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IIposedeno Oocnidxncenns mepmoaxycmuuHux
AGUW, 6 NAPOZEHEPYIOUUX KAHANAX CUCMEMU 0XO-
JNI00JCeHHs menyonasanmaicenux npucmpois. Jlo-
CNI0IHCYBAHT PEACUMU 0XONOONHCEHHS XAPAKMEPU3Y-
10MbCA NOBEPXHEBUM KUNTHHAM MENIOHOCIA, sKe
BUHUKAE 6HACNIOOK BUCOKUX MENIOBUX NOMOKIE HA
noeepxui 0X0n00MCceHH, T BeUKUMU Hed02pieamu 00
memnepamypu nacurenns 10pa nomoxy. B maxux
YMOBAX MOIHCIUBE BUHUKHEHHS 6 KAHANAX 0X0100-
JHCEHHS BUCOKOUACMOMHUX NYNbCAULE AKYCMUMHO20
mucky. Bcmanosneno, wo euHuKHeHHs MepMOaKy-
CMUMHUX KOJIUBAHD 30amHe npusecnu 00 YmeopeHHs
CcMoA40i X6UNi 8 Kanai, 00HIEI 3 YMo6 Popmyean-
HA AKOI € HAAGHICMY 2panuyl 61000palNCeNH XU,
IIpedcmasneno mamemamuuny mooeio, o ONUCYE
2eHepauilnn mepMoaKycCmunHux Koaueams 6 Kanaii
0x0n00cents. Beajxcaemocs, wjo KoMUBAHHS 3 BUCO-
K010 aMnimyoor0 6UHUKAIOMb 6HACTIO0K Pe30HAH-
cY, Wo cnocmepizacmocs npu 3612y wacmomu eumy-
wenux Koaueams naposux OYaLOAWOK 3 6]ACHOI0
4aAcmomoro KoUans napopiounozo cmoena aodo ix
eapmonixamu. /[ns pospaxynxy amnaimyou xoau-
6aHb MUCKY 6 KAHANL OMPUMANA 3ATeHCHICHb, AKA
epaxosye 6’a3KicHy Oucunauiio emepeii i empamu
enepeii na xinyax xanany. Iloxazano, wo npu naéau-
Jicenni 0o pesonancy eémecox 06'e€mnoi 8sasxocmi 6
Koeiyienm 6’I3KiCMH020 NOZIUHAHHA 3POCMAE.
Bcmanosneno, wo 0as 0ocaiocysanux ymos empa-
mamu enepeii Ha CMIHKAX KaHATY | 6mpamamu 6 npu-
epanuunomy wapi moscna suexmyeamu. Iposedeno
PO3PAXYHKU AMNITMYOU MEPMOAKYCMUMHUX KO-
8amb MUCKY 051 YMOB, W0 610n06idaions peaivHum
npouecam 8 KaHauax 0X0a00HCeHHs 3 NOBEPXHEGUM
xuninnsam. Ilpedcmasnena memoouxa npononyemo-
¢ 00 BUKOPUCMAHHA NPU NPOEKMYSAHHI CUCTEM
PilOUHI020 0XO0N00ICEHHA MENIOHACANMANCEHUX
npunaocie, Ons AKUX PEHCUMU 0X0L00HCEHHS nPuny-
ckaromv icmomnuil Hedoepie menjonocisa 00 memne-
pamypu HacumeHHs i nogepxHese KUNiHHA

Kmouosi caosa: xanan oxono0dicens, nogepx-
Heée KUninHsl, mepMOaKyCmuune KoAUSAHHs MUCKY,
pesonanc, oucunauis, 8 a3xKicmo piounu
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1. Introduction

The development of powerful electrical devices requires
complete information about operational stability of the ther-
mal mode control system. Advancement of modern nuclear
power engineering, MGD generators and high-power lasers,
as well as microwave electronics, necessitated the creation
of cooling systems that should operate at heat flow densities
reaching 108 W/m?. One of the most effective ways to cool a
heating surface is to divert heat under a bubble boiling mode
of the subcooled-liquid [1, 2]. Application of such a technique
makes it possible to obtain high energy flow densities, and at
low temperature heads [3]. However, heat exchange under
such conditions is often accompanied by stable high-fre-
quency pressure pulsations in the channel, which are self-os-
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cillatory in character. It could be considered an established
fact that the occurrence of thermoacoustic vibrations could
lead to the formation of a standing wave in the channel, one
of the conditions for whose formation is the wave reflection
boundaries. Therefore, the boiling of an subcooled liquid at
the forced convection in pipes and channels has been given
much attention, which is associated with a possibility of the
emergence of a high level of acoustic pressure.

2. Literature review and problem statement

Paper [4] studied the boiling of an subcooled liquid flow
by visualization. It was shown that at high underheating
of the liquid to a saturation temperature the steam bubbles



were destroyed upon a contact with the flow core. The au-
thors found that the surface boiling in a microchannel makes
it possible to divert the heat flow reaching 14.41 MW/m?
at a moderate increase in the temperature of the wall.
This proves the feasibility of applying liquid cooling with
a surface boiling. A similar approach was used by authors
in [5]. It was found that the underheating significantly re-
duced the detachable diameter of bubbles, and at the same
time there were significant fluctuations in pressure both at
inlet and outlet, as well as surface temperature. However,
the reported experimental data cannot be used to predict
the level of fluctuations in cooled channels. Authors of [6]
note that subcooling boiling has a wide scope of industrial
applications, including nuclear reactors. They note that
subcooling boiling has a wide scope of industrial applica-
tions, including nuclear reactors. Similar problems arise
in metallurgical production when casting large-capacity
ingots [7, 8]. In these processes, there were water pressure
fluctuations in the cooling channels of pallet hollows when
molten steel crystallized (a temperature of ~1,550 °C) that
were not considered in studies [7, 8]. In the channel with a
boiling heat carrier there are acoustic effects, manifested
in the form of “white” noise or steady harmonic oscillations
of pressure. It is noted that acoustic vibrations, or pressure
waves, are characterized by high frequency (10-100 kHz)
and are observed at liquid boiling, at volumetric and film
boiling. By studying patterns in heat transfer during boil-
ing, the authors of [9] found that the amplitude of pressure
wave fluctuations could be much higher than stationary
pressure in the system. The results reported in [9] indicate
an intense vibration caused by the boiling of an subcooled
liquid. The resulting vibration is associated with the rapid
growth and collapse of steam bubbles at a high load of the
heat flow, with bubbles located near the heated surface. It
is noted in [10] that it is necessary to improve the scientific
description and understanding of the vibrational aspect re-
garding the subcooled flow boiling to progress in the future
development of compact heat exchangers, which require an
appropriate level of safety during transmission of a high
heat load. Spectral analysis revealed that the frequency
of acoustic vibrations varied in the range of 0-1,000 Hz;
resonance phenomena were observed. The findings suggest
that physical perceptions of harmonic oscillations in the
channel should be based on the idea of the dynamics of bub-
bles. In paper [11], the process of bubble generation appears
intermittent and is divided into three stages — the waiting
phase, the growth phase, and the collapse phase. Results
reported in [12] show that even with a slight underheating
of the liquid, the absolute majority of bubbles break down
very close to the surface after the detachment. Under large
underheating, steam bubbles are destroyed even before they
break away from the heat-transmitting surface. This causes
the formation of sound waves. It is assumed that the forma-
tion of a typical bubble under an subcooled boiling causes an
excitatory force of the order of 107 N [12]. To assess condi-
tions for the emergence of thermoacoustic oscillations, data
on heat exchange are needed, in particular, dependences
are needed to calculate the heat efficiency factor at boiling
with underheating. An experimental study [13] of the heat
exchange process at subcooled boiling made it possible to
justify the use of correlations taking into consideration
the refining parameters for calculating heat transfer coef-
ficients. Similar studies were carried out by authors in [6];

their range of the studied heat efficiency ratios covered ar-
eas from a forced convection and boiling with underheating
to the developed bubble boiling. It was noted that at large
mass expenses G and low heat flows ¢ the effect of under-
heating is not obvious, as the dominant mechanism of heat
transfer is the forced convection. For the assigned G and g,
heat transmission ratios gradually increase with a reduction
in subcooling. The reported empirical dependences take
into consideration the effect of an underheating tempera-
ture, heat flow, fluid consumption on the heat efficiency fac-
tor and could be used for compiling a procedure to calculate
the amplitude of thermoacoustic oscillations.

The classic notions of thermoacoustic phenomena [14]
imply that harmonic sound waves occur in the pipe exposed
to an external harmonic force in the form of the self-coor-
dinated vapor bubble dynamics. Theory [14] for the case of
forced vibrations states that it does not matter to narrow
pipes whether the source of vibrations is distributed over
the cross section of the pipe or is concentrated at one point.
The issue on experimental determination of the amplitude
of pressure fluctuations in the channel has remained unre-
solved due to the complexity of a measurement system, so
the analytical modelling based on the available data on the
boiling subcooled liquid seems rational.

The scientific literature gives examples of applying the
Maxwell’s viscous-plastic relaxing environment to describe
the viscous behavior of a material with energy dissipation;
this model, however, yields a good convergence when there
is a significant elastic component [15]. In the processes of a
fluid’s flow at medium pressures, elastic compression of the
environment could be neglected.

Despite the large body of research into the high-frequen-
cy thermoacoustic self-oscillations, patterns of their occur-
rence are not sufficiently studied. There are no scientifically
sound methods to control and prevent the thermoacoustic
phenomena, which does not make it possible to devise a
procedure for calculating the amplitude of pressure acoustic
fluctuations and to assess the danger to an article. As a re-
sult, the design calculations of thermal regime systems are
incomplete. All that necessitated the study into the nature
of thermoacoustic phenomena at boiling subcooled liquid
and compiling a calculation procedure for the amplitude of
pressure fluctuations.

3. The aim and objectives of the study

The aim of this study is to devise a procedure for calcu-
lating the amplitude of pressure thermoacoustic fluctuations
in the cooling channels of radio-electronic equipment under
a mode of surface boiling subcooled liquid.

To accomplish the aim, the following tasks have been set:

— to construct a physical model that would describe
the process of the emergence of thermoacoustic pressure
fluctuations in steam-generating channels at boiling sub-
cooled liquid;

—to build a mathematical model for calculating ther-
moacoustic pressure fluctuations taking into consideration
energy losses and to analyze the contribution of viscous
dissipative phenomena and losses at the ends of a channel;

—to run a computational experiment employing the re-
sulting dependences to calculate the amplitude of pressure
fluctuations.



4. Modeling the thermoacoustic phenomena at boiling an
liquid in cooling channels

4. 1. Physical model of the evolution of thermoacous-
tic pressure fluctuations at boiling subcooled liquid

The following provision was accepted as the basis of a
physical model. Conditions for the generation of large am-
plitude oscillations are the resonance phenomena observed
when the frequency of forced vibrations coincides with the
vapor column’s natural frequency or their harmonics:

mf, =nf,, €Y

where f, is the natural frequency of vibrations of the va-
por-fluid column in a channel; f; is the forced frequency of
oscillations; m is the harmonica of forced oscillations, n is the
harmonica of natural oscillations.

Boiling fluid bubbles that are distributed across the
pipe’s surface could be considered harmonic oscillators. As
the heat flow increases, the sound signal spectrum changes
from the shape of “white” noise to harmonic oscillations,
which are caused by the self-coordinated growth and de-
struction of steam bubbles. To explain this phenomenon, an
object under study is treated as a complex oscillatory system
consisting of part A — a set of sound emitters determined
by the number of steam centers, and part B — an elastic
column of liquid in which acoustic vibrations propagate.
The amplitude of %coustic vibrations emitted by a bubble is

m

. R . . .
proportional to —, where R, is the maximum radius of a
T

bubble, t is its lifetime. Thermoacoustic oscillations in sub-
system B evolve in the form of a system of standing waves,
whose amplitude is determined by the vibrational energy of
the entire set of oscillators — steam bubbles. In the region of
“white” noise, the subsystems A and B are not related. With
the increase in heat flow ¢, the action frequency of steam
centers in subsystem A increases, and at some value ¢ the
natural frequency of vibrations of subsystem B approaches the
frequency of forced fluctuations of subsystem A. In this region,
there occurs the synchronization of actions of the steam cen-
ters due to the effect exerted by the vibrations of subsystem B.
The bubbles emit a positive pressure pulse into environment
B during the compression period of a standing wave, thereby
rocking it. With the further increase in ¢ the frequencies begin
to diverge, the connectivity of the system is disrupted. The role
of bubbles in system A is reduced to maintaining the energy of
a standing wave.

Actual cooling modes of radio-electronic equipment of
the examined class are characterized by such parameters at
which the vapor content in the cooling channels is small and
the steam bubbles are almost absent in the stream. Even at
high heat loads, a liquid’s temperature in the channel remains
well below the saturation temperature, and the vapor bubbles
formed at the surface of heat exchange condense when in
contact with the flow core. In addition, taking into consider-
ation that the heat carrier is degassed, one could assume that
a sound wave propagates in the channel with a clean liquid.

4. 2. Mathematical modeling of thermoacoustic phe-
nomena taking into consideration energy losses

4. 2. 1. Mathematical notation of thermoacoustic os-
cillations in a channel

The model is based on the assumption about the reso-
nance nature of thermoacoustic oscillations in the system

with distributed parameters (a steam-generating channel)
under the influence of sources of forced vibrations (acting
steam centers). The main assumptions in the adopted
model are:

— the movement of a heat carrier is regarded as one-di-
mensional;

— heat flows along the channel, thermal resistance of the
wall and its deformation are not taken into consideration;

— the volume of steam bubbles varies according to the
sinusoidal law:

V()= Viaxexp(imt);

— the thermal-physical properties are constant.

Propagation of waves does not depend on the orientation
of a pipe or its bending degree.

The latter assumption holds for “very narrow” pipes, for
which the following condition is satisfied: a pipe’s diameter
d<<)/2.

The steam-generating channel is presented schematically
in Fig. 1.

Fig. 1. Schematic of a steam-generating channel

The calculation procedure for oscillations amplitude is
as follows:

1) The Reynolds number is calculated and, depending
on a current mode, the heat efficiency ratio is determined
according to data from [6].

2) The value of a heat flow diverted in the process of
forced convection:

q.=o(T,-T)). 2)

3) The values of a supplied heat flow ¢ and ¢, are com-
pared. If g,>q, the boiling does not occur, the heat is diverted
through convection.

Lengthwise the channel, the liquid’s temperature rises,
approaching the starting boiling point T*, determined from
the following dependence:

Tsb = T, 'q~
o

3)

In this case, a coordinate of the start of boiling is deter-
mined:

Ts.b _ Tinlet G-
A ®

where Tt is the temperature of a liquid at the inlet to a
channel.

When ¢.<g, it is accepted that the boiling takes place
along the entire length of the heated section and tempera-
ture of the start of boiling corresponds to the liquid’s tem-
perature at the inlet:

Ts.b=Tinlet'



4) Frequency of bubbles formation is [2]:

68 1—exp(—0.027-Ar,, ) |+132
= oS d ’

max

/ ®)

where temperature head At, is the difference between the
temperature of the channel’s wall ¢,, and the mean tempera-
ture of the liquid ¢; (At,=t,—11); dnax is the detachable radius
of a bubble.

Circular frequency is:
0=2-7f. (6)

The number of steam-generating centers, according
to [16], is:

2=7510"rp, A, /(01,)' ] (7

where a temperature head during water boiling At,, is deter-
mined from empirical dependence [17]:

At,=0.33-¢" p", (8)

where p is the pressure in a liquid, bar. Dimensionality of the
magnitude is related to the specificity of processing experi-
mental data.

5) Calculating acoustic characteristics.

— Calculate the mean speed of sound:

— x, L-x,
vt ®

where C) is the speed of sound in a clean liquid, Cj is the
speed of sound in a two-phase environment.

A value of the speed of sound in a two-phase environment
depends on the region of vapor content values.

Y-p
C = 0 v
’ \]p,-¢(1—¢)

where v is the adiabatic Poisson coefficient, p is the static
pressure in a channel. At <1073, that is in the region of
small numerical values for vapor content:

(10)

1
C,= |—, 1D
’ Bef P

where B,y is the effective compression factor [16]:
B =B (1-0)+B, 0,
where By, g are the liquid and steam-phase compression ra-

tios, respectively.
— Wave number K:

(12)

K=w/C. (13)

— The natural frequency of vibrations of a vapor-fluid
column in a channel:
f,=C /2L (14)

6) Pressure oscillation amplitude:

sin(K(L—x))'[COS(Kx)_COS(KXe)]_

p(x)=E- _sin(Ke .|:COS(KX(L—X6))—} ,

—cos(K(l —x))

(15)

where magnitude E is determined from the following ex-
pression:

:1t~d~pl-C~VgZ. (16)
K-S ~sin(KL)

The dependence for calculating the amplitude of pres-
sure fluctuations was derived by the authors of the work by
assuming that the growth and destruction of vapor bubbles
occur in sync, which was observed during experiments in the
near-resonance region.

In the course of the computational experiment based on
a given procedure, the conditions for an increase in the oscil-
lation amplitude were established. Fig. 2 shows an example
of the estimation curve in the part where the resonance
phenomenon was observed, and the oscillations amplitude
increased dramatically.

107, Hz
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[
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Fig. 2. Typical estimation curve of acoustic pressure
dependence on heat load in the resonance region

As shown by Fig. 2, resonance arises when the values
for natural fj and forced fr frequencies converge. Excluding
dissipative phenomena at the point of coincidence of the
frequencies the amplitude of vibrations tended to infinity.
That determined the need to take into consideration the
main mechanisms of energy loss in the mathematical model.
The principal mechanisms of energy losses in a sound wave
are associated with viscous dissipation and thermal conduc-
tivity, losses at the inlet and outlet of the channel and the
scattering of sound on steam bubbles.

4. 2. 2. Analysis of viscous absorption of vibrational
energy

In a general from, the viscous absorption rate is deter-
mined from dependence [18]:



o |4 1 1
o, =—2 | Lneneal ——2||, 17
v 2plc3[3n n a[cy Cp]} ( )

where a is the thermal diffusivity factor; n is the ratio of a
first (shear) viscosity; " is the ratio of a second (volumetric)
viscosity.

A factor of dynamic viscosity is included as shear viscosity
in equation (17). A second viscosity, or volumetric viscosity,
is defined as internal friction when transferring the impulse
in the direction of movement. In our case, its impact should
be taken into consideration as the compression and expansion
processes do occur. The effect of volumetric viscosity is de-
scribed in detail in [18]: at compression and expansion (which
is typical of sound waves) internal processes begin in a liquid,
seeking to restore the thermodynamic equilibrium. These pro-
cesses are irreversible and are accompanied by energy dissipa-
tion, whose intensity depends on the ratio of compression and
expansion rate to relaxation time. The analytical expression
that shows the wave is fading is the representation of wave
number K in the form of a complex vector, whose material part
determines the change in phase with distance, and imaginary
part is the absorption coefficient a,. If a sound wave period is
large compared to the time of relaxation t (wt<1), the equilib-
rium is almost keeping pace with the fluctuations in density
in a sound wave and the wave number is described by the
following equation:

K:gnﬂ(c;i—cg),

18
c, 2C} {18

where C_ is the sound speed value, at which the influence of
volumetric viscosity exceeds the shear one.
The viscous absorption coefficient is, in line with [18]:

o - o't
"o

(cz-c3). (19)

For the case of large frequencies (wt>>1), the absorp-
tion coefficient increases and another dependence holds
for K [18]:

o .C-C
=i
T

(20)

In some cases, the volumetric viscosity may exceed a
first one. This is observed in processes characterized by a
high-frequency change in fluid density. Differences in these
formulae are due to that at relatively low frequencies, the
equilibrium is able to follow the change in density in the
sound wave. In another case, when the period of oscillations
is less than the relaxation time or commensurate with it, the
equilibrium does not have time to recover.

The time of acoustic relaxation in a liquid is equal to the
time of free run of molecules 1=1 /0, and the length of free
run / could be taken to be equal to the Lennard-Jones poten-
tial parameter, while the maximum valid value of particle
velocity v=1/(p-Cy). The dependence to determine it then
takes the following form:

1=291-10"p-C,. (21)

As shown by calculations, under the examined conditions,
the relaxation time for a pure liquid (water) is t~3-10" s,

frequency o for a first harmonic of the forced vibrations has
an order of 10? s, Then, ©-1~0.3, hence, the case of relative-
ly low frequencies is considered.
To determine C_ the following dependence is proposed:
C.=1.018-C,. (22)
Now, for the low-frequency case under consideration, the
wave number takes the form:

0.018 -0’1
i

K :g
CO CO

(23)

Under conditions close to resonance, the influence of
viscosity is increasingly manifested, limiting the increase in
amplitude due to the emergence of a complex component. In
this case, the maximum value for the amplitude of pressure
fluctuations in the resonance region is:

B

max sh(ocl)

|p(x)

(24)

This dependence determines the value of the maximum
pressure amplitude in a channel, which cannot be exceeded
due to the structural features of the liquid. In fact, the am-
plitude will be even less, because not all the mechanisms of
a wave energy loss are taken into consideration. The need to
account for energy losses due to thermal relaxation is dis-
cussed in [19]. It was shown that once viscous relaxation is
taken into consideration, the thermal one can be neglected.

The scientific literature provides examples of using a
Maxwell’s viscous-plastic relaxing environment to describe
the viscous behavior of a material with energy dissipation;
this model, however, yields a good convergence when there
is a significant elastic component [15]. In the processes of a
fluid’s flow at medium pressures the elastic compression of
the environment could be disregarded.

4. 2. 3. Determining energy loss at the open ends of a
channel (“soft caps”)

For the case of “soft caps”, the distribution of amplitudes
of pressures and particle velocities along the length of a pipe is
the same as for the pipe with “hard caps.” However, pressure
nodes should rest on absolutely soft caps. Since the actual
ends of a pipe may not be completely soft, there is a phase shift
in the distribution of velocities and pressures, determined by
Ocqp, Which should take into consideration the loss of energy
when leaving the examined channel for a pipeline:

p:sin(Kx—OLm), (25)

v:icos(Kx—ocmp).

ipC (26)

For conductivity Y=v/p, the same for both ends of the
channel, the loss factor on caps is:
o, =arcctg(ipCY). 27

Conductivity of the open end is related to the ratio of
reflection via the following dependence:

(28)



where 9 is the reflection factor. Because a wave passes
through both ends of the channel, the total reflection
factor is:

_5,-35,
S,+S,

(29)

Now, the factor of losses on “soft caps” takes the form
suitable for calculations:

o, =arcth 5,25 ,
“ 25,

1

(30)

and the maximum value for an amplitude, taking into con-
sideration losses on caps is:

|p(x)

= B . (31)

- sh| arcth 5, =5,
28,

Dependence (31) shows that losses at the ends of a chan-
nel are determined solely by the cross-sectional area of inlet
channel Sy and the area of the examined cooling channel S;.

4. 2. 4. Other mechanisms of acoustic energy losses
in a channel

In addition to the above processes causing energy loss,
one should consider losses on the walls of the channel and
losses in a boundary layer. When considering the propaga-
tion of oscillations in a channel, which has elastic properties,
the dissipative effect is taken into consideration by known
formula of Zhukovsky. It was derived that when taking into
consideration the properties of a vapor bubble at the surface
of the channel with a diameter of 4-10- the deviations in the
value of the speed of sound are less than 5 %. Therefore, the
contribution of wall elasticity could be neglected.

Another mechanism of acoustic energy dissipation
is associated with viscous effects in a boundary layer
between the channel’s wall and a moving liquid. The
propagation of viscous shear waves is accompanied by a
significant absorption of energy, and with a decrease in
the diameter of the channel this magnitude increases. The
thickness of the acoustic boundary layer is determined
from dependence:

2n
5, = [—.
“=\ op (32)

At a 1 kHz frequency, for example, 8,,=4.1-10" cm. This
layer could only form at a section of the channel that is not
boiling. According to the results from calculations for water,
at a frequency of 1 kHz the absorption in a pipe of radius
4 mm would be about 9.4 Db/cm. Therefore, the viscous
absorption in a boundary layer should be taken into consid-
eration only for long channels in which the boiling area is
insignificant.

4. 2. 5. Total losses of acoustic energy on viscosity
and conductivity of the ends of a channel

Joint accounting of the derived coefficients leads to the
following notation of the oscillation amplitude:

p(x)= 2
\/sz (KI)+sh® ((xnl+(xwp) .

(33)

Based on the resulting equation, a calculation program
was drawn up in order to assess, during a computational
experiment, the degree of influence exerted by the various
mechanisms of acoustic energy dissipation in a channel.

4. 2. 6. Analytical study of the effect of viscous and
end effects on acoustic energy dissipation

The calculations were performed for the following physi-
cal and heat hydraulic characteristics of the process:

1. The length of the channel, /=0.667 m.

2. The diameter of the channel, d=0.04 m.

3. Coordinate of the heated section’s beginning, x=0.5 m.

4. Coordinate of the heated section’s end, x=0.625 m.

5. Pressure at the inlet to the channel, p=2.2-10° Pa.

6. Water temperature at the inlet, £=78 °C.

7. Water velocity in the channel, w=6.37 m/s.

8. Specific heat flow, g=(1.5-105...8.0-10%) W/m?.

These characteristics correspond to the actual physical
quantities characteristic of the cooling system channels in
heat-loaded radio-electronic equipment. A given example is
interesting because there were three resonance peaks in the
study range: at a 179 Hz frequency at the heat flow density
q=3.14-10 W/m? and ¢=6.7-105 W/m?. The presence of two
identical frequency values at different loads is explained by
patterns of change in the speed of sound in a channel. At
first, when the supply of a heat flow is increased (which caus-
es the increase in the volumetric vapor content), the speed
of sound decreases. Then, at vapor content ¢=0.005 (in this
case, such a vapor content was observed at ¢=5.6-105 W/m?),
the shape of dependence changes: an increase in vapor con-
tent leads to an increase in the speed of sound. Fig. 3 shows
the dependences of natural and forced frequencies, as well as
the speed of sound, on specific heat flow.

C107, m/s
£107 Hz

q'10°, W/m®

Fig. 3. Dependence of speed of sound C, natural 7 and
forced f; frequencies on heat flow g

A first resonance emerges when the frequency of forced
oscillations coincides with a second harmonica of natural
frequencies, a second and a third — when a first harmonic
of forced oscillations coincides with a third harmonica of
its natural. As shown by calculations in line with depen-
dences (1) to (14) and (33), at a first resonance a standing
wave propagates in the channel with the second mode of
vibrations, at a resonance on the third harmonica — the
third mode.

Fig. 4 shows the dependence of amplitude of pressure
fluctuations on heat flow when accounting for viscous ab-
sorption, losses at the ends of the channel, and joint account-
ing of their effect.
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Fig. 4. Dependence of amplitude of acoustic pressure
oscillations on heat flow taking into consideration the
dissipative effects: 1 — accounting for viscous dissipation;
2 — accounting for ends’ losses; 3 — joint effect. Distance
from the inlet to the channel, x=0.1 m

It is evident that viscous dissipation contributes less to
dissipative phenomena than losses at the ends of the channel.
The devised procedure makes it possible to identify regions
of mode parameters at which resonance phenomena arise
and to assess their danger to heat-loaded radio-electronic
devices.

5. Discussion of results of studying the thermoacoustic
oscillations in steam-generating channels

The result from calculating the thermoacoustic vibra-
tions (TAV) of pressure is the match between the devised
procedure and the mathematical and physical models ac-
cording to which, when the forced and natural frequency of
vibrations coincide, there occurs resonance. However, with-
out taking into consideration the dissipative phenomena the
amplitude of pressure fluctuations in the resonance region
tends to infinity (Fig. 2). When accounting for the energy
loss to viscous dissipation and at the ends of the channel, it
becomes possible to quantify the amplitude of fluctuations.
The contribution of dissipative phenomena is taken into
consideration in the dependence derived by authors (33).
In this case, one should take into consideration not only the
contribution of shear viscosity n, but also that of the volu-
metric one, which takes into consideration the dissipation of
energy at volumetric deformations of the environment under
conditions for the propagation of acoustic waves. Calculation
of the frequency of natural and forced fluctuations makes
it possible to predict the regions of resonance phenomena
(Fig. 3). The above calculation example predicts the occur-
rence of three resonance peaks at the frequency of forced os-
cillations of 179 Hz at the heat flow density g=3.14-105 W/m?
and ¢=6.7-10 W/m?. A first resonance arises when the fre-
quency of forced oscillations coincides with the second har-
monica of natural frequencies, a second and a third — when
the first harmonica of forced oscillations coincides with the
third harmonica of its natural. The change in the amplitude
of acoustic pressure, calculated from dependence (33), shows
the existence of three peaks (Fig. 4) corresponding to the
resonance regions in Fig. 3.

Analysis of the calculation results, illustrated in Fig. 4,
shows that the dissipation of thermoacoustic oscillation en-
ergy due to viscous effects is less than the loss of energy at
the ends of the channel. The proposed calculation procedure
for TAV amplitude is unique and has no analogs in the scien-
tific literature. This algorithm includes an empirical depen-
dence to calculate the overheating temperature derived for
the case of water boiling (8). When using other heat carriers,
the appropriate calculation formula should be included. The
mathematical model that underlies the TAV calculation
procedure is limited by the conditions for surface boiling
at significant underheating to the temperature of a fluid’s
flow core saturation. Under these conditions, vapor bubbles
are located exclusively at the heat-diverting surface and are
not observed in the main stream. It is also assumed that the
surface section occupied by vapor bubbles is almost equal to
the length of the channel. Such conditions make it possible
to neglect viscous dissipation in a boundary layer. At rel-
atively large sections of the channel that are not occupied
by vapor bubbles, it is necessary to refine the dependence
for calculating thermoacoustic vibrations (33) taking into
consideration the thickness of the acoustic layer (32). In the
future, it seems appropriate to consider conditions for the
emergence of TAV in the steam-generating channels at nu-
clear power plants, for which both bubble boiling and emul-
sion modes are possible. In this case, dissipative phenomena
would increase, the conditions for TAV propagation change,
which requires adjustment of the procedure.

Our procedure is proposed for use in the design of liquid
cooling systems for heat-loaded devices, for which cooling
modes imply a significant underheating of the heat carrier
to a saturation temperature. The current study could be
advanced to refine the dependence for the frequency of
bubble formation and the speed of sound in a two-phase en-
vironment. It is also necessary to experimentally determine
the acoustic pressure along the length of a steam-generating
channel. However, given the complexity of working section
fabrication, this issue is still debatable.

6. Conclusions

1. A physical model has been developed describing the
process of the emergence of thermoacoustic pressure fluc-
tuations in steam-generating channels at boiling subcooled
liquid. It is taken into consideration that the occurrence of
thermoacoustic oscillations of pressure of high amplitude is
associated with resonance phenomena. Resonance occurs
when the frequency of forced oscillations coincides with
the vapor column’s natural frequency or their harmonics.
Boiling fluid bubbles are regarded as harmonic oscillators
interacting with the core of the flow.

2. We have constructed a mathematical model for cal-
culating thermoacoustic pressure fluctuations taking into
consideration energy losses, which assumed a one-dimen-
sional movement of the heat carrier and the sinusoidal law
of change in the volume of vapor bubbles. A computational
experiment has shown that without taking into consider-
ation the dissipative phenomena at the point of coincidence
between the forced and natural frequencies the amplitude of
vibrations tends to infinity. It was determined that the main
mechanisms of energy losses in a sound wave are associated
with viscous dissipation and thermal conductivity, losses
at the inlet and outlet of the channel, and the scattering of



sound on steam bubbles. We have derived a viscous absorp-
tion coefficient, which takes into consideration the contri-
bution of shear and volumetric viscosity. When approaching
the resonance, the contribution of volumetric viscosity
increases significantly. Energy losses at the ends of the chan-
nel are accounted for by the introduction of a loss factor on
“soft” caps. The loss of energy on the walls of the channel and
in a boundary layer under the examined conditions could be
neglected. A dependence has been proposed to calculate the
amplitude of pressure fluctuations, which takes into consid-
eration the contribution of dissipative phenomena.

3. We have calculated the amplitude of thermoacoustic
vibrations for the source data corresponding to the actual
regime characteristics for cooling channels in the heat-load-
ed radio-electronic equipment. It was established that there
were three resonance peaks in the study range: at a frequen-
cy of 179 Hz at the heat flow density ¢=3.14-10 W/m? and
q=6.7105 W/m?. The existence of two identical frequencies
at different loads is explained by the peculiarities of change
in the speed of sound in the channel. The calculated ampli-
tude takes into consideration viscous absorption and losses
at the ends of the channel.
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