flat plate tends to be suppressed.

In the present configuration, jet-to-jet spacing (T) is determined
by the number of jets (n) equi-azimuthally distributed over the
Fig. 1. Schematic of furnace cooling by multiple impinging jets on t
circumference of a cylinder diameter (D) as T = pD/n. Since two-
counter jets are considered, the two jets are azimuthally positioned
at a = 0� and 180� around the cylinder. The following specific issues
aim to be addressed.

(i) how jet-to-jet spacing (with two-counter jets, n = 2) which is
varied with the diameter ratio D/Dj alters local heat transfer
characteristics caused by laminar to turbulent transition and
a reverse flow region,

(ii) how these two distinctive features are influenced by the rel-
ative position to the potential core of the jet flow, and

(iii) for a given total flow rate, a single circular jet or two-counter
jets is more effective in terms of overall heat removal from a
cylinder.

To this end, the present study experimentally considers two
separate configurations: a target cylinder emitting heat which
is cooled by (i) a single jet and (ii) two-counter jets for both a
fixed jet Reynolds number and a fixed total mass flow rate. The
circular jets are positioned at two distinctive impinging distances
from a target cylinder – inside/outside the potential core of the
jet flow.
o a cylindrical furnace containing metal melt with closed-cells.



Fig. 2. Schematic of (a) test setup for measuring heat transfer distribution along the
circumference of a heated circular cylinder cooled by two-counter jets and (b)
crossflow configuration considered.

Table 1
Parameters of test setup and conditions.

Test parameter Value

Circular jet diameter, Dj 0.026 m
Circular cylinder diameter, D 0.065 m, 0.13 m, 0.26 m
Relative curvature, D/Dj 2.5, 5.0, 10.0
Total mass flow rate, _m 0.017 kg/s
Reynolds number, Rej Single jet: 20,000; 40,000

Two-counter jets: 20,000
Circular cylinder span, S 0.48 m
Width of heating element, Sh 0.20 m
Constant heat flux, q00 2500 W/m2
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2. Experimental details

2.1. Test rig and instrumentation

Fig. 2 shows a schematic of the present test rig, consisting of
two circular jets, an air supply, and a target cylinder setup for heat
transfer measurement. Air at ambient conditions drawn by a cen-
trifugal fan was discharged from circular jets with a fixed diameter
of Dj = 26 mm. Each circular jet has an independent settling cham-
ber and a flow control valve. The mass flow rate of each jet was cal-
culated based on the measured flow velocity profile at each jet exit.
In addition, a total pressure tapping was inserted at the center of
each jet 4Dj upstream from the jet exit to ensure that both jets dis-
charge the same mass flow rate. Each circular jet was mounted on a
linear traverse system so that the impinging distance could be var-
ied systematically.

To quantify the potential core length of each jet, the jet velocity
along the z-axis (centerline jet velocity) was measured using a
Pitot tube mounted on an automated linear traverse system. Pres-
sure readings from the Pitot tube were recorded by a differential
pressure transducer (DSA™, Scanivalve Inc.). The radial profile of
the axial velocity component at selected downstream transverse
planes was also measured.

An acrylic circular tube as a target cylinder (ks � 0.02 W/m K)
was mounted on a rotary table. To obtain circumferential variation
of static pressure on the cylinder surface, a static pressure tapping
(inner diameter of 0.5 mm) was drilled into the cylinder surface
and rotated with a 2.5� increment to cover the full circumferential
range from a = 0� (a stagnation point) to a = 360�.
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 thick-
ness of the tube was 5 mm and the target cylinder was filled with
a low thermal conductivity foam as a thermal insulation to mini-
mize heat loss. The net heat flux, q00 was estimated as,

q00 ¼ q00input � q00cond � q00rad ð1Þ

where q00input is the input heat flux from the film heater calculated
based on the input current (I) and voltage (V) from a DC power sup-
ply to the heater (q00input = IV), and q00cond and q00rad are respectively heat
losses via conduction and radiation. The conductive heat loss occur-
ring 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 ð2Þ

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 emissivity (e) was obtained by adjusting the emissivity
setup in an infrared (IR) camera to match the cylinder temperature
readings from flush mounted film-type thermocouples and esti-
mated to be e = 0.98.

Azimuthal location of laminar to turbulent transition on a target
cylinder may be indicated by wall shear stresses. To this end, a hot-
film sensor (55R47 Dantec Inc.) with a thickness of 50 lm was
flush mounted on the cylinder surface. The wall shear stress was
calculated from the electrical voltage of the hot-film sensor using
King’s law as [23–25]:

s1=3
w ¼ AE2 þ B ð3Þ

where E is the voltage from the hot-film sensor, A and B are the
constants determined from the present hot-film sensor calibration
using a hot-wire anemometry, following a method suggested by
Desgeorges et al. [26]. To calibrate the hot-film sensor, the circular
cylinder was immersed in uniform flow in a blow-down wind-
tunnel and was set to a certain azimuth angle whilst the free-
stream velocity was varied. At each flow velocity, E and sw were
calculated based on the velocity profile normal to the cylinder sur-
face at this azimuth angle, by the hot-wire anemometry. sw and E
were then correlated to obtain the constants A and B.

2.2. Data reduction parameters and measurement uncertainties

The jet Reynolds number is defined based on the jet diameter Dj

and centerline jet velocity we measured at the jet exit, as:

Rej ¼
qweDj

l
ð4Þ

The local static pressure distribution was evaluated using the
dimensionless pressure coefficient defined as:
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Fig. 3. Free jet characteristics of the two jets at Rej = 20,000: (a) the radial profile of
axial velocity at selected downstream transverse planes; (b) the axial variation of
normalized centerline velocity, indicating a potential core persisting up to z/Dj = 4.0.
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CpðaÞ ¼
pðaÞ � pe

qw2
e=2

ð5Þ

where p(a) is the static pressure measured on the cylinder surface
at an arbitrary azimuthal location and pe is the static pressure
measured at the jet exit.

The heat transfer characteristics were evaluated using the
Nusselt number defined based on the jet diameter Dj as,

NuðaÞ ¼ hðaÞ
kf =Dj

ð6Þ

where

hðaÞ ¼ q00

TsðaÞ � Tj
ð7Þ

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

In mixed convection problems where natural convection and
forced convection co-exist, Richardson number (Ri = Gr/Re2

j )
represents that which mode dominates between natural and
forced convection and is defined as,

Ri ¼ gbðTs � TjÞD
w2

e
ð8Þ

where g is the gravitational acceleration, b is the thermal expansion
coefficient, Ts is the wall temperature, Tj is the jet temperature, D is
the cylinder diameter, and we is the jet exit velocity. Typically, the
natural convection is negligible when Ri < 0.1, forced convection is
negligible when Ri > 10, and neither is negligible when 0.1 <
Ri < 10. In the present study, with the highest wall temperature
(Ts = 90 �C) at the rear side of the largest cylinder (D = 260 mm),
the local Richardson number is calculated to be,

Ri ¼ gbðTs � TjÞD
w2

e
¼ 9:8� 3:33� 10�3 � ð90� 20Þ � 0:26

142

¼ 3:0� 10�3 � 0:1 ð9Þ

Thus, the natural convection effect is neglected.
The skin friction coefficient is defined as:

Cf ¼
sw

qw2
e=2

ð10Þ

where sw is the wall shear stress defined as

sw ¼ l @u
@y

ð11Þ

Here, y is the direction normal to the cylinder surface, u is the veloc-
ity component parallel to the cylinder surface, l is the dynamic
viscosity of air, and q is the density of air.

The uncertainty associated with the azimuth angle was found to
be within ±0.2�. The measurement uncertainty of the Reynolds
number and the static pressure coefficient was estimated using a
method reported in reference [27] (based on 20:1 odds) and found
to be within 1.3% and 2.8%, respectively. The resolution of the tem-
perature readings from the temperature scanner was ±0.1 K for
each thermocouple. With the heat losses of approximately 1% (con-
duction) and 12% (radiation) accounted for, the uncertainty of the
Nusselt number was calculated to be within 5.1%. The uncertainty
associated with the hot-wire measurement was estimated to be
within 0.8%, resulting in 4.44% of the uncertainty in Cf.
3. Discussion of results

3.1. Circular jet characteristics in free exit

The potential core length and the velocity profiles indicate jet
characteristics that influence local and overall heat transfer on a
target cylinder. Fig. 3(a) exhibits the radial profiles 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 [28], there exist
three distinctive flow regions: (a) the initial region, (b) the transi-
tional 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. There exists a region where the jet
flow is undisturbed by the flow interaction with the surrounding
fluid at rest (submerged jet), the so-called ‘‘potential core.’’ For tur-
bulent circular jets, Martin [1] suggested that the core length per-
sists up to 4Dj whilst Gautner [4] reported that it typically ranges
from 4.7Dj � 7.7Dj. After the jet flow is fully developed via transi-
tion, the axial velocity profiles become self-similar, collapsing onto
a single curve that could be fitted using Gaussian distribution [29].

The potential core length of the present circular jets in the free
exit was quantified by traversing the centerline jet velocity w0 at
r = 0 and the results are plotted in Fig. 3(b) where the centerline
velocity w0 is normalized by that measured at the jet exit, we. Fol-
lowing the definition of Giralt et al. [30] that the potential core
length is the distance from a nozzle exit to an axial point where
the centerline velocity w0 is 98% of the jet exit velocity we, it is
derived from Fig. 3(b) that both free jets have the potential core
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length, z/Dj = 4.0. Inside the potential core (z 6 4.0Dj), the center-
line velocity has the same magnitude as we. Outside the potential
core (i.e., z > 4.0Dj), the axial centerline velocity w0 decays inver-
sely proportional to the axial distance [28], as:

w0

we
� z

Dj

� ��1

ð12Þ

The measured centerline velocity data followed the trend expressed
by Eq. (12) after z/Dj = 8.0. According to Abramovich [28], the onset
of the fully developed region (or self-similar region) occurs approx-
imately at z/Dj = 8.0.

It should be noted that the characteristics of the present two
jets in the free exit are expected to vary due to the presence of a
cylinder downstream, but assumed to be consistent amongst the
three selected diameter ratios. Hofmann et al. [6] argued that the
jet flow structure affected by the presence of a flat plate is limited
within approximately 1.0Dj upstream from the flat plate. Similarly,
only within 1.0Dj upstream from a convex surface, the flow struc-
ture was found to be affected [31]. Hence, other flow regions away
from the target surface are expected to remain unaffected.

3.2. Crossflow consideration

Before proceeding further, it is instructive to provide the credi-
bility of the present experimental setup. To this end, lateral heat
transfer distributions on a flat plate positioned at z/Dj = 4.0 and
6.0 are compared to the data reported in Refs. [32,33]. Good agree-
ment is obtained in Fig. 4 except a slight deviation in the stagna-
tion region, which may be caused by different turbulence levels
at the jet exit [5].

Present study only considers heat transfer characteristics in a
single plane as illustrated in Fig. 2(b) (i.e., a crossflow plane)
although the flow discharged from circular jets interacting with a
target cylinder is three-dimensional. Unlike a circular jet impinging
on a flat plate whose thermal flow field is axisymmetric, the cross-
flow consideration simplifies the actual three-dimensional problem.

The overall temperature contours on the three selected cylin-
ders are shown in Fig. 5, captured by a pre-calibrated infrared
(IR) camera. The impinging distance was set to be z/Dj = 8.0 at
Rej = 20,000. Isothermal lines on the cylinder (D/Dj = 2.5) form an
ellipse-like shape; slightly wider in the z’-direction (coinciding
with the target cylinder’s axis) than in the s-direction (along the
circumference). On bigger cylinders (D/Dj = 5.0 and 10.0), isother-
mal lines turn to a circular shape.

To quantify this, the temperature data was extracted along the
two selected directions and the results are plotted in Fig. 6. On the
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Fig. 4. Comparison of lateral heat transfer distributions on a flat plate subject to a
normal impinging jet to the data reported by Lee et al. [32] and Goldstein and
Franchett [33].

Fig. 5. Temperature contours on a circular cylinder subject to a circular impinging
jet at z/Dj = 8.0 (outside the potential core) captured by an infrared (IR) camera; (a)
D/Dj = 2.5; (b) D/Dj = 5.0; (c) D/Dj = 10.0.
cylinders, the temperature distribution, at least, along these two
selected directions is almost identical whereas there is a deviation
on the smaller cylinder surface (D/Dj = 2.5) where a slightly steeper
temperature drop exists along the circumference (the s-direction)
than that along the z’-direction. The crossflow consideration sim-
plifies the three-dimensional heat transfer analysis but may pro-
vide useful information on the present problem.

3.3. Heat transfer on a small cylinder (D/Dj = 2.5)

Local heat transfer characteristics on a cylinder of D/Dj = 2.5
subject to the impingement of both a single jet and two-counter
jets in crossflow are considered at the jet Reynolds number of
Rej = 20,000. Detailed circumferential distribution of heat transfer,
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static pressure, and skin friction is measured at two distinctive
impinging distances; z/Dj = 2.0 (inside the potential core) and
z/Dj = 8.0 (outside the potential core).
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Fig. 7. Circumferential distributions of (a) Nusselt number (Nu), (b) static pressure
coefficient (Cp), and (c) skin friction coefficient (Cf) on a target cylinder (D/Dj = 2.5)
subject to a single impinging jet at Rej = 20,000.
3.3.1. Circumferential heat transfer distribution with a single
impinging jet

At z/Dj = 2.0 (inside the potential core), the local heat transfer on
the cylinder surface decreases from the stagnation point a = 0�
where the maximum heat transfer exists, and reaches a local min-
imum at a = 50� (Fig. 7(a)). Afterwards, the local heat transfer turns
to increase slightly until forming a peak at a = 80� (termed a ‘‘sec-
ond peak’’ in addition to the primary peak at a = 0�). It then
decreases monotonically to a = 180�.

Two possible causes for the observed local minimum and subse-
quent second peak are flow separation and/or laminar to turbulent
transition. Static pressure distribution along the cylinder surface
can indicate flow separation, if responsible, where a local mini-
mum of heat transfer typically coincides with the inflection point
on static pressure curves. Results in Fig. 7(b) exhibit that the static
pressure peaks at a = 0o and decreases until a = 40�, followed by a
gradual increase to a = 180�. It can be concluded that flow separa-
tion plays no part in the formation of the second peak.

The distribution of skin friction along the cylinder surface is
now considered to examine whether laminar to turbulent transi-
tion is responsible for the second peak. Results in Fig. 7(c) show
that the maximum skin friction (Cf) exists approximately at
a = 25�. After attaining its maximum value, the skin friction falls
rapidly to a certain value at around a = 50�. After which, it forms
a plateau region up to a = 80�, followed by a monotonic decrease
to zero skin friction. By comparing the azimuthal distribution of
the heat transfer and skin friction coefficients, it may be inferred
that the onset of the transition occurs at the azimuthal location
where the plateau region of the skin friction begins to form
(Fig. 7(c)) and the observed second peak takes place at the azimuth
angle where the skin friction starts to drop from the plateau region.

At z/Dj = 8.0 (outside the potential core), the local heat transfer
decreases monotonically from the stagnation point a = 0� to the
rear side of the cylinder at a = 180� (Fig. 7(a)). The local heat trans-
fer at the stagnation point is marginally higher than that of the cyl-
inder positioned inside the potential core. Locally, a second peak is
not formed. The disappearance of the second peak has been argued
by Jambunathan et al. [3] as follows. A series of toroidal vortices
that form in the shear region around the circumference of the jet
are convected 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 appears
to hold for the present impinging jet on a cylinder surface at
z/Dj = 8.0.

3.4. Comparison at a fixed jet Reynolds number

Impinging jet heat transfer with a single jet and two-counter
jets in crossflow is compared for a fixed jet Reynolds number,



594 X.L. Wang et al. / International Journal of Heat and Mass Transfer 78 (2014) 588–598
Rej = 20,000. The total mass flow rate discharged from the two-
counter jets is doubled. Two additional cylinders D/Dj = 5.0 and
10.0 are also considered under the same test conditions. Each tar-
get cylinder is positioned in two distinctive positions; z/Dj = 2.0
(inside the potential core) and 8.0 (outside the potential core).

3.4.1. Inside the potential core
On the small cylinder (D/Dj = 2.5) subject to a single jet, the

local heat transfer at the stagnation point (a = 0�) is the highest
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Fig. 8. Comparisons of local Nusselt number distribution on three selected
cylinders positioned at z/Dj = 2.0 (in potential core region) subject to a single and
two-counter impinging jets for a fixed jet Reynolds number of 20,000;
(a) D/Dj = 2.5; (b) D/Dj = 5.0; (c) D/Dj = 10.0.
as shown in Fig. 8(a). After which, the local heat transfer is
decreased until the laminar to turbulent transition elevates the
local heat transfer, followed by a second peak formed at a = 80�.

With two-counter jets, two primary peaks exist at a = 0� and
180�. Since the jet Reynolds number was fixed for both jets, the pri-
mary peaks have identical magnitude. At a = 90� the reverse flow
region is formed where the fluid streams from the two counter-jets
meet and are deflected away from the cylinder surface. It is inter-
esting to notice that the local heat transfer on the fore cylinder
region for each jet is unaffected by the other jet, separated virtually
by the reverse flow region.

On the bigger cylinders e.g., D/Dj = 5.0 and 10.0 (Fig. 8(b) and
(c)), the relative azimuthal range under the influence of the lami-
nar to turbulent transition by the single jet becomes narrower.
With the two-counter jets, the enhanced local heat transfer in
the reverse flow region diminishes. However, another second peak
emerges. On these larger cylinders, the flow that follows the cylin-
der surface after its stagnation has enough spacing for the laminar
to turbulent transition to occur before reaching the reverse flow
region where a higher pressure exists. Also, similarly, the local heat
transfer on the fore cylinder region for each jet is unaffected by the
second jet, separated virtually by the reverse flow region.

In both cases: single jet/two-counter jets, the azimuthal loca-
tion of the second peak (due to the transition) varies with the D/
Dj ratio. However, it has been argued that on a flat plate subject
to a circular impinging jet, laminar to turbulent transition causes
a second peak consistently at 2.0Dj measured from the stagnation
point, preceded by a local minimum roughly at 1.5Dj [3]. To facili-
tate the comparison, the data in Fig. 9 were re-plotted in Fig. 9 as a
function of a lateral distance (s/Dj) instead of the azimuth angle (a)
where s is the absolute lateral distance measured from the stagna-
tion point.

The present onset location of laminar to turbulent transition is
s/Dj = 1.5 regardless of the D/Dj ratio, followed by the formation of
the second peak roughly at s/Dj = 2.0. This lateral location of the
second peak is consistent with that expected on a flat plate that
is positioned inside the potential core.

In summary, the addition of a second jet positioned at a = 180o

strengthens the local heat transfer on the rear side of the cylinder
(i.e., from a = 180� to a = 90�). However, the other side of the cylin-
der (i.e., from a = 0� to a = 90�) is essentially unaffected. In other
words, each jet determines local heat transfer in the fore half of
the cylinder with respect to the symmetric axis at a = 90�. The
two-counter jets enhance only about 17.0% for D/Dj = 2.5, 38% for
s/Dj

N
u
(s
/D

j)

0 2 4 6 8 10 12 14

30

60

90

120

150

180
Two jets
Single jet

Transition

D/Dj = 10.0D/Dj = 2.5 D/Dj = 5.0

Fig. 9. Lateral distribution of local Nusselt number on three selected cylinders
positioned at z/Dj = 2.0 subject to a single and two-counter impinging jets for a fixed
jet Reynolds number of 20,000.
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D/Dj = 5.0, and 43% for D/Dj = 10.0 higher overall heat transfer than
the single jet even with the doubled total mass flow rate.
3.4.2. Outside the potential core
At z/Dj = 8.0, the local heat transfer with the single jet is mono-

tonically decreased from the stagnation point without forming a
second peak regardless of the D/Dj ratio (Fig. 10). With the two-
counter jets, a second peak is formed resulting not from laminar
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Fig. 10. Comparisons of local Nusselt number distribution on three selected
cylinders positioned at z/Dj = 8.0 (in fully developed flow region) subject to a single
and two-counter impinging jets for a fixed jet Reynolds number of 20,000;
(a) D/Dj = 2.5; (b) D/Dj = 5.0; (c) D/Dj = 10.0.
to turbulent transition but from the formed reverse flow region
at a = 90�. However, the elevated local heat transfer in this region
diminishes as the target cylinder becomes bigger. About 23% more
for D/Dj = 2.5, 35% more for D/Dj = 5.0, and 34% more for D/Dj = 10.0
of the overall heat transfer enhancement are achievable with the
two-counter jets although the total mass flow rate was doubled.
The addition of a second jet positioned at a = 180o strengthens
the local heat transfer only on the rear side of the cylinder (i.e.,
from a = 180� to a = 90�). The other side of the cylinder (i.e., from
a = 0� to a = 90�) is essentially unaffected.
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Fig. 11. Comparisons of local Nusselt number distribution on three selected
cylinders positioned at z/Dj = 2.0 (in potential core region) subject to a single and
two-counter impinging jets for a fixed total mass flow rate; (a) D/Dj = 2.5;
(b) D/Dj = 5.0; (c) D/Dj = 10.0.
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3.5. Comparison at a fixed total mass flow rate

It is practically more relevant that the total mass flow rate dis-
charged both from the two-counter jets and from the single jet is
fixed i.e., Rej = 20,000 (for the two-counter jets) and Rej = 40,000
(for the single jet) for comparison. Detailed local heat transfer dis-
tribution on a cylinder cooled by the single jet and two-counter
jets is discussed separately.

3.5.1. Inside the potential core
Fig. 11(a) shows that on D/Dj = 2.5, the single jet causes the

highest heat transfer at the stagnation point and the local heat
transfer is increased by the laminar to turbulent transition from
a = 50�, forming a second peak at a = 100�. The transition elevates
the local heat transfer substantially leading to its magnitude as
high as that of the stagnation point. The circumferential region
under the influence of the transition covers more than half of the
total cylinder surface. Considering the two jets with each jet dis-
charging half of the fixed total mass flow rate, heat removed at
each stagnation point is about 70% of that removable by the single
jet that has the doubled jet Reynolds number. The single jet pro-
vides 53% higher overall cooling performance than that achievable
by the two-counter jets.

On larger cylinders D/Dj = 5.0 and 10.0 (Fig. 11(b,c)), the higher
heat transfer regions induced by the transition are formed but their
relative azimuthal range becomes narrower. However, the contri-
bution of the reverse flow region to the overall heat transfer
becomes minimal. The local heat transfer on the rear side of the
cylinder with the single jet drops significantly. Still, the single jet
is able to remove more heat than the two-counter jets (40% more
for D/Dj = 5.0 and 22% more for D/Dj = 10.0).

To examine the absolute onset location of the transition for all
the considered cases, the data plotted in Fig. 11 is re-plotted in
Fig. 12. The transition starts at s/Dj = 1.5 and the second peak forms
at s/Dj = 2.0. It may be concluded that the onset location of the lam-
inar to turbulent transition is solely determined by the jet diameter
which is consistent with an impinging jet on a flat plate. The target
cylinder size and jet Reynolds number play no part in determining
the onset location if the transition occurs.

3.5.2. Outside the potential core
At z/Dj = 8.0, the single jet having the doubled jet Reynolds

number causes a monotonic decrease in local heat transfer from
the stagnation point without forming a second peak (Fig. 13). Sim-
ilar to the cylinder positioned in the potential core, the magnitude
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Fig. 13. Comparisons of local Nusselt number distribution on three selected
cylinders positioned at z/Dj = 8.0 (in fully developed flow region) subject to a single
and two-counter impinging jets for a fixed total mass flow rate; (a) D/Dj = 2.5;
(b) D/Dj = 5.0; (c) D/Dj = 10.0.
of the local heat transfer by the single jet in most of azimuthal
ranges is higher than that with the two-counter jets. On larger cyl-
inders, the local heat transfer enhancement due to the reverse flow
region diminishes.

3.5.3. Summary
For a fixed total mass flow rate, the single jet removes more

heat than the two-counter jets, which is counter-intuitive. Even
with the cylinder being 10 times as large as the circular jet i.e.,
D/Dj = 10.0, the single jet provides the superior cooling capacity.



Fig. 14. Sketches of flow regions on a single cylinder subject to single / two-counter
jets positioned in potential core region; (a,b) D/Dj = 2.5; (c) D/Dj = 5.0 and 10.0.
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This is due to the fact that the enhanced rear side local heat trans-
fer by the added second counter jet does not contribute to the
overall heat transfer significantly. It is more effective to concen-
trate the cooling flow on the fore cylinder region which determines
the overall heat transfer of the target cylinder.
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Fig. 15. Comparison of overall heat removal from target cylinders having different
relative sizes; D/Dj = 2.5, 5.0, and 10.0.
4. Practical implication

Thermo-physically, the laminar to turbulent transition plays an
important role in enhancing local heat transfer on a target circular
cylinder (larger than the jet diameter) in crossflow if positioned
inside the potential core of the jet flow. With a single jet impinging
on a cylinder, the laminar to turbulent transition always takes
place (Fig. 14(a)). However, with the second counter jet introduced
at a = 180�, the target cylinder’s relative size determines the
occurrence of the transition. If it is too small (e.g., D/Dj = 2.5); the
transition does not take place since there is no enough circumfer-
ential space between the stagnation point and the reverse flow
region for the flow to undergo the transition (Fig. 14(b)). If the
cylinder is large enough e.g., D/Dj = 5.0 and 10.0, even with the
two-counter jets, the transition can occur as illustrated in
Fig. 14(c). In terms of engineering application, the superior cooling
by a single jet to two-counter jets for a fixed total flow rate in the
present D/Dj ranges is evident. However, assuming the validity of
the extrapolated data, the two-counter jets may remove more heat
if D/Dj P 14.0 (Fig. 15). The concentrated cooling on the fore side of
a target cylinder that determines the overall heat transfer is more
effective if a target cylinder is relatively small (D/Dj < 14.0). How-
ever, the distributed cooling may become more effective if a target
cylinder is sufficiently large (D/Dj P 14.0).
5. Conclusions

Details of circumferential heat transfer distribution on a circular
cylinder emitting constant heat flux subject to the cooling by either
single or two-counter jets in crossflow were experimentally con-
sidered. Three target cylinders (D/Dj = 2.5, 5.0 and 10.0) positioned
at two distinctive impinging distances; z/Dj = 2.0 (inside the poten-
tial core) and 8.0 (outside the potential core) with the potential
core persisting up to z/Dj = 4.0 were separately considered. Com-
parisons were made for a fixed jet Reynolds number and for a fixed
total mass flow rate. New findings in the present study are summa-
rized as follows.

(1) Laminar to turbulent transition takes place only if the target
cylinder is positioned inside the potential core of jet flow.
However, with two-counter jet impingement, the transition
requires a certain distance between the stagnation point and
the reverse flow region determined by the D/Dj ratio as
T = pD/4.

(2) With two counter-jets, a reverse flow region which elevates
local heat transfer is always formed but its effect diminishes
as the target cylinder becomes larger.

(3) It is laminar to turbulent transition rather than flow separa-
tion on a target cylinder that increases local heat transfer.
The contribution of the transition to overall heat transfer
becomes localized and eventually minimal as the D/Dj ratio
is increased.
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