Journal of Engineering Physics and Thermophysics, Vol. 77, No. 2, 2004

THREE CONCEPTS OF PRESSURE DISTRIBUTION
IN THE FIELD OF AN ACOUSTIC EMITTER IN
SYSTEMS OF CONTROL OF GAS-LIQUID FLOWS

A. l. Brazhnikov UDC 620.179.16

The structure of the field used in ultrasonic control of gas-iquid flows of a short-wave acoustic emitter (AE)
of continuous harmonic oscillations and long pulses is considered. The formula for emission pressure in the
paraxial domain of the field is verified.

Ultrasonic methods of control of physical parameters [1-7], velocity, volumetric and mass flow rate [7-14],
pressure, temperature, composition, and properties [15-21] of gas-liquid flows and parameters of technological proc-
[22—26] are widely used in industry and scientific research. In this case, use is often made of shortwave acoustic
emitters of continuous harmonic oscillations and long pulses (or sets) of oscillations.

The field of the acoustic emitter is described by a system of wave equations. According to the data of [27],
a genera solution of them for the elastic potentia ¢ of the field was first obtained by Helmholtz, who used the inte-
gral Green theorem in the function of the potential Y of the point source:

w=r texp (- ikr) . 1)

This solution of the system of equations for the potential ¢ (and pressure P corresponding to it) is a combination of
effects distributed over an oscillating surface S of the emitter: point sources (monopoles) with the potentia y and di-
pole sources with the potential ¢5 of the vibrational velocity of the surface S.

In practice, three concepts of pressure distribution are used, representing it as a function of only monopoles
(1), only dipoles (2), and a combination of monopoles and dipoles (3).

1. According to the first concept [27], the pressure is determined by the Rayleigh integral:

p= g—]‘i | J’ ik, dS. @

This integra was derived as early as 1954 by Skudrzyk [28] and in 1959 by Rzhevkin as a smplified solution of the
system of wave equations on the basis of the Green theorem. Integration of (2) yields the Shtentsd’ formula for pres-
sure P(2) on the axis of a shortwave acoustic emitter (which is still used today):

P (2) =Py [exp (- ik2) — exp (- ikr,,)] exp (iwt) , )
where
2, .205
rm=(Z +a") 4
is the distance from the point of receipt on the axis of the acoustic emitter to its end and

Po exp (int) = pev,, )
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is the initia pressure of emission of continuous oscillations or long (compared to the period of oscillations) pulses of
oscillations by the shortwave (ka>>1) acoustic emitter.
Expression (3) can be written in the following form:

P(2=Py[1-exp(-ipg)] expi (wt-ka), (6)
where the pressure phase ¢g is determined by the expression
do=k(rm=2). )

From integration of (2) follows the known Shokh formula [28] for pressure at the point lying at a distance q from the
axis of the acoustic emitter and a distance z from the oscillating surface of the acoustic emitter:

P =Pg[exp (-ikz) = Jy (eg) exp (= ikrp)] (8)
where
Ps=Pyexp (iwt) ; £4=0ka/r,. ©)

2. The second concept is based on the presentation of the potential ¢ of the field (or pressure) as a function
of only dipoles. This dependence is derived by Skudrzyk from a general solution of the system of wave equations
(and aso on the basis of the Green theorem) in the form of the integral expression

__1 1,500
o= 2ng¢szr as=r

where ZIr is the characteristic of the dipole direction. By virtue of the identity of pressure (with a factor accuracy) to
the potentia of vibrational velocity, from this integral we have

__z -10y (10)
P= ZHIJPSr o ds.

To derive the expression for pressure on the axis of the piston acoustic emitter, we place the origin of coor-
dinates (p5 z o) at the center of the acoustic emitter. In this case, 12 = 22+p§. Differentiation of this expression
gives rdr = pdp, and

dS=pdpda =rdrda . (11)

The limits of variation of independent variables are from 0 to 21t for a and from z to rpy, for r. With this in
mind, expression (10) is written as

r 2n

__ .z AU
P (2 __ETJ.PSE drIda
z 0

or, using values of Pg from (9),
P(z):Poa—riexp (—idgEexpi (wt-k2). (12)
g m 0

3. Solution of the system of wave equations on the basis of the above-mentioned theorem in the form of the
dependence of pressure on a set of monopoles and dipoles for shortwave acoustic emitters is determined by the Helm-
holtz—Brazhnikov integral [29]:
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Fig. 1. Schematic of calculation of the parameters of the emitter field.

__1 -10
P= 4T[J1'Psr p» [(r +2) ] dS. (13)

Using the coordinates mentioned above and integrating (13) with respect to  from (1) and Pg from (9), we
obtain the Brazhnikov formula for pressure on the axis of the acoustic emitter:

P(2)=P, % @ ¥ Dexp( |¢0)Dexp| (Wt —k2). (14)
The axial pressure in the near-field zone of the acoustic emitter depending on the relative distance z/a expe-

riences a number of amplitude extrema with the phase ¢g a multiple of = The computation parameter z/r,, according
to (4), is related to za as

In the calculation of extrema (phase ¢g is a multiple of 1t for them), the distances z/a from the surface of the
acoustic emitter with the wave parameter ka, a which they lie, are determined from Eq. (7) written in the form

2

r zD z
E: m_ —(1 22/512)05 Za or gb;+ —0=1+—,
ka a ka ap a

whence

ka o0
za= 05$ ¢°

To determine pressure in the paraxial domain (0<g<0.2a) of the field we place the origin of the system of
coordinates (z, pa, a) in the projection Qq of the point of receipt (lying at a distance g from the axis of the acoustic
emitter) on the plane of the acoustic emitter (see Fig. 1). The parameter p, varies from 0 to px — a value which de-
pends on g and is determined by the distance from the center Q; of the system of coordinates to the point K at the
center of the element dS¢ diding along the end of the acoustic emitter. The integration variable r changes here from
zto
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TABLE 1. Dependences of the Modulus of the Pressure Ratio [P/ Poll for the Acoustic Emitter with ka = 16 on the Axis (q =
0) and in the Paraxial Domain (g = 0.1a) of the Field on the Relative Distance z/a by the Formulas of Concepts 1, 2, and 3

q=0 g=0.1a
Za bo/T 1 2 3 1 2
Shtensel’ (6) Skudrzyk (12) Brazhnikov (14) Shokh (8) (18)
0.018 5 2 1.018 1.509
0.244 4 0 0.764 0.382 0.519 0.702
0.554 3 2 1.484 1.742 1.567 1.421
1.077 2 0 0.268 0.134 0.275 0.372
2.448 1 2 1.926 1.963 1.910 1.877
4 0.627 1.666 1.742 1.654 1.635 1.623
6 0.421 1.230 1.220 1.225 1.219 1.215
8 0.317 0.955 0.953 0.954 0.950 0.949
re = &+ pﬁ)o'5 ) (15)

and the variable a — from -1t to +1t Taking into account the values of Y from (1), dS from (11), and the limits of
variation of r and a, integral (13) takes on the form
(16)

T Tt
1 P .00 L0 z0 e A
Pq:_rjpsw (r+20x da = [2exp (~ika) - [ +—pexp (- ikr) (da
T 2n 0 O rKD O
1t 0

or
Pq=Psexp (-ikg) =Py,

where the first term can be called the pressure of a plane wave of direct radiation, and the second term — diffraction
pressure interfering with direct radiation:

z

Ee(p (—ikry) da . (17)

P." 0O
_s
Pd_ZT[I[l-'—rK
,0 kO

For a vector triangle with sides g, a, and pk (see Fig. 1), we have the equation p2 +20gpK Cos O + q2 -a? =
0 the solution of which is px = (q2 co? o +al - q2)0'5—qcosa. Hence, for the paraxial domain (taking into account

q2 << a2), Pk = a-gcosa and, according to (15),
rg = (z2 + a2 + q2 —2gacos a)0'5 =rp(1- 2qar;12 cos a)0'5 .
Restricting ourselves in the expansion into series of rg and z/rk to two terms, we obtain for the exponent

index in (17): krx = krm—kqar%1 cosa and for the characteristic of the direction of the "dlide" dipole: z/rk = rﬁ1l
2yt zqar&3 cosa. With account for this, expression (17) takes on the form

Tt
P o z - O
Pd:ESTexp(— ikrm)JEl+a+ zqarm3 cosorgexp (igg cosa) da,
0

where ry, and €y are determined from (4) and (9).
It is known that
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I1 Tt
J'exp (ie cosa) da =1, (€) , J'exp (ie cosa) cosada =ity (€) .
0 0

Consequently, the diffraction pressure is

2+ z5a
Py= sD—Jo () +—5 % (sq)Dexp (—ikryy .
02'm 2rm O

Neglecting here the second term as a value of second order of smallness, according to (9) and (16) we obtain
an expression for total pressure in the paraxial domain of the field at the point lying at a distance q from the axis of
the acoustic emitter:

Pq= Poﬂ— il Jo(sq)exp( |¢O)Bexp|(wt kz) . (18)

The results of the calculation of extrema of the moduli of axial pressure OP(2) /Py and pressure [Pq1/Pg in
the paraxial domain in the function z/a by the formulas of the mentioned concepts 1, 2, and 3 within the near-field
zone of the acoustic emitter with ka = 16 are given in Table 1.

Maxima of axia pressure appear at ¢g equa to an odd 11 number, with the end of the zone being correspon-
dent to the maximum (at ¢g = 1) which is most distant from the indicated acoustic emitter. The maximum (at ¢g =
5m) closest to the acoustic emitter lies at a distance of 0.02a from it.

Pressure minima appear at the phase ¢g equal to an even 1t number. The farthest removed minimum (at ¢g =
2m) lies at a distance of 1.08a from the acoustic emitter of the given type (ka = 16) and the closest one — at a dis-
tance of 0.24a.

According to concept 1 [Rayleigh integral, the Shtensel’ formula (6), and the Shokh formula (8)], al minima
of axial pressure are zero and maxima are 2Pq. This is inconsistent with the experimental data. The calculations of
pressure in the paraxial domain by formula (8) give overestimated values near axial maxima and underestimated ones
near axial minima

By concept 3 [integral (13), the Brazhnikov formula (14), and revised formula (18)], pressure minima on the
axis of the acoustic emitter do not take a zero value with increase in z/a. They fall from 0.38Pg at ¢g = 411 to
0.13Pg at ¢g = 21t As Za increases, the maxima increase from 1.51Pg at ¢g = 571 near the acoustic emitter to
1.96Pg at ¢g = 1t at the end of the near-field zone. Here, the calculations are in agreement with the experimental data
of [30] a a frequency of 350 kHz (ka = 59) and with our studies of the liquid sound duct of the phase meter of flow
velocity at a frequency of 500 kHz (ka = 16) in the case of comparison by a generalized coordinate a2

It follows from the calculations by (18) that at the side of axial (q = 0) maxima at z/a equal to 0.554 and
2.448 (end of the near-field zone), pressure at q = 0.1la decreases toward a side (annular) maximum by 18 and 4%,
respectively. At the side of axia minima (at Za = 0.244 and 1.077), pressure a g = 1.0a increases toward a side (an-
nular) maximum by 1.8 and 2.8 times, respectively.

According to concept 2 [integral (10) and the Skudrzyk formula (12)], the pressure minima are higher than
the minima of concept 3 and the maxima are lower than the maxima of this concept.

The expressions of concepts 1 and 2 are simplified solutions of the wave equations. This determination could
be put into question if the expressions for axial pressures obtained from the same system of wave equations by (12)
of concept 2 and by (6) of concept 3 were equa to each other a any z/a. In fact, they are different, which is deter-
mined by the expression

P@),~ P21 = Po 1 - -rexpi (wt — ko)
o 'mg

The difference of moduli of these pressures has a value which decreases in amplitude (for ka = 16) from 0.98Pq near
the acoustic emitter to 0.07Pg at the end of the near-field zone.
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In the near-field zone of the paraxial domain, the pressure is determined inaccurately by the Shokh formula,
thus approaching the values obtained by the revised formula (18) beyond this zone.

Consequently, the integral and formulas of concept 3 can be assumed to be complete solutions of the system
of wave equations for pressure Pq at the point Q of the field and P(2) on the axis of a short-wave acoustic emitter.
Therefore, employment of concepts 1 and 2 is admissible in the far-field zone and concept 3 — in al zones of the
field of the acoustic emitter.

NOTATION

a, radius of the acoustic emitter, m; c, velocity of propagation of ultrasound, m/sec; dS, element of the surface
of the acoustic emitter, m2; Jo and Jq, Bessel functions of zero and first order; k, wave-number, m_l; ka, wave pa
rameter of the acoustic emitter; P and P(2), ultrasonic pressure and pressure on the axis of the acoustic emitter,
N/mz; Po and Pg, pressure of the radiated wave and that at the point of radiation A (see Fig. 1), N/m2; g, distance
from the point of ultrasound arrival Q to the axis of the acoustic emitter, m; r, distance between the points A and Q,
m; rpy, distance from the point Q on the axis to the end of the acoustic emitter, m; S emitter surface, m2; V,, hormal
component of vibrational velocity of the acoustic emitter, m/sec; t, time, sec; z, coordinate, projection on the axis of
the acoustic emitter, m; a, angular coordinate, rad; w, angular frequency, sec_l; €q argument of the Bessel function;
p, medium density, kg/m3; P radius-vector at the point of radiation, m; ¢ and ¢, elastic potentia of the field and
potential of vibrational velocity of the radiation surface S mzlsec; ¢o, phase of the admitted wave on the axis of the
acoustic emitter, rad; ), potential of the point source, m. Subscripts: a, acoustic; m, maximum; n, norma component;
s, surface; d, diffraction.

REFERENCES

1. N. I. Brazhnikov, in: Installation for Precision Measurement of Ultrasonic Characteristics of Liquid and Solid
Media. Instrumentation [in Russian], TsINIEP, Moscow (1960), pp. 28-37.

2. N. I. Brazhnikov, Amplitude-phase relations in the acoustic fields of ultrasonic measurement systems, Inzh.-Fiz
Zh., 19, No. 1, 129-132 (1970).

3. N. I. Brazhnikov, V. I. Rogozhnikov, V. S. Yamshchikov, V. I. Krylovich, and A. D. Solodukhin, Ultrasound
Pulse Generation, Inventor’s Certificate 352373, Byull. Izobr., No. 28 (1972).

4. A. A. Badin, N. I. Brazhnikov, E. D. Krylova, and A. S. Oganesov, Device for Monitoring Physical Parame-
ters of Liquid Media, Inventor's Certificate 468145, Byull. Izobr., No. 2 (1972).

5. N. I. Brazhnikov, V. S. Zavodov, and V. F. Nozdrev, Method of Ultrasonic Monitoring of Parameters of Sol-
ids, Inventor’s Certificate 285395, Byull. Izobr., No. 8 (1970).

6. V. I Derban, I. P. Zhuk, V. I. Krylovich, and A. G. Shashkov, Method of Determination of the Coefficient of
Absorption of Ultrasonic Waves, Patent Application 3389984/29, Cl. G0O1, No. 29/04, VNIIGPE, Moscow
(1982).

7. V. Il Krylovich, in: A. G. Shashkov (ed.), Ultrasonic Freguency-Phase Methods of Investigation and Nonde-
structive Control [in Russian], Nauka i Tekhnika, Minsk (1985).

8. G. |. Birger and N. I. Brazhnikov, Ultrasound Flowmeter, Inventor's Certificate 127077, Byull. |zobr., No. 6
(1960).

9. G. I. Birger and N. I. Brazhnikov, Ultrasound Flowmeters [in Russian], Metallurgiya, Moscow (1964).

10. N. I. Brazhnikov, Theoretical analysis of ultrasonic flowmeters, Izmerit. Tekh., No. 8, 57-62 (1966).

11. N. I. Brazhnikov, Ultrasound Flowmeter, Inventor’'s Certificate 210402, Byull. 1zobr., No. 6 (1968).

12.  A. M. Alexandrov, N. |. Brazhnikov, V. |. Kopiev, A. A. Polyansky, and V. B. Rochlin, Appareochio ultra-
soniko per la misurazione dello spessore di oggeti con pareti suttili, Italy Patent 904394 (1970).

13. N. I. Brazhnikov, V. I. Krylovich, and A. D. Solodukhin, Method for Measuring the Time of Propagation of
an Ultrasonic Wave, Inventor's Certificate 294654, Byull. Izobr., No. 7 (1971).

298



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

N. I. Brazhnikov, I. N. Kanevskiy, M. A. Sivakov, A. G. Martynov, A. K. Tarelkin, and V. V. Ivanov, Verfa-
hren zum Messen des Durchflusses von fllssigem Medium und Einrichtungen zu dessen Redlisierung, DDR
Patent 92137 (1972).

N. I. Brazhnikov, Ultrasonic Method of Monitoring of the Composition and Properties of a Substance [in Rus-
sian], Energiya, Moscow (1965).

N. I. Brazhnikov, Method for Measuring the Velocity of Ultrasound in Liquid and Gases, Inventor’'s Certificate
243975, Byull. 1zobr., No. 19 (1969).

N. I. Brazhnikov, V. I. Krylovich, and A. D. Solodukhin, Ultrasonic Temperature Meter, Inventor’'s Certificate
465562, Byull. lzobr., No. 12 (1975).

N. |. Brazhnikov, Brazhnikov’'s Method for Control of Physical Parameters of Liquids, Inventor's Certificate
425098, Byull. lzobr., No. 15 (1970).

N. I. Brazhnikov and E. D. Krylova, Method and Apparatus for Controlling Pressure in Pipelines, US Patent
3977252 (1976).

N. I. Brazhnikov, N. N. Chavsky, and V. F. Kravtschenko, Verfahren und Einrichtung zur Priifung der Eigen-
schaften von Material in einem Behalter, Deutschland Patent 2716833 (1977).

N. I. Brazhnikov, A. S. Matveev, and |I. E. Soboleva, Device for Controlling Thermophysical Parameters of
Gaseous Media, Inventor’'s Certificate 600434, Byull. 1zobr., No. 14 (1978).

R. D. Babalian, N. I. Brazhnikov, A. A. Poliansky, W. B. Rochlin, and V. S. Jasmikov, Ultraschalleinrichtung
fur die Dickenmessung dunner Pruflinge, Osterreich Patent 297357 (1971).

N. I. Brazhnikov, Brazhnikov’s Noncontact Level Gauge, Inventor's Certificate 418737, Byull. Izobr., No. 9
(1974).

N. I. Brazhnikov, Method and Device for Controlling Gas-Liquid or Liquid—Liquid Interface in Monolayer Res-
ervoirs, U.S. Patent 4118983 (1977).

N. I. Brazhnikov, Ultrasonic Pulse Device for Controlling the Parameters of Sheet Materials, Inventor's Certifi-
cate 306767, Byull. Izobr., No. 32 (1978).

N. I. Brazhnikov, Verfahren und Einrichtung zum Messen der dicke flachigen Guts mittels Schalleschwingen,
Deutschland Patent 2600154 (1977).

G. W. Rayleigh, The Theory of Sound [Russian trandation], Vol. 2, IL, Moscow (1958).

E. Skudrzyk, Der Grundlagen die Akustik [Russian trandation], Vol. 2, Mir, Moscow (1976).

N. I. Brazhnikov, Calculation of axial distribution of ultrasonic pressure in the field of a flow detector, Sal’,
No. 5, 62-64 (2001).

H. Born, Zur Frage der Absorptionsmessungen in Ultraschallgebiet, Z. Phys., 120, 383-386 (1943).

299



