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We report a resonance-driven convective heat transfer enhancement downstream of a
natural convection boundary layer that is perturbed by a moderate impinging jet. Flow
resonance is experimentally and numerically confirmed between the boundary layer and a
periodic flow driven by the unbalance of jet momentum and buoyancy. When the oscillation
frequency in the impinging region is a submultiple of the characteristic frequency of
natural convection, downstream heat transfer enhancement E from the baseline of natural
convection exceeds 40%. In contrast, further increasing the jet momentum fourfold yields
E < 20%. The results support the development of efficient heat transfer enhancement
methods.
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Natural convection is a ubiquitous heat and mass transfer phenomenon where a nonisothermal
fluid flow is spontaneously generated due to density differences under a gravitational field. Beyond
its fundamental importance, natural convection has a wide range of engineering applications, e.g.,
in cooling towers and nuclear waste, because heat transfer significantly increases with the spatial
scale [1,2]. Importantly, natural convection cooling is a low-energy consumption heat transfer
mechanism due to its passive nature, in contrast with active cooling methods that purely rely on
forced convection, e.g., using a fan. Convective cooling can be further amplified by fin arrays [3,4],
but their implementation in large surfaces is challenging due to manufacturing costs and potential
reduction in heat transfer for mixed convection regimes where hot air is trapped between the fins
[4].

If natural convection by itself is not sufficient for cooling, then low-energy active methods
for enhancing heat transfer become essential, such as introducing a disturbance using a vibrating
ribbon near the leading edge [5], injecting millimeter-sized bubbles in a two-phase flow [6], and
controlling natural convection by a freestream [7], oblique [8], or directly impinging jet [9]. Directly
impinging jets at high Reynolds numbers enhance heat transfer near the impinging region, but not
necessarily on a large surface area, besides requiring a larger power consumption than moderate flow
jets. In addition, an active control method was recently proposed based on numerical simulations
whereby heat transfer is enhanced due to a resonance effect that occurs between the characteristic
frequency of a natural convection boundary layer and that of the imposed perturbation (fluctuating
wall temperature) near the leading edge [10]. On the other hand, a mixed convection region, such
as that of a jet impinging on a natural convection boundary layer, is expected to yield oscillating
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FIG. 1. Heat transfer enhancement of natural convection (Ray < 1.75 × 109) by an impinging planar jet
(Re < 400). (a) Schematic of the physical problem, consisting of natural convection from an isothermal vertical
wall on which the jet impinges near the leading edge. The inset focuses on the impinging region where the
unbalanced forces of buoyancy and momentum can cause flow instability. (b) Nuy as a function of Ray for
natural convection and three jet Re. (c) Dependence of heat transfer enhancement E on Re in two regions: zone
1 (Z1) for Ray < 2.66 × 108, and zone 2 (Z2) for Ray = 2.66 × 108 to 1.75 × 109; zone 3 (Z3) comprises both
zones. The large E at moderate Re and its associated cause (resonance) is the main focus of this study. The
color bar shows the rms velocity probed at y = 700 mm.

flows when the buoyancy (stabilizing) and externally imposed momentum (destabilizing) have a
similar magnitude [11]. Here, we explore the possibility of using such a perturbing oscillating flow
produced by a local mixed convection regime to subsequently trigger flow resonance downstream
of a natural convection boundary layer, enhancing heat transfer. Furthermore, if the heat transfer
enhancement due to the impinging jet and downstream flow resonance can be combined, then a
low-energy method for enhancing convective heat transfer may be achieved.

To evaluate the proposed method of heat transfer enhancement by a moderate impinging jet
applying flow resonance, we focus on natural convection with Rayleigh number up to Ray =
1.75 × 109 and jet flow with Reynolds number up to Re = 400 (see Note 1 in the Supplemental
Material [12]). A schematic of the system is shown in Fig. 1(a), with a focus on the impinging region
where a local mixed convection regime occurs. We visualized the thermal boundary layer with a
large-aperture interferometric technique [13–17] validated here against a well-known experimental
benchmark [18] (Fig. S1, Supplemental Material [12]). In addition, to quantitatively evaluate the
heat transfer enhancement, we carried out numerical simulations (Fig. S2) using a large eddy simu-
lation (LES) model [19,20] previously validated against experimental results [21,22] (Supplemental
Material Note 2). Transient numerical simulations were conducted for 300 s, enough time to obtain
a fully developed flow. Both experiments and simulations are performed for a vertical heated plate
with a height of 1000 mm and wall temperature of 316 K, while the jet and ambient temperature
is 296 K. A planar jet impinged onto the isothermal surface at yimp = 100 mm (Ray = 1.75 × 106),
with the distance between the nozzle and impinged surface 50 mm, and a nozzle height of 10 mm.
ujet was uniform on the jet outlet in the simulation and experimentally measured at the jet central
plane within the potential core [23] (Fig. S3). Experimentally, the field of view was 120 mm, and
the plate was displaced vertically to capture the thermal boundary layer throughout the entire plate
length. The vertical heated plate was 150 mm wide, made of aluminum alloy, and controlled by
a PID system. The planar jet nozzle was 10 mm high, 220 mm wide, and 300 mm long; its flow
rate was adjusted with a compressor and valves (Fig. S4). A turbulence intensity of up to 2% was
obtained experimentally, which can have a marginal effect on the heat transfer [23,24].

Figure 1(b) plots the local Nusselt number Nuy = hyy/k as a function of Ray obtained by
simulations; hy and k are the local heat transfer coefficient and thermal conductivity of air. The
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results for natural convection yielded a good agreement with the empirical correlation of laminar
natural convection [18]. For the impinging jet at moderate flow rate such as Re = 100 and 150,
Nuy decreased below the impinging point Ray(yimp) due to the opposing buoyancy and externally
induced momentum, whereas it increased above Ray(yimp) due to their assisting configuration. Ray

corresponding to the peak of Nuy approached Ray(yimp) as Re was increased. When Re = 350, Nuy

behaved as a wedge flow [25], since forced convection was much stronger than natural convection.
The shaded area represents the standard deviation of the simulated time series. The largest time
variation of Nuy was confirmed at Re = 100. Interestingly, for jets of Re = 100, Nuy drastically
increased for y > 533 mm (Ray = 2.66 × 108) compared to the other conditions, which is due to a
peculiar flow interaction that we further elucidate.

The heat transfer enhancement from the baseline case of natural convection, which is defined
as E, is expected to have different characteristics around yimp and for y > 533 mm. Therefore, we
divided the evaluation region into two zones as shown in Fig. 1(a): zone 1 (Z1) for Ray < 2.66 × 108

and zone 2 (Z2) between Ray = 2.66 × 108 and 1.75 × 109. Zone 3 (Z3) encompassed the entire
plate. The zones were determined by the threshold at which local heat transfer begins to increase
when Re = 100 (Fig. S5), and are fixed for all Re. E is defined as E = (Nuimp − Nun) × 100/Nun,
where Nuimp and Nun are the spatial average of Nuy in each zone for the cases of impinging jet and
pure natural convection.

Figure 1(c) shows the dependence of E on the jet Re for each zone. For all conditions, the jet
increased E. Interestingly, E monotonically increased in Z1 for all Re, but in Z2 it increased to
approximately 40% for Re = 100 while decreasing to approximately 2.7% and 5.2% for Re = 150
and 350, respectively. These results demonstrate that the heat transfer was enhanced not only in a
zone that encompasses the impinging region (Z1), but also downstream of the thermal boundary
layer (Z2), in particular for a moderate Re. The color bar plotted on the markers for the results of Z2
shows the root mean square (rms) of the y component of velocity probed at y = 700 mm, averaged
in the x direction. Even though the rms velocity at Re = 100 has equivalent values as Re > 300, E
for the former was more than twice the latter. This suggests that the large E at Re = 100 is caused by
factors other than a large rms velocity. We investigate the existence of flow resonance as a possible
explanation for such a dramatic increase in E, i.e., resonance between the downstream natural
convection boundary layer and perturbations produced by the oscillating flow in the impinging
region.

The first aim of the numerical simulations was to visualize the temperature field over the heated
surface to clarify the mechanism of the heat transfer enhancement. Figures 2(a)–2(d) show the
instantaneous temperature field for the entire calculation domain. Large instability waves of the
thermal boundary layer over Z2 are clearly observed for Re = 100, but not Re = 150 and 350
(wedge flow). These results suggest that the instability waves are responsible for the large E when
Re = 100, and its further reduction at Re = 150 and 350, as reported in Fig. 1(c) and Video S1
(Supplemental Material [12]).

Figures 2(e) and 2(f) show a good qualitative agreement between the instantaneous temperature
fields in the impinging region obtained by the simulations and visualization experiments. In Fig. 2(e)
when Re = 100, the buoyancy assisting region and buoyancy opposing region are confirmed as
reported in [26]. In Fig. 2(f) when Re = 350, the thermal boundary layer was confirmed to have a
wedge flow shape. These visualization results support the heat transfer mechanism at the impinging
point as discussed in relation to Fig. 1(b). The periodic perturbation of the thermal boundary
layer caused by the unbalanced forces of buoyancy and momentum was observed when Re = 100.
Video S2 shows the thermal boundary layer instability in the impinging region, and downstream at
y = 400, 700 mm, while perturbed by a jet of varying Re.

The periodicity of these fluctuations at the impinging point is thought to have introduced the
resonance of the thermal boundary layer downstream. According to Zhao et al. [10], the character-
istic frequency of the natural convection thermal boundary layer ( fc) is 1.68 Hz under the present
conditions with �T = 20 K. It can be considered that the significant large E for Re = 100 was
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FIG. 2. Visualized instantaneous temperature fields after 300 s from the start of impinging jet. Numerical
results over the entire heated wall for (a) Re = 75, (b) Re = 100, (c) Re = 150, (d) Re = 350. Instability
waves of the thermal boundary layer over the heated surface were observed for Re = 100 (also moderately at
Re = 250 in Video S1). The comparison between experiments (red interferograms) and simulations around the
impinging region are shown in (e) when Re = 100, and (f) Re = 350 (Video S2 shows more comparisons).

caused by the resonance effect of natural convection if the temperature fluctuations in the boundary
layer occur close to the characteristic frequency or submultiples of the characteristic frequency when
Re = 100. Therefore, we first performed fast Fourier transform (FFT) of the numerical simulation
results and the experimental results for Re = 100 to assess whether the natural convection resonance
effect occurred. The FFT analysis in the simulations was conducted by processing the temperature
time variations at three points (x = 2 mm, y = 130, 400, and 700 mm). In the experiment, the FFT
was performed by processing the visualized temperature field. We measured the time fluctuations
of the external position of the interference fringes, which is approximately the boundary layer
thickness, at the same height as the numerical simulations (Video S3), and then obtained the
corresponding power spectra. FFT was performed on the simulation results for 100 s and the
experimental results for 30 s using Hanning window function. We confirmed that the sampling
periods did not significantly affect the FFT results.

Regarding the simulation results of the temperature time series for Re = 100, the periodic
temperature perturbation was found across the entire wall, as shown in Fig. 3(a) at three spread
locations. This indicates that the thermal boundary layer does not become turbulent within the
simulated length despite the observed instability waves in Fig. 2(b). In addition, the ampli-
tude of the temperature fluctuations increased streamwise of the natural convection flow. In
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FIG. 3. Thermal boundary layer analysis at three different locations: x = 2 mm and y = 130 mm (bot-
tom/green), 400 mm (middle/blue), and 700 mm (top/red). Numerical simulation results showing the
temperature time series (a) and power spectra (b) for Re = 100. Experimental results (gray background) for
thermal boundary layer fluctuations (c) and power spectra (d) for Re = 100 at the same locations. Simulation
results showing the power spectra for Re = 150 (e) and Re = 300 (f); Fig. S8 shows the temperature time
series. The dotted (a),(c) and solid (b),(d)–(f) lines represent probed values and power spectra, respectively.

particular, the large amplitude is confirmed at y = 700 mm (Z2). Figure 3(b) show the corre-
sponding power spectra at each position for Re = 100. A frequency component of 1.70 Hz
that is close to the natural frequency fc = 1.68 Hz of the natural convection boundary layer
[10] was identified. The intensity at 1.70 Hz increased along the streamwise direction, while
the component of the impinging point fimp = 0.85 Hz decreased. This phenomenon suggests the
existence of resonance between the flow having a frequency fc and fimp. An interesting point is that
while the peak frequency at the impinging location was fimp = 0.85 Hz, a frequency component with
integer multiple of fimp appears downstream, such as 1.70, 2.56, 3.41 Hz (Fig. S6). This change of
the peak frequencies with the location along the heated surface was also observed by Zhao et al. [27].
In addition, this change can be characterized as harmonics of the fundamental wave with frequency
0.85 Hz, which is reported in another natural convection resonance study [28,29]. Therefore, the
periodic temperature fluctuations due to the instability of the mixed convection at the impinging
point become the fundamental wave of harmonics, inducing perturbations with the characteristic
frequency of natural convection that leads to flow resonance. The temperature amplitude increase
could be attributed to the resonance effect, leading to a strong fluctuation of the thermal boundary
layer that in turn results in a much larger E when Re = 100 than the case of Re > 150.

Regarding the transient measurement of the thermal boundary layer thickness σ , its periodic fluc-
tuation frequencies agreed well with numerical predictions, in particular at y = 130 mm. Although
well-defined periodic patterns were not clearly observed at y = 400 and 700 mm in Fig. 3(c), the
power spectra in Fig. 3(d) matched very well with the numerical results in Fig. 3(b) despite having
different probes. The resonance effect was then thought to be experimentally confirmed since the
frequency components close to the characteristic frequency increased in the y direction, while the
components of the frequency at the impinging point decreased. In addition to the evaluation of the
thermal boundary layer thickness, we also experimentally confirmed the resonance effects by FFT
of the temperature time series obtained by a thermocouple (Fig. S7). In order to further test the
hypothesis of flow resonance, the same analysis was repeated for larger Re.

Figures 3(e) and 3(f) indicate that the power spectra obtained by simulations when Re = 150
and 300 lacked flow resonance. In the case of Re = 150 [Fig. 3(e)], the peak frequency in the
impinging region was 0.15 Hz while at y = 400 and 700 mm significantly weak peak frequencies
were obtained (note the units). This is because the frequency at the impinging region is far from
the fundamental wave of the harmonics 0.84 Hz (as observed for Re = 100). The weak peaks at
the natural convection natural frequency 1.68 Hz at y = 700 mm are thought to occur because of
a frequency filtering of natural convection, and not caused by resonance effect [30,31]. As Re was
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further increased to Re = 300 [Fig. 3(f)], the power spectrum had random peak frequencies since
the temperature variation became nonlinear over the heated surface [Fig. S8(b)]. The randomness
of this flow regime was also experimentally confirmed by the interferometric measurement of the
thermal boundary layer (Fig. S9, Video S3).

In conclusion, we show the existence of a peculiar heat transfer enhancement mode downstream
of a natural convection boundary layer caused by flow resonance between (a) a periodic perturbation
caused by a moderate jet impinging onto the upstream natural convection boundary layer, and (b) the
characteristic frequency of the natural convection boundary layer. For Re = 100, instability waves
were observed over the heated surface, and the downstream heat transfer enhanced about 40% from
pure natural convection. It was hypothesized, and then confirmed by numerical simulations and
experimental observations, that the large E was caused by flow resonance. The resonance effect
is induced when the thermal boundary layer at the impinging point fluctuates at a frequency of
half the natural convection characteristic frequency, which causes harmonics to occur. Combining
flow resonance (downstream) and thinning of the boundary layer by the impinging jet (upstream)
provides a powerful means of further enhancing heat transfer. The results present physical insight
into the mechanisms of flow resonance in mixed convection flows and encourage the development
of new low-power consumption heating and cooling methods.
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