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FIGURE CAPTIONS 
 

Figure 1. Schematic of the Spallation Neutron Source at  O ak R idge N ational L aboratory, 

Tennessee. The hydrogen ions for the linear accelerator are generated in the ‘front end’ building at 

the top left of the picture, and are accelerated down the linear accelerator (shown in red) to the ring, 

where protons are accumulated. During repeated circulation of the ring, more protons are added to 

‘paint out’ the complete 2 00 m m x  7 0 m m e lliptic p roton b eam. W hen th is is  c omplete ( which 

occurs 60 times per second), the proton pulse is released in to th e ‘target’ b uilding, th e centre of 

which houses the sarcophagus in which the actual mercury target is housed. A possible future target 

building is shown in ghost outline (image courtesy of ORNL). 
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Figure 2. (color online) The 1:1 scale experiment (using water in PMMA tubing) of the relevant 

part o f the mercury-in-steel pipework of  SNS TTF. (a) Schematic showing the volume of bubbly 

liquid used in measuring the dynamic void fraction, and the volume (including the gas pocket at the 

top of the pipe) used by many other methods of measuring ‘void fraction’ (such as from calculations 

based on  t he m ass of  g as i njected). C urly a rrows show three possible routes for propagation 

between the transmitter and receiver, both o f which are cl amped o nto t he o utside of  t he pi pe t o 

allow easy relocation an d av oid ex pensive an d p otentially h azardous p orts i nto t he p ipe. ( b) A  

photograph of the gas space which occurred in the region shown by the white ellipse in (c), a full-

length photo of the pipe rig in which the liquid flow direction is  in dicated b y white a rrows with 

black borders, and the direction of the incoming proton beam (were this SNS) is shown by the grey 

arrow with a white border. (d) Photograph of one of the designs for source and receiver, mounted 

on a pipe containing flowing bubbly water (the largest bubbles only are visible): one of the couplers 

which match the flat transducer faceplate to the curvature of the pipe is visible. 
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Figure 3. Side v iew o f th e v ertical p ipe te st apparatus (with p lan v iew at the le vel o f th e 

transducers) used for validation of the sensor (not to scale). The coupling devices which match the 

shape (and to a lesser extent, the impedance) of the transducers to the pipe wall, are detailed in the 

photographic insert. The cap on the left reveals the flat boundary to the transducer and the cap on 

the right shows the curved boundary that matches the pipe wall. 
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Figure 4. A cross-section of the source, receiver, and the tube filled with liquid inside. The z-axis is 

perpendicular to t he p age ( out o f p age). T he i nner an d o uter r adii o f the pipe are b and d, the 

transducers are mounted in-plane with the pipe cross section and the angle between their beams is 

φ , and θ  is the azimuthal angle relative to the source axis. The radius of each coupling cap is h. A 

pressure, 2P , is measured by the receiver in response to a pressure 1P  applied by the source. 
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ABSTRACT 
 
There i s a n eed t o m easure t he q uantity of  g as bubbl es f lowing i n l iquid-filled 
pipelines in many power, processing and manufacturing industries. This paper outlines 
the theoretical foundation for one aspect of a candidate bubble detector technique that 
was commissioned f or O ak R idge N ational Laboratory’s S pallation N eutron S ource 
Target Test Facility (ORNL SPS TTF).  
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1 Introduction 
 

The authors were commissioned to build ultrasonic technology to quantify the population of helium 

bubbles i n f lowing l iquid m ercury coolant contained with the steel pipelines of the Target T est 

Facility (TTF) of the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL), 

Tennessee, i n. The $1.4 billion SNS is the m ost pow erful pul sed s pallation ne utron s ource i n t he 

world (figure 1). 

 

 
 

Figure 1. Schematic of the Spallation N eutron S ource at  O ak R idge N ational L aboratory, T ennessee. T he 

hydrogen ions for the linear accelerator are generated in the ‘front end’ building at the top left of the picture, and 

are accelerated down the linear accelerator (shown in red) to the r ing, where protons are accumulated. During 

repeated circulation of the ring, more protons are added to ‘paint out’ the complete 200 m m x 70 m m elliptic 

proton beam. When this is complete (which occurs 60 t imes per second), the proton pulse is  released into the 

‘target’ building, the centre o f which houses the sarcophagus in which the actual mercury target is housed. A 

possible future target building is shown in ghost outline (image courtesy of ORNL). 
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These detectors would be used on SNS TTF to test the efficacy of candidate bubble injection systems 

that were be ing considered for use in SNS. Bubble injection was be ing considered a s a  method of  

reducing erosion in the structure containing the mercury.  

 

SNS produces neutrons that are used by a range of facilities positioned at various angles with respect 

to the incoming proton beam [1].A limiting factor in the capabilities of the client instruments is the 

neutron flux that can be transmitted to the samples that they are examining (aircraft wings, forensic 

material etc.): the greater (‘brighter’) the flux, the better the instrument performance. In a spallation 

source, higher flux can be achieved by increasing the power of the proton beam on the target [2].  

 

Although scheduled replacement of the t arget ( the vessel containing t he mercury where t he p roton 

beam impact occurs) was anticipated in order to take into account radiation embrittlement, late in the 

facility construction it was r ecognized t hat, b efore r adiation d amage m ade t arget replacement 

necessary, beam-pulse induced cavitation damage could do so, an effect which would likely increase 

with increasing beam power. Crucially for the running of such a high value facility, this would mean 

more f requent t arget r eplacements t han w ere envisaged in the ope rating pl ans f or S NS. Since 

commissioning i n A pril 2006 ( figure 2) , SNS b eam p ower w as gradually incremented, reaching 1 

MW ope ration w ith t he 2 nd operating t arget.  B oth t argets 1 a nd 2 w ere r eplaced dur ing pl anned 

maintenance periods without interruption to the user program.  H owever, in April 2011 unanimous 

indications from leak detectors in target 3 occurred in the midst of neutron operations.   

 

The cavitation damage of the steel vessel is due to intense pressure pulses in the mercury caused by 

the micro-second beam pulses [3-6]. Whilst the exact nature of the correlation has not been settled, 

there is co nsensus t hat i ncreasing b eam p ower w ill in  th e in tended r ange is  likely to  s ignificantly 

increase t he er osion [7, 8]. The first target was removed i n J uly 2009 a nd M cClintock et al. [9] 

reported obs erving s ignificant da mage i n t he interior v essel w all l ayer t hat sep arates t he m ain 

mercury flow volume from a channel flow that is dedicated to cooling the vessel. In order to realise 

the beam powers and intervals between target changes t hat w ere i n t he o riginal p lan f or S NS, an 

R&D program was initiated to i mprove unde rstanding of  t he phe nomenon a nd de velop e ffective 

damage mitigation technologies for the mercury target [ 10]. Perhaps the l eading candidate solution 

under development at SNS is to introduce non-condensable helium gas bubbles, either to form a gas 

wall to protect the steel where the beam enters the target [11, 12], or to provide a population of small 

bubbles in the bulk of the mercury to absorb t he pressure pulse [13] and reduce vapour cavitation 

formation (and the erosion it generates) on the wall.  
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The authors were initially funded to develop a broadband device that would provide the bubble size 

distribution. To develop this they first had to characterise sound propagation in the bubble-free pipe 

[14, 15] a nd v alidate t he pr edictions a gainst a  r ig of  s imilar pi pe di mensions t o S NS T TF, but  

comprising w ater-filled P MMA pi pes ( figure 2)  a s oppos ed t o m ercury-filled s teel p ipes. T his 

demonstrated t hat t he w ater-filled p ipes sh owed m any o f t he co upling characteristics that 

complicated the mercury-filled filled at SNS TTF, and so a llowed development and deployment of  

the technique to estimate the bubble size distribution in water-filled PMMA pipes [16]. 

 

 
Figure 2. (color online) The 1:1 scale experiment (using water in PMMA tubing) of the relevant part of the 

mercury-in-steel pipework of SNS TTF. (a) Schematic showing the volume of bubbly liquid used in measuring 

the dynamic void fraction, and the volume (including the gas pocket at the top of the pipe) used by many other 

methods of measuring ‘void fraction’ (such as from calculations based on the mass of gas injected). Curly arrows 

show three possible routes for propagation between the transmitter and receiver, both of which are clamped onto 

the outside of the pipe to allow easy relocation and avoid expensive and potentially hazardous ports into the 

pipe. (b) A photograph of the gas space which occurred in the region shown by the white ellipse in (c), a full-

length photo of the pipe rig in which the liquid flow direction is indicated by white arrows with black borders, 

and the direction of the incoming proton beam (were this SNS) is shown by the grey arrow with a white border. 

(d) Photograph of one of the designs for source and receiver, mounted on a pipe containing flowing bubbly water 

(the largest bubbles only are visible): one of t he co uplers w hich m atch t he f lat t ransducer f aceplate t o t he 

curvature of the pipe is visible. 
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Use of the rig also demonstrated how bubbles in such pipes can collect in large gas pockets trapped 

at, say, bends in the pipework (figure 2(a,b)), where they do not mitigate erosion (unless, as with the 

gas wall mentioned ab ove, t hey ar e sp ecifically d esigned t o be  t rapped). H ence i t i s i mportant t o 

distinguish between the ‘dynamic void fraction’ (the proportion of the volume of bubbly liquid which 

is contained in small bubbles that can remain in the f low) and any measure of void fraction which 

includes the gas trapped in pockets which does not contribute t o absorption. Estimates o f t he void 

fraction based on monitoring of the mass of gas injected will include the gas spaces trapped within 

the p ipe n etwork. T hey ar e t herefore n ot a r eliable measure o f t he ‘ dynamic v oid f raction’ w hich 

reflects the ability of t he bubbl es t o a bsorb t he pr essure pul se c aused by  t he i mpact of  t he pr oton 

beam. 

 

However just as the broadband method was finalised and validated for water-filled pipes [16], plans 

to construct a device using that method to fit to SNS TTF were curtailed mid-way through this 2-year 

study by new funding pressures on S NS a nd S TFC R &D. T hese made t he pl anned 1 -1000 k Hz 

frequency range unaffordable. A solution based on c lamping narrowband transducers to the outside 

of the SNS TTF pipes meant the sensor could be readily relocated to track down sources and traps of 

bubbles, and obv iated t he ne ed t o dr ill s ensor por ts i n t he pi peline ( reducing ha zard a nd e xpense)  

[17,18]. W hilst th is r educed t he budg et by  80%  a s r equired, l oss of the information over a wide 

frequency range would necessarily introduce am biguities i nto t he i nterpretation o f t he aco ustical 

signal, and so ways of interpreting that were sought. The principle was to use the acoustic source to 

excite circumferential w aves i n t he pi pe w all, a nd t hese w ould c ouple di fferently t o t he l iquid 

depending on whether the liquid contained gas bubbles or not [17]. Interpretation of that difference in 

terms of the bubble population was key, and a suitable way of calculating the wavenumber in bubbly 

liquid,  [18]. The first attempt to do this [19] was using the formulation described by Commander 

and P rosperetti [ 20]. T his method was s hown t o work pr ovided t hat the user can make a priori a 

sufficiently a ccurate e stimation of  t he s hape ( but not  a bsolute magnitude) of the bubble size 

distribution [19]. Whilst providing a  s tep forward, i t i s not ed that some i ndustries would not  ha ve 

ready access t o t his a priori information (in SNS TTF, for e xample, opa que pi pes c ontaining a n 

opaque to xic liq uid make o ptical e stimate d ifficult). Other in dustries th at m ight h ave d ifficulty in  

providing an a priori assessment of the shape of the bubble size distribution are in the manufacture 

and processing of  foodstuffs [21], cement [22], petrochemicals [23], pharmaceuticals [24], and 

aerosols [25]. Similar issues could oc cur i n t he r efining a nd de position of  m etals [ 26], and t he 

management of coolant [27].  
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2 Experimental scenario 

Figure 3 s hows t he vertical P MMA t ube apparatus w hich a llows t he a coustic m ethod of  

monitoring the dynamic voi d f raction t o be  c ompared w ith a  non -acoustic g round-truthing 

(provided by capturing bubbles in a measuring cylinder via an upturned funnel). This apparatus 

is s imilar to  th at u sed b y Yim a nd L eighton [17], al though t he si gnal p rocessing an d asso ciated 

electronics have been modified (figure 3).  In this experiment, the tube is 2 m in length, 4.445 c m in 

the inner radius and 5 cm in the outer radius. The tube is sealed on one  end and is filled with water. 

Air bubbles are generated via a needle mounted ~20 cm from the bottom, and the total void fraction 

of bubbles is altered by varying the air flow to the needle form an aquarium air pump (Rena Air-200). 

The BSD could be measured by the opt ical method described (with results) in Ref. 16, and gave a 

range of bubble sizes typically from 30 µm to 1 mm distributed in this pipe system. This realistically 

matches the di fficulties of  t he O RNL pr oblem, w hereby f or m onochromatic i nsonification, s ome 

bubbles will be driven at, some above, and some below resonance. In this experiment, the Chi-beam 

sensor pa ir i s driven a t a  f requency of  41 kHz (the resonance of the high-Q t ransducers t hat were 

adventitiously available at low cost). To be detected appropriately by the Chi-beam sensor, the 

bubbles should reside sufficiently long within the region of the pipe where the cross-section 

modes induced by the sensors are formed. In our system this region is typically characterized 

by the size of coupling cap (here, 5.5 c m diameter). Even a bubble as large as 1 m m radius, 

which is  rare in  our system, will take 180~360 ms to cross this region [ 28]. Almost all the 

bubbles in this study are smaller, and will stay within the detection range longer than ~200 ms 

that i s the energy s torage t ime of our narrow sensor [ as es timated f rom the Q-factor o f t he 

sensor (8500 as m easured in situ) and the driving f requency of  our  s ensor ( 41 kH z)]. T his 

means that the energy change due to the pulsation of the bubbles is effectively detected by our 

narrow band sensor system. 
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Figure 3. Side view of the vertical pipe test apparatus (with plan view at the level of the transducers) used for 

validation of the sensor (not to scale). The coupling devices which match the shape (and to a l esser extent, the 

impedance) of the transducers to the pipe wall, are detailed in the photographic insert. The cap on the left reveals 

the flat boundary to the transducer and the cap on the r ight shows the curved boundary that matches the p ipe 

wall. 

 

3 Theory 
The obj ective is to est imate t he d ynamic v oid f raction f rom t he E IV d erived from the C hi-beam 

sensor. To investigate the relationship between the signal sent by the source and the one received by 

the receiver, the circumferential modes (when 0→zk , where zk is the axial wavenumber along the 

z-direction) of the liquid-filled tube are examined using a p artial wave series. It is assumed that the 

source excites the tube, and the receiver records the response, with only cross-sectional motion across 

the faceplate of each transducer. The route to adapt the theory for phase changes acr oss t he 

transducer is clear but its execution would be laborious, and in this case unnecessary. By considering 

the pipe wall as a structure coupling to the sensor pair as well as the liquid inside, the output of the 
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sensor ( as d etected at t he r eceiver location) r esponds t o t he a coustical bounda ry c ondition at the 

sensor position and loading on the inner wall. When only cross-sectional excitation is considered, the 

pressure at the source location, 1P , can be expressed by the Fourier expansion as: 

( ) ,cos,cos
0

11
0

11 θθθ
π
ε

θ
π

ω ′′′== ∫∑ −
∞

=

dnPpenpP n
n

ti

n
n

     (1) 

where θ  is the azimuthal angle relative to the source axis (figure 4), and where nε  equals 1 at  n=0 

and 2 otherwise (where n is a non-negative integer). For a  point source example, 1 10( ') ( )P Pθ δ θ=  

and 1 10n np P ε= . The force caused by the transducer, F , is the product of the radiation impedance, 

rZ , and the particle speed of the adjacent media, υ , as follows [29]:  

rF Z υ= .                                               (2) 

 

 

 

 

 
 

Figure 4. A cross-section of t he s ource, r eceiver, an d t he t ube filled w ith liq uid in side. The z-axis i s 

perpendicular to the page (out of page). The inner and outer radii of the pipe are b and d, the t ransducers are 

mounted in-plane with the pipe cross section and the angle between their beams i s φ , and θ  is the azimuthal 

angle relative t o t he s ource ax is. T he r adius o f each  co upling cap  i s h. A p ressure, 2P , is m easured b y t he 

receiver in response to a pressure 1P  applied by the source. 
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Consequently, the pressure at the receiver, 2P , can be expressed as  

( )φθω == e
rauziP 22 ,                                          (3) 

where az2  is the specific acoustic impedance of the receiver and ( )φθ =e
ru  is the radial component of 

the displacement vector of the elastic solid (tube) at r=d caused by the excitation of 1P . Equation (3) 

shows t hat, for a g iven aco ustic ex citation, the m easured p ressure i s dependent on  the aco ustic 

impedance of the receiver and the magnitude of the normal displacement of the pipe at the location 

where the receiver is mounted. Once the driving frequency is fixed so that the acoustic impedance of 

the r eceiver i s f ixed, t he m easured pr essure i s pur ely de pendent on t he m agnitude of  t he nor mal 

displacement which is determined by the following matrix equation [18]: 

 

( )e c c (1) c c (2)1
r c 1 c 1

0e

s (3) s (4)

1
2

cos ,

d d d dn
n n n n n n

n n

d d
n n n n

p n nu k J J D k Y Y D
D d d

n nJ D Y D n
d d

θ
µ

θ

∞

+ +
=

   = × − + + − +      
   + +        

∑
    (4) 

where eµ  is s hear m odulus of  the pipe w all, a nd ck  and sk  are t he l ongitudinal a nd s hear 

wavenumbers in the tube material respectively. The Bessel functions, c
1

d
nJ +  and sd

nY , ar e simplified 

notations fo r 1 c( )nJ k d+  and ( )snY k d  respectively. T he el ements o f t he m atrix, D , that o riginate 

from the e lastic boundary conditions on the tube’s inner surface (where t here i s acoustic c oupling 

between t he pipe a nd t he l iquid) a nd its outer surface (involving t he pipe onl y), are s hown i n 

Appendix A and its determinant is denoted as nD . The acoustic properties of the liquid are associated 

with th e e lements o f th e m atrix, D . The de terminant, )(m
nD , i s obt ained by  s ubstituting t he m-th 

column of matrix D  with the transposition of the vector, [ ]1000 . The introduction of bubbles 

into the liquid changes  in the element of  of matrix D which substitutes wavenumber  

in pure liquids with  in bubbly liquids.  

 

Although the evaluations of Eqs. (3) and (4) are ideally infinite summations, each actual summation 

is truncated up to the maximum of the mode index, n, which satisfies ( )[ ]dhn /sin2/ 1−≤ π . Here, h 

is the half width of the flat side of the coupling cap, which is a machined plastic coupler that is flat at 

its boundary to the transducer but curved to match the boundary with the pipe (Figs. 2 a nd 4). This 

relationship follows from the condition that the size of  t he a perture s hould be  l ess t han ha lf t he 
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wavelength of the circumferential waves along the outer surface of the tube, which allows the mode 

to be excited by a piston-like transducer. 

 

4 Conclusions 

Having c ompleted t he t heoretical in vestigations outlined i n s ection 3, f or t he experimental 

scenario di scussed in section 2, t he issue now is the route by  which t he wavenumber i n bubbly 

liquid, , is ev aluated in t he f ormulation, as this w ill d etermine in  la rge p art th e a priori 

information r equired t o cau se t he al gorithm t o co nverge t o an acceptable answer. Reference [ 19] 

examines the advantages and disadvantages of using the formulation developed by Commander and 

Prosperetti [20]. 

 

Appendix A: Matrix elements of Eq. (4) 
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where 

 
 

Here and eρ  are the densities of the l iquid and tube respectively, sc  is shear speed in the 

tube, and  is wavenumber in bubble-free liquid.  
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