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A thermodynamic method capable of determining the B/A value of 4-ml sample volumes is 
described. The method involves a procedure in which the static pressure of the sample is 
altered in a short period of time, to approximate an adiabatic process, during which the 
ultrasonic velocity is measured. The velocity change so determined is used to calculate the B/A 
value. The B/A measurement error is less than 0.7%. 

PACS numbers: 43.25.Zx 

INTRODUCTION 

The acoustic nonlinearity parameter B/A, as a param- 
eter for characterizing tissue and as a parameter for provid- 
ing for more accurate modeling of the nonlinear acoustic 
propagation in biological media, has been studied by several 
investigators (Everbach, 1989; Law etal., 1981, 1985; Apfel, 
1986; $ehgal et al., 1984, 1986; Gong et al., 1984; Cobb, 
1983). Two methods are largely employed in the determina- 
tion of the B/A parameter, viz., the finite amplitude method 
and the thermodynamic method. Besides the advantages and 
disadvantages discussed by Law et al. (1983), a common 
shortcoming of both methods is the large sample volume 
required. This problem becomes especially critical when the 
samples are the products of biochemical preparations having 
small yields or are pathological tissues which of necessity are 
small in volume in early stages of development. This paper 
comprises a description of a thermodynamic system capable 
of determining the B/A value from 4-ml sample volumes and 
includes a discussion of the potential problems associated 
with measurement of small volumes. 

I. MEASUREMENT SYSTEM 

The thermodynamic method of measurement of the 
nonlinear parameter B/A is based on the expression (Beyer, 
1974) 

•- = 2poC o ( 1 ) 
where Po is the ambient density of the medium, Co is the 
infinitesimal speed of sound, and (Oc/Sp), is the derivative 
of speed of sound with respect to the pressure for an isentro- 
pic process, and measurements of these three quantities are 
required. Pressure-jump methods (Sehgal et al., 1984; Here- 
mans et al., 1980; Knoche and Weise, 1974), which create a 
pressure change in a small time interval, have been employed 
to approximate the isentropic process. 

Figure 1 is a block diagram of the measurement system. 
A 20-cycle gated cw burst at 3 MHz is generated by a Wave- 
tek 271 pulse generator, which is amplified by an rf amplifier 
(Amplifier Research, model 10LA) to drive the transmit- 

ting transducer of the velocimeter. The pulses before and 
after passing through the sample in the velocimeter are cap- 
tured by a Tektronix 2430A digital storage oscilloscope and 
transferred, via an IEEE 488 interface, to an AT&T 6300 
computer for time of flight determination. 

The velocimeter is the major component of the measure- 
ment system and, as shown in Fig. 2, has three compart- 
ments machined from a single piece of 304 stainless steel. 
PZT 5A ceramic transducer elements divide the cylinder 
into three compartments. One of the transducers was used as 
the transmitter and the other as the receiver. The PZT ele- 

ments provided greater signal-to-noise ratio and lower Q val- 
ues than do, e.g., quartz crystals. Transducers with smaller 
Q values contribute a lesser ringing effect and thus help con- 
tain both the transmitted signal and the complete received 
signal within the record length of 1 kbyte. The PZT ele- 
ments, obtained from Valpey-Fisher, are 2.54 cm in diame- 
ter and have a resonance frequency of 3 MHz. Both sides are 
overtone polished. One side of the element is completely 
plated with gold to serve as the electrical ground. The other 
side is plated with a 1.27-cm-diam gold-coated axial spot for 
the transmitter and 1.31-cm-diam gold-coated spot for the 

FIG. 1. Block diagram of the 4-m] B/.4 measurement system. 
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FIG. 2. The 4-ml velocimeter design. 

receiver. When assembled, the ground side of the element is 
in direct contact with the stainless steel of the velocimeter 
and the other side is retained by an O-ring and a spacer to 
ensure a good electrical ground. 

Degassed silicone oil and 45 ø angular cone rubber ab- 
sorbers were employed as backing materials to reduce reflec- 
tions at the back face of the transducer elements. Three 
openings, one for each compartment, are provided to equili- 
brate the pressure among the three compartments and 
between the compartments and the pressure vessel in which 
the velocimeter is placed. Each opening is sealed with a latex 
rubber diaphragm to prevent the exchange of material 
between two compartments. The rubber membrane seals the 
openings to ensure the proper pressure build-up inside the 
sample compartment, without developing a pressure gradi- 
ent across the crystals when the vessel is being pressurized. 

A stirring mechanism was built into the velocimeter to 
prevent and slow down settling processes in multicompon- 
ent samples of nonuniform density. The stirring mechanism 
consists of a Teflon-coated miniature magnetic bar (2 mm in 
diameter and 7 mm in length) free to rotate in a track, and a 
motor driven magnetic bar, illustrated in Fig. 2, outside the 
pressure chamber. The miniature stirring bar can be with- 
drawn for replacement or cleaning by removing the screw 
retaining the stirring bar to the circular track. 

A Tektronix 2430A digital storage oscilloscope was 
used to acquire the transmitting and received pulses. The 
oscilloscope has an 8-bit analog-to-digital converter, a maxi- 
mum transient sampling rate of 100 mega samples per sec- 
ond, 150-MHz bandwidth, and capabilities of signal averag- 
ing and direct memory access for fast waveform 
transmission. The sampling rate of 50 mega samples per sec- 
ond was used. 

A Neslab EX-500DD water bath, with specified tem- 
perature stability within + 0.001 *C, controls the tempera- 

FIG. 3. The pressure vessel design and the hydraulic pressure system. 

ture of the velocimeter, including sample. An RS232 inter- 
face within the unit allows the computer to set the desired 
temperature, and read the temperature of the water bath. 

A hydraulic pressure system built by Law (1984), was 
used to create the pressure variation of the sample. Figure 3 
is the schematic diagram of the system consisting of a hy- 
draulic hand pump (Enerpac P-391), a pressure gauge 
(Heise CM-40385TC) and a pressure cell in which the velo- 
cimeter was sealed. The hydraulic lines were rubber-coated 
nylon hydraulic hoses and the hydraulic fluid is Enerpac 
hydraulic oil. The Heise pressure gauge has the range of 0- 
3000 psi and the full scale accuracy, as specified by the man- 
ufacturer, of + 0.1%. 

II. SIGNAL PROCESSING AND VELOCITY 
DETERMINATION 

One of the objectives of the experimental arrangement 
of Fig. 1 is to obtain the time delay information between each 
transmitted-received pulse pair. The pair of pulses can be 
considered, as a first approximation, to be time-delayed 
copies of one another. After the pair of pulses is acquired, the 
computer determines the time delay by calculating their 
cross-correlation function (Chen, 1979; Embree, 1986; Ong 
and Beck, 1975). The general principle of the method is dis- 
cussed in the following. 

Let a(t) and b(t) be the transmitted and the received 
signals, respectively, and q(t) and r(t), respectively, be the 
white noise associated with the signals. The transmitted and 
received pulses can be represented by 

x(t) = a(t) + q(t), y(t) = b(t) + r(t), (2) 
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where b(t) :--Aa(t- to) is a delayed version of the trans- 
mitted signall a(t), A is a constant that accounts for signal 
attenuation, and to is the time delay between a(t) and b(t). 
Further, assuming both x(t) and y(t) are two stationary 
random processes, their cross-correlation function is then 
defined as 

R•y (v) := E [x(t)y(t + r)], (3) 
where E den•otes expectation. 

R•y(r) = E{[a(t) + q(t) ][b(t + r) + r(t + r) ]} 
=E [a(t)b(t + r) + q(t)b(t + r) + a(t)r(t + r) 

-F. q(t)r(t + r) ]. (4) 

Generally, Ehe noise q(t) and r(t) have zero means, i.e., 
E [q(t)] = E [r(t)] = 0, and are statistically independent 
of the signals a(t) and b(t). Then, 

Rxy(r)=E[a(t)b(t+r)]+E[a(t)]E[r(t+r)] 

+ E[b(t + r)]E [q(t)] 

+ E[q(t)]E [r(t + r)] 

:= E [a(t)b(t + r)]. (5) 

That is, the (:ross correlation of two noisy pulses is equal to 
the cross correlation of two true signals, as if there was no 
noise present. This desirable feature comes about because 
random noise is not correlated, and thus is eliminated during 
the cross-correlation operation. 

Since b(t) is a delayed version of the transmitted signal, 

Rx• (r):= AE [a(t)a(t + r- to)] (6) 
and Rxy (r) reaches a maximum when r = to, i.e., when a(t) 
superimposes with itselfi Thus the time delay between the 
transmitted and received pulses is where their cross-correla- 
tion function reaches its maximum. Figures 4 and 5 show 
two pulses acquired experimentally and their cross-correla- 
tion function. 

The cross-correlation function calculated directly from 
a pair of transmitted-received pulses suffers two major er- 
rors. One is uncertainty in determining the peak of the cross- 
correlation function, which is q- one sample interval, or 
__+ 20 ns for the sampling frequency of 50 mega samples per 
second. The corresponding uncertainty in the velocity calcu- 
lation is q- 450 cm/s, which is unacceptable for the current 
purpose orb/A measurement. The second source of error is 
due to the transient edges of the rectangularly gated pulses. 
The ringing at the end of the received pulse introduces ambi- 
guity in the correlation calculation. In order to reduce the 
uncertainty in determining the peak of the cross-correlation 
function, two time domain interpolation procedures were 
performed, viz., frequency domain zero packing (Ludeman, 
1986) and time domain parabolic curve fitting (Zhang, 
1990). The effects of the transient edges are eliminated by 
first locating the seventh zero crossing in both pulses, and 
then gating the 256-sample-long waveforms starting from 
each seventh zero crossing, which are free of transient ef- 
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FIG. 4. The acquired time domain signals. The distortions in waveforms. 

4 

2 

0 

-2 

6.0 6.4 6.8 7.2 7.6 

Time (l-•ec) 

(b) 

FIG. 5. Cross-correlation function of two time domain signal:i, such as 
those shown in Fig. 4. The maximum of the function occurs at the time shift 
equal to the time delay between the two signals. (b) A magnification of the 
peak portion of the waveform in (a). 
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feets. The time delay between the transmitted and received 
pulses are the sum of the time delay between two seventh 
zero crossings in the two pulses and the time delay between 
two gated 256-sample waveforms. The time delay so deter- 
mined can be used to calculate the velocity. 

III. NEAR-FIELD EFFECTS ON THE VELOCITY 
MEASUREMENT 

The basic principle of velocity measurement using the 
velocimeter is based on the assumption of plane-wave propa- 
gation, which is only an approximation to the acoustic field 
generated by the disk transducer within the velocimeter. The 
error introduced by such an assumption is usually negligible 
for the far-field region. However, when the receiver is placed 
in the near field, as is the case in the small volume veloci- 
meter, the assumption can introduce significant error. There 
is concern for phase error in the velocity measurement pro- 
cedure. The significance of this error, and its correction, are 
dealt with herein. The acoustic field of the two transducer 

arrangement, as shown in Fig. 6(a), is calculated using lin- 
ear diffraction theory, which is generally considered to be a 
more accurate description of the near field than is plane- 
wave theory (Williams, 1951). Comparison is made 

z 
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FIG. 6. (a) The geometry used in the near-field simulation. (b) The equi- 
distance integration method for the evaluation of the Rayleigh integral. 

between the phases calculated from two theories in order to 
assess the possible error in the velocity measurement proce- 
dure. 

The acoustic transducer is modeled as a rigid circular 
piston mounted flush with the surface of an infinite rigid 
baffle and vibrating uniformly, in simple harmonic motion, 
with velocity u o. With the plane of the piston source located 
at z ---- 0, the acoustic field can be described by the Rayleigh 
integral as (Pierce, 1981 ) 

p(r,z) -- --jtop Uo(X,ys) -•-dxs dys, (7) 2•r 

where R 2 =z2+ (x--x,)2+ (y-y•)2, ?=x•+y•,p is 
the acoustic pressure, p is the density, k is the wave number, 
and the integration is over the surface of the piston source 
denoted by subscipt s. This integral can be evaluated numeri- 
cally in a straightforward manner to obtain the pressure field 
at an arbitrary point in space. However, because of the rapid 
change in the phase term exp(jkR), the summation incre- 
ment needs to be very small to sustain the desired accuracy, 
and computation time increases accordingly. To achieve re- 
sults in a reasonable computation time, the method of equi- 
distant areas described by Swindell et al. (1982) and Ibbini 
(1988) is used. The method is very similar to the ring func- 
tion method of Ohtsuki (1974). The following is a brief de- 
scription of the method. 

Figure 6 (a) shows the geometry used in the field calcu- 
lation. To evaluate the Rayleigh integral, the observation 
point Pis projected to P' on the source plane, z = 0. A series 
of concentric rings about P' can be formed such that all 
points of each ring are the same distance from the point P. 
The integration is first over one of the strips (equidistance 
area) that are the intersections of the series of concentric 
rings and the disk, and then over all the annular strips so 
formed. The first integration is basically the multiplication 
of the integrand by the length of the are strip, since every 
point in the strip is the same distance to P. Thus the double 
integral in the Rayleigh integral is reduced to a single inte- 
gral. There are two cases to be considered for the integration 
boundary; the projected point P' is inside the disk (r<a) and 
the P' is outside the disk (r> a). The former is slightly more 
complicated and requires that the disk area be divided into 
two regions (viz., a<a -- r and a>a -- r) as shown in Fig. 
6 (b). After some mathematical manipulation, the following 
expressions can be obtained. 
For r > a, 

fr + a -[-• p(r,z) =K e-•;ø• 2oOda, (8) 
where 

•) = cos-J [ (o a + r • _ a2)/2ar] 

and K = --ja•p/(2•r). 
For r•a, 

p(r•) = K f•o - ß e -j'k •,r•+ • 2•'• da 
fa + r e + Kj•_r • 2oOda (9) 
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with © defined as above. Riemann integration is employed to 
evaluate the integrals. The number of incremental areas 
needed depends upon the width of the annular strips. The 
narrower the strips, the more precise the computation, and 
the longer the computation time required. Thus the choice of 
the incremental strip width is a compromise associated with 
the tradeoff between computation precision and computa- 
tion time. The strip width of A/8 was chosen, with ,t. being 
the wavelength. The programs were written in C Language 
and run on a Tandy 4000 computer, with an 80386 processor 
and a Weitek 80387 coprocessor. 

The simulation results can be compared with the nu- 
merical analyses of Williams ( 1951 ), Zemanek ( 1971 ), and 
Seki etal. (1956) to test the validity of the methodology and, 
as seen below, are in good agreement. 

To compute the received signal, the acoustic pressure 
field was averaged over the surface of the receiver and taken 
as the response pressure magnitude, P•v and phase &•v. The 
input parameters are: 

transmitter radius 

receiver radius 

frequency 
speed of sound 
density of the medium 

ar = 0.64 cm, 

an = 0.76 cm, 

f= 3 MHz, 
c = 1.509X l0 s cm/s, 

p = 1.0 g/cm 3. 
Figure 7 shows the averaged pressure magnitude Ipav l, as a 
function of transducer separation distance, and compared 
with those of William's (1951 ). It can be seen that the two 
simulations are in a good agreement, and that the magnitude 
decreases with transducer separation, possibly due to phase 
cancellation and diffraction effects. The difference between 

the phases predicted by diffraction and plane-wave theories 
is shown in Fig. 8, which exhibits a maximum phase differ- 
ence of about 88 ø at z = 0.4 cm and decreasing monotonical- 
ly with transducer separation distance. For the velocimeter 
case, interest is in the phase error produced when the separa- 
tion distance is fixed, but with media having different speeds 
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FIG. 8. Difference between the phase calculated by the diffraction theory 
( - k 'z) and that predicted by the plane-wave theory ( - kz). 

of sound being used. When the phase calculated fi'om dif- 
fraction theory ( - k 'z) is plotted against the phase deter- 
mined by the plane-wave approximation ( - kz), a linear 
relationship is obtained, as shown in Fig. 9, expressed as 

( - k 'z) = U( - kz) + V, (10) 

where Uand Vare the slope and intercept, respectively, and 
can be determined from the figure. At z = 0.94 cm, the sepa- 
ration distance between the two transducers, it is found that 

( - k 'z) = 1.0005 X ( - kz) -- 0.7345. ( 11 ) 

Equations (10) and ( 11 ) suggest that a simple relationship 
exists between the two phases and that the phase error can be 
corrected by the following procedure. 

Dividing both sides of the above equation by - co, we 
have 

z _ z + 0.7345 (12) 
C • C CO 
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FIG. 7. Comparison of William's simulation result and the result obtained 
in this study. 

-õo 

-95 

-lOO 

-lO5 

-11o 

-115 

-120 
20 -115 -11o -lO5 -lOO .95 

-k•- 

FIG. 9. The linear relationship between the phases predicted by diffraction 
theory and plane-wave theory, for the separation distance z = 0.94 cm. 
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TABLE I. Comparison of measured B//t values with the literature values 
(only those measured by the thermodynamic method). 

B /,4 +s.d. 
Preparations this study (30 øC ) B/,4 (T) literature 

Degassed & 5.18+0.033 5.14+0.001 (30øC) 
distilled 5.22 ( 30 'C 
water 5.11 (25 'C) 

5.31 (30øC) 

25%Dextrose 6.11 +_0.04 6.13+-0.007 (30øC)" 
5.96 (30 øC) a 

Ethylene 9.88 + 0.035 9.82 + 0.006 (30'C)' 
glycol 9.93 ( 30 'C} a 

9.88 (25 øC) c 
9.7 (30øC) • 

•Zhang etaL, 1988. 
bBeyer, 1960. 
½Zhu etaL, 1983. 
dLawetaL, 1985. 

B/.4 values determined for three preparations with reports 
in the literature, and as shown in Table I, they are in good 
agreement. 

V. CONCLUSION 

A thermodynamic system has been developed for deter- 
minations of the B/.4 values from samples of at least 4 mi. 
The system is essential when only small volumes of sample 
are available for B/`4 measurement. While the decrease in 

sample volume comes with some sacrifice in the accuracy of 
theB/`4 determination, the measurement error remainsless 
than 0.7%. 
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where c' is the true velocity and c is the velocity predicted by 
plane-wave theory. The first term, z/c', is the true time delay 
due to the propagation of an acoustic wave through the velo- 
cimeter. The second term, z/c, is the predicted time delay by 
the plane-wave assumption, and the third term, 0.7345/co, is 
the error in time delay prediction. Note that, given trans- 
ducer separation z, the third term is not the function of the 
speed of sound in the media, and thus can be experimentally 
determined with a medium of known speed of sound, such as 
degassed water. Practically, this time delay error, due to 
near-field effects, is grouped together with that due to the 
electronics and the total error is determined by calibration 
using degassed distilled water as the reference. 

IV. PROCEDURES AND RESULTS 

At the beginning of the measurement procedure, the 
pressure vessel was first pressurized to about 1500 psi, and 
maintained at that pressure until the heat, developed within 
the vessel during the pressurization, dissipated. The velocity 
measuring program was then triggered manually and the 
pressure vessel allowed to alepressurize. Depressurization re- 
quired about I s, short enough to be considered isentropic 
(see Appendix). The program acquired 45 pairs of transmit- 
ting-receiving pulses at the rate of 17 pairs per second, dur- 
ing the depressurization period and then waited about 15 
rain for the temperature to equilibrate before acquiring an- 
other eight pairs of pulses. The 45 pairs of waveforms were 
processed for the time delay information during the 15-min 
waiting period, and a velocity profile was generated from 
which the (Ac/Ap) term was calculated (Zhang et aL, 
1988). The waveform pairs acquired at temperature equilib- 
rium were processed for the velocity at temperature equilib- 
rium, co. The density of the liquid medium was measured by 
picnometry. The B/`4 parameter was calculated from the 
above data. 

The measurement system was tested by comparing the 

APPENDIX: ESTIMATION OF HEAT LOSS DURING THE 
PRESSURE JUMP PROCESS 

Assuming that the cylindrical sample holder inside the 
velocimeter has a volume V, a surface area S, contains water, 
and that the difference between the radius of the cylinder 
and the radius of the transducer is Ax, the rate of heat flow 
through the surface area is given (Powell, 1963) as 

dt 

where )[ is the thermal conductivity for water and T is tem- 
perature. The total heat loss by cooling the volume of water 
AT degrees is given as (Tiplet, 1982; Furukawa and Doug- 
las, 1963) 

Q = --pVCAT, (A2) 

where p is the water density and C is the heat capacity of 
water. Thus the ratio of the heat flow in the period of At to 
the total heat loss can be approximated by 

__• _ ,•(AT/Ax)SAt p VCA T 
3.SAt 

-- -- (A3) 
pVCAx 

Using the following parameters: 

V = 4 cm 3, 
$ = 12.5 cm 2, 
Ax = 0.25 cm, 
)t = 6.32X 10 -3 W/cm øC, 
p = 1.0 g/cm 3, 
C = 4.18 J/g øC, 
At= ls. 

I AQ/Q I is determined to be 0.02, or about 2% of the heat is 
exchanged between the sample and the environment during 
the depressurization process; a reasonably good approxima- 
tion to an isentropic process. 
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