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are reported. Measurements were performed at a constant total mass flow rate for three different outer and
inner jet velocity ratios, r, = U,/U; = 0.5, 1.0, and 2.0, at a single stand-off distance of twice the outer jet
diameter. Inner or outer jet were pulsed at frequencies up to 200 Hz, and instantaneous temperature fields were
measured using high-speed infrared thermography. Findings indicated that while steady, non-pulsating coaxial
jet operation yields the highest overall heat transfer at a velocity ratio of r, =2, further enhancement of the
heat transfer coefficient was achieved across all velocity ratios by applying pulsation within a narrow frequency
band to the weaker of the two coaxial jets. The fluctuating temperature fields were further analyzed by spectral
proper orthogonal decomposition providing the fluctuating temperature amplitudes and wave lengths of the
thermal disturbance induced by the pulsation. Based on simple scaling arguments, it was shown that the latter

scaled by a power law dependence on the pulsation Strouhal number.

1. Introduction

Impinging jet flows in a variety of geometric configurations have
been widely used in cooling applications since attainable heat transfer
coefficients are comparable to those achieved with phase change ma-
terials [1]. However, the maximum heat transfer coefficient near the
stagnation point decreases dramatically with increasing radial position,
possibly inducing large thermal stresses. In order to increase the unifor-
mity of the surface cooling, one can implement geometric alterations,
as well as active or passive control methods to retain persistently high
heat transfer rates [2].

Among those, coaxial round jets where an inner jet is surrounded
by an annular jet (see Fig. 1 in [3]), have been shown to exhibit
improved heat transfer and surface cooling uniformity compared to a
single impinging jet at the same mass flow rate [4,5]. Coaxial jet flows
are comprised of two potential core regions associated with the inner
and outer openings, in which the concentric gas paths remain unmixed,
and the boundaries are separated by inner and outer mixing regions
that are characterized by high shear [6-8]. This high shear results in the
generation of strong coherent vortices in the near-field of the coaxial
jet as a result of Kelvin—Helmholtz instabilities. Further downstream,

* Corresponding authors.

the two jets become fully merged and reach self-similarity in the fully
developed zone [9].

Among the different parameters governing the flow field down-
stream of the nozzle, the velocity and area ratios between the outer
annulus and inner jet exit given by [3]:

ry = Uu/Ui’ (1)
and
A, =A,/A;, (2)

respectively, are highly significant. The outer and inner jet exit areas
are given by [3]:

A, = (D2 = (D; +2t))")/4, and A; = zD} /4, 3)

respectively, where D; and D, denote the inner and outer jets’ nozzle
exit diameters, respectively, and the subscripts “i” and “0” denote the
inner and outer jet, respectively. Prescribing the inner wall thickness,
1;, defines the annular gap size by [3]:

b=(D,— (D, +2t;))/2. @
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Acronyms

FFT Fast Fourier Transform

IR Infra Red

ISL Inner Shear Layer

MFC Mass Flow Controller

NETD Noise Equivalent Temperature
Difference

OSL Outer Shear Layer

PF Particle Filter

ROIL Region Of Interest

RTV Room Temperature Vulcanizing

SPOD Spectral Proper Orthogonal
Decomposition

SV Solenoid Valve

WG Wave Generator

WS Water Separator

Roman Symbols

(r, @, z) Cylindrical coordinate system

(x,9,2) Cartesian coordinate system

LxW xH (Length x Width x Height), [mm?]

A Nozzle exit area, [mm?]
Outer—inner exit nozzle area ratio
Impingement surface area, [mmz]
Annular gap, [mm]

Jet exit diameter, [mm]

Pulsation frequency, [Hz]

Nozzle to surface distance, [mm]
Convective heat transfer coefficient,
[W/m?K]

Mass flow rate, [g/s]

Outer-inner jet flow velocity ratio
Temperature, [°C]

Time, [s]

1 Thickness, [mm]

U Bulk axial jet velocity, [m/s]
Maximum velocity inside boundary
layer, [m/s]

<

SmSo T e

Greek symbols

) Aerodynamic boundary layer
thickness, [mm]

A Wavelength of propagating
thermal wave, [mm]

v Fluid kinematic viscosity, [m?/s]

br Phase of thermal propagating
wave, [rad]

Subscripts and superscripts

(o No pulsation

oo Free jet stream

(Dge Acquisition

e Coating layer

()i Inner jet

oF Jet

max Maximum value

(o Outer jet

Oy Pulsation

[OF Surface

() Total

)¢ Stagnation

Notations

O Complex valued variable
() Azimuthal average
KGN Spatial average

%) Temporal average

O Zero shifted

(64 Amplitude of fluctuations

Non-dimensional numbers

Nu Nusselt number

Re Reynolds number
St Strouhal number
Wo Womersley number

Then, the inner and outer jet Reynolds numbers can be defined as [3]:
Re; =U;D;/v and Re, = 2U,b/v, 5)

respectively, where v denotes the fluid kinematic viscosity. Varying r,
and/or A, changes the characteristics of the coherent vortex structures,
including strength, spatial distribution and rotation direction [6,8,10],
which in turn drive the convective heat transfer around the impinge-
ment surface at small stand-off distances as shown for a single jet
by Raizner and van Hout [11]. Note that radial, time-averaged Nusselt
number distributions displayed a secondary maximum slightly away
from the stagnation point, which coincides with the impingement of
primary vortices and the generation of secondary vortices at relatively
small stand-off distances [11].

An approach to increase impinging jet heat transfer coefficients is
pulsation or oscillation of the jet streams leading to unsteadiness in
the mean flow. Applying pulsation on single impinging jets has been
studied by several researchers [12-18] and both enhancement as well
as reduction in heat transfer coefficients have been reported. However,
the exact physical mechanisms behind this enhancement or reduction
have largely remained obscure since heat transfer measurements are
seldom accompanied by detailed flow field measurements. A notable
exception are the measurements by Raizner et al. [18], who showed
that overall heat transfer enhancement (or reduction) due to pulsation

is the result of the increased (or reduced) primary vortex generation
frequencies over those of a non-pulsating jet. Since unsteadiness is in-
herent in synthetic jets, its effect on impingement surface heat transfer
has been studied extensively during the past years [19-21]. Synthetic
jets have a zero net mass flux but expel a periodic oscillating jet when
operated above the jet formation criterion [22]. Similar as for pulsating
single jets, synthetic jets may significantly increase the heat transfer
coefficients compared to a single steady jet. However, the flow field
generated by a synthetic jet is fundamentally different from that of
a steady jet issued from a nozzle where the constant mass flow rate
expelled from the nozzle is modulated. Readers interested in impinging
synthetic jet heat transfer, are referred to the recent, comprehensive
review by Arshad et al. [23].

There are only a few scientific studies on coaxial impinging jets (not
synthetic jets) that mainly focus on the average heat transfer footprint.
The first measurements of the heat transfer of a coaxial jet impinging
on a flat heated surface were reported by Celik and Eren [4], who
performed surface temperature measurements using thermocouples at
five different bulk jet Reynolds numbers ranging from 5,000 to 25,000
for different values of r, (maximum r, ~ 1.2) by changing the area
ratio A,; A, was changed by changing D,;/D, (for constant D,) from
D;/D, = 0 (conventional circular jet) to D;/D, = 0.105, 0.35, and
0.55. Measurements were performed at stand-off distances between 4 <
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H/D, < 12. They reported that for the same mass flow rate, the Nusselt
numbers of a coaxial jet exceeded those of a single jet, while stagnation
point heat transfer coefficients decreased monotonically with increas-
ing H/D,. Maximum Nusselt numbers as well as the most uniform
surface cooling, were obtained at D;/D, = 0.55 which corresponds to
the case for which r, < 1. Note that their experimental setup did not
allow to adjust U, and U; independently without changing A,. Markal
and Aydin [5] measured the hydrodynamic and thermal characteristics
of coaxial confined impinging turbulent air jets for different H/D,
and r,. In contrast to Celik and Eren [4], they kept A, constant by
controlling U; and U, independently, and conducted measurements for
0.5 < H/D, < 2.5 and 0.08 < r, < 0.75. In agreement with Celik
and Eren [4], their measurements also showed superior performance
of coaxial jets compared to single jets with the same mass flow rate.
Furthermore, for all H/D,, the most uniform surface cooling was
obtained at the highest investigated r, (= 0.75). Adding a swirling
motion to the outer jet did not seem to have a significant impact on
the heat transfer [24,25]. A recent experimental study by Akdag et al.
[26] showed that a pulsating annular impinging jet increased the heat
transfer over that of a steady circular jet by 27% at a stand-off distance
of H/D, = 2. To the authors’ knowledge, no results on pulsating,
impinging coaxial jets have been reported in the literature to date.

As shown above, previous studies on coaxial impinging jets are
limited and, excluding synthetic jets, none have examined the effect
of pulsation. Moreover, available results are based on time-averaged
or spatially averaged measurements, and spatio-temporal heat transfer
characteristics have not been reported. The present work addresses this
gap by investigating the influence of pulsating either the inner or outer
jet of a coaxial impinging configuration on unsteady convective heat
transfer. To enable time-resolved measurements of fluctuating temper-
ature fields, a 400 nm ultrathin Joule-heated surface with minimal
thermal inertia was developed, allowing high-speed infrared thermog-
raphy up to 200 Hz. The resulting large dataset was analyzed using
Proper Orthogonal Decomposition (POD) and Spectral POD (SPOD),
which revealed radially propagating thermal waves and quantified
their amplitude, phase, and wavelength. The findings demonstrate that
pulsating the weaker jet within a narrow frequency range enhances
heat transfer and establish a power-law relationship between thermal
disturbance wavelength and Strouhal number, providing new physical
insights into pulsation-driven heat transfer mechanisms in coaxial im-
pinging jets. The experimental setup and data processing are described
in Sections 2 and 3 after which the overall heat transfer and the effect
of pulsation are presented in Section 4. A summary and conclusions are
presented in Section 5.

2. Experimental setup

Experiments were conducted using an impinging coaxial round jet
setup, schematically depicted in Fig. 1 [6]. Compressed air passed first
through a water separator (WS, Festo MS6-LWS), a pressure regulator
(PR, Festo MS6-LFR), and a 5 pm particle filter (PF, Festo MS6-LF) after
which the air path was split into two streams, connected to the inner
and outer jet, respectively. Each stream passed through a mass flow
controller (MFC, Alicat MCR-250 SLPM, full-scale uncertainty + 0.2%)
and a solenoid valve (SV, Festo MHE4) with a maximum switching
frequency of 210 Hz. The solenoid valves were connected to a wave
generator (WG, FeelElec FY8300) to produce either inner or outer jet
pulsation. The jet nozzle was mounted on a bi-directional traversing
mechanism such that its position could be accurately adjusted with
respect to the impingement surface. The jet perpendicularly impinged
upon a Joule-heated surface fed by a power supply (TDK-Lambda
ZUP36-24). The fluctuating temperatures of the heated surface were
imaged using a high speed IR camera (Telops FAST M1k, 512 x 256
pixels at 500 Hz) positioned at an oblique angle (6 ~ 45°) with the im-
pingement surface. The camera’s typical Noise Equivalent Temperature
Difference (NETD), which is a measure of the smallest distinguishable
temperature difference the sensor can perceive, equals NETD = 25 mK.
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Table 1

Impingement surface specifications. The maximum frequency response,
fmax» and spatial wave-number, «,,., were calculated based on the
analysis by Nakamura [27]. L,W,H denote length, width and height,

respectively.

Total metal coating thickness 5, = 400 nm
Surface spectral emissivity e =02

Electrical resistance R=175Q
Maximum frequency response fmax = 1000 Hz
Maximum spatial wave-number Kpax = 45,000 mm™!

100 x 92 x 10 mm?
A, = 100 x 62 mm’

Surface dimensions (L x W X H)
Surface area of ROI (L x W)

2.1. Coaxial jet nozzle

The coaxial nozzles consisted of an inner round jet and an outer
annular jet, additively manufactured in three parts by fused filament
fabrication of Acrylonitrile Butadiene Styrene (ABS) (Fig. 2). For a wall
thickness of #; = 1+ 0.1 mm, the inner and outer jet’s diameters were
D; =6+0.1 mm and D, = 10+0.1 mm respectively, resulting in an area
ratio of A, = A,/A; = 1.

The inner jet was delivered from a straight tube with a length of
I = 670 mm (//D; = 112) ensuring a fully developed turbulent jet
exit velocity profile. After passing through a volute, the outer jet was
released from a converging nozzle with a contraction ratio of 3:1 (Fig.
1). Note that the volute’s cross-sectional diameter was systematically
reduced to compensate for the decrease in mass flow rate, maintaining
axisymmetry of the outer jet exit velocity. Moreover, guiding vanes
were installed at the nozzle inlet to de-swirl the incoming flow and
minimize any azimuthal velocity components (Fig. 2).

In order to ensure concentric alignment of the inner and outer
nozzles, the annular gap width of 1 mm was set within +0.1 mm by
inserting a tubular guide into the slot. After assembly, the tubular insert
was removed and concentricity was verified by imaging the coaxial jet
nozzle exit. The mismatch between the center positions of the inner
and outer jets (based on the circular Hough transform) ranged between
0.13-0.17 mm, i.e. within the range of the expected manufacturing
uncertainties.

2.2. Impingement surface

The impingement surface consisted of a flat 400 nm thick, Joule-
heated metal layer deposited on top of a ceramic substrate (Alumina-
Silicate Un-fired, Aremco 502-1100-UF). The ceramic substrate was
machine sanded (ATM Saphir 520) using P1200 and P2500 papers, and
polished using a 3 pm diamond suspension and lubricant. As a pre-
coating, a ceramic adhesive (Cotronics RESBOND 989F) was applied,
providing bonding at high temperatures (up to 1650 °C) and small par-
ticle sizes (600 nm) that fill the smallest pores in the ceramic substrate.
Optimal surface quality was achieved by applying several iterations of
the precoating. The final metal layer was deposited using an electron
beam process composed of three layers of different metals. The first
layer (100 nm thick) was titanium that adhered well to the ceramic
base, followed by 200 nm thick nickel filler, and the top 100 nm layer
was platinum (with good mechanical and anti-oxidation properties that
rendered the surface more durable). The final specifications of the
impingement surface and upper metal coating are summarized in Table
1 including the surface emissivity (¢) attained by a one-point Resistance
Temperature Detector (RTD) calibration. The ultra-thin upper metallic
coating provided low heat capacity and high spatio-temporal response
determined according to the analysis outlined by Nakamura [27].

In order to create Joule resistive heating, current was supplied to the
metal layer through brass leads (Fig. 1) that were flush mounted with
the impingement surface. To prevent electric arcs when applying high
currents, they were insulated from the deposited metal layer across
the curved surface by room temperature vulcanizing (RTV) silicone,
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Fig. 1. Schematic layout of the experimental setup (not to scale). Acronyms: (WS) water separator, (PR) pressure regulator, (PF) particle filter, (MFC) mass flow controller, (SV)
solenoid valve, (MS) mosfet switch, (WG) wave generator. Numbers denote: (1) ceramic base, (2) coating layers, (3) high temperature RTV silicone, (4) graphite stripes, (5) brass

leads, (6) bolts, (7) electric poles, (8) wool insulation.
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Fig. 2. Schematic of the 3D printed parts (different colors) comprising the coaxial jet nozzle.

rated for elevated operating temperatures (see Fig. 1). Heat losses were
reduced by applying the same RTV silicone also to the surface perimeter
and the mounting frame, while mineral wool insulation was glued to
the back of the ceramic substrate (Fig. 1).

Note that the measurement of the fluctuating temperature fields
of the impingement surface are limited by the combination of the
frequency and spatial response of the ultra-thin impingement surface
and the sensitivity of the thermal imaging. On the one hand, the design
parameters of the impingement surface (see Table 1) set the upper
limits on the spatial resolution and frequency response of the surface.
However, in practice, the sensitivity of the thermal imaging device as
given by its NETD value, sets the upper limit of resolved temporal
temperature fluctuations and dictates the upper values of the pulsation
frequency. In our case this was significantly lower (200 Hz) than the
maximum design frequency response of the surface (f,,,, = 1000 Hz,
Table 1).

2.3. Experimental conditions

Experiments were performed at a stand-off distance of H/D, =
2 + 0.05 for three different velocity ratios, r, = 0.5, 1.0, and 2.0, at
a constant total mass flow rate, iy, = 2.00 + 0.03 g/s. This particular
stand-off distance was chosen based on prior flow field measurements
of a steady, free coaxial jet performed by Mitra et al. [6] in the
same facility, which showed that the near-field vortices generated as
a result of Kelvin—-Helmholtz instabilities, are strong at 2D, from the
nozzle, and are expected to make an impact on the convective heat
transfer. The investigated values of r, represent different inner shear
layer characteristics, i.e., the sign of the inner shear flips between r, =
0.5 and 2.0 whereas for r, = 1.0 only wake instabilities occur. Inner
and outer jet exit velocities were calculated from the measured mass
flow rate through each jet:

n; = p,A;U; and iy, = p, AU, (6)

where the air density was taken at 20 °C, p, = 1.2 kg/m>. A summary
of the inner and outer jet exit bulk velocities is given in Table 2
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Fig. 3. Example of the applied perspective correction. Instantaneous temperature distributions of (a) a raw image (circles indicate positions of markers), (b) after projective
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Table 2

Summary of the inner and outer jet bulk velocities and corresponding Reynolds numbers
at the investigated values of r,. T, = 120 °C, H/D, = 2.0, i, = 2.0 g/s, U, = 29.47 m/s,
and Re, = 19,647. Uncertainties of the jet exit velocities and Reynolds numbers are +
5.5%.

r, U; [m/s] U, [m/s] Re; Re,

0.5 19.65 9.82 7860 2620
1.0 14.74 14.74 5896 1965
2.0 9.82 19.65 3928 1309

together with the corresponding inner and outer jet Reynolds numbers.
The uncertainties in jet exit velocities and Reynolds numbers are the
result of the geometric uncertainties of the nozzle (values are given in
Section 2.1), and according to the accuracy of the mass flow controller
(+0.02 g/s) and gas temperature deviations (+0.75 °C) which affect
the air density. Then, using standard error propagation with sums of
squares method [28], the resulting uncertainties in jet exit velocities
and Reynolds numbers are +5.5%. Note that this indicates that the main
uncertainties are the result of the mass flow rate measurement errors.
The total jet exit bulk velocity was:

U, = 1, /(p,(A; + A,)) = 29.47 m/s, @

corresponding to Re, = U, D, /v = 19,647.

After reaching steady-state or quasi-steady state (for pulsating con-
ditions), the instantaneous temperature distributions were measured
using high-speed infrared thermography at an acquisition rate of f,.
= 500 Hz. At each condition, 3 s (2500 frames) of instantaneous tem-
perature distributions were acquired. To prevent “parasitic” reflections,
the test chamber was covered with a black cloth and painted black.
In addition, note that the oblique camera’s viewing angle (Fig. 1)
prevented the camera from capturing its own reflection.

For each r,, experiments were carried out for non-pulsating baseline
cases as well as at pulsation frequencies of f, = 20, 50, 70, 140, 200 Hz,
corresponding to Strouhal numbers based on the bulk flow velocity,
St (= f,D,/U,) = 0.007, 0.017, 0.024, 0.048, and 0.068, respectively.
Note that the bulk Strouhal number best reflects the current setup in
which either the inner or outer jet is pulsated but the effect of the total
jet flow on the temperature of the impingement surface is evaluated by
its spatio-temporal temperature response. Further note that the applied
pulsation frequencies are at least two orders of magnitude lower than
the natural vortex generation frequency as estimated by Mitra et al.
[6] at similar conditions. Therefore, the present pulsation frequencies

do not “force” synchronization with the natural vortex generation
frequency but instead a more subtle mechanism occurs as will be
discussed in the following.

3. Data processing
3.1. Perspective correction

Since the camera viewed the surface at an oblique angle (Fig. 1),
perspective correction was performed by a projective transformation
(Matlab function, ‘fitgeotrans”) based on four accurately positioned
markers engraved on the surface (Fig. 3a). The transformation is illus-
trated in Figs. 3a and b by examples of original and perspective cor-
rected instantaneous temperature distributions. Irrelevant parts of the
perspective corrected image were cropped and a rectangular cropped
region of interest (ROI) comprising 230 x 460 pixels was further
analyzed (Fig. 3c).

The stagnation point location was determined based on the axisym-
metric, mean temperature distributions by applying the circular Hough
transform. In the following, the results are either depicted in a Cartesian
(x,¥, z) or cylindrical (r, ¢, z) coordinate system with the origin placed
at the stagnation point. Temporal and spatial averages are denoted by
an overbar and angle brackets, respectively.

The azimuthal averaged heat transfer coefficient as a function of
radial distance was calculated based on Newton’s law of cooling [1]:

"
9s

(T(r/Dy)) =Ty,
where T, denotes the temperature of the jet flow (in this case also

equal to the surrounding ambient room temperature). The surface heat
flux, 7', was calculated as [1]:

(h(r/D,)) = ®

q' =VI/A,, 9

where V' and I denote the voltage and electric current through the
impingement surface, respectively; and A, is the surface area of the
impingement surface (Table 1). Using the sum of squares error propa-
gation approach, the uncertainty of ¢!’ and the heat transfer coefficient
were determined. Based on the used power supply’s datasheet, the
voltage and current accuracies are +0.2% and +0.5%, respectively. The
largest uncertainty corresponds to the case where voltage and current
were highest (27.1 + 0.05 V; 15.5 + 0.08 A) and is given by +1.1% (¢! =
67.75 +0.76 kW/mQ). Then, the estimated uncertainties in heat transfer
coefficient and the Nu number are +1.5% and +1.8%, respectively.
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Fig. 4. Example spatial distributions of (a) 7’ and (b) ¢y of T(x,y,7) at f,. Black
circles are spaced r/D,. Black dot at (0,0) denotes the stagnation point.

The circumferential (azimuthal) averaged Nusselt number as a func-
tion of r/D, was computed by [1]:

(h(r/Dy))D,
—
where k denotes the air thermal conductivity, taken as a constant k =
25.72x10~3 W/mK (at 20°, 1 atm).

(Nu(r/D,)) = (10)

3.2. Spectral proper orthogonal decomposition (SPOD) analysis

Each acquired data set comprised a time series of spatial distribu-
tions of instantaneous temperatures, and each “pixel” was treated as
a local temperature sensor, T(x, y,f), whose temporal signal was ana-
lyzed. First, linear detrending was applied to remove the DC-component
after which a time-based fast Fourier transform (FFT) was performed on
T(x, y,t) within the ROI The resulting snapshots of complex tempera-
ture in the frequency domain, 7" were decomposed into amplitude, 7’,
and phase, ¢, by:

T =1, 1n

Unsurprisingly, in all cases, the most significant 7' values and conse-
quently the clearest thermal footprints were achieved at the excitation
frequency f, and therefore further analyzed. For each condition, snap-
shots of T (at f ,») were decomposed into spatial maps of amplitude and
phase, which provide information on thermal wave propagation along
the impingement surface. T’ contains the information associated with
evolving fluctuation intensity, whereas ¢, illustrates the local phase
alluding to the wavelength of the disturbance.

Exemplary spatial distributions of 77 and ¢, are presented in Fig. 4,
where T’ (Fig. 4a) exhibits a clear circular footprint in contrast to ¢,
(Fig. 4b) which is very noisy due to superposition of different spatial
modes. In order to discern the information, spectral proper orthogonal
decomposition (SPOD, [29]) was performed to find the dominant spa-
tial modes at different frequencies, in particular at f,. For instance,
the energy (indicates the relative importance of the corresponding
modes) associated with the first three modes at f, =70 Hz plotted
in Fig. 5, shows that the highest energy is present in the 1% mode
at f = f, confirming that f, dominates the thermal footprint on the
impingement surface. Along with f,, also the 2" and 3" harmonics
exhibit significant peaks for the 1% mode. Note that electrical grid
frequency peaks (f = 50 Hz and its harmonics) are also observed but
ignored as electro-magnetic interference.
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The extracted modes based on the SPOD analysis were further
decomposed into the spatial distributions of 7’ and ¢; to analyze
the thermal wave propagation on the impingement surface. Only the
first, most energetic mode revealed distinct axisymmetric patterns (at
=7 ],) of ¢, (Fig. 4a). Example phase distributions of the fundamental
= 1) and 2" harmonic frequency associated with the first mode
(Fig. 5) depicted in Figs. 6a and b, respectively, illustrate the value of
the SPOD analysis that now clearly highlights the underlying periodic
phase patterns, and associated temperature perturbation propagation
(compare to Fig. 4b).

In the following, some of the results are depicted as spatial az-
imuthal averages, determined by splitting the observable area into
concentric circular bins centered around the impingement point. For
¢ averaging, all phases within a concentric bin were decomposed into
their real and imaginary components, and averaged in the complex
plane.

4. Results
4.1. Overall heat transfer characteristics

This section presents the time-averaged radial heat transfer distri-
butions for both the non-pulsating jet (Section 4.1.1) and the pulsating
jet (Section 4.1.2), prior to examining the fluctuating thermal response
of the impingement surface induced by jet pulsation (Section 4.2).

4.1.1. Non-pulsating coaxial jet

Radial profiles of the temporal and azimuthal averaged Nusselt
numbers, (Nu,) are presented in Fig. 7a (solid curves), whereas the
normalized values, (ﬁ@/ﬁé, are depicted in Fig. 7b. The subscript
“0” denotes ‘“no pulsation” while the superscript “s” denotes “at the
stagnation point”. Results are charted for the base line steady-jet case
(without pulsation) at the three investigated velocity ratios. In addition,
the area-averaged integral Nusselt numbers calculated as:

for fO2” (WO y'dpdr!

r r2n (12)
/0 o r'dedr

<Nu0—>r> =
are also depicted in Fig. 7a.

Moreover, the values of mg that are summarized in Table 3, in-
dicate that for r, = 1, mf) is lowest. This suggests that inner shear
layer instabilities that are present when r, # 1, magnify turbulence
effects thereby increasing N_u(s) The maximum value of mg is obtained
when r, = 0.5 (Fig. 7a) since the inner jet velocity that is important for
the stagnation point heat transfer is the highest in this case (Table 2).
However, clearly, U; does not govern the stagnation point heat transfer
at H/D, = 2 since N_ug (at r, = 0.5) is only 1.5% higher than at r, =
2.0 (Table 3).

For r, = 0.5 and 1.0, (m@ peaks at the stagnation point (r/D, =
0) and decreases strongly up till »/D, ~ 2.5 (Fig. 7a). In contrast, for
r, = 2.0, the peak value of (Nu,) occurs slightly off-center at /D, =
0.5 after which (Nu,) decreases at a similar rate as observed for r, =
0.5 and 1.0. The reason the peak value of the temporal and azimuthal
averaged Nusselt number appears slightly off-center for r, = 2.0 is
primarily related to the combined effect of the mean and turbulence
flow structure at this velocity ratio. At r, = 2.0 and at H/D, = 2.0, the
maximum mean velocity impinging on the target surface is not at the
center of the jet but slightly off-center [see 6]. In addition, when the
outer jet carries the dominant momentum, strong vortices originating
in the outer shear layer impinge on the surface slightly away from
the stagnation point. These vortical structures enhance local wall shear
and turbulence intensity, which locally thin the thermal boundary layer
and promote increased convective transport. In contrast, the stagnation
region itself is characterized by strong deceleration and relatively low
turbulence levels, which results in less efficient heat transfer compared
to the region affected by vortex impingement.
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Table 3

Stagnation point Nusselt numbers for the non-pulsating, steady
coaxial jet at all investigated r,.

0.5 1.0 2.0
192.5 211.8

ru
——s

Nu, 215

The area-averaged integral Nusselt numbers, (Nu,_,,) (dashed curves
in Fig. 7a), indicate that values of (Nu,_,) (Fig. 7a) are highest at r, =
2 (except for a small area close to the stagnation point, /D, < 0.3). For
example, for a circular area with radius r =4D,, (Nug_, Da)’u=2 =1.05
(Nug_yp )«=0% = 1.11 (Nug_4p,)+=!, i.e. the highest steady integral
Nusselt numbers are for r, = 2. Note that this is in contrast to the results
by Celik and Eren [4] who showed that the maximum Nusselt number
was obtained when r, < 1. The exact reason for this discrepancy is
unclear but may be an artifact of different nozzle layout and geometry
as well as larger stand-off distances that they considered (H /D, > 4).

The radial profiles of <ﬂ0) /mg depicted in Fig. 7b indicate an
unexpected behavior at r, = 1 for which values of (Nuj) /m; switch
between those obtained at r, = 0.5 when r/D, < 1.2, to those for r, =
2 when r/D, > 2. We attribute this to the effect of the inner shear

layer (ISL) that exists at r, = 0.5 and 2 as a result of the velocity
difference between U, and U;, but is absent at r, = 1 (U, = U;) for
which only wake instabilities occur in the ISL [6,8]. This statement is
substantiated by looking at example snapshots of the normalized direc-
tional swirling strength distributions, A.;D,/U,, in the near-field of the
coaxial jet depicted in Fig. 8 (adapted from [6]) for the investigated
velocity ratios. These distributions were calculated from particle image
velocimetry measurements of a free non-impinging coaxial jet at similar
conditions in the same facility and illustrate the difference in spatial
vortex distributions. However, since the total mass flow rate was not
kept constant in this case, these figures can only be used for qualitative
comparison purposes indicating differences in the vortex distributions
for changing r, values. Note that the directional swirl strength is
commonly used to isolate rotational motion, and is indicative of vortical
structure presence (for more details the reader is referred to [6,8]).
Special attention should be given to the vortices at (2 — z)/D, = 2
(H/D, = 2) where the impingement surface is located in the current
investigation. At r, = 0.5 (Fig. 8a), the shear rate (U /dr) is positive
in both the inner (ISL, oU /or ~ (U, — U,)/t;) and outer shear layers
(OSL, oU /or ~ U,/b) and as a result, all vortices have the same rotation
direction. In contrast, for r, = 2 (Fig. 8c), the ISL and OSL vortices are
of opposite sign but as can be seen, mainly the strong OSL vortices (red
patches in Fig. 8c) reach a downstream distance of (2—z)/D, = 2. Note
that placing the impingement surface at z/D, = 0 is expected to affect
the vortices reaching the surface by increasing their radial spread away
from the stagnation point.

Therefore, we believe that the observed “switch” of (Nug) /m‘; atr,
= 1 may be explained as follows. Vortices that reach the impingement
surface within the inner region (r/D, < 1.2) for r, = 1, resemble
those at r, = 0.5, whereas in the outer region (r/D, > 1.8) heat
transfer characteristics at r, = 1 are dictated by the vortices generated
in the strong OSL that resemble those at r, = 2. As a result, the radial
distribution of (N_uo) /N_u; at r, = 1, collapses with that of r, = 0.5 up
till r/D, ~ 1.2, while beyond r/D, ~ 1.8, (Nuy) /mg collapses with
that of r, = 2. Detailed flow field measurements are outside the scope
of the present work and more data is needed to further corroborate this
hypothesis.

4.1.2. Pulsating coaxial jet
Pulsation was applied at five different Strouhal numbers (St) to the
inner and outer jet separately at all r,. Heat transfer enhancement or
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Fig. 7. Radial profiles of (a) (Nu,) (solid lines) or (Nu,_,) (dashed lines), and (b) (ﬂu)/ﬂ; for the baseline, steady jet cases (no pulsation) at all investigated r,. Note, colors in
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Fig. 8. Snapshots of instantaneous, normalized swirling strength distributions illustrat-
ing the vortex distributions at r, = (a) 0.5, (b) 1.0, (c) 2.0 [adapted from 6]. Red
and blue colors denote positive (counter-clockwise) and negative (clock-wise) vortex
rotation directions, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

reduction as a result of pulsation was evaluated with respect to the
corresponding non-pulsating baseline cases (Section 4.1.1), and radial
profiles of (Nu)/(Nu,) are shown in Fig. 9 for all the investigated cases.
Hereinforth, results charted in solid or dashed curves indicate pulsation
applied to the inner or outer jet, respectively.

A significant difference is observed between r, = 0.5 (Fig. 9a) and
2.0 (Fig. 9¢). At r, = 0.5, outer jet pulsation (dashed curves in Fig.
9a) leads to heat transfer enhancement in general ((Nu)/(Nu,) > 1),
whereas at r, = 2.0 it leads to a reduction. In contrast, inner jet
pulsation leads to heat transfer enhancement at r, = 2.0 (solid curves
in Fig. 9¢). For all cases, the heat transfer enhancement does not exceed
more than 7% and is the largest for intermediate Strouhal numbers, St
= 0.017 and 0.024. Based on these findings, it can be summarized that
heat transfer enhancement is achieved when r, # 1 by pulsating the
weakest of the two jets, i.e. the outer jet for r, = 0.5 or the inner jet
for r, = 2.0; and compared to the baseline non-pulsating case, applying
pulsation to the dominant jet mostly reduces heat transfer performance
(Figs. 9a, ¢). At r, = 1.0 (Fig. 9b), no clear distinction between the
effects of inner and outer jet pulsation on heat transfer modulation can
be discerned. Given that (Nu,) is highest at r, = 2.0 for almost all r/D,
(Fig. 7a), it is clear that pulsation of the inner jet at St = 0.024 will
lead to maximum heat transfer for the given coaxial jet configuration.

The measured heat transfer coefficients are the result of the intricate
coupling between the flow field and the convective heat transfer at

the impingement surface. Based on the presented results, we surmise
the following scenarios. At r, = 0.5 and r, = 2.0, the inner and
outer jets, respectively, act as the weaker momentum streams. Pulsat-
ing these weaker streams introduces a strong unsteady perturbation
into a surrounding, more stable flow, enhancing the modulation of
the interfacial shear layer. The observation that greater heat transfer
enhancement is achieved when pulsating the weaker stream suggests
that modulation of the interfacial shear layer, rather than direct forcing
of the dominant momentum core, is the primary mechanism governing
near-field vortex dynamics and mixing. One possible explanation is that
pulsating the weaker stream produces relatively stronger disturbances
at the velocity interface, thereby enhancing the receptivity of the shear
layer to instability growth. These observations are consistent with the
vortex dynamics and shear layer behavior reported by Mitra et al. [6],
where vortex strength and distribution were shown to depend heavily
on shear layer characteristics and relative jet momentum. In contrast,
pulsating the momentum-dominant stream may primarily disturb the
jet core rather than the interface, potentially disrupting the formation
of coherent vortical structures. Moreover, momentum-dominant forcing
may increase near-field mixing and cause the inner and outer flows to
merge more rapidly, effectively resulting in a more “uniform” velocity
field upon impingement. Note that in the steady (non-pulsed) heat
transfer measurements (see Fig. 7), the r, = 1 case for which inner
and outer momentum are balanced, yielded the lowest average heat
transfer, consistent with this interpretation.

The consistent non-monotonic trend observed in all pulsation cases
for r, = 2, i.e., a decrease, followed by a minimum, and subsequently
an increase in heat transfer, suggests that this behavior is governed
not by forcing frequency, but by the spatial variation in the near-
wall flow field. As the flow approaches the impingement surface, it
encounters a region of deceleration near the stagnation point, followed
by rapid streamwise acceleration and moderate diffusion in the wall jet
region. In such flow environments, unsteady disturbances can modify
heat transfer differently depending on the local acceleration as shown
by Agarwal et al. [30]. High acceleration tends to suppress convective
transport and coherent structure development near the wall, resulting
in the initial drop in heat transfer. Farther downstream, as the flow
moves along the surface in the wall jet region, the same unsteady
forcing becomes more effective. The acceleration is more moderate,
and coherent flow features can persist or even be amplified, resulting
in enhanced convective transport and heat transfer recovery. This spa-
tial variation in unsteadiness effectiveness, i.e, from suppression after
stagnation due to high acceleration, to enhancement downstream due
to increased local Reynolds number, may provide an explanation for
the observed non-monotonic heat transfer behavior across all Strouhal
numbers.
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4.2. Analysis of thermal footprint at the pulsation frequencies

In this section, the magnitude and phase of temperature fluctuations
are analyzed by temporal FFT and SPOD analysis, respectively.

4.2.1. Magnitudes of temperature fluctuations

Intrinsically tied to the impinging flow field and providing a foot-
print of the effects of r,, St as well as inner or outer jet pulsation,
Figs. 10 and 11 depict the spatial distributions of T’(x, y) fluctuation
magnitudes at f, (resulting from temporal FFT at each point), normal-
ized by the maximum amplitude 7/ . Note that T/ = was taken as
(T’) + 30 where ¢ denotes the standard deviation of T'(x,y). Values
of T/ increase with decreasing St (see Fig. 12), although a plateau is
observed in the range 50 Hz < f, < 140 Hz.

In all cases, the distributions show evidence of axisymmetry al-
though azimuthal patterns can be seen near the stagnation point
(r/D, < 1) as well as farther away (r/D, > 2) (see bottom and
middle rows in Figs. 10 and 11, respectively), hinting at circumferential
disturbances in the jet’s impinging flow field [31] which can only be
resolved by detailed flow field measurements that are outside the scope
of the present investigation. The results further indicate that for a given
r, the effect of increasing St on the spatial distributions of T’ (x, y)/T.,
is weak (from left to right in Figs. 10 and 11).

In contrast, increasing r, for a given St (from top to bottom in
Figs. 10 and 11) as well as changing from inner jet pulsation to outer
jet pulsation (compare between Figs. 10 and 11) has a strong impact
on the spatial distributions of T’(x,y)/T) . For inner jet pulsation
at r, = 0.5 (top row in Fig. 10), elevated values of T’(x,y)/T}, . are
observed near the stagnation point as well as between 1 < r/D, < 2.
In comparison, for outer jet pulsation (r, = 0.5, top row in Fig. 11), a
concentric ring of reduced T’ (x, y)/T . values surround the stagnation
region at approximately r/D, ~ 1.5 with the stagnation point itself
characterized by low values. Elevated values are again observed in
between 1 < r/D, < 1.5, and beyond r/D, ~ 2. As expected, the
distributions of T’(x, y) /Tr;ax for inner (outer) jet pulsation are almost
always characterized by high (low) amplitudes at the stagnation point.

To gain a better understanding of the radial change of T'(x,y)
across different values of r, and St, the spatial distributions of T’(x, y)
are circumferential averaged, and the resultant radial profiles of (T’)

normalized by the overall mean wall temperature ((T,)) (= 120 °C),
are depicted in Fig. 13. Note that some results should be interpreted
with caution as they were below the camera’s typical Noise Equivalent
Temperature Difference (NETD) value (solid straight line in Fig. 13).
This is particularly the case for r, = 0.5 when pulsating the outer jet
(dashed curves in Fig. 13a). In most other cases, values are above the
NETD value.

The radial profiles of (T”)/((T,)) for r, = 0.5 and 2.0, clearly show
that applying pulsation to the strongest of the two jets (i.e. inner and
outer jet for r, = 0.5 and 2.0, respectively) leads to the highest values
of (T")/{(T,)), depicted in Figs. 13a and c respectively. Moreover, the
radial profiles of (T")/{(T,)) at r, = 0.5 and inner jet pulsation (solid
lines in Fig. 13a) indicate two maxima, one close to the stagnation
point (r/D, < 0.2) and the other shifted away from it at r/D, ~ 1.5.
In contrast, at r, = 2.0 and outer jet pulsation (dashed lines in Fig.
13c), only one distinct maximum is obtained at r/D, ~ 0.7, while at
the stagnation point low values of (T)/((T,)) (~ 1) are obtained. At
r, = 1.0 and inner jet pulsation (solid lines in Fig. 13b), values of
(T'Y/((T,)) exceed in most cases those of outer jet pulsation (dashed
lines in Fig. 13b) with peak values at r/D, ~ 2.0 for both inner and
outer jet pulsation.

In all cases, maximum values of (T')/((T,)) are obtained at the
lowest St. As St increases, in all cases the temperature fluctuations
first decrease, followed by a plateau until f, ~ 150 Hz, after which
values further decrease. The monotonic trend is in agreement with
the expected increasing inertia and dissipation of the system. On the
other hand, the stagnation region Nusselt numbers depicted in Fig.
9, showed that the highest heat transfer rates were obtained roughly
within the range 0.017 < St < 0.024, i.e., not at the lowest inves-
tigated St, indicating an optimum independent of peak temperature
fluctuations. Moreover, comparing the radial normalized distribution of
Nusselt number with the local temperature fluctuations, it can be seen
that the peaks in temperature perturbations correspond to reduction in
local heat transfer. Clearly a more complex aero-thermal interaction
exists between the jet pulsation and the heat transfer footprint and
the following is proposed as a possible explanation of the results.
The number and spatial distribution of surface temperature fluctuation
peaks in Fig. 13 reflect the coupled influence of jet momentum ratio
and the location of unsteady forcing. Specifically, in the cases where



T. Mendelson et al.

y/Do

y/D,

y/D,

2

4
2

M

0 2
z/Do (m)
0.2

Fig. 10. Spatial distributions of T’(x, y)/T’

max
and 2.0 (bottom row). Black circles are spaced r/D,.

pulsation is applied to the weak (low-momentum) jet, i.e. outer jet
pulsation at r, = 0.5 or inner jet pulsation at r, = 2.0, the resulting
surface temperature fluctuations are minimal. This indicates that the
weak jet lacks sufficient energy to effectively transmit pulsation into
the mean impinging flow field. In contrast, when the dominant (high-
momentum) jet is pulsated, i.e. the inner jet at r, = 0.5 and the outer
jetat r, = 2.0, pronounced surface fluctuations appear, revealing strong
near-wall unsteadiness and vortex-wall interactions.

Importantly, a key asymmetry is observed between these two cases.
In the r, = 0.5 configuration with inner jet pulsation (solid lines in
Fig. 13a), two distinct peaks appear in the wall temperature fluctuation
profile. This suggests that the inner jet, upon being forced, transfers
the forced flow field fluctuations into the outer jet, thereby exciting
a second impingement region. Note that this also occurs at the other
investigated r, values (solid curves in Fig. 13b,c). In contrast, when
the outer jet is dominant and the inner jet is pulsated (r, = 2.0), only
a single, strong off-center peak is observed (dashed lines in Fig. 13c).
This suggests that the outer layer forcing is not transferred into the
inner jet. As a result, the inner stagnation region fails to contribute a
distinct temperature fluctuation peak.

Note that the observed decoupling between heat transfer enhance-
ment and surface temperature fluctuation amplitude is consistent with
recent findings in unsteady laminar boundary layers, showing that the
surface heat flux under traveling-wave forcing is not governed by the
magnitude of temperature oscillations alone, but rather by a nonlinear
thermal forcing term arising from the phase-locked interaction between
velocity and temperature fields [32]. Analogously, in our impinging
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coaxial jet configuration, heat transfer enhancement is likely maxi-
mized when the pulsation promotes coherent vortex-wall interactions
that evidently compress the thermal boundary layer, thereby increas-
ing convective flux while reducing temperature fluctuation amplitude.
Conversely, incoherent or spectrally mismatched forcing yields larger
surface temperature oscillations but less effective heat transport. This
framework provides a plausible explanation for the trends observed in
Figs. 9 and 13.

4.2.2. Phase information

As a result of the SPOD analysis, the spatial distributions of ¢ (x, y)
associated with the first mode at f, are depicted in Figs. 14 and 15 for
inner and outer jet pulsation, respectively. For the inner jet pulsation
(Fig. 14), the thermal disturbance wave on the impingement plate
surface is moving radially away from the stagnation point as indicated
by the gradual change in ¢ with increasing radial distance. In contrast,
for outer jet pulsation (Fig. 15), discontinuities in ¢ (x, y) are observed
at about r/D, ~ 1 to 1.5 for r, = 0.5 and 1.0 (top and middle rows
in Fig. 15), and only for r, = 2.0, continuous changes in ¢, (x,y) are
observed with increasing radial distance.

Fig. 16 presents the radial profiles of the circumferential averaged
phase, (¢;), and clearly shows the discontinuities (“jumps”) that are
particularly apparent for outer jet pulsation at r, = 0.5 (dashed curves
in Fig. 16a) but can also be observed at the other two r, values. Note
that a phase change of A¢; = 2z indicates a full period, from which
the thermal disturbance wavelength, 4, can be determined. However,
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line denotes the camera’s noise equivalent temperature difference (NETD) value.

the profiles reveal that in most cases the camera’s field of view was
not large enough to capture a phase change of A(¢;) = 2x. Since the
propagation of the thermal disturbance on the surface is expected to
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be associated with the velocity of the radially expanding wall jet that
is known to decay as a power law [33], the resolved radial profiles
of (¢r) that displayed a continuous, smooth change were least-squares
fitted by a power law:

(@r) = n(r/Dy)".

When necessary, prior to least-squares fitting, the radial distributions
of (¢;) were cropped at the jump and their radial positions and phase
values were shifted to zero (7/D, = r/D, - “shift”) ensuring that only
continuously increasing phase magnitudes, [(¢r)|, were least-squares
fitted. The resulting cropped and shifted curves are depicted in Fig.
17 together with the least-squares fitted power laws (dotted curves).
Evidently, the power law well describes the radial change of (¢;) in
most cases, and the goodness-of-fit values indicated by the coefficient
of determination typically exceeded R? = 0.95. The wavelengths A were
determined by extrapolating the fitted power law expression of #/ D, to
a phase change of A(¢y) = 2z. However, it should be noted that this
approach provided poor results due to deviation of the data from curve
fitting in some cases, (e.g. for r, = 1.0 and St = 0.068, Fig. 17b), and
the extrapolation was unreliable at low St (= 0.007).

The normalized estimated wavelengths, 4/D,, as a function of St
are depicted in Fig. 18 for all relevant cases. Moreover, the higher
harmonics of the excitation frequency (integer multiplies of f,) were
also analyzed for the three lowest St (limited by the Nyquist criterion)
for inner jet pulsation cases, since the outer jet pulsation data was too
noisy to provide meaningful trends. In the normalized figure, the data

13)
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Fig. 13. Radial distribution of (7" )/((i)) at r, = (a) 0.5, (b) 1.0, and (c) 2.0. Solid and dashed curves denote inner and outer jet pulsation, respectively. The solid, straight black
line denotes the NETD value.
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Fig. 14. Spatial distributions of ¢;(x,y) associated with the first mode at f, extracted by SPOD for inner jet pulsation at St = 0.007, 0.017, 0.024, 0.047, 0.068 (from left to
right), and r, = 0.5 (top row), 1.0 (middle row), and 2.0 (bottom row). Black circles are spaced r/D,.
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Fig. 16. Radial profiles of (¢;) (first mode) at f, for r, = (a) 0.5, (b) 1.0, and (c) 2.0. Solid and dashed curves denote inner and outer jet pulsation, respectively.
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denote inner and outer jet pulsation, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

reflects that A decreases with increasing St, and the findings seem to
be relatively independent of r,. Assuming that the wavelength of the
thermal disturbance on the impingement surface is associated with the
characteristics of the near-wall aerodynamic boundary layer, the effect
of jet pulsation can be characterized by the Womersley number [34]:

Wo = L(f,/v)'/2, a4

defined as the ratio between the transient inertial and viscous forces,
where L denotes a characteristic length scale (e.g. the plate length).
Based on this, the boundary layer thickness scales as [35]:

5~ L/\Wo =L/ f)"*. (1s)
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Therefore, invoking mass conservation, the mean radial velocity within
the boundary layer can be approximated as u,, ~ 1/5. Further assuming
that the wave speed of the disturbance scales as v,(= if,) ~ u,, it
follows that A scales with St as:

1/4

V= ALY~y ~ /5~ )1 = a7 st (16)

Thus based on these arguments, the wavelength of the thermal distur-
bance should decrease with increasing St, as observed in Fig. 18.
Based on Eq. (16), a power law:

/D, = aSt?, )
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was least-squares fitted to the wavelength data depicted in Fig. 18.
Two forms of the equation were considered, one having a fixed power
law exponent, § = —3/4 (see Eq. (16)), and the other in which «
and p were freely determined, depicted in Fig. 18 as dash-dotted and
dotted curves, respectively. Both fits reasonably capture the change
of A/D, with St with R? values close to 0.9. Note that in the latter
case, the least-squares fit produced a value of g = —0.61 + 0.06 which
is close to the value expected from the scaling argument p = —3/4
(dash-dotted in the figure), and the difference may be the result of
imprecise approximations in scaling, particularly in the correlation
between u,, and 6 that may involve an exponent slightly different than
unity. Nevertheless, we can conclude that the change of the thermal
disturbance wavelength with increasing St can be described well by a
power-law with little dependence on r, or on inner/outer jet pulsation.

5. Summary and conclusions

Measurements of the temporally and spatially varying temperature
fields induced by a pulsating coaxial round air jet impinging on a
flat, ultra-thin Joule-heated surface were conducted using high-speed
thermography. The novel, ultra-thin impingement surface, consisting
of metal layers with a total thickness of only 400 nm, resulted in a low
thermal inertia enabling high-resolution measurements of fluctuating
temperatures at frequencies up to 200 Hz. Experiments were conducted
at a single stand-off distance, H/D, = 2. The coaxial jet was operated
both under steady and pulsating conditions with pulsation applied to
either the inner or outer jet. Measurements were performed at a con-
stant total mass flow rate for three velocity ratios r, = 0.5, 1.0, and 2.0,
each of them representing different inner shear layer configurations.

At steady-state, the stagnation point Nusselt number was highest for
r, = 0.5, whereas the area-averaged, integral Nusselt number peaked
at r, = 2.0. In the latter case, the maximum local averaged Nusselt
number, (Nu,), occurred slightly off-center, at /D, = 0.5. Interestingly,
for r, = 1, the radial distributions of normalized average Nusselt
numbers, (Nuy) /mg, collapsed with those for r, = 0.5 when r/D, < 1.3,
and with those for r, = 2.0 when r/D, > 2.0. This peculiar behavior was
attributed to the different spatial vortex distributions for the different
r,, that reach the impingement surfaces at H/D, = 2. We surmise that
for r, = 1.0 and H/D, = 2, the inner region (r/D, < 1.3) resembles
that of r, = 0.5 at the impingement surface while in the outer region
(r/D, > 2.0) it resembles that of r, = 2.

The main goal of the study was to evaluate the effect of applying
pulsation to either the inner or outer jet on the heat transfer character-
istics. Heat transfer enhancement as a result of pulsation was observed
for r, = 0.5 and 2.0 when pulsation was applied to the weaker of
the two jets, i.e. the outer jet for r, = 0.5, and the inner jet for r, =
2.0. Since the applied pulsation frequencies were significantly lower
than the natural vortex shedding frequencies associated with shear and
wake instabilities, it is surmised that pulsating the weaker jet modifies
the coaxial jet’s overall flow field, particularly influencing the large
coherent toroidal vortices in the near field.

Time series of the instantaneous local temperature T'(x, y, t) analyzed
by FFT-based spectral analysis, showed that the most distinct thermal
footprints were obtained at the imposed pulsation frequencies, f,. The
dominant spatial modes associated with the phase of the complex tem-
perature field were extracted by applying SPOD in order to determine
the thermal wave propagation on the impingement surface. A simple
scaling argument demonstrated that the wavelength of the propagat-
ing thermal disturbance followed a power law relationship with the
Strouhal number independent of r,. The power law dependency was
confirmed by the experimental results.

This study has illuminated complex, unsteady heat transfer aspects
of pulsating coaxial impinging jet flows, a subject not previously ex-
plored in such detail. Although the investigated parameter range was
limited, it should be noted that the studied velocity ratios were selected
to characterize different near-field flow fields representative of cases

International Journal of Heat and Mass Transfer 254 (2026) 127642

for which r, < 1, r, > 1, and r, = 1. The main conclusion concerning
overall heat transfer enhancement is that for cooling applications using
a coaxial jet with A, = 1, optimal performance is achieved at r, = 2
with pulsation applied to the weaker (outer) jet at specific Strouhal
numbers. This configuration improves heat transfer compared to cases
with r, = 1 or 0.5 at identical mass flow rates. Since the heat transfer
improvements are the result of changes in the flow field characteristics,
future work will focus on detailed flow field measurements (including
Reynolds number effects) to further elucidate the mechanisms by which
pulsation modulates the flow and heat transfer characteristics.
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