EFFECT OF WALL BUBBLES ON THE EXCITATION OF
THERMOACOUSTIC OSCILLATIONS IN BOILING FLOWS

V. I. Skalozubov UDC 532.5+536.2

It is shown that wall vapor bubbles can affect the excitation of thermoacoustic
oscillations only within narrow ranges of the regime parameters for boiling in
short channels. :

Thermoacoustic oscillations (TAO) develop during surface boiling in heated channels [I-
4]. Aspects of the description of the mechanisms responsible for the occurrence of these
oscillations have been the subject of some debate. Most authors [3-6] believe that the
oscillations are due to an interaction between wall vapor bubbles and acoustic perturbations
in the flow. However, the arguments made in support of this proposition are of a qualita-
tive nature and are to a large extent based on intuitive considerations.

In the present study, we attempt to analyze the contribution of wall vapor to the exci-
tation of thermoacoustic oscillations in boiling flows. We will not examine the effect of
bubbles located in the bulk flow. Following [7], we can write an equation which describes
the change in the total energy of the acoustic oscillations E in the flow per unit length:

oF
— =147, (1)
ot
where Ay is the power of the surface sources of acoustic energy, averaged over the period T,
per unit surface:

Ap = 8Pdwr dt (2)

1
T
(8wp is the mean velocity of the wall phase boundary). In subsequent discussions, we will
proceed on the basis of the fact that, in the general case, bubbles of different sizes are
located on the unit surface at an arbitrary moment of time. Differences in the sizes of the
wall bubbles at the moments of time t are due to differences in their lifetime t; up to this
moment. Since conditions under which T4 < T are possible in the general case, we will ex-
amine a certain wall volume of vapor on a unit surface:

Vwa(t) = Zvi t, =), (3)
i=1
where n is the number of bubbles acting on the unit surface at the moment of time t. In
contrast to the case of individual bubbles, the lifetime of the wall volume V, can be as-
sumed to be greater than the period of the oscillations T. Then the quantity dVy,/dt char-

acterizes the mean interphase velocity over the surface at the boundary between the flow
and the wall vapor, i.e. .

Oty iy

dwr =~ d (BVia)/dt. (4)
With allowance for (4), Eq. (2) takes the form
1§ (Vi
r=7) dt (5)

0
At Ay > 0, thermoacoustic oscillations will be generated in the channel as a result of the
behavior of the wall bubbles. At Ay < 0, the process stabilizes. At Ar = 0, the wall vapor

is "neutral" relative to the excitation of oscillations. In fact, ApT is the work done by
the vapor bubbles on a unit surface of the channel, averaged over the period of oscillation
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in the acoustic wave. It should be noted that, with allowance for (5), Eq. (1) is the ana-
log of the familiar Rayleigh criterion [7] for the case in question.

The complexity of describing the generation and growth of bubbles during surface boil-
ing is too great to permit a satisfactorily exact solution. Thus, taking into account the
qualitative nature of the proposed analysis, we will make use of the following basic as-
sumptions.

1. We will examine the case when the bubbles separate from the channel surface. Ac-
cording to [4, 5], the following can be approximately taken for the stage of the growth of
wall bubbles

R =Pgt. (6)

2. The behavior of the bubbles at the moment of time t is affected by the history of
the process in the acoustic wave, beginning with the moment t — (t; + 9:). The effect of
changes in the external conditions at a previous time on the process of vapor formation at
the moment of time t will be ignored.

3. The waiting period ﬁg’before the appearance of a bubble is determined mainly by
the separation size of the previous bubble. Here, a reduction in pressure and, accordingly,
an increase in dgp lead to an increase in O, [8-10]:

89,/0P < 0. (7)

4. The frequency of bubble separation f depends slightly on the pressure in the acous-
tic wave. We will ignore perturbations of the second or higher order of smallness. We
write the heat-balance equation for the wall volume of vapor in the unperturbed state in
the form

d___V“’a‘p _EF {, to) git to)) —n(E—0y) [Vsp () 0" 1. (8)

The first term in the right side of (8) reflects the change in the mass of the wall vapor
as a result of interphase mass transfer, while the second term reflects the reduction in
volume as a result of the separation of bubbles. Expressed in terms of the perturbationms,
Eq. (8) appears as follows with allowance for the assumptions made above:

&, + — Vi ()

ddVwa _ < [ oF; q;

F do”  dop
Ztsg | — W a0
at v, r q} va

onf
ap  dt %)

5 0P (t —.8,) — nfdVsp (t). (9)

Perturbations of the volume of an individual bubble &V; are caused both by a perturba-
tion of acoustic pressure during the life of the bubble 15 and by a time shift in the begin-
ning of bubble growth t,; under the influence of acoustic disturbances. Here, perturba-
tions of the quantity t,{ are caused by disturbances occurring both at the moment of sepa-
ration of the previous bubble t — 1ty — U2 and just before the moment of the beginning of
bubble growth ty;. Then

oV, Oto;

ot; 0, '
— p __l__l_ 2 \8P(t—1;— ﬁ)———— OP (t — ). 10
8V, = 8V, (8P)+ 35, l ap'\ ( | 2 | ap (10)
With allowance for (10), Eq. (9) is changed to the form:
ddVwa - L aFi [ V.t +_ ___61701 \ 8P (t — B8y —
dt _l;]{ : ) 0%, || oP (11)
av, 1 o, F; dp” _dbP
— 1) TS SP (¢ 17,)] ()} Voa—— P d
GV
Vapy 2L 5P (t — ) - nf | | 8P 0.
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Pressure perturbations in the acoustic wave change in accordance with a harmonic law (ag > 0)
0P (f) = agsin wt. (12)

Let us determine the effect of each term in the right side of (11) on the value of Ap
in accordance with (5). With allowance for (11), we represent the integral (5) in the form

Ar = Ar,+ Ar,+Ar, + -+ + Ary - (13)
where | |
Ap,= T%SSP@ (ig-?(fv—iiqiavi) dt, | (14)
A, =%§T§P(t)[%%%i %\%LZ % q,-ﬁP(t——ﬁg»—ri)}dt; (15)
Ap, = %géP(t)[—i;%/%\%qiap(t—ri) Jdt: (16)

1 f “ (17)
A, = —— 6Pty [ SFp i)dt;
= ()(;] :

1 dp” ¢ _ (18)

= — V. (6P (t)(d(5P)/dl dt;
AFn Tp" wa dP‘(S ()[( )/ di]
1 onf ! (19)
Apy= — — — Vp (6P (t—9,) 0P (t) dt;
P\ = >SP§ (t—9;) 8P (1)
Ap, = — L pp| Ve fazp(t)dt : (20)
AR R NPT P '
With allowance for (12)
nfloVsp| o0 .,
, = —|——| a:|sinfetdt >0.
S T :e§S (z1)

Thus, the given term, reflecting the effect of perturbations in the acoustic wave on bubble
dimensions at the moment of separation, is capable of causing a build-up of the oscilla-
tions. The essence of this effect is as follows. The separation dimensions decrease with
an increase in the pressure caused by the acoustic wave. Thus, the vapor in the wall layer
remains more abundant ("vapor inflow") than in the undisturbed state. Conversely, the
amount of vapor in the wall layer is less than the amount present in the unperturbed state
when pressure in the acoustic wave decreases. In accordance with the well-known Rayleigh
criterion [7], a simultaneous increase (decrease) in pressure and mass should lead to the
excitation of oscillations in the wall region. However, it must be kept in mind that the
change in the "vapor inflow" ('"vapor outflow") in the wall region which occurs during bubble
separation corresponds to the opposing "vapor outflow'" ("vapor inflow") in the bulk flow at
this moment. Thus, on the whole, the effect of AF7 on the build-up of oscillations in the

flow is neutral. The influence of the term Ay is similar. This term reflects the effect
of the corrected number of separating bubbles on the build-up of oscillations in the flow.
The term Ap_ accounts for the effect of the compressibility of the vapor on the development
of oscillations. With allowance for (12), it follows from (18) that AFs =0, i.e., its ef-
fect is also neutral. The third term, AF3, reflects the effect of a change in the dimen-
sions of the bubbles on the excitation of oscillations under the influence of the acoustic

wave at the onset of the bubbles' nucleation. With allowance for (12), the expression for
this term has the form

‘ _ 1 a0 fov, aF; .. ; :
A==y 2|5 || 5 Gy eisine ¢~ mysinotar (22)

Using (6) for the undisturbed state and assﬁming that q; = rp"dR;j/dt, we find from Eq.
(22) that
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Fig. 1. Mechanism of excitation of oscillations by wall

bubbles.
v i .
Ar, = — Fia)| T2 (cos ot; + sin wty/2), (23)
- i=1 .- ‘\
where [a,| = zvaé|ari/8P|§3rp"T'1. Thus, the term in question will promote the development
of oscillations approximatély as
l . - o _
. oW W 3 ‘ PR
5 (et ) <om< ~22‘. (44 3); =0, 1, 2, ... (24)

The result obtained here can be represented physically as follows. Let a pressure
disturbance increase at the moment t, §P(t) > 0 (see Fig. 1), and let condition (24) be
satisfied. Then the pressure disturbance will be negative at the onset of bubble growth.
This will lead to earlier nucleation of bubbles compared to the undisturbed state. Thus,
at the moment t, there is an increase in the surface and the rate of supply of vapor rela-
tive to the undisturbed state. In accordance with the Rayleigh criterion, the phase coin-
cidence of the increases in pressure and the rate of mass inflow leads to the development of

oscillations. Similar conclusions follow when we examine the decrease in the pressure dis-
® turbance at the moment t and the satisfaction of conditions (24). If the density of the
vaporization centers is sufficiently great (it can be assumed at any moment of time that
there are an approximately equal number of centers satisfying and not satisfying condition
(24), then the above-examined term Ap_ is neutral in relation to the excitation of oscilla-
tions.

Similarly, by transforming AF2 we obtain

Ar = Wbl T* [cos & (8, + ;) + sinw (8, + 7)/2n], (25)
i=1
aTi a'ﬁg '3 11 e . . . . .

where ]%l::Qnaé T ﬁ%rp T-', Thus, in accordance with (25), oscillations will be

2
excited approximately when ) _

; 3 5
O<m(ﬁz+1i)<-—g— or [T (—é—+2k)<m(ﬁz—|—'ci)<n (_—5—4-2/3) . (26)

Let us examine the physical essence of condition (26) in special cases. Let ¢, » tj.
These conditions are typical of a region of low pressures and high degrees of subcooling.
Then at the moment t §P(t) > 0(<0), while at the moment of separation of the previous bub-
bles the pressure disturbance of the acoustic wave is also positive (or negative), in ac-
cordance with (26) (see Fig. 1). Thus, at the moment of separation, the size of the bubbles
will be less (greater) relative to the undisturbed state. The time 9, also decreases (in-
creases), which leads to an increase (decrease) in the time of bubble growth T4 and, accord-
ingly, to an increase (decrease) in the bubbles' surface and the rate of vapor inflow rela-
tive to the undisturbed state. Consequently, with the satisfaction of conditions (26) and
9, » 14, there is a simultaneous increase (or decrease) in the pressure disturbances and
the "vapor inflow." 1In accordance with the Rayleigh criterion, such a development promotes
the growth of oscillations. Let us examine the other limiting case (26), when §, <« 14.
These conditions are characteristic of high pressures and low degrees of subcooling in the
flow. In this case, as follows from (26), the conditions for the excitation of oscillations
are opposite to condition (24):
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cos w1; -+ sin o1;/(2n) > 0. 27)

In fact, as indicated above, relation (24) reflects the conditions for the excitation of
oscillations as a result of perturbations of the time of the onset of bubble growth, while
relation (27) reflects the conditions for the excitation of oscillations due to perturba-
tions of the waiting time 9,. With (24), oscillations will on the one hand develop as a
result of a certain disturbance of the acoustic wave at the moment to; (see above) and on
the other hand be discouraged from developing by the mechanism of the perturbation of §,.

Let us examine the effect of the term Ap  on the excitation of oscillations due to a
change in the dimensions of the bubbles during their growth in the acoustic wave. In the
general case, it is very difficult to describe the quantity &V in (14) because of the ap-
preciable nonuniformity of the temperature field near the bubble, inertial efffects, and
other factors. Considering the qualitative character of the proposed analysis, to approx-
imately describe 8V; under the given conditions we will make use of the results in [5]:

S8R (f) ~ B [cos (¢ - 9,) — €0S 4], (28)

where B>0; y, = arctg [(1 — p)/(1 + Ro)l; B =sinocoso/chwshe; o =8, Vo/2a.. Since §V(t) =
4mR28R, then with allowance for (6), (12), and (28), Eq. (14) takes the form

Ap, = — T?|Cyl[sin 1 + cos 11/(27)], (29)

where |co| = 2wrp”nagBT'1. Numerical analysis of the term in the brackets shows that it is
positive throughout fhe investigated range of variation of the frequencies. Thus, Apl < Q.
As a result, in accordance with (29), we conclude that the term AFl impedes the generation
of thermoacoustic oscillations.

Finally, let us examine the term AF“. The effect of this term on the generation of
oscillations is due to a change in interphase heat transfer resulting from perturbations of
the acoustic wave. Following [5], we will write the boundary-value problem for the growth
of a wall bubble (without allowance for inertial effects) in the following approximate form:

oT 0T, 0
L) S Y L1 ) ; (30)
ot ay2 ay =0
oT, Tva—Tre oT,
~_wa—lte . T (R f)=T, s 8P (8);
(«ﬁy )t=o 8+ tR ) =Tt 5= 0P 0)
To(8t, R) =Tr. (31)

Ignoring initial perturbations of the temperature of the liquid and allowing for (12),
we obtain the following familiar solution in perturbations from (30-31)

8g = — M I/ %%agbsin(mt—{-%), whgre‘\’zw /6. (32)

Then performing some cumbersome transformations with allowance for (12), we find from (17)
that

i

Ap,=—T3 ]dol[cos vs | Esin? (2ng) d — —SM-L} <o, (33)
2 m
where |d,| = 4ﬂBénagT’l. The physical significance of the result (33) is that an increase

(decrease) in the pressure perturbation of the acoustic wave is accompanied by an increase
(decrease) in Tg. Thus, there is a decrease (increase) in heat transfer between the growing
bubble and the liquid. As a result, an increase (decrease) in pressure is accompanied, as
a result of the above phenomenon, by a decrease (increase) in the rate of supply of vapor.

In accordance with the Rayleigh criterion [7], such an event impedes the excitation of os-
cillations.

Thus, the effect of wall vapor bubbles on the excitation of thermoacoustic oscillations
in a boiling flow is connected mainly with the existence of a certain relationship between
the frequency of oscillations of the acoustic wave w on the one hand and the time of growth
14 (max 14 = 9;) and waiting time 9, for wall bubbles on the other hand. Relations (24) and
(26) are approximate conditions for the excitation of oscillations. In these expressions,
the quantities &; and 9§, depend on the specific regime parameters and the physico-chemical
properties of the contacting phases. The author of [4] conducted experiments in which he
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obtained oscillograms of the pressure and wall volume of vapor during surface boiling.
Analysis of these oscillograms by means of Eq. (5) makes it possible to conclude that Ap <
0 in the cases examined here. The tests in [4] were conducted at atmospheric pressure with
large amounts of subcooling (tens of degrees). The conditions prevailing in these experi-
ments corresponded to the case examined above: %, <« T, §, ~ T, and it was necessary to

use (26) to perform the analysis at 9, » 15. According to estimates obtained by using
familiar expressions for 9, [8], conditions (26) were not realized under these conditions,
i.e., the wall bubbles did negative work and prevented the excitation of thermoacoustic
oscillations. Thus, the existence of oscillations in the given case was due to vapor bub-
bles moving in the flow, not "sitting" on the wall. For the case when %,;, 9, « T (fairly
long channels), the wall volume V,, will be a quasisteady function of pressure, i.e., will
be independent of the history of the oscillation process and will be determined only by the
perturbations at the moment t (see Fig. 1). Then, in accordance with (3): &Vy, = (dVy,/dP)
x 6P(t). Then inserting this result into Eq. (5), we obtain: Ay = 0. Thus, in suffic-
iently long channels, wall bubbles will be neutral relative to the excitation of oscilla-
tions. In connection with this, mechanisms examined in [3, 4, 6] and based on the action of
wall bubbles will not be decisive — at least in long channels, when T » §;, 9,. It is
known from experiments [1, 2] that thermoacoustic oscillations in heated channels are ex-
cited and develop mainly at ¢ > 0.1. At such values of vapor content, the concentration of
"bulk" bubbles in the cross section of the channel is considerably higher than the concentra-
tion of wall bubbles. Thus, wall bubbles can affect the development of thermoacoustic os-
cillations during boiling in short channels only within a narrow range of regime parameters.

NOTATION

V, volume; t, time; w = 21T, cyclic frequency of perturbations; P, pressure; j, imagi-
nary unit; 9,, $,, mean lifetime and mean time before the appearance of wall bubbles for
the specified regime parameters; n, mean density of vaporization centers on the heating
surface for the specified regime parameters; 8y, nonsteady perturbation of the parameter y;
8¢, thickness of the superheated layer near the heating surface; aj, diffusivity of the
liquid; 1, perimeter of the channel; R,, model of bubble growth; ¢, true volumetric vapor
content; dsps Vsp’ separation diameter of a bubble and its corresponding volume.
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