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Acoustic scattering from a thermally driven buoyant plume

J. Oeschger?
Department of Physics, University of Rhode Island, Kingston, Rhode Island 02881

L. Goodman
Office of Naval Research, Ocean and Atmospheric Physics Division, 800 N. Quincy Street, Arlington,
Virginia 22217

(Received 6 February 1995; accepted for publication 15 Septembej 1995

An examination is made of the use of broad bandwidth high-frequency acoustic scattering to infer
remotely the spatial structure of the temperature field of a thermally driven buoyant plume.
Application of the far-field Born approximation results in a linear relationship between the transfer
function of the scattering procesE, the ratio of received to transmitted pressure, to the spatial
Fourier transform of the temperature field(K), where K=k —k; is the Bragg wave-number
vector. A series of experiments are devised to test this hypothesis. These experiments involve a
geometry of scattering in which pairs of sources and receivers are placed on opposite sides and
equidistant from the scattering volume, a buoyant plume generated by a small circular heating
element at the base of a water tank. It is shown that the far-field approximation assuming incident
plane waves breaks down when the scales of temperature variability of the plume are of order the
Fresnel radius. These results are discussed for both an unstable and turbulent plume. Conditions for
the recovery of the Bragg scattering condition are established19@6 Acoustical Society of
America.

PACS numbers: 43.30.F§HM]

INTRODUCTION biologics and particulates. To date there existsimcsitu
bistatic scattering measurements to compare with these pre-
Recently there has been considerable interest in applyingjctions.
gcous_tics to determine quptuating oceanic fluid pgrametgrs, Laboratory experiments on the scattering of sound from
including changes in density, sound speed, and fluid velocityoyheratyre, density, and fluid velocity fluctuations have

In particular, the issue of remotely sensing fiuid variability been more widespread, but are still rather limited. Baerg and

over volume reverberation due to biologics and particulatesS . o
. N : chwar? performed a set of experiments of bistatic atmo-
has been of increasing importance to the oceanographic, ma-

rine biology, and acoustics communities. During the past tWospheric acoustic scattering. Their work represents one of the

decades there has been a limited amourinafitu measure-  MOst comprehensive data sets on the angular dependence of
ments indicating that acoustic scattering from ocean microMedia variation on the scattering of sound from turbulence.
structure is observable above volume reverberaidmim- A complete angular survey of the relative differential scat-
ited accompanying environmental data for tfe situ tering cross section was made and compared with the theo-
scattering experiments, however, restricted detailed knowlretical predictions based on using-£5/3 power law spec-
edge of the state of the scattering volume in these experirum for the turbulent field as set forth by Lighthill,
ments. Also, narrow bandwidth, monostatic acoustic system&raichnan® and Batchelo?'® The experimental results
limited the amount of information on the functional depen-agreed with the theoretical calculations of the angular depen-
dence of the scattering field. For an in-depth review of redence of the relative scattering strength, showing enhanced
search relevant to the issue of acoustic scattering from oceajattering in the forward direction. Unfortunately, the system

microstructure, see Goodmén: ~ was not calibrated and no measurements of the absolute scat-
In an attempt to describe the observed scatterlngering strength were made

strengths Goodmardeveloped an empirically based model

¢ N microstructure and. using weak ttering theor In 1975, Brandt' examined the issue of acoustic back-
or ocea crostructure and, using weak scattering theo yScattering from density fluctuations produced by a saline jet.

predicted observed scattering strengths in terms of turbu: . . . .
lence intensity levels and acoustic frequency. Predictions_he mean density and fluctuation of the jet profile, and the

showed parameter regimes of acoustic scattering from microoiZe of the turbulent microscale along the jet centerline was
structure to be on the order of that expected by particulates ifi@lculated by using the results of conductivity measure-
the monostatic case. At near forward angles for the case dPents. The acoustic backscatter data was shown to correlate
bistatic scattering, however, predictions indicated observabl#ith the measured turbulent parameters. _
levels for scattering from microstructure above that from  Korman and Beyéf reported on a laboratory experi-
ment in which sound was scattered from a turbulent jet. Us-

'Present address: Naval Research Laboratory, Code 7120, 4555 overlo8RY the prescriptions of Kraichnérand IShlmarL}' they
Ave. SW, Washington, DC 20375-5320. measured the scattered spectra for near forward angles to
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determine the functional dependence of the spectral broadetaminar plume can then be compared on the same Bragg
ing and Doppler shift. Their results overestimated the variwave number axis. Broad bandwidth incident signals provide
ance of the turbulent velocity by 25%, but their estimate ofa corresponding range of Bragg wave numbers. The resulting
the mean jet velocity along the jet axis agreed well with thedomain of ¢; measured at scattering anghe can then be
measured value. directly compared tap; measured av; whenever the mea-
Related laboratory experiments exist within the medicalsurements have equivalent Bragg wave numbers. The Bragg
research communit}#~2? Weak scattering theory is used to scattering condition can then be tested by comparing the
describe the scattering associated with ultrasonic imaginggreement between the¢'s made at different scattering
and tissue characterization. Tissue is well modeled as sofgngles. For the special case of the laminar plume, the data
fluid-like variations in compressibility and density satisfying confirmed the Bragg scattering condition.
the criterion for weak scattering theory. Unlike scattering ~ When the condition of cylindrical symmetry is relaxed,
from ocean microstructure where the dominant scatteringhe Fourier transform of the scattering field depends on both
mechanism is in most cases given by changes in compresthe magnitude and direction of the Bragg wave vector. How-
ibility, scattering from tissue includes contributions from ever since the Bragg wave vector is given Ky-k,—k;,
density changes, as well as contributions from changes iwhereks andk; are the scattered and incident wave vectors,
compressibility. The central and common feature for therespectively, Bragg wave vectors will be coincident in direc-
scattering process in both oceanic and medical applicatiorién whenever source—receiver pairs share a common bisec-
is the scattering wave vector or what the authors have terme@r. By using two different transmit frequencies such that
the Bragg wave vector. Although not the emphasis of mosK1=2k; sin (6,/2)= 2k, sin (6,/2)=K,, scattering can re-
reports in the medical field, the Bragg wave vector, the varisult at exactly the same Bragg wave number. The Bragg
able at which the spatial Fourier transform of the scatteringscattering condition predicts identicg|'s for equal Bragg
field is calculated, remains to be more fully utilized in both wave numbers. By combining broad bandwidth trans-
narrow and broad bandwidth applications. missions/receptions with multiple simultaneous scattering

For a discussion on the Bragg wave vector and théneasurements in the same scattering direction a more fully
Bragg scattering condition, see Goodmeanal?® wherein resolved Fourier transform of the scattering field can be ob-
they reported on results from a bistatic acoustic scatteringfined. This type of experiment is termed the common scat-
experiment from a therma”y produced laminar p|ume ac_tering direction eXperiment and will be discussed in a subse-
companied with a model based on far-field weak scatteringuent manuscript. This work will concentrate on the case of
theory. The experiment consisted of transmitting a narrowpcattering with Bragg wave vectors identical in magnitude,
pulse, broad bandwidth signaR40 kHz to 1.4 MHz and  Put oppositely directed. o . _
measuring the scattered signal produced by the plume. The The far-field Born approximation predicts equal magni-
measurements were made from near forward to near bacides for the Fourier transforms of the scattering field for this
scatter scattering angles in a plane perpendicular to th@2Se. It is shown that scattering from spatial variability of
plume axis. The scattering field was modeled as a cylindriorder the Fresnel radiuzsg = JroN, results in wavefront cur-
cally symmetric Gaussian with afolding value of 2.4 mm vature effects being important. This, theoretically, invali-
and an amplitude of 3.7 °C. This model resulted in an anadates the Bragg scattering condition and results in different
lytic expression for the scattered pressure field or, alternaScattering transfer functions from oppositely directly Bragg
tively, the two-dimensional Fourier transform of the tem- Wave vectors of the same magnitude. This case is examined
perature field, and allowed direct comparison between thel the laboratory. In the next section we will examine the
acoustic data and the predictions of weak scattering theor);heoretmal relationships expected for scattering from a thin
Owing to the cylindrical symmetry of the laminar plume, the PUoyant plume.
acoustic data could be inverted, providing an acoustic esti-
mation of the temperature profile through the plume, which
was then compared to the measured temperature profile. TheTHEORY OF ACOUSTIC SCATTERING FROM A
results confirmed the prediction of the Bragg scattering cond HIN THERMALLY DRIVEN BUOYANT PLUME

dition, thus validating the usage of far-field weak scattering Scattering occurs when sound travels into a region char-

theory for the case of scattering from a laminar plume. . acterized by a change in either density, compressibility, or
In the laminar plume experiment, the source was held Nhe fluid velocity. The equation of motion is given26§5
a fixed location while the receiver was moved to the various

angles around a 25-cm-radius perimeter. Therefore, the mag- V2 i 07_
nitude and direction of the Bragg wave vector changed with c? gt?
each new scattering angle. For scattering in a p_Iar_le of SYMihere P(r,t) is the pressure at positianand timet andL,
metry, variability along the Bragg wave vector is mdepen-the scattering operator is given b

dent of direction. Consequently, for a fixed value of the gop 9 y

Bragg wave numbelK, the magnitude of the Fourier trans- 1 1

form of the scattering field|, is independent of the direc- L=z 7drt) 22+ V-(3,(rn)V)+ 7 —-V
tion of the Bragg wave vector. Since the laminar plume is

nearly cylindrically symmetric|¢| is independent of direc- 2

i ; : +—=u-V —,

tion. Data collected at different scattering angles from the c at

2
)P(r,t)=L(r,t)P(r,t), (D]

2

@
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where co=1/\/kgpo is the ambient sound speesd, is the S
ambient compressibility, p, is the ambient density, y -
Y= (k— ko)l Ky is the relative compressibilityy,=(p—po)/p [
is the relative density, and is the fluctuation of the fluid

source/receiver

velocity. To bisector; direction
of K=k, _k,

For the thermally produced buoyant plume considered in
this work, the dominant scattering mechanism is variation of
the relative compressibility from temperature fluctuations
produced by a buoyant thermally driven plunihis type of

. . . . scale size

scattering was examined by the authors in a previous LF<<r,
manuscrip®) As a result, only the first term in Eq2) is
significant?® and y,= — 2aT, wherea=(1/cy)(dc/dT), T i
the temperature difference from ambient. -7

If we define the Fourier transform for the pressure field -7
as

p(r,w)=f P(r,t)expiwt)dt, 3

| \
thenL=(—2aT/c?) (4% 4t?) and Eq.(1) in frequency space
is given by FIG. 1. Scattering geometry for experiment. sougeand receiverR, are
in x-y plane.

(V24+K2)p(r,0)=—K?y,(r)p(r,0), 4

wherek= w/c. P ak?

The Born approximation solution for the scattered pres- TI'(K)= p—=

fT(x)B(x)ex;{in+ik§]d3x,
sure field in Eq.(4) for the boundary-free case is given by

27Tro

®
p=—2ak2f T(r)B()pg(r @)g(r|rHdr’, (5 Where
{=2%Irg 9
where . . .
is the Fresnel curvature term. It is straightforward to show
explikr—r’|) explik|r—r’|) for the experimental results presented below that terms
g(rlr")= P ype (6)  higher order than this term make insignificant contributions

to the phase, i.ek times (higher-order terms<1. Also be-

is the point source Green’s function. The weighting functioncause of the thinness of the buoyant plume relative to the
B(r’) is the source/receiver beam pattern; the incident presseam pattern only the 2 dependence inB needs to be
sure is given by, =Py exp(ikr’). The radial dependence of considered. These two sets of assumptions—dropping the
the incident field is absorbed in the definition Bf. The higher-order phase terms and only consideringzhepen-
Born approximation is expected to be valid wh&n dence ofB—are discussed in the Appendix. Note that when

aTHKL* <1, @ gijl the phase correction terms in E&) can be ignored
whereL* is the characteristic value of the length scale of the ak?
scattering field in the plane of the Bragg wave number vec- I'(K)= #(K),
tor, andT* the value of the temperature fluctuation of the

. (10

thermally driven buoyant plume.

In Fig. 1 the geometry of the scattering process iswhere¢ is the beam pattern weighted or filteréd the “z”
shown. The scattering volume has linear dimenslohsr,, direction Fourier transform of the temperature field at the
wherer, is the distance from source and receiver to theBragg wave numbeK. Equation(10) allows a straightfor-
center of the scattering volume, taken as equidistant, the exvard inversion to obtain the temperature field from the scat-
perimental case discussed in Sec. II. It is convenient to detered acoustic pressure field, by inferring from the acoustic
fine the spatial coordinate system, as shown in Fig. 1, alignetheasurements df
with the “x” axis along the Bragg wave vector defined by 271 T (K)
K=Kk,—k;, wherek; , ks are the incident and scattered wave- H(K)y=——5—

. . . . ak
number vectors whose magnitudekiand whose directions
are, respectively, the incident center line direction of linesover all magnitudes and directions & and then inverse
SO and OR of Fig. 1. The magnitude Kf is given by|K| transforming to obtainT(x). Unfortunately because real
=2k sin(6/2) with its direction along the bisector of SOR, acoustic systems have finite bandwidth and because multidi-
again taken along thex" axis. Defining I' as the transfer rectional(including in different plangsmeasurements have
function of the scattering process and expanding the phaggactical limitations, use ofl11) is limited. Nonetheless Eq.
term of Eq.(5) |r—r’| to lowest order results in (11) is a clear prescription for inferring important aspects of

ak?

2’7Tr0

27y f T(x)B(z)exd iKx]d*x=

(11)
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S1

S2 R2

FIG. 2. Common Bragg wave-number direction geometry.

g is a filter function arising from wavefront curvature and
beam pattern amplitude weighting, namely,

2

] ikz
g(k,kz)=J B(z)exr{lkzer Ty dz (14

Note in Eq.(12) we have suppressed the wave-number de-
pendencek and explicitly included time dependence in the
notation forI" since in the experiments to be discussed the
time dependence is an important factor to be exploited.
Equations(12) and (14) show that the beam pattern ampli-
tude weighting,B(z), and the phase effects of wavefront
curvature,ikz’/r, both result in filtering of the temperature
field over some finite bandwidth inK;” space. Equation

the temperature field of a fluid. Clever usage of Bragg Scat(10) assumes such filtering removes all wave numbers except

tering geometry can also be made to enhance the “effective
bandwidth over whiche is being inferred. For the experi-
ments sited below the bandwidth of the system is betwee

250 and 750 kHZ10-dB power down poinjs By perform-

neark,~0. For this case neglecting the phase tékizf/r ),

and settingB(z) =1, Eq. (14) becomesg(k,k,)=2m4(k,)
gnd Eg. (10) follows from (12). Note that estimating
z,=r/kafor the vertical extent of the half-beamwidth in the

ing a series of simultaneous multiple pair scattering angle 2 direction, where “a” is a cylindrical transducer radius,

experiments such that the Bragg wave number lies in t
same direction, which is accomplished by having eac

h@&ndzg = 271y /k the vertical extent of the Fresnel radius, in
fhe far field by definitiof’ (z-/z,)><1 and Eq.(14) can be

source/receiver transducer pair have a common bisector, trPProximated by

“x" axis (Fig. 2) but different scattering angleg,, 6,, 6,

etc., the effective spatial bandwidth i can be expanded
from a factor of 3 to about a factor of 34 for the case of

H 2
g(k.k,) = \['5 zr exp[—i (kgz;) .

(15

6=10° to ¥=180° as shown in Fig. 3. However if the phase Equations(12) and (14) or Eq. (12) with the “far-field”

term, Eq.(9), is significant in Eq(8) the Fourier transforng
does not separate out of the integral of E&). Nevertheless
it is straightforward to show that E¢8) can be rewritten in
terms of both the %X” and “z" wave-number transform
variables ong as

B ak?
FKn= o | Kk Dokt (12
where
¢(K,kz,r)=f T(x, rexdiKx+ik,z]d3x, (13

200 T T T

180

160

140

120

100

0 [degrees]

80

60

40

20

i i i i
3000 4000 5000 6000
K [rad/m]

0 1000 2000 7000

FIG. 3. Bragg wave-number bandwidthK for 250 kHz <f<750 kHz,
AK=2(2wAflc) sin(6/2), whereAf=500 kHz.
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approximation(15) show that when wavefront curvature ef-
fects are important that in general

'K, n)#I'* (=K, 7) (16)

but if wavefront curvature is unimportant, i.&{<<1, that
(K, 7)=I""(=K,7). 17

Conditions under which either Eq&l6) or (17) hold can be
examined in the laboratory by performing a scattering ex-
periment involving two pairs of sources/receivers oriented
such that their Bragg wave numbers are of the same magni-
tude but opposite direction. Lét, andI'_ refer to the trans-

fer functions obtained from the respective positive and nega-
tive Bragg wave vectors of such an experiment, wHéis
obtained from its definition in Eq(8). In general Eq.(16)
holds, however there are circumstances in which although
wavefront curvature effects are significahit, andI'_ have a
simple relationship. Two types of assumptions on the nature
of the variability of the fluid field allow such relationships to
emerge. These arfl) the plume motion satisfies Taylor's
hypothesis in the 2" direction; and(2) the plume tempera-
ture variability is statistically homogeneous and stationary.
The former will be applied to an unstable, nonturbulent
plume, while the latter to a turbulent plume. We will com-
plete this section by examining the consequences of these
assumptions and criteria of their application.

A. Application of Taylor’s hypothesis to plume
variability

For the case of using Taylor's hypothesis it is assumed
that the temperature field of the buoyant plume satisfies

T(x,y,2,7)=T(X,Y,2— 2y), (18

J. Oeschger and L. Goodman: Buoyant plumes 1454



time T2

source/receiver,

_________ source/receiver
channel 1

channel 2

time 7y

T T2

FIG. 4. Opposing Bragg wavefronts for a monostatic case illustrating appli-
cation of Taylor's hypothesis.

wherezy=wr, w is the vertical advection velocity, andis

the time associated with the repetition rate of the experiment.
This is valid when the variability of the fluid field is such
that®

t*>L*/w, (19

wheret* andL* are the characteristic time and |ength scale FIG. 5. Opposing Bragg wave-number vector geometry.
of a plume eddy being advected in the vertical with speed
Use of Taylor's hypothesis in Eq13), is equivalent to per-
forming a set of simultaneous scattering experiments in
series of planeg,. The Fourier transform dfL2) onzg=wr
can be written

and thus will be located at exactly the mirror reversed posi-
%on of the oppositely directed wavefront from source/
receiver 2. Both wavefronts receive the same magnitude and
phase but time delayeg— 7. In reality the fluid will change
. ak? its properties(magnitude and orientation of its temperature
ﬁzf r exp(lkzzo)dzozzﬂro 9(k,kr)p(K.kz), (200 anomaly field as it traverses fromx, —z;) to (Xo,2o) but
) if (18) is satisfied, this change is sufficiently small that it can
where in Eq.(13) we have used Taylor's hypothesi$x,7)  pe neglected. Since the wavefront acts as a filter over scales
=T(x-wr) to obtain the relationship ¢(K.k,,7)  of order the Fresnel radius = o\, the time scales of

= (K k)explikwr]. variability should satisfy
From (20) the inversion
z
ey 2ToB . t*>WF. (24)
d(K k)= K2g(kK) (21)
follows, and that B. Application of homogeneity and stationarity to
plume variability
271 P+
¢+ (K,ky)= akZg(kky)’ (22 To form a wave-number spectrum it is necessary to as-
1Rz

sume, at least locally, a random field satisfies homogeneity
whereS.. defined by Eq(20) is the Fourier transform i@,  and stationarity® From (13) this condition can be written
of I'... From (21) we see that Taylor's hypothesis allows , ,
calculation of the wave-number transform iy, k, space (P(K kg, 7) " (K kg, 7)) =D (K k) Sk, — k)
rather than jusK space since the advection in the vertical for which from Eq.(12) it follows that the wave-number
brings past the vertical scattering plane information. Equaspectrum is given by
tion (22) establishes a testable relationship betweggn,

T=(I'(K,7)I'* (K, 7))

namely, that
_ ak? \?
B+(K,kz)::87( K,kz) :(2 ) jdkz CD(K,kz)|g(k,kz)|2. (25)
g(kvkz) g(_kakz) o
and that sincg(—k,k,)=g* (k,k,) that Thus W (K)(ak?/27r,) ~? is the wave-number spectrum of
the temperature field filtered in the by |g|2. Note that(25)
|8+ (K.k)|=|B-(—K,k,)|. (23 predicts the same spectrum fir. , sinceW (K) =¥ (—K).

In Fig. 4 the physics underlying the symmetry imposed byThe validity of Eq.(25) will be examined in laboratory ex-
the role of Taylor's hypothesis in relating. is illustrated. ~ Periments.

Consider a scatterefa fluid parcel of some temperature
anomaly at time 7, located at Xq,—2y) lying along the
lower part of the convex wavefront emitted from source/
receiver pair 1. Taylor's hypothesis implies that this same  The principle objective of the experiment is to examine
scatterer will be located atx§,z,) at some latter timer,,  the validity of Eq.(16) or Eq. (17). Equation(16) requires

II. EXPERIMENTAL SETUP

1455 J. Acoust. Soc. Am., Vol. 100, No. 3, September 1996 J. Oeschger and L. Goodman: Buoyant plumes 1455



Laminar Plume In Fig. 6(a—(c) the laser shadowgraph images are

' shown for the three plume fluid stability regimes. The laser
shadowgraph is used during the experiments as a visual
monitor. The scattering experimental setup consists of a
Plexiglas tank filled with filtered fresh tap water. Inside the
tank is placed a ring assembly system consisting of two
plates. On the bottom plate is a 3/8-in.-diam, 50-W heating
element used to generate a buoyant plume. The top plate is a
, _ 50-cm i.d. ring, around which transducers can be placed in
@ 7 sesem ) reaae 10-deg increments. For this experiment, the transducers are
arranged as shown in Fig. 5. The scattering angles for source/
receiver pairsS;,R; and S,,R, are chosen as 30 deg to
produce the maximum signal with minimum sidelobe effects
and a spatial wave-number bandwidth sufficiently wide to
resolve the plume temperature variability. By varying the
input power to the heating element, three different parameter
regimes can be examined: laminar, unstable, and turbulent.

Three types of acoustic measurements are made in order
to calculatel’, defined by Eq(8).

(1) To calculate the incident pressure field, a direct path
measurement is made between each source and receiver with
the receiver placed at the center of the scattering volume.

(2) A “plume on” measurement in which the scattered
signal from the plume is range gated and digitized.

(3) A “plume off” measurement which is used to sub-

- tract from the scattered signal any stationary reverberation,
© 365 cm e, PyX7)=Po(X,7)—Pu(X), where Pu(X)
FIG. 6. Laser shadowgraph images f@ laminar plume,(b) unstable :<P°ff(x’7)>_' The transmit signal consists of Sm_g_le'cyde
plume, and(c) turbulent plume. waveform with center frequency of 500 kHz, amplified by a
2-kW power amplifier. The transducers have a 10-dB down

that wavefront curvature effects be accounted for in order t(?f'gt bandW|1dth of 500 kfl}—lz, ."e'l’ 250 Ito 750 :(HZ' At tlmle.
interpret the scattering results in terms of the temperaturé_ source 1 transmits the single-cycle signal, receiver 1 is

field. Note that Eq(17) predicts that for oppositely directed range gated at the plume and the recei.ved signal is digitized
incident wave fields with the same magnitude Bragg Wavegt 5 MHz. The waveforms are stored in place onboard the

number vector, the geometry of which is shown in Fig. 5, theda’[a acquisition system and off loaded after the completion

same magnitude df results, i.e.|l", |=|T"_|. For the case of of the experiment. Since the scattering field is, in general,

an axisymmetric laminar plume experimental results havé'me dependent, it is necessary to measure the scattering for

been consistent with this relationsHipThis arose, however, source/ receiyer pai_r 2as near simultaneous as pOSSi.ble with
because of the cylindrical symmetry of the laminar plume source receiver/pair 1. Typically, reverberation persists on

- L 'the order of milliseconds, while the time variability of the
i.e., d(—kk,)=dad(kk,), the steady(unchanging in timg , ' -
nature of the variability field, and local uniformity in the plume is on the order of hundreds of milliseconds and

vertical direction. This experiment will examine whether the![?]n?erf' So thatf.trans,f?lF tlrge for sl?ltjrce 2rat5 tmhstafter /
Bragg scattering condition on the laminar plume can be ex: at of source LIS sutniciently small to ensure that source

tended to the cases of scattering from an unstable and turp{ECEIVEr par 2 interrogates the same scattering field as

lent plume, where no such symmetry, in general occurs, anaource/recelver pair 1. The system repetition interval is cho-

which is intrinsically unsteady in time. Because of the three-S€N 8s 15 ms. This cycle is repeated 1023 times for a total of

dimensional variation of the temperature field for the un_approximate_ly 15 s of plume variability data. Results from
stable and turbulent cases unlike the laminar plumeZitse two cases will be presented below: Case A, the nonturbulent

is not possible to do a direct comparison between the tenput unstable plume Fig.(B), and case B the turbulent plume

perature fieldor its Fourier transformnobserved acoustically Fig. 6(c).

and that inferred from mechanical sensdthermistors,

since such sensors are point measurements and the acousticEXPERIMENTAL RESULTS
inversion[Eg. (11)] involves a spatially integrated measure-
ment. Instead the point of view adopted here is, given th
previous positive results on the laminar plume case where a The terms channels 1 and 2 refer to scattering associated
direct comparison was in good agreement, to see whether theith source/receiver pair§;,R; and S,,R,, respectively,
data obtained is consistent with the constraint imposed bgorresponding to opposite Bragg wave-number directions
Eq. (17) and, if not, with the hypotheses presented at the endnd thus+K. Contour plots of the raw magnitude of the
of Sec. I. scattered signals, unnormalized pressure amplitiRle,for

584 cm

5.94 cm

594 cm

éA. Case A: Unstable nonturbulent plume
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FIG. 7. Contour plot of the magnitude of the scattered signal from an un-
stable plume for channel 1.

channels 1 and 2 are displayed in Figs. 7 and 8. The left hand
ordinate represents the time series in units of seconds whiche
is formed from returns at the system repetition rate of 15 ms.%.
The right hand ordinate has been converted to a spatial co-
ordinate by use of a mean vertical plume velocity of 3 cm/s
inferred from laser shadowgraph tracking of features. The
abscissa is along the vector Bragg wave-number direction,
i.e., “x” axis in Fig. 1 in units of cm, defined in terms of
channel 1 source/receiver location. In Fig. 8 the’“axis
coordinate used is the same as in Fig. 7 and so positive
values actually correspond to earlier arrivals. =
Note that the two figures are qualitatively similar but
have a mirror image type of asymmetry. Both have approxi-
mately the same number of local maxima with a periodicity
of about 1.5 s corresponding to 5 cm. An anomalous feature
is noted in both figures at about 8 s. The strong steady peri-
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odicity noted in these features is expected from the unstablg/G- 9: Time series ofl"..(K,7)| for frequencies ofa) 117 kHz, (b) 234

nonturbulent plume shown in Fig.(l) which does have

kHz, (c) 313 kHz, and(d) 430 kHz.T", ,I'_ is given by solid/dashed lines,
respectively. Time series of . (K, 7)| for frequencies ofe) 508 kHz, (f)

about the same vertical spatial scale as the acoustic measus2s kHz, (g) 703 kHz, and(h) 938 kHz.T', ,I'_ is given by solid/dashed
ments.(However it should be noted that the aperture of thelines, respectively.

laser was limited to 6 cm in the verticalThere does appear
to be a phase lag between the maxima of channels 1 and 2 of

abou 1 s orabout 3 cm. We attribute this phase lag to the
effect described in Fig. 4 where a feature which lies along

140

135

& 130

125

120

time series [seconds]

vert

S i
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
distance along Bragg axis [cm]

Al the slope of the wavefront from one of the channels will be
advected vertically and at some latter time lie along the same
sign slope of the wavefront of the other channel. It is inter-
esting to note that 3 cm does correspond to order of the
Fresnel radius at the center frequency 500 kHz.

It should be noted that Figs. 7 and 8 contain effects due

to differences in the individual transducer characteristics and
thus should be viewed as qualitative indicators of the scat-
tering. These effects are removed in the calculatiornl of
versus time, which is displayed in Fig@—(h) for the same
data set of Figs. 7 and 8. The range of Bragg wave numbers
presented correspond to the bandwidth of the system. Figure
9(a) is at frequency well below the response range of the
transducer and is an indicator of noise. At Bragg wave num-
bers less than 1116 rad/th=508 kH2 the mean value of

FIG. 8. Contour plot of the magnitude of the scattered signal from an undL| Of th_e two curves are diﬁerer_‘t- However the variance of
stable plume for channel 2. fluctuations are of similar magnitude. At Bragg wave num-
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FIG. 10. Slice of the two component three-dimensional Fourier transform ofFIG. 12. Expanded graph of the two component three-dimensional Fourier
temperature fieldg|, atk =515 rad/m(f =234 kH32. Solid black/gray lines  transform of temperature fieldg|, at K=1373 rad/m(f =625 kH2. Solid
indicate|¢,| and|¢_|, respectively, dashed black line i, | at K=—515 black/gray lines indicatég,| and |¢_|, respectively, dashed black line is
rad/m. |¢,| at K=—1373 rad/m.

bers greater than 1116 rad/m the mean val_q§|ojf the two 54 190 rad/m corresponding to 5.2 and 3.3 cm, respectively,
curves converge but their variances are different with chan

4 : - vertical scale variations. These can also be observed in the
nel 2 having consistently larger variance.

raw data of Figs. 7 and 8. However over much of the range

The fact that there appears to be a phase lag betweeft | there is more of an agreement betwéen (K k,)| and
features in Figs. 7 and 8 suggests the possible use of Taonr|’§75 (—K,k,)| than between|¢. (K,k,)| and |é_(K,k,)|
— 1z 11z - 1Nz

hypothesis for this data set. Equati®l) can then be used This arises since Eq23) does not in general hold because

to estimate the wave-number transfoifK k;) from the e conditions for Taylor's hypothesis E4) do not hold.

Fourier transform ofl” on zo=wt. Usingw=3 cm/s, esti-  \joreqver the combination of stron@put not perfect hori-
mated from the laser shadowgraph data, in@Q) with 8. ;onta| cylindrical symmetry along with the wavefront curva-
calculated froml'. associated with the two channels esti-y e filtering effect would result in similarity between

mated values of¢.. (K,k,)| are plotted versuk, in Figs. 10 l6_(—K,k,)| and|&.(K,k,)|. We have also indicated in

and 11 for Bragg wave numbers Bf=515 rad/m(f =237 Fi
h - ) gs. 10 and 11 the Fresnel wave numbker 7/\roh by
kHz) andK = 1373 rad/m(f =633 kH2. The plus/minus sub- o vertical arrow. In Fig. 11 in which there is a larger re-

script refer to estimations from data obtained from channelaime of wave numbers less thén there does appear to be

somewhat closer agreement betweés_(K,k,)| and
|¢.(—K,k,)| indicating that Taylor's hypothesis may be
x 10 valid there. Figure 12 is an expanded versiok 0bf Fig. 11

5 : : : : : ; : : in the region of this agreement.

one and two, respectively. Note the strong peakls,at120
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FIG. 13. Contour plot of the magnitude of the scattered signal from a tur-
bulent plume for channel 1.
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625 kHz,(g) 703 kHz, and(h) 938 kHz.T", ,I'_ is given by solid/dashed
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FIG. 16. Contour plot oft, = (T',T'%) for turbulent plume.

B. Turbulent plume

In Figs. 13 and 14 analogous to Figs. 7 and 8 are the raw
magnitude of the scattered pressure fields for channels 1 and
2 for the turbulent plume case. Note that the signal appears
as a series of bursts or intense periods of duration of order 3
s. The same type of mirror image asymmetry is also noted in
these figures as in Figs. 7 and 8. Note the similarity of fea-
tures in the two figures between the timesref0 to =3 s
and =6 to 7=10 s. In Fig. 1%a)—(h) time series of".. are
presented for this case. Note the general similarity of the two
channels over the entire Bragg wave-number bandwidth.
This suggests that the two fields can be considered as ran-
dom realizations of the same process and an assumption of
local stationarity and homogeneity is reasonable and thus
that relationshipg(25) can be used. We calculate the filtered
spectrum fromV . = (' . (K, 7)["% (K, 7)) where the average
is taken over time. We use 151 points corresponding to ap-
proximately 2.5 s. Equatiof25) results in for the homoge-
neous stationary case

v, =V_. (26)
In Figs. 16 and 17 we present a contour plotdof versus
Bragg wave number and time. In Figs.(&48-(d) through we

x 10
3

25

o

time series [seconds]

o

" 1000
kx [rad/m]

0
600 800 900 1100 1200 1300 1400

FIG. 17. Contour plot oft _ = (I'_T"*) for turbulent plume.
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plot four curves which are “cuts” through the contour plots s,
at different Bragg wave numbers. Note in these figures the
two features seen in the time series framO0 to =3 and

from 7=6 to 7=10. These features are stronger and much
more broad bandwidth than the structure of the spectra a .
other times. This intermittency and broad bandwidth is an
expected character of turbulent flow. The single scattering
angle experiment does not in general resolve all the scales c
the turbulent field. Our next set of experiments will be di-
rected at this problem. Further discussion on this will be
given in the summary and conclusion section. To examine
the agreement of the curves and see how (@8l is satisfied

we plot the fractional difference between the two spectra in | o
Fig. 19. Equation(26) is in general well satisfied except L R s e
during time periodr=12 to 14 s, which from Figs. 16 and 17 kx [rad/m]

and Figs. 13 and 14 are periods of low intensity scattering. It
should also be noted that there are features which clearly
occur in one channel and not the other. In Fig. 17 there is a

circular symmetric featu_re centereqm_m S andK=1_0_50 of wavefront curvature terms in the far-field expansion of
rad/m. No such feature is present in Fig. 16. In ad_dltlgn & hase term in the Green's function solution. Thus the far-
f1e7ature present C; ”t‘fjfedlﬂ 1d3 S and<d= 6?)0 rafé/lm n F'g' field approximation is insufficient to adequately describe the
K_gggearj/ o Ie:' lslpeatl:e upwalr abave sf(an b scattering process. A two channel bistatic scattering geom-
- rad/m in Fig. 16. In general, agreement from be- etry with oppositely directed scattering wave vectors was

twgen\lfi IS worse at the begmmng and end of the data Sets‘uezed to observe and quantify the wavefront curvature effect.
This effect is attributed to the displacement of feature effect . o< its of the raw acoustic signals from an unstable non-

illustrated in Fig. 4 and also noted in the unstable nonturbug o o0 plume confirmed the failure of the far-field ap-

lent plume case. proximation. Time series contour plots of the scattered pres-
sure field did not indicate the mirror image symmetry which
IV. SUMMARY AND CONCLUSIONS would be valid in the far-field approximation. By calculating
The experiment discussed in this manuscript was dethe transfer function of the scattering process for the mea-
signed to test the application of the far-field approximation toSurements made in the plus and minus directidhs,and
the case of scattering from unstable nonturbulent and turbud--, @nd comparing the time series at selected acoustic fre-
lent thermally driven buoyant plumes. Unlike the laminarduencies, the data show that, |+#|T"_|, thus further indica-
p|ume discussed in an earlier pa%}e\’vhere the scattering tion that the far-field apprOXimation is invalid for the nontur-
field is two dimensional, in these cases the scattering field igulent unstable plume case. It is interesting to note the
a continuous distribution of three-dimensional scattering feadualitative similar periodicity inl", | and|T"_|. However the
tures where the vertical length scales of medium variabilitytime lag shows that when one channel is measuring a maxi-

is of order the Fresnel radius. This has required the inclusiofum the other is at a minimum. This is indicative of the
interaction between the wavefront curvature and the vertical

length scales present in the unstable plume. Thus, far-field

time series [second:

1400

FIG. 19. Contour plot of%(\lu—\lf,)/(\lq-“lf,).

LAl AL correction terms must be included to describe the scattering
: ' ' ' : process.
] YV, U S
J The presence of wavefront curvature terms however,
i i e A48 oo complicates the formerly simple relationship between the

complex acoustic field and the spatial Fourier transform of
: the scattering field for far-field incident plane waves. This
R Lt complication can be remedied however, when the scattering
{a) time series [sec] (b) time series [sec] field satisfies Taylor's hypothesis, the plume rises with a
x10° . . SX10° ‘ ‘ uniform vertical velocity w, i.e., T(x,y,z,7)=T(X,y,z
: : : : : —w7). This assumption immediately led to the recovery of
the two component three-dimensional Fourier transform of
the scattering field from the acoustic data. The result pre-
dicted that |4 (K,k)|=|¢4_(—K,k,)|, i.e., the Fourier
transform of the temperature fielgh, measured in the plus
z z z ; ; ; direction equal the negative wave-number spectrumgpof
@ umesutesfsed @ tmeseresiseqd - When measured in the minus direction. Note in Fig. 11 the
agreement in¢g . (K,k,)| and|¢_(—K,k,)| at lowerk, val-
FIG. 18. Time series spectra fob, | (solid) and|¥_| (dashedifor K=(@  U€S, however at largds, values the agreement breaks down.
700 rad/m,(b) 900 rad/m,(c) 1100 rad/m, andd) 1300 rad/m. This result indicates the length scales over which Taylor's
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hypothesis may hold are, (200—300 rad/m, of,=2x/k,)  complex receive acoustic field is no longer simply related to
2-3 cm. Figure 12 indicates that the large scale vertical varithe temperature field of the scattering volume. Renal.
ability better satisfies Taylor's hypothesis than the smallestated that the acoustic imaging used was based on backscat-
scale variability. ter due to metallic mineral particles precipitated in the
Scattering from a turbulent plume using the oppositelyplume. Whether the dominate scattering mechanism was par-
directed scattering geometry was also examined. As with thdculates or thermally induced index of refraction changes, it
unstable nonturbulent plume, time series data of the scatterésl reasonable to state that weak scattering theory may not be
pressure field from the turbulent plume showed the sameatisfied. The use of Taylor's hypothesis to describe vertical
qualitative asymmetry when viewed from opposite direc-advection is valid provided the time scale of vertical variabil-
tions. However, unlike the unstable plume, time series comity is much greater than the ratio of the Fresnel radius to the
parisons of the transfer functions for the turbulent plumevertical velocity of the plumelEq. (24)]. Ronaet al. quote
were in good agreement. This results from the statisticahn initial plume velocity of 1 m/s, at 500 kHz and a plume
equivalence of the turbulent plume within the scattering vol-receiver of rangefdd m yields a limiting time scale of 0.1 s.
ume when viewed from opposing directions. Thus this method could be used to infer vertical variability of
For the turbulent plume, the assumption of local homo-such sea floor vents. Apart from examining seafloor vents
geneity and stationarity was used to develop a wave-numbemd plumes, application of the methods and techniques de-
spectrum of the scattering field, which resulted in predict- veloped can be applied to examine turbulence found in the
ing equal spectra for oppositely directed scattering geometrgcean. Particular use can be made, as will be discussed in a
measurements. The fractional difference betwden and  future paper, on using multiple bistatic scattering measure-
¥ _ showed that for instances away from the initial and finalments made in a common scattering direction.
conditions of the experiment, agreement from 5% to 25%
over the bandwidth of the measurement. This techniqgue reACKNOWLEDGMENTS
mains to be more fully utilized in the common scattering
direction experiment to better determine the wave—numberqes
spectrum of the scattering field over a broader bandwidth.
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measurements of hydrothermal plumes conducted by Ron""lomSS stance

et al,?® had plume temperatures of 350 °C and equivalent, oo\ o
diameters of 5.3 cm. Using these values in EQ, the re-

quired condition for weak scattering theory, the inequality is ~ Expansion ofr —r’| in terms of integration variables up
clearly violated. Thus even in the absence of particulates th fourth order gives

4 2

0 2 X 0 y> 60 xz2 0 x° 0 6 xy> .60 Z* z
|I'+I"|:2r0—2XSIHE+G+ECOSZ§+ESIHZz‘f’gS|n§+%SInECOSZE'F?Slrﬁi—rrg—z—lg(xz—zyz)
0 72 0 x° 0 vy 0
X COZ —— 2 oy2\eir? S 24 g2 v 24 Ax?)sirf -
cos’-2 Eg(y 2x )S|r122 Eg(x 4y )(:oé‘2 Eg(y 4x )sm“2
x* 5x%y% yH 0 0
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