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Abstract: One of the methods to improve convective heat exchange is the application of ultrasound
assistance. However, little is known about ultrasound application in the air. The main purpose of
this study is to investigate the effect of ultrasound on natural convection cooling. The tests are based
on the cooling of the metal samples (in four different shapes) preheated to a temperature of 60 °C.
Cooling takes place in free convection without and with the use of ultrasound at different powers
(50 W, 100 W, 150 W, and 200 W). The study uses a mathematical model based on a small Biot’s
number assumption. The values of the convective heat exchange coefficients are determined by using
an approximation of the experimental results. The coefficients obtained are an increasing exponential
function of the applied ultrasound power. This study indicates the possibility of using ultrasound to
improve heat transfer by free convection.
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1. Introduction

In the era of the energy crisis, in connection with the introduction of closed-loop
technology all over the world, and to protect our natural environment, an important issue
is the intensification of heat exchange, including convective exchange. Each improvement
of this process may have a positive impact on the environment and bring measurable
economic benefits, e.g., by shortening energy-intensive operations, such as drying.

The methods of intensifying convective heat exchange can be divided into passive and
active [1]. Passive methods include the use of liquids with enhanced thermal properties [2,3]
or a profile with a specially shaped flow geometry [1,4]. In turn, active methods include
the use of an external electric field [5], a magnetic field [6], or forcing the flow pulsation of
the flow [7].

Passive air cooling of metal components in the air environment is widely used in
technology, for example in electric vehicles, which are to dominate the future transport
sector where many components, such as inverters, batteries, computers, and drive systems
require dedicated cooling systems [8]. Thermal management is also crucial for electronic
devices, where excessive heating during the operation of the device results in the most
damage. In addition, the modern trend of the miniaturizing of electronic devices with
better performance and features further increases the need for a suitable cooling system [9].
Furthermore, high temperature (especially in some environments) significantly affects
metal corrosion; therefore, methods are sought to reduce the susceptibility to corrosion [10].

Passive air cooling is also frequently used in the food industry. Thermally processed
food products usually need to be cooled for further processing or packaging. Cooling is
used, among other things, in the manufacture of soybean products that are produced by
the steam cooking of soybeans, then draining the seeds and cooling them to 40 °C and
mashing, and then further processing them into a specific product. Furthermore, shapes
and molds in the confectionery industry, such as candies and jelly, are made by having
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heated products deposited in molds to cool and harden. Cooling is also used as a basic
step in the production of dried ham as a production step between smoking at around 60 or
80 °C and 60% humidity for 12-36 h and vacuum packaging. In the production of bread,
the baked bread is cooled and then packaged and stored. Generally, the production of
bread and bakery products consists of several common steps, including cooling [11].

A manufacturing process in which the cooling stage is also extremely important is
heat blanching, which when required in the preparation of food should be carried out by
heating the food to the required temperature, holding it at this temperature for the required
time, and then rapidly cooling the food or passing it to subsequent manufacturing without
delay [11]. Another place where the positive effect of air cooling on the technological
process can be observed is the use of cooling in intermittent drying. Intermittent drying
involves the use of periodically varying drying conditions during the process [12]. The
dried material can be, for example, alternately heated and cooled down. The use of drying
in such conditions significantly shortens drying time, reduces electricity consumption, and
improves the quality of dried products [13].

However, passive cooling has many disadvantages, including a long cooling time
and the fact that cooling may be insufficient in the case of highly heated elements. A long
cooling time can be a key issue because prolonged overheating of a given material can
irreversibly destroy the structure of the material or the device. Another problem in which
shortening the cooling time is important is that it can slow down the technological process
of manufacturing products, which can be a “bottleneck” of the entire production time.
Techniques are sought to support passive cooling, which will significantly improve the
kinetics of heat exchange. In industry, the cooling of manufactured elements is often
done by placing the element on a long belt or by immersing the element in a cold liquid.
However, such immersion in the coolant is often not possible due to the destruction of the
manufactured product [11].

Methods of supporting air cooling are sought that will significantly shorten the cooling
time without adversely affecting the properties and structure of the material. There is a lack
of reports on ultrasonically assisted cooling in the literature. In this article, the problem of
ultrasonic-assisted cooling is addressed. Such support can be particularly beneficial in the
food industry due to the proven positive effect of ultrasound on food products. Often, the
application of ultrasound is a separate technological process that improves the quality and
stability of the product [14].

In the food industry, the effects of ultrasound can cause protein denaturation, which
reduces the activity of enzymes that affect the decomposition of the product [15-17]. The
impact of ultrasound, for example, on pork meat proteins, causes softening of meat tissues
after a longer exposure time and the release of myofibrillar proteins, which in meat products
result in better water binding capacity, tenderness, and cohesiveness [18]. Franco et al. [19]
stated the positive effect of ultrasound with a power of 29 W and a frequency of 37 kHz on
the refrigerated quality of pineapple. Yeoh and Ali et al. [20] showed that the ultrasound
could effectively inhibit microbial metabolism and improve the antioxidant capacity of
protein compared to the reference products treated without ultrasound. The effect of
ultrasonic with a power of 50 W and a frequency of 40 kHz on the quality of frozen bananas
was studied by Franco et al. [19]. The retention of the content of phenolic compounds and
improved antioxidant capacity, thus maintaining better color and nutrition results, was
proved in the ultrasonic treatment when compared with the untreated group obtaining
significantly better results. Shear forces and rapidly changing pressure generated by
ultrasonic waves are effective in destroying microbial cells, especially in combination with,
e.g., heating. The mechanism of cell destruction and its effect on various microorganisms is
the thinning and rupture of the cell membranes, which inactivates microorganisms [21,22].
Ultrasound has been established to reduce the resistance of microorganisms to heat by
physically damaging cellular structures caused by extreme pressure changes and disruption
of cellular protein molecules and achieves the purpose of sterilization [23]. This makes them
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more sensitive to heat denaturation. Similar changes may partly explain the synergistic
effect of ultrasound and heat on enzyme inactivation.

The use of an external acoustic field, especially ultrasound, is widely discussed in
the literature. Dehbani et al. [24] present a review of the intensification of convective heat
exchange using ultrasound. According to this review, the ultrasound in the low-frequency
range, between 20 and 40 kHz usually is analyzed. Only a few research papers discuss
the effects of ultrasound in the range above 100 kHz. This is because lower ultrasound
frequencies are associated with higher wave energy [25]. As expected, the best results are
obtained with ultrasound in the low-frequency range, between 20 and 40 kHz. However, the
results of the research are not unambiguous because various authors obtained an increase
in the convective heat exchange coefficient from 10% to several hundred percent [24].

Until now, about 100 articles have been published describing the enhancement of
convective heat exchange by using ultrasonic waves. Most of these works report the results
of convection studies in water [26-28]. In addition, other liquids have been used as a heat
transport medium, such as milk [29], ethanol and acetone [30], brine and sugar water [31],
coolant liquids [32], different aqueous solutions [33], and nanofluids [34,35].

Studies carried out for liquids indicate the existence of the influence of various mecha-
nisms of ultrasound on convective heat exchange. All authors consider acoustic cavitation
to be the most important mechanism. The formation, growth, and then violent implosion
of the cavitation bubbles cause strange mechanical and thermal effects. The pressure
locally could reach more than 108 Pa and a temperature more than 5000 K. This results
in shock waves, microjets, and microscale turbulence [24] and finally gives heat transfer
enhancement. Another phenomenon caused by ultrasound is acoustic streaming. It could
induce rapid mixing of fluid inside the boundary layer. As a result, an increase of the heat
transfer through the layer could be obtained [36]. Reviews of the literature on the effects of
ultrasound application during convective drying [25,37] also list pressure pulsation and
fluid oscillation close to the solid, reducing the boundary layer, the sponge effect inside
the porous material, atomization of the liquid on the boundary, and the heating effect due
to acoustic energy absorption as further reasons for the improvement of convective heat
transfer by the use of ultrasound. The latter is usually weak and, therefore, is not taken
into account by many authors [25].

So far, only four articles have presented the influence of ultrasonic waves on convective
heat exchange in the air [36,38—40]. Two of them analyze acoustic streaming in the gap
between a hot plate and a vibrating beam [36,38]. The third deals with free convection
to the small cylinder [39]. Ultrasound was generated by a pair of oscillating transmitters.
The last article [40] presents the results of heating various metal samples in a hybrid dryer.
In this case, forced convection with a low-flow velocity was used, while ultrasound was
generated using a system equipped with a vibrating disk.

All of these works show a high intensification of heat transfer because of the use
of ultrasound. However, there is still no extensive research on the enhancement of free
convective heat exchange in the air through the acoustic field (ultrasound). This paper aims
to fill this gap. It investigates the cooling of metal samples of various shapes with air. The
free airflow is due to the high temperature of the samples. The ultrasonic field is generated
by a vibrating disk placed at a distance from the samples. As a result of the research, a high
intensification of the process was demonstrated through the acoustic field.

2. Materials and Methods
2.1. Experiments

The experiments consisted of cooling steel samples (density p = 7820 kg/m?, specific
heat ¢ = 473.3 ] /kg-K, and thermal conductivity / = 42.9 W/m-K) in the conditions of free
convection conditions with additional effects of ultrasound. The ultrasound was gener-
ated with the Airborne Ultrasound System—AUS (Pusonics, Madrid, Spain) generating
low-frequency (26 kHz), high-power ultrasound. The tests were carried out for various ul-
trasound powers, 0 W, 50 W, 150 W, and 200 W. Four samples of different shapes were used
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in the study: a cube, a cuboid, a cylinder, and a small cylinder (Figure 1). The dimensions
of the samples are presented in Table 1.

Table 1. Dimensions of the particular sample.

Sample Dimensions
Length Width Height
(mm) (mm) (mm)
Cube 30 30 30
Cuboid 120 30 40
Diameter Height
(mm) (mm)
Cylinder 30 30
Small cylinder 20 20

All samples were initially heated to a temperature slightly above 60 °C in a Memmert
SN75 convective dryer (Schwabach, Germany). The samples were placed on a PTFE mesh
placed at a height of 330 mm above the surface of the laboratory table and 460 mm below
the surface of the ultrasound-generating plate (Figure 1). The diameter of the radiating
plate is 390 mm. Dimensions of the processing chamber are as follows: 460/460/600 mm
(width/depth/height). The chamber is of an open type. The sample and the ambient
temperature during the experiments were measured every 5 s using type-K thermocouples
and recorded with Center 309 datalogger (CENTER Technology Corp., New Taipei City,
Taiwan) with accuracy £1 °C + 0.3%. The temperature of the sample was measured in
the geometric center in a specially drilled hole. The diameter of the hole corresponded to
the diameter of the thermocouple head so that the free space between the material and
the probe was negligibly small. The measurements were continued until the temperature
stabilized completely.

L3

=

-
>
L o
- 1] .
Figure 1. Scheme of the research stand: (1) Ultrasound generator; (2) vibrating plate; (3) thermocou-
ples; (4) datalogger; (5) sample; (6) air.

2.2. Mathematical Model
The equations of the mathematical model derived in this section are based on three

assumptions:

e  The heat exchanged by the sample with the environment consists of two fluxes: heat
transferred to the air by convection and the energy of ultrasound absorbed by the
sample. The heat exchange between the sample and the PTFE mesh is negligibly small.
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e  The convective heat flux between a sample and the surrounding air is described by
Newton’s law, i.e., it is proportional to the difference in the temperature of the sample
surface and the temperature of the surrounding air.

e  The resistance to heat conduction inside the sample is much lower than the convective
resistance to heat transport to the outside of the sample.

According to the first law of thermodynamics, the decrease in internal energy dU is
equal to the heat transferred to the environment dQ:

dU = dQ 1)

In the case of a metal sample, the internal heat flux density 3 is proportional to the
temperature gradient (Fourier’s law):

—

q=—-AgradT )

where A is the thermal conductivity [W/m-K]. On the second side, in the air the heat flux

density ; is proportional to the difference in the temperature of the sample surface T; and
the surrounding air temperature T, (Newton’s law):

= —h(T,—T,) 3)

where 1 is the heat transfer coefficient [W/m?2-K] [41]. Comparing the Equations (2) and (3)
gives the boundary condition for heat exchange:

Agrad T = h(Ts — T,) 4)
This condition is described by dimensionless Biots” number:

_ul

B
)

®)
which expresses the ratio of the resistance to heat conduction inside the sample to the
resistance to heat transport to the outside of the sample. In this equation,  means the
characteristic dimension of the sample [m]. If the resistance to heat conduction inside the
sample is much lower than the convective resistance to heat transport to the outside of the
sample (the assumption that the Biot’s number is small), then the temperature gradient
tends to zero. It follows that temperature T is homogeneous in the entire sample volume
and is only a function of time. In this case, the inner energy U is the linear function of the
internal temperature T:

dU = mcdT = pcVdT 6)

where m is the sample mass [kg], ¢ is specific heat [k] /kg-K], p is density [kg/ m3],and V
is volume [m?]. The heat exchanged by the sample with the environment consists of two
fluxes: heat transferred to the air by convection ch and the energy of ultrasound absorbed
by the sample Qahs3

aQ = [ch + Qabs} dt )

According to Newton’s law (3), it is assumed that the convective heat flux Qe is
proportional to the difference between the sample temperature T and the surrounding air
temperature T,:

Q= A = —hA(T —T,) @®)

where I means the heat transfer coefficient [W/m?2-K] and A is the sample surface [m?2] [41].
Since the energy emitted by the ultrasound generator during the experiments was constant
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and the sample surface was also constant, it can be assumed that the absorbed flux was
also constant Qabs = const [40,42]. Then, Equation (3) takes the form:

40 = [hA(:ra ST+ Qubs] dt )

After substituting Equations (6) and (9) to the energy balance (1) a differential equation
is obtained:

() ) )

The equation describes the temperature change during the process. The temperature

_ Qabs
Ty = T, + s (11

means the final temperature of the sample while

A
a= :CV (12)
is the simplifying notation. After entering the dimensionless temperature,
P (13)
To — Ty
the differential equation is obtained,
%9 = —at (14)
with the initial condition:
9,y = -Tr (15)
To — Ty
Introducing dimensionless time in the form of a Fourier’s number,
Fo= (16)

and assuming that the characteristic dimension [ is equal to the ratio of the volume of
sample V to its surface A,

and using Equation (12), the dimensionless form of the Equation (14) could be obtained
ao pcl? pcV? hA hV .
=—"—ad=— — 8% =—-——10=-Bid 1
d(Fo) P MAZ pcV 1A ! (18)

where Biot's number (Equation (5)) after substitution of the characteristic dimension

(Equation (17)) takes the form:
hv

Bi — -~
T AA

(19)
The solution to Equation (8) is:

Ind = —at (20)
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Based on the approximation of the experimental result using (Equation (10)) the values
of the parameter a (slope of the straight line) could be determined. Then, the value of the
heat transfer coefficient 1 could be calculated after rearrangement of Equation (6):

L pcVa
h= - (21)
The heat transfer enhancement coefficient # is defined as:
n= =N 000, (22)
ho

where h; is the heat transfer coefficient for the ultrasound-assisted process at a power x
and hy is the heat transfer coefficient for the reference process without ultrasound support.

2.3. Statistical Analysis

All data presented are mean =+ standard deviation. The approximation of the experi-
mental data was performed in Origin(Pro) 2022 (Northampton, MA, USA). The non-linear
approximation was done with the use of the Levenberg-Marquard iteration algorithm [43].
The goodness of fit was assessed on the basis of the coefficient of determination (R?)
according to the equation [44]:

R2_1_ LW - fi)?
Y (yi —7)°

where y; is the observed value, f; is the predicted value, and ¥ is the mean value of
observed data.

(23)

3. Results and Discussion

The temperature of the sample and the ambient temperature were measured during
the experiments. Figure 2 shows the graphs of the averaged measurement data obtained
for a small cylinder as an example. All curves are similar in nature. The temperature of the
sample decreases over time due to convective cooling. In the absence of ultrasound, the
temperature of the sample decreases to the temperature of the cooling air. When ultrasound
is used, the temperature of the sample tends to be higher than the temperature of the
cooling air. This is due to the absorption of the acoustic energy by the sample. The greater
the power of the applied ultrasound, the higher the final temperature of the sample. The
curves presented in Figure 2 have been drawn in the range until the temperature stabilizes.
As can be seen, increasing the ultrasound power results in faster temperature stabilization.
The change between the process time without ultrasound and the process time with the low
power of applied ultrasound (50 W) is particularly noticeable. Increasing the ultrasound
power resulted in a decreasing of the gain of cooling rate.

sample temp. sample temp.
60 - = -ambient temp. 60 - - -ambient temp.
— std. deviation — std. deviation
O O
< 50 < 50
g g
2 2
@© ©
5 40 5 40
o Q
= =
£ 30 + 2 30
.
20 T T 20 T T T T
0 7,200 10,800 0 360 720 1,080 1,440 1,800
time (s) time (s)
(a) (b)

Figure 2. Cont.
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Figure 2. The temperature of small cylinder versus time: (a) 0 W (no ultrasound); (b) 50 W (ultra-
sound); (c) 100 W; (d) 150 W; (e) 200 W.

It is worth noting the increase in the standard deviation for the sample cooled with
ultrasonic support with a power of 200 W. This is probably due to the very intensive mixing
of the boundary layer of air in the vicinity of the sample, at the same time increasing heat
exchange with the surrounding air. This phenomenon occurred in all shapes. For lower
ultrasonic powers it is not so clear; however, a detailed analysis of the numerical values
confirmed a larger standard deviation for ultrasonic tests.

On the basis of the measured temperature, the dimensionless temperature was cal-
culated in accordance with Equation (13), and then its natural logarithm was determined.
Examples of calculated values of this logarithm for a small cylinder are shown in Figure 3
for the initial period of the process.

0.5%
Orgyenunny,
&z:;.. “.II“I“IIIIIII“-
-0.5 9, ‘0..
T, ey
— -1 Yas %,
< ha 98
— ‘vAa e
©-15 M .
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= ‘VV A,
Exp. Fit US Power N A
-25] 7% Y Aa
e —— 50w Vv
31| 4 — 100w v
v —— 150W
-3.51 200 W

0 60 120 180 240 300 360 420 480
time (s)

Figure 3. Small cylinder dimensionless temperature versus time.

All the results obtained were approximated by a linear function defined by Equation (20).
The approximations obtained were very accurate as the coefficient of determination R?
ranged from 0.9994 to 0.9999. On the basis of the above approximations, the values of
the slope of the straight line (Equation (20)) were obtained. Then, using Equation (21),
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the values of the heat transfer coefficient 1 were calculated. The values obtained for the
coefficient / for all four samples and all applied ultrasound powers are presented in Table 2.

Table 2. Values of the heat transfer coefficient h (W/m?2K) for particular shapes and processes.

Sample US Power
0[W] 50 [W] 100 [W] 150 [W] 200 [W]
cube 41.64 +0.76 140.60 + 3.02 179.50 + 4.53 1926.20 + 6.04 216.50 £ 6.04
cuboid 36.09 £ 0.31 83.28 £ 1.17 124.90 +4.53 148.50 +1.13 167.90 +1.13
cylinder 45.27 +0.76 150.80 4 1.22 188.80 & 1.51 230.10 £ 10.6 239.70 £ 6.80
small cylinder 52.43 £+ 0.50 238.70 £ 4.53 396.50 + 6.55 41820 + 3.24 487.90 £ 10.60

To check whether the assumption that the resistance to heat conduction within the
sample is much lower than the convective resistance to heat transport to the outside of
the sample, the values of Biot’s number were calculated according to Equation (19). These
values vary in ranges (0.003-0.017) for the cube, (0.006-0.029) cuboid, (0.005-0.028) cylinder,
and (0.006-0.0.057) small cylinder. This means that in all series of experiments, Biot’s
number was small, so the assumption is correct.

As can be seen, the use of a low power of applied ultrasound (50 W) results in a
very strong enhancement of convective heat exchange, from more than two times (cuboid)
to almost five times (small cylinder). Further increase in ultrasound power results in
improved heat transfer. Musielak and Mierzwa [40] present similar results obtained for
forced convection. In that case, it was obtained that in the tested range, the increase in the
heat transfer coefficient was a linear function of the applied ultrasound power. However,
in the case of free convection, increasing the ultrasound power does not result in a linear
increase in the heat transfer coefficient. In Figure 4, all the results obtained have been
approximated by a function with the general equation.

h=a—b-c P (24)

where 4, b, and c are constants (Table 3) and P is the power of applied ultrasounds [W]. This
equation shows that increasing the ultrasound power results in less and less improvement
in heat transfer.

= Experiment = Experiment
Fit Fit
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2 150 2
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Figure 4. Cont.
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Figure 4. Approximation of the heat transfer coefficient: (a) cube; (b) cuboid; (c) cylinder; (d) small
cylinder.

Table 3. Values of the a, b, and ¢ constants.

Sample a b c
cube 2199 + 8.1 1774+9.3 9.85x 1071 £2.10 x 1073
cuboid 219.8 + 14.6 1844 + 13.8 9.94 x 107! +£8.84 x 1074
cylinder 256.5 + 14.0 210.0 + 14.6 9.87 x 101 £2.25 x 1073
small cylinder 519.3 4= 38.6 466.3 = 39.1 9.88 x 1071 £2.50 x 103

Again, for the tests, carried out with a power of 200 W, the measurement uncertainty
increased slightly, which is characterized by larger ranges of confidence and prediction
bands. The reason for this phenomenon is the intensive mixing in the vicinity of the sample.
The results presented in Table 2 show that the heat transfer enhancement achieved strongly
depends on the sample size. For the smallest sample, a small cylinder, the gain was more
than nine times; for medium-size samples, the cylinder and cube, the gain was over five
times; and for the largest sample, the cuboid, the gain was 4.5 times. These results can
be compared with the results shown in other articles. For example, in the work [36,38],
heat transfer was improved by 10-75%. In the work [40], the heat transfer was increased
to a level of 50-250%. The greatest enhancement of convective heat exchange is reported
in [39]. The authors achieved a maximum amplification of 25 times. It follows that the gain
obtained in our research should be classified as high. Unfortunately, the lack of literature
reports on the intensification of convective heat exchange in the air using ultrasound does
not allow for a wider comparison of the results obtained.

In Figure 5, the heat transfer enhancement coefficient #n calculated in accordance with
Equation (22) is presented for particular shapes and processes. The values of the heat
transfer coefficients were taken from Table 2, hy for processes without ultrasound and
hy for processes with ultrasounds. It is clearly seen that the application of ultrasonics
accelerated the cooling and increased the heat transfer coefficient for the small cylinder. For
the cylinder and the cube, the intensification was lower but at a level similar to each other.
The smallest increase was observed for the cuboid. Taking into account the influence of
the ultrasound power, it may be stated that increasing the ultrasonic power results in the
growth of the heat transfer coefficient. However, the highest gain was observed for 50 W
and 100 W, which is particularly visible for a small cylinder. For 150 and 200 W, the heat
transfer coefficient still rises, but the change in reference to the previous ultrasonic power
is smaller.
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Figure 5. Heat transfer enhancement coefficient for particular samples cooled under different conditions.

4. Conclusions

The results obtained in this study showed that the use of ultrasound can have a
significant impact on the free convection heat exchange in gases. Ultrasound enhancement
may significantly reduce the time of cooling, which is the primary disadvantage of passive
air cooling. Ultrasonically supported cooling may be utilized in various industries e.g.,
electronics, pharmaceutical, and food. In the case of the food industry, the use of ultrasound
to enhance cooling may have additional positive effects related to the final quality of the
product. However, there is still no broader research on this subject. Therefore, extensive
research on the effect of ultrasound on convective heat exchange in the air should be carried
out. The results of the experiments presented in the article have shown that the use of small
metal samples results in small values of the Biot’s number. This allows us to use a simplified
mathematical model to describe convective heat transfer. This may be an indication for
further research on convective heat transfer in the air. Further research should, in the first
place, be focused on the application of various design solutions. For individual designs, the
influence of process parameters on heat transfer should be examined. The next step should
be to analyze the physical phenomena that occur during the process and their influence
on the final effect. The results of this type of research may in the future be used for the
enhancement of convective heat exchange in practical applications.
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