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ABSTRACT 

Two-phase flow in rod bundles is of the utmost importance in nuclear 

technology since it is a naturally occuring phenomenon in BWRs under 

normal operational conditions, or in PWRs undergoing a severe transient. 

It has recently been shown that by neutron noise analysis (cross -

correlation) techniques, in the upper half of a normally operating BWR, 

one measures two or even three two-phase flow velocities (two or three 

peaks in the cross-correlation function); this was also found to be the 

case in measurements performed in simple air-water loops with diffe

rent stationary and adiabatic two-phase flows, the direct consequence 

of these findings being that no cross-sectionally averaged two-phase 

flow models can be successfully employed for interpreting this kind of 

non-intrusive velocity measurements. 

It is the aim of this work to present an as precise as possible inter

pretation of velocity measurements in BWRs by the cross-correlat ion 

technique, which is based on the radially non-uniform quality and velo

city distribution in BWR type bundles, as well as on our knowledge 

about the spatial "field of view" of the in-core neutron detectors. After 

formulating the three-dimensional two-fluid model volume/time averaged 

equations and pointing out some problems associated with averaging, we 

expound a little on the turbulence mixing and void drift effects, as well 

as on the way they are modelled in advanced subchannel analysis codes 

like THERMIT or COBRA-TF. Subsequently, some comparisons are 

made between axial velocities measured in a commercial BWR by 

neutron noise analysis, and the steam velocities of the four subchannels 

nearest to the instrument tube of one of the four bundles as predicted 

by COBRA-III and by THERMIT. Although as expected, for well-known 

reasons, COBRA-III predicts subchannel steam velocities which are 
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close to each other, THERMIT correctly predicts in the upper half of 

the core three largely different steam velocities in the three different 

types of BWR subchannels (corner, edge and interior). 

In the upper part of the core where a pronounced radial steam velo

city and quality profile exists in the bundles, we associate the main 

peak of the cross-correlation function with the steam velocities in the 

edge subchannels, the second peak with the steam velocities in the 

corner subchannels and the third small peak with the steam velocities 

in the interior subchannels nearer to the instrument tube. This inter

pretation is verified by a computer simulation with synthetic signals 

as well as by a simple analytical phenomenological model, and it 

opens the way for utilizing this kind of measurements (to a certain 

degree and within certain e r ro r bounds on which we elaborate) for 

verification of advanced subchannel analysis codes like THERMIT-2 

or COBRA-TF and in particular, in an indirect way, for assessing the 

applicability of two-phase mixing correlations employed in these codes. 
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1. INTRODUCTION 

Three-dimensional modeling and in-depth understanding of two-phase 

flow in rod bundles is clearly of great importance for the development 

of advanced subchannel analysis codes, able to correctly predict qu

antities of engineering interest in BWR fuel rod bundles. In turn, the 

development of new techniques for measuring some of these quantities 

as accurately as possible and hence, assessing the predicting capabi

lities of these codes is an absolute necessity which should be an inte

gral part of any code development effort. 

In undertaking the present investigation, our main aim has been 

twofold: 

(i) To present a general formulation of the three-dimensional two-

fluid model equations and show how the volume/time averaged approach 

of Kazimi and Kelly (1983) leads to the appearence of extra terms 

which, although neglected in many two-phase flow applications, can be 

associated with Reynold's turbulent mixing and void drift, two mecha

nisms that play a very important role in subchannel analysis of BWR 

fuel rod bundles. Also, tc outline the correlations presently employed 

for modeling these two phenomena (generally known as two-phase mixing) 

in rod bundles, and the way this can improve the predicting capability 

of advanced subchannel analysis codes like THERMIT, COBRA-TF 

etc. 

(ii) To give a precise and physically sound interpretation of two-phase 

flow velocity measurements in BWR by non-intrusive cross-correlation 

techniques (neutron or gamma noise measurements), hence solving the 

long standing problem of the nature of the velocities measured in BWRs 

by noise analysis techniques. Also, to point out how based on our inter

pretation, these measurements can be utilized in a unique fashion for 
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verification of advanced subchannel analysis codes, hence justifying 

one of the originally declared promises of workers in the field of BWR 

noise investigations. 

The present work is organized as follows. We start in section 2 by 

briefly outlining the problems related to two-phase flow in encapsuled 

BWR type rod bundles under a pressure of 70 bars and in particular, 

the radially non-uniform quality and velocity distribution in the three 

different types of subchannels (corner, edge and interior), which becomes 

particularly pronounced at the slug-annular transition (quality of appro

ximately 8%-10%). The situation is drastically different in encapsuled 

PWR type rod bundles under a pressure of 160 bars where, for quali

ties less than 21%, a radially uniform quality and steam velocity di

stribution is observed; this is discussed in some detail and a few qua

ntitative remarks about lateral two-phase mixing and its origin are 

made. Also, a very brief reference is made to three subchannel ana

lysis codes (COBRA-IIIC, THERMIT and COBRA-TF) and the reasons 

why COBRA-IIIC is not appropriate for subchannel analysis of BWR 

fuel rod bundles are shortly stated. Subsequently, we present a general 

formulation of the three-dimensional two-fluid model equations and 

we show how the employment of volume/time averaging (Kazimi and 

Kelly, 1983) leads to the appearence of terms which can be associated 

with lateral two-phase mixing (Reynold's turbulent mixing and void 

drift). These te rms can in no way be determined from first principles, 

and can only be expressed "a posteriori" by appropriate constitutive 

equations. The volume/time averaged approach is briefly compared 

with other averaging procedures and in particular, some problems 

related to the time-averaged formalism are pointed out. Concluding 

this section, a brief account is given of the formulation of constitutive 

equations for modeling two-phase mixing (Reynold's turbulent mixing 

and void drift) in rod bundles and the reasons why turbulent mixing only 
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(as in single phase flow) cannot explain subchannel measurements in 

BWR type rod bundles are exemplified. 

In the second part of this work (section 3) which is to be considered 

as the central core of our investigation, at first, a short critical histo

rical review of the different interpretations of two-phase flow velocity 

measurements in operating BWRs by non-intrusive cross-correlation 

techniques is presented, and the draw backs of the different approaches 

are pointed out. In particular, we concentrate our attention on the fact 

that in the upper part of the core, there are usually three peaks in the 

cross-correlation function (CCF) of such velocity measurements, indi

cating thai we are simultaneously measuring three different velocities, 

and not any kind of cross-sectionally averaged velocity as has been 

conjectured in the past by some workers in the field. (In fact, Behri-

nger and Crowe (1981) were among the first to realize that due to the 

highly restricted "detectors ' field of view" (a purely neutronic effect), 

the main peak of the CCF does not correspond to a cross-sectionally 

averaged steam velocity, but it is more related to the steam veloci

ties near the instrument tube). Subsequently, axial velocity profiles 

inferred from noise analysis are compared with the steam velocities 

of four subchannels (one corner, two edge and one interior) of one of 

the four bundles around the instrument tube, as predicted by the ad

vanced subchannel analysis code THERMIT. It is found that while the 

velocities associated with the main peak of the CCF are very near to 

the steam velocities of the edge subchannels predicted by THERMIT, 

whenever a second or a third peak exists (in the upper half of the 

core), their associated velocities are respectively a little lower (for 

the second peak) and very near (for the third peak) to the steam velo

cities of the corner and interior subchannels respectively predicted 

by THERMIT. For the same four subchannels, the steam velocities 
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predicted by COBRA-IIIC are very near to each other. We hypothesized 

that while the main peak of the CCF is related to the steam velocities 

in the edge subchannels of the four bundles around the instrument tube 

(provided they are under similar thermal-hydraulic conditions), in the 

upper half of the core where due to lateral two-phase mixing, there are 

largely different steam velocities in the three different types of sub

channels (corner, edge and interior), the second and third peak in the 

CCF are associated with the steam velocities in the corner and inte

rior subchannels respectively. This assumption is verified by emplo

ying a computer simulation program which uses synthetic signals to s i 

mulate the neutronic signals received by the detectors from any number 

of subchannels with different velocities, and can account for different 

weighting functions modeling the "field of view" of the detectors, as 

well as the dependence of the amplitude of the signals on the void con

centration (flow pattern) in a particular subchannel. Provided the afore

mentioned assumption is followed, almost all the noise analytic functions 

measured in a commercial BWR between LPRMs A-B, B-C and C-D 

were reproduced by the simulation program. A simple analytical phe-

nomenological model is also shown to give results very similar to the 

measured ones, lence providing a further justification of our assum

ption about the origin of the peaks in the CCF. Also, attempts to run 

the simulation program with subchannel steam velocities predicted by 

COBRA-IIIC resulted in large differences between measurements and 

predictions. Finally, the possibility of utilizing this kind of non-intru

sive velocity measurements for verification of advanced subchannel 

analysis codes is discussed and it is clearly stated that at least within 

certain e r r o r bounds (which are unavoidable due to the extreme comple

xity of the problem), this can indeed be accomplished in a spectacular 

and highly efficient fashion, hence opening the way for testing the pre

dicting capabilities of such codes against measurements performed 
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in real operating BWR fuel rod bundles. In the Appendix, we outline 

the derivation of the void propagation equation within the framework 

of the two-fluid model from the t h r e e volume/time averaged inter

face jump conditions, and some justification is given to the fact that 

we have interpreted the measured velocities as the steam velocities 

and not the void propagattion velocities. 

Concluding, we should say that our present work represents a 

harmonious fusion of our knowledge about the neutronics-related 

characteristics of BWR noise above 4 Hz, and of two-phase flow in 

BWR-type rod bundles, dominated in the upper half of the core (or, 

more precisely, above approximately 10% bundle-average quality) by 

the radially non-uniform void and steam velocity distribution. We be

lieve that this investigation is a step forward not only in relation to 

giving an answer to the long-standing question of the nature of the velo

cities measured in BWRs by non-intrusive cross-correlat ion techniques, 

but also in pointing out the possibilities for utilizing these measurements 

(admitedly, in a rather indirect way) for checking the predicting 

capabilities (as far as steam velocities are concerned) of advanced 

subchannel analysis codes. 
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2. TWO-PHASE FLOW IN ROD BUNDLES 

2. 1 General Remarks 

Two-phase flow in rod bundles is of the utmost importance in BWR 

technology. It has been known for some time that in BWR type rod 

bundles under a pressure of approximately 70 bars, the steam seeks 

the more open high-velocity regions (Bergles, 1969; Lahey et a l . , 

1971; Lahey and Moody, 1977). This effect which, for BWR bundles, 

attains a maximum at the slug-annular transition (approximately at 

qualities 8% - 10%) is not only a characteristic of such systems; in 

fact, this is also the case with adiabatic air-water flows in rod bundles 

(Bergles, 1969) or even with annular flows in simple tubes in which case 

the liquid is "pushed" to the wall, while the gas flows in the central 

core 

For BWR type fuel rod bundles, the direct consequence of the afore

mentioned affinity of the vapour to emigrate towards the more open 

regions (which, in typical operating BWRs, attains a maximum above 

the middle of the core) is that at a specific axial elevation, the qualities 

and steam velocities in the corner subchannels are much lower than 

their bundle-average values at the same axial elevation, in the edge 

subchannels are approximately equal (but, as we shall see later, in 

the upper half of the core, a little lower) to the bundle-averages, while 

as we move into the interior subchannels further and further away 

from the walls of the bundle, they become increasingly higher than the 

bundle-averages. At least as far as the exit qualities are concerned, 

these observations have been repetedly confirmed in experiments per

formed in 3X3 and 4X4 heated BWR type rod bundles, in which the 

exit qualities of the three different types of subchannels (corner, edge 

and interior) were measured by isokinetic probes and compared to the 
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bundle-average exit qualities (Lahey et a l . , 1971; Lahey and Moody, 

1977; W o l f e t a l . , 1981; Kelly e t a l . , 1982; Kazimi and Kelly, 1983). 

Here, we should point out that we define the subchannels as they are 

usually defined in most subchannel analysis codes like COBRA-IIIC, 

THERMIT, COBRA-TF etc. (see Fig. 1; it should be noticed that 

other definitions of subchannel boundaries are available (Lahey and 

Moody, 1977)). In addition to this, the mass fluxes are increasing 

as one moves from the corner, to the edge and to the interior sub

channels (Kelly et a l . , 1982; Kazimi and Kelly, 1983). 

A direct consequence of the aforementioned well-established facts 

is that the question of whether one can achieve flow-pattern identifica

tion in operating BWRs by utilizing the information contained in the 

neutronic fluctuations (non-intrusive neutron noise analysis techniques) 

is an ill-possed question: at the same axial elevation, different flow 

patterns will co-exist at the different subchannels (radial positions); 

there is simply no way that classical methods which work well for 

simple tubes can be utilized in the case of two-phase flow in rod 

bundles. For more details on the subject, the interested reader is r e 

ferred to the recent work of Liibbesmeyer (1983). Here, it is worth 

pointing out the analogy drawn by Lahey et al. (1971) between the two-

phase flow in the upper half of BWR type rod bundles and the flow in a 

simple tube: the upper half of a BWR rod bundle "behaves" like a 

simple tube with annular flow in which the liquid (possibly containing 

bubble - a flow which at least for an adiabatic case can easily be pro

duced (Analytis and Lubbesmeyer, 1983b, d, e)) is pushed on the wall 

of the tube; for a BWR rod bundle, the flow in the liquid ring co r re 

sponds to the flow in the edge and corner subchannels. In section 3 of 

the present work, we shall acUui'.y "prove" that this is indeed the case, 

and we shall show that two-phase flow .^locity measurements in ope

rating BWRs by the c ross -con elation technique ton be successfully 
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Fig. 1 Horizontal cross-section of the four subchannels 

analyzed : 1: Corner subchannel; 2, 3: Edge subchannels; 4: 

Interior subchannel. 
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utilized (within certain inherent e r ror bounds) for verification of 

advanced subchannel analysis codes. 

In contrast to the non-uniform radial quality distribution in BWR 

type rod bundles under 70 bars, a number of similar measurements 

performed in heated rod bundles under 160 bars have shown radially 

uniform exit qualities (Wolf e t a l . , 1981; Kazirni and Kelly, 1983). 

Subsequent reduction of the system pressure to 70 bars resulted 

again in a radially non-uniform quality distribution, typical of BWR 

type rod bundles (Wolf et a l . , 1981). This seems to indicate that the 

radially non-uniform quality (and hence, steam velocity) distribution 

in BWR rod bundles above an 8% quality is primarily a pressure 

pnenomenon rather than geometry effect, and can be explained by 

the fact that the increased tendency of the vapour to seek the more 

open regions is the result of its larger specific volume at lower pres 

sures (Wolf et a l . , 1981). Also, one should take into account the fact 

that at 160 bars, the slug to annular transition occurs at a quality of 

approximately 21% (as opposed to the slug-annular transition at 70 

bars, which occurs at approximately 10% quality). Hence, the region 

of maximi m t.vo-phase mixing is barely reached if the system pressure 

is 160 bars . 

Having briefly touched upon some problems related to two-phase 

flow in rod bundles under different system pressures , one should 

admitedly accept that a "good" subchannel analysis code should be 

able to predict the aforementioned findings. Although we do not intend 

here to establish a motivation for subchannel analysis (the interested 

reader is referred to the work of Lahey and Moody (1977)), we feel 

that a few words related to the prediction capabilities of some codes 

are in crder . For more detailed information, the interested reader is 

referred to the work of Wolf et al. (1981). 
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COBRA-IIIC (Rowe, 1973) is a subchannel analysis code which has 

been extensively used worldwidely, and is a refinement of previous 

versions of the same code. The code is strictly one-dimensional, and 

it is based on the three mixture conservation equations. The coupling 

of the subchannels in the transverse direction is done by means of the 

concept of diversion cross-flow and the transverse momentum equation. 

Comparisons of COBRA-HI predictions with subchannel mass flux and 

quality measurements in encapsuled heated rod bundles under a pressu

re of 70 bars have shown large disagreements; in particular, the pecu

liar behaviour of the corner subchannel (lower than average mass flux 

and much lower than average quality above the 8% quality limit) can in no 

way be predicted by the code (Wolf et a l . , 1981). This is not surprising 

since the vapour drift phenomenon previously explained (i.e the tendency 

of the vapour to seek the more open high-velocity regions) is not mo

delled in COBRA-III; additionally, the spacers are modelled by a uni

form pressure drop term. On the other hand, for measurements per

formed in heated rod bundles under a pressure of 160 bars, the pre

dictability of COBRA-III is very good. In view of our previous discus

sion, this is not at all surprising since at 160 bars, the vapour drift 

phenomenon does not "switch on" before a quality of 21% is reached. 

Hence, one can say with certainty that while COBRA-III can be succes

sfully employed for PWR subchannel analysis, it is bound to fail if 

one employs it for subchannel analysis of BWR bundles. 

THERMIT is a new generation three-dimensional, two-fluid model 

subchannel analysis code into which both lateral two-phase mixing 

(Reynold's turbulent mixing and vapour drift) and a more detailed de

scription of the spacers are modelled by appropriate constitutive equ

ations (Kelly and Kazimi, 1980; W o l f e t a l . , 1981; Kazimi and Kelly, 

1983), and can predict remarkably well subchannel measurements in 
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heated rod bundles under a p r e s s u r e of 70 b a r s . We shall d i scuss the 

modeling of the two-phase la te ra l mixing phenomena in sect ion 2. 4, 

but the in teres ted r eade r is r e f e r r e d for fur ther details to the works 

of Lahey and Moody (1977), Drew and Lahey (1979), Kelly and Kazimi 

(1980) and Kazimi and Kelly (1983). 

Last ly, COBRA-TF (Kelly et a l . , 1982) is a th ree -d imens iona l 

code with 4 m a s s equations (vapour, liquid, ent ra ined droplets and 

non-condesibles) , 3 momentum equations (vapour, liquid and ent ra ined 

droplets) and 2 energy equations (vapour, l iquid+entrained drople ts ) . 

The l a t e ra l two-phase mixing model employed in COBRA-TF is s i m i 

l a r to the one employed in THERMIT, and the code ' s predic t ive capa

bility of subchannel m e a s u r e m e n t s per formed in encapsuled heated 

rod bundles is quite good; though, as pointed out by Kelly et a l . (1982), 

one specific a rea of improvement is the two-phase mixing model i t 

self. 

In the following sect ion, we shal l briefly outline the derivation of 

the th ree-d imens iona l , two-fluid model equations and by following the 

vo lume/ t ime averaging procedure of Kazimi and Kelly (1983), we shal l 

s e e that the resul t ing equations contain t e r m s which a r e usually not 

taken into account in most two-phase flow apolicat ions, and which can 

be associa ted with the Reynold's turbulent mixing and the void drift, 

whose modeling by appropr ia te consti tutive equations (section 2.4) , as 

we have al ready stated, improves the predic t ing capability of subchannel 

analys is codes, mainly in relat ion to two-phase flow in BWR type ( p r e s 

s u r e of 70 bars) fuel rod bundles. 
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2.2 Mult i-dimensional modeling of turbulent and distr ibut ive effects 

in the two-fluid model: vo lume/ t ime averaged equation. 

In this section, we shall outline the derivation of the vo lume/ t ime 

averaged three-d imensional two-fluid model continuity equations; in our 

derivation, we shall follow the approach of P rospe re t t i (1982), and we 

shall see that these equations lead naturally to t e r m s which although 

neglected in many pract ical two-phase flow applications (Hughes et a l . , 

1976), in the case of two-phase flow in rod bundles, provided they can 

be expressed in t e r m s of appropria te constitutive equations, they can 

explain the vapour drift and turbulent mixing effects (Kazimi and Kelly, 

1983). Although our formulation will be quite general , we shall closely 

follow the philosophy of Kazimi and Kelly (1983); in the following section, 

we shall discuss the differences between the nresent approach and the 

one based only on t ime averaging (Drew and La* .^ , 1979, 1981, 1982). 

We shall consider an a r b i t r a r y but fixed volume V (see Fig . 2 ) en

closed by a boundary surface S in the region occupied by the two-phase 

mix tu re . P a r t of this boundary surface consis ts of the boundary of a 

s ta t ionary solid (eg. fuel pin); in general , we shall have for the boundary 

3 V of V: 

9V= SuS.US^US,, „.„ 

where { / denotes the se t - theore t ic union. We shal l denote by V 

(where the subscr ipt "k" s tands ei ther for the gas or liquid phase) the 

volume occupied by the phase "k" and by S , S., S „ S . and S 
3 v J g V gl' wl wg 

the interfacial a rea between the gas and the surface of the control 

volume, the interfacial a r ea between the liquid and the surface of the 

control volume, the interfacial area between the gas and the liquid phase . 
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Stationary solid 

Fig. 2 Cross-section of the averaging volume V. 
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the interfacial area between the surface of the stationary solid and the 

liquid, and the interfacial area between the surface of the stationary 

solid and the gas respectively. For the boundaries ^ V of the 

volumes occupied by the gas and the liquid phase we shall have 

9V5=S}USa,USWj 

n= stusttus„ 

For any conserved quantity F relative to phase k which is distri-

buted with a mass density f , the following general conservation 
K 

principle will hold 

Jt 

S. 5wk 

- J 
lere 

\?J>W 
r 

vk and fK 

(2.3) 

are the velocity and density of phase k respecti

vely, Q the volume source strength per unit mass , v. the velocity 

of the interface S (which, from now on and for the same of notational 
gl 

convenience we shall denote by S.), "..the unit vector which is normal 

to the phase k and outwardly directed, and r „ the non-convective 

flux representing the non-convective transport of F across (or 
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surface generation on) the boundaries S, , S and S 
k 1 wk 

Equation (2.3) is a general s ta tement of the conservation principle 

of F, valid for any volume V. We shal l now take V to be an a v e -
k 

raging volume centered around a point r . Also, we shal l depart a l i t t le 

from tho> approach of P r o s p e r e t t i (1982), and for any quantity q 

pertaining to phase k, we shall define the following volume average 

where we have introduced the volume f r a c t i o n ^ O O of the phase k 

defined by 

Also, for any vector or t enso r quantity /W~ , we shal l have (P rospe -

re t t i , 1982) 

J ™ ~" J~ 
(2.6) 

\ \ 

If we now take into account equations (2.4) and (2. 6), it can readily be 

shown that equation (2.3) can be written in the following way 

(*) It is to be noticed that although q, (r_, t) is defined only within phase 

"k", by volume-averaging, wt " s m e a r out" this quantity and make 

it non-ze ro even for point"- located outside the phase "k". 
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£<«*£>+ ¥<*/•.£*>-?<*£>-

v J- ' "' 

We shall now proceed and time-average equation (2. 7). Without 

getting into much detail (Ishii, 1975) and if we take into account that 

the volume and time averaging operators are commutative (Delhaye 

and Achard, 1978) ( i .e . for any quantity q ^ Q i , ) " \ . % ^ )» 

we shall have 

dt <«JX> * ¥<<fi!v.>-7.<«*Ky -

$ * 

We shall now express all the averages of products in equation (2.8) 

in terms of products of averages; it can readily be shown after some 

straight forward algebra that we shall have 
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£<*XRXI>+¥-<*><Z><0<*>-

* S„t 

PS 
H -?4*-?4+4 (2.9) 

where 

<%=<^£>-<5><£>a> 

$„ = «*.>-<"«><&> 

<*L = <««£& > - <«-,><£><£> 

(2.10a) 

(2.10b) 

(2.10c) 

(2.10d) 

a r e cor re la t ion coefficients which, in the th ree-d imens iona l modeling 

of the equations a re usually taken equal to ze ro (at l eas t in the volume 

averaged approach (Prospere t t i , 1982)) s ince , by thei r ve ry na tu re , 

th ree -d imens iona l models a r e able to resolve the "de ta i l s" of the flow 

in the radia l di rect ion. We shall see that general ly this is not the c a s e 
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(Hughes et a l . , 1976) and that provided these t e r m s a r e taken into 

account and proper ly modelled by consti tutive equations, they can 

explain l a t e r a l mixing in rod bundles due to turbulence and void drift 

(Kazimi and Kelly, 1983). 

We sha ' l now assume that the instantaneous value of any local 

var iable q can be written as a sum of a t i m e - a v e r a g e component 

and a fluctuating component 

- ' (2.11a) 
%- % + l 

with 

£ ' = O (2.11b) 

Also, we shall wri te the local t ime-ave raged value "q* a s a sum of a 

vo lume-averaged component and a d is t r ibu t ion- re la ted component in a 

control volume 

?«-<*>***" (2.12a) 

with 

Final ly, we shall make the usual assumption that within the averaging 

volume V, the density is constant and hence, P ~ P ~ °-

With equations (2.11a) - (2.12b) taken into account, one can readi ly 

show after some s imple a lgebra that the cor re la t ion coefficients 

defined by equations (2.10a) - (2. lOd) can be written in the following 

way 
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• 4 = <«I>[<P;XIV><P:> 

I <<*K> 
+ •> 

(2.13b) 

(2.13c) 

(2.13d) 

In the above equations, all the terms superscripted by " " are asso

ciated with quantities inducing turbulence mixing, while terms super

scripted by " f " are associated with quantities inducing vapour drfit. 

In equation (2.13b), for reasons that will become obvious in due course, 

we have denoted these two terms by ^ and T 
respectively. 
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Next, we shall consider the two integrals on the right hand side of 

equation (2. 9). If we take into account equations (2. 11a) - (2. 12b), it 

can readily be shown that we shall have 

s- s, 

5 (2.14a) 

^ jt- *A* - 7- j<$.>A*/s*< * 
s - k S w l ( 

• i c / S w i < <2-14b> 

In equation (2.14a), we shall disregard the third integral on the right 

hand side. Also, in the second and first integrals on the right hand 

side of equations (2.14a) and (2. 14b) respectively, <0 S can be 

taken outside the integral sign since it is a volume-time averaged 

quantity. Then, the sum of these two terms appearing in equation 

(2.9) can be written in the following way 
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± J < t > ^ S . 4- 1 JV$ >vidSwK = 
SU 

v J - < v j * 

= _ i&L Ĉ i Js, = _ < ^ > v < ^ > <2-i5> 
v s* 

where in passing from the second to the third equality in equation (2.15) 

we have made use of the fact that since S . I JS , I J S, is a closed 
I wk w k 

surface, 

Ja/^iWVjaA*Ji^+(kJS«-° ,216) 

and in passing from the third to the fourth equality, we have made use 

of equation (2. 6) with V^ = I (identity tensor) and of the time-averaged 

equation (2.4) with q = 1. 

If we now take into account equations (2.14a)-(2.16), it can readily 

be shown after some simple algebra that equation (2.9) can be written 

in the following way 
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/ — • * 

where we have neglected tha t e rm doUix/B't , while °C^ and e O 

a r e given by (cf. equations (2.13b) and (2.13c)) 

<s/= <<>fT- <<E>-<?x«&> ,2l7b) 

4 + = <^>T'-- <<£>-<?x«:o (2.17c) 

the fo rmer one being associa ted with turbulent mixing, and the la t te r 

one with vapour drift effects. The equations of conservat ion of m a s s , 

momentum and energy can now be obtained di rect ly from equation (2.17a) 

by following s tandard procedures (Hughes et a l . , 1976; P r o s p e r e t t i , 

1982; Analytis and Liibbesmeyer, 1983b); he re , we shall outline the 

derivation of the equations of conservat ion of m a s s and momentum. 

The equation for the conservat ion of m a s s (for each phase) can 

readi ly be obtained by set t ing in equation (2.17a) O k ^ = *» Ki^' \fi' 

= 0. We shall have 

+ KW= r (2.18a) 
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where 

f-^I-£^-5>^ (2.18b) 

is the rate of appearence per unit volume of phase k at the intarfaces 

which is usually given by appropriate constitutive equations (Hughes 

e t a l . , 1976), while the terms W and W are associated with 

the turbulent and vapour drift mass fluxes respectively, and are given 

by (cf. equation (2.13b)) 

(2.19a) 

(2.19b) 

T vd 

where G, and G. are the turbulent and vapour drift mass fluxes 

respectively. As we shall see in the following section, these terms 

are modelled by appropriate constitutive equations. 

Next, we shall derive from equation (2.17a) the equation of mo

mentum conservation by setting ^f.^ = ^ . y . ^ » 4> = - P t I + 7fk 

where p is the phasic presuure, _£ is the identity tensor and £ M 

the viscous s t ress tensor, and 0 = g (the gravity acceleration) 

which is independent of the index k. Due to this, it is clear that oOfi 

defined by equation (2.13d) is identically equal to zero. It can readily be 

shown that the equation of conservation of momentum can be written 

down in the following way 
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a ,-. 
at <*,xg,><K>+ ¥<i><ix$><v>+ 

(2.19) 

In the above equation, the different terms are defined in the following 

way (we have set p, = p, I ): 

<*>£=•& & * C5-30-:aA (2.20a) 
\ Ju -* \—* - * y — n « 

sr 

is the momentum exchange term due to mass exchange at the interfaces. 

The velocity ^ 3 : - ^ , usually called "intrinsic velocity", is obtained 

from simple physical models or empirical correlations (Hughes et a l . , 

1976; Prosperetti , 1982). The phase-solid and phase-phase interface 

momentum exchange terms F and F (j = 1, 2) respectively, are 

de fined by 

(2.20b) 

s s 

W5^Hfr2^Ji* "•"•' 
and are also given by empirical correlations (Hughes et a l . , 1976; 
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Kelly and Kazimi, 1980); we shall not e laborate on t he se cor re la t ions 
T/ v d / 

h e r e . Finally, the t e r m s M, and M a r e the momentum exchange 

t e r m s due to turbulent mixing and vapour drift respect ively , and a s it 

can be seen from equations (2.13b), (2.13c) and (2.17a) a r e given by 

(2.20d) 

(2.20e) 

with the appropr ia te aforementioned values given to 4> and j . At this 

point, it is in teres t ing to note that if al l the fluctuating and dis t r ibut ion-

re la ted components (cf. equations (2.11a, b)) of the different va r iab les , 

except for the fluctuating components of the phasic veloci t ies a r e se t 

equal to zero , it can readily be shown from equations (2.13a)-(2.13c) 

that equations (2.20d) and (2.20e) will reduce to 

-7{«>£.T} (2.21a) 

(2.21b) 

where *V can be recognized as the turbulence Reynold's s t r e s s 

tensor (Ishii, 1975; Delhaye and Achard, 1978; D r e w e t a l . , 1978; 

Drew and Lahey, 1979, 1981; Drew and Lahey, 1982; though, it 

should be recognized that in the t i m e - a v e r a g e approach of these 
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authors, the volume-average brackets in equation (2.21a) should be 

dropped-off; we shall briefly discuss the different averaging proce

dures as well as their relation to the present model in the following 

section). The present approach originally formulated by Kazimi and 

Kelly (1983), shows that additional te rms appear in the three-dimen

sional averaged equations of the two-fluid model. The momentum equ

ation (2.19) is usually written in a non-conservative form by perfor

ming the indicated differentiations and eliminating some of the resulting 

terms by making use of the mass continuity equation (2.18a), after 

multiplying it through by <"x<>; afetr some simple algebra, we finally 

get 

<*><pK> 4 ^ V <<><?.>{<v>y}<£>+ 

+<ZXK> % (2,22a) 

where 

For the sake of completeness, it is worth pointing out here that we 

have disregarded the small difference between phasic average and inter-
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facial p r e s s u r e . It has been shown by Agee et a l . (1978) that taking into 

account this difference, leads to a numerical ly s table sys tem of equ

ations even for l a rge differences between the phasic veloci t ies ; negle

cting this sma l l p r e s s u r e difference, leads to an i l l -possed initial value 

problem with complex cha rac t e r i s t i c s for al l re la t ive veloci t ies g rea te r 

than z e r o . Within the framework of the p resen t model, this p r e s s u r e 

difference can be modelled by writ ing 

s - <$>+}: = <§>+ <*&>+ ^ (2.23a) 

where 

(2.23b) 

(2.23c) 

where p. is the interfacial p r e s s u r e . If we now take into account that 
<\,i 

to obtain the momentum equation we mus t set d > s _ p . I + *C, , we 

can make use of equation (2.14b) and going again through the algebra 

resul t ing in equation (2.17a) and eventually in the momentum equation 

(2.19), it can readily be shown that *.ne momentum equation can now 

be written in the following way (conservative form) 

^•<*.XF«X5>+ ¥<*.><&><%><**>•<-

+ <^>F<p.>-<^>.V<^>-<<?.>V<s>= 

<$>c- £, +& - #:'+ &+ «?><£>» (2 24) 
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where F and F are given by equations (2.20b) and (2.20c) r e 

spectively, with fp . . in place of p . In subcharnel analysis 

codes (as well as in codes like TRAC), both the t e rms associated 

with viscous dissipation ( ^JS 5 ^ 3 * ^ ^ anc* w* t n t n e difference between 

the average phasic and interfacial presuure ( ^ A p V V^"^»} ) in the 

momentum equation (2. 24) are set equal to zero. 

By following exactly the same procedure outlined above, one can 

obtain the volume/time averaged phasic energy equations; also here, 

there will be extra terms associated with turbulent mixing and void 

drift heat fluxes (Kelly and Kazimi, 1980; Kazimi and Kelly, 1983). 

We shall not elaborate on the derivation of these equations here; the 

interested reader is referred to the works of Hughes et al. (1976) and 

Prosperetti (1982). 

2.3 Discussion and comparison with other approaches 

In the previous section, by following the philosophy of Kazimi and 

Kelly (1983), we presented a general derivation of the three-dimensional 

two-fluid volume/time averaged equations and we showed that the volume/ 

time average approach, leads naturally to the appearence of extra terms 

related to turbulent and distributive effects. Essentially, what we did 

was to express all local instant variables appearing in the correlation 

coefficients in equation (2.9) as sums of a volume/time averaged compo

nent, a fluctuating component, and a distribution-related component in 

the control volume; also, we expressed the time-averaged local instant 

variables appearing under the integral signs in this equation as sums 

of volume/time averaged components and distribution-related compo

nents. 
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An approach s i m i l a r to the one we followed in section 2.2 was a lso 

followed by Hughes et a l . (1976) and by P r o s p e r e t t i (1982). These 

authors , derived volume-averaged equations and they pointed out that for 

most prac t ica l purposes , the corre la t ion coefficients through which the 

products of vo lume-averages a r e expressed in t e r m s of averages of p ro 

ducts can be neglecetd. Though, Hughes et a l . (1976) r emarked that in 

ca ses like two-phase flow in rod bundles, these t e r m s may play a signifi

cant ro le in understandong the radially non-uniform void distr ibution. Also, 

the approach of the aforementioned authors is a l i t t le different to ours s ince 

they defined the volume average of any quantity q (r, t) by the following 

equation 

k v* 

(2.25) 

<<OV v 

without subsequently t ime-averag ing the resu l t ing volume-averaged equa

t ions . In cont ras t , the analys is pursued in sect ion 2. 2 i s more general , 

and has the ability to i l lus t ra te the difference between the product of a v e 

rage (both in space and time) var iables and the average of the product of 

the va r i ab l e s . 

As opposed to volume-averaging, t ime-averag ing has been employed by 

many authors in the field for formulating th ree-d imens iona l two-fluid 

model equations (Ishii, 1975; Delhaye and Achard, 1978), and this for

mulation was extensively used by Drew et a l . (1978) and by Drew and 

Lahey (1979, 1981, 1982) for investigating the rad ia l phase distribution 

mechanism in two-phase flows, and present ing a r igorous derivation of a 

previously postulated void drift corre la t ion (Lahey and Moody, 1977). 
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The time-averaged equations for mass conservation for example are 
T vd 

identical to equation (2.18a) with W, = W, = 0, while the ones for 

momentum conservation are identical to equation (2. 19) with M, = 0 
T _ ~ k 

and M, : V ) o^„ f ]•, where f „ is the Reynold's turbulence 

s t ress tensor (clearly, in the time-averaged equations, the brackets 

^ y indicating volume-averaging are dropped). 

As mentioned before. Drew et al. (1978) employed the time-averaged 

mass and momentum equations for a stationary and adiabatic two-phase 

flow in a tube and with data obtained from the pioneering work of Ser i -

zawa et al. (1975), they were able to show analytically that for bubbly 

and slug flows, provided the anisotropy of the liquid turbulence was 

taken into account, one could reproduce almost exactly the radial void 

distribution in these flow regimes, as measured by Serizawa et al. 

(1975). In other words, they showed that the voids seek the regions 

where the turbulence kinetic energy of the liquid is higher, and conclu

ded that the radial void distribution is determined by the radial distr i

bution of the liquid phase turbulence and is governed by the anisotropic 

nature of turbulent two-phase flow. Hence, in their analysis, the do

minant role was played by the Reynold's s t ress tensor *f- of the li-

quid phase. Subsequently, Drew and Lahey (1981) extended their model 

to channels of arbitrary cross-sections and they were able to provide 

analytically (Drew and Lahey, 1979) a justification of the equilibrium 

void distribution model (Lahey and Moody, 1977) which, as we shall 

explicitly see in the following section, is being used in advanced sub

channel analysis codes for modelling two-phase flow lateral mixing in 

rod bundles. 

The employment of time-averaged equations for the description of 

two- or multi-phase flow has recently been criticized by Sha et al . 

(1983). According to these authors, simple time-averaging removes 
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the distinction of dynamic phases and in general, gives a fraction of 

residence time of a phase rather than a volume fraction of the phase. 

According to Sha et al. (1983), the identity of dynamic phases is pre

served by local volume averaging first, while subsequent time-averaging 

determines the deviations of averages of products and products of avera

ges. They derived volume/time averaged equations by starting from 

the volume-averaged ones, and separating the local instant variables 

into a low-frequency volume-averaged component and a small high-

frequency fluctuating component; the resulting equations were subse

quently time-averaged. The approach of Sha et al. (1983) is a little 

different to the one of Kazimi and Kelly (1983) on which we based our 

analysis in section 2. 2; though, we do not intend to elaborate on the 

differences and similarities between the two approaches here. Never

theless, it is quite clear that for three-dimensional two-phase flows, 

simple time-averaging of the local instantaneous equations may lead to 

erroneous results, a typical example being the one of a separated flow. 

In this case, the time-averaged void fraction (for example, in a s t rat i 

fied flow) will be either zero or one, depending on whether the point 

of observation is in the liquid or in the gas phase. On the other hand, 

it is patently clear that time-averaging will work perfectly well for 

dispersed flows (eg. bubbly flows) which are stationary; in fact, in this 

case, it is intuitively clear that the phasic volume fraction will be almost 

identical to the fraction of residence time of that particular phase at any 

point in the flow. Though, even for this case, the existence of a radial 

velocity and void profile in bubbly flows (Analytis and Lubbesmeyer, 

1983a; Serizawa et a l . , 1975) may even invalidate the aforementioned 

statement to an unknown degree. 
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2.4 Modeling of turbulent-mixing and void-drift in advanced subchannel 

analysis codes 

In section 2 . 1 , we have already pointed out the neccess i ty of a 

" c o r r e c t " modeling of the la te ra l two-phase mixing phenomena (Rey

nold ' s turbulent mixing and void drift) for in terpre t ing subchannel 

measu remen t s in encapsuled heated rod bundles under p r e s s u r e of 

70 ba r s , which a r e representa t ive of BWR fuel rod bundles (though, 

containing a sma l l e r number of rods than a BWR fuel rod bundle does) . 

In our derivation of the th ree-d imens iona l , two-fluid volume/ t ime 

averaged equations in section 2 .2 , by following the approach of Kazi-

mi and Kelly (1983), we showed that the resul t ing equations contain 

two groups of ex t ra t e r m s , one which could be associa ted with the Re 

ynold 's turbulent mixing (which is the only mixing t e r m in the case of 

a s ingle-phase flow), and one which could be associa ted with the vapour 

drift (which, a s we have seen, is a very important phenomenon in two-

phase flows). It is our aim in this sect ion to e laborate a l i t t le on these 

two t e r m s and summar i ze the constitutive equations present ly used in 

advanced subchannel analysis codes like THERMIT and COBRA-TF. 

F o r an excellent outline of the subject a s well as for an introduction 

to the a ims and in t r icac ies of subchannel analys is , the in teres ted r eade r 

is r e fe r red to the book of Lahey and Moody (1977). 

We shal l s ta r t our discussion by cons ider ing turbulent mixing in 

two-phase flow sys t ems , which can be visual ized as being due to t r a n 

s fe r s of "glc'os" of fluid between two neighboring subchannels . C le 

a r ly , in single phase flow, this r e su l t s into no m a s s t r ans fe r s ince the 

density in adjacent subchannels is the s a m e . In cont ras t , in two-phase 

flow sys tems m a s s t rans fe r between adjacent subchannels does take 

place, and can be viewed as an exchange of globs of equal volume but 
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different density. This implies that the t r a n s v e r s e turbulent fluctu

ating velocities of the vapour and the liquid phase a r e equal (Lahey and 

Moody, 1977). If we now consider two adjacent subchannels m and n, 

for the phase k, the turbulent mass flux, shea r Reynold 's s t r e s s and 

energy exchange can be written down compactly in the following way 

(Lahey and Moody, 1977; Kazimi and Kelly, 1983) 

C o = I jfcxgxf >;>- (<ZXRXV\] (2.26) 

where K&}~ 1 f ° r the turbulent m a s s flux case , ^ 3 j \ = v_ for the 

shea r Reynold's s t r e s s case and ^ ^ ^ = e (internal energy) for 

the turbulent energy exchange case . \£/Jc) is the turbulent t r a n s v e r s e 

velocity; £ is the eddy diffusivity and v the mixing length. 

Unfortunately, the aforementioned formulation of the t e r m s a s s o c i 

ated with turbulent mixing is not sufficient for predict ing the observed 

data t rends on which we have already repor ted in section 2.1, even if 

the magnitude of the mixing is assumed to be infinite. This can c lear ly 

be seen from equation (2.26) for the case of turbulent m a s s flux ( i . e . 

^Jfr \ = 1). In this case , if one assumes that there is infinite mixing, 

if one is to have finite turbulent mass fluxes, the subchannel void 

fractions must be the s a m e . Moreover, equation (2. 26) implies that 

for any fluctuating velocity £ / £ . the void distribution tends t o 

wards a uniform radia l distribution r a the r than the observed non-uni

form equilibrium distribution (Lahey and Moody, 1977). Notice that 

by writing down equation (2.26), we have identified the right hand side 

with the turbulent mixing t e rm appearing on the right hand s ide of 

equation (2.17a). 
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In order to be able to predict the affinity of the vapour for the more 

open regions of a rod bundle, a phenomenological model was developed 

(see Lahey and Moody, 1977), based on the hypothesis that the net two-

phase mixing is proport ional to the nonequilibrium void fraction gra

dient which, in turn , impl ies that there is a s t rong t r e n d toward the 

equilibrium distribution and that when this s tate is reached , the net 

exchange due to mixing c e a s e s . Hence, equation (2.26) is supplemented 

by an extra t e r m modeling the void drift, which we as soc ia t e with the 

t e r m aft on the r ight hand side of equation (2 .17a) . Fo r the overal l 

two-phase mixing, we shall now wri te 

where the subscr ip t "EQ" denotes the equilibrium dis t r ibut ion. Both 

in THERMIT and in COBRA-TF, the express ions for the equilibrium 

distributions a re formulated by extending the following assumption 

(Lahey and Moody, 1977; Kelly and Kazimi, 1980) 

28a) 

'a? 

where K i s a proport ionali ty constant, and we have defined 
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is the mass flux of phase k for subchannel m. It is now quite clear 

that equation (2. 28a) allows us to predict correctly subchannel measu

rements. To see this, let us assume that the subscripts m and n 

refer to subchannels 1 (corner) and 2 (edge) in figure 1. Then, since 

in the corner subchannel the mass flux is lower than in the edge sub

channel, in equation (2.28a) ^ C T ^ - ^ G^^O and hence, in agree

ment with experimental findings, we shall also have K^X - ^°(}K>®' 

Though, in the diabatic case, equilibrium conditions are never achieved; 

it is quite clear from equation (2. 26) that while turbulent mixing causes 

a flow of the liquid from subchannel 1 to subchannel 2, and a net flow 

of vapour from subchannel 2 to subchannel 1, void drift works in exactly 

the opposite direction (Lahey and Moody, 1977). 

In the advanced subchannel analysis codes THERMIT and COBRA-TF, 

the assumption implied by equation (2. 28a) is extended and it is assumed 

that each of the three equilibrium distributions can be related to the 

appropriate mass flux distributions. Hence, we shall have 

\(<^><P.><P)m- «**><£Xl>\}Eq = 

= ±K<^^~<P'\k<><Fr><7K>) H-

(2.29) 

where the plus sign corresponds to the case that k stands for the vapour 
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phase, while the minus sign corresponds to the case that k stands 

for the liquid phase (Kelly and Kazimi, 1980). It is clear from equa

tions (2. 29) and (2. 28b) for the momentum case the equilibrium 

distribution will be equal to zero for both phases. 

The inclusion of the aforementioned two-phase mixing models in 

advanced subchannel analysis codes greately improves their predicting 

capability. As an example, in Fig, 3, the measured corner subchannel 

exit qualities of a Generai Electric 3X3 uniformly heated rod bundle 

are plotted versus the bundle average exit qualities and compared with 

the THERMIT predictions. The continuous line is a linear fit to the 

measured points. The agreement between measurements and predi

ctions is extremely good and although the scattering of the measured 

points is relatively high, if one is to take the fitted line seriously, it 

could be said that probably THERMIT still over-predicts a little the 

exit qualities of the peculiar corner subchannel. Though, we should 

bare in mind that in this kind of quality measurements by isokinetic 

probes, a high degree of data scattering is inevitable, particularly 

when one is measuring in a system as complicated as a rod bundle in 

which, not only the subchannel boundaries and the control volumes in

troduced for the numerical solution of the two-phase flow equations do 

not exist, but also the radial quality distribution and mass fluxes are 

extremely sensitive to changes of heat production and inlet flow condi

tions. Moreover, when comparing advanced subchannel analysis 

codes predictions with measurements, it should not be forgotten that 

the two-phase mixing correlations briefly outlined in this section in

troduce a number of open parameters like ( fy^c') (equation (2. 27)) 

or K (equation (2.28a)) (Kazimi and Kelly, 1983); to a certain extent, 

the predicting capability of all advanced subchannel analysis codes 

will heavily depend on these parameters, hence still leaving a relatively 

high degree of arbi t rar iness . 
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Fig. 3 Comparison of measured and predicted Exit Quality in corner 

subchannel for G. E. uniformly heated 3X3 rod bundle (Kazimi and Kelly, 

1983). 
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In connection to these last remarks, we should point out that com

parisons of subchannel mass fluxes and exit qualities measured in a 

3X3 heated rod bundle with COBRA-TF predictions reported by Kelly 

et al. (1982) have shown that even with advanced subchannel analysis 

codes like COBRA-TF which include the two-phase mixing models 

briefly reported in this section, there a re disagreements between mea

surements and predictions in some cases; in fact, Kelly et al. (1982) 

have stressed the necessity for further assessment and improvement 

of these two-phase mixing correlations. In the second main part of this 

work, we shall report in detail on the way that non-intrusive two-phase 

flow velocity measurements in operating BWRs by the cross-corre la

tion technique can be directly utilized for testing the predicting capabi

lities of advanced subchannel analysis codes in real BWR nuclear fuel 

bundles. In particular, we shall show that the three peaks of the CCF 

in measurements performed in the upper half of the core can be asso

ciated with th i largely different steam velocities in the three different 

types of BWR bundles subchannels nearer to the instrument tube where 

the neutron or gamma detectors are situated. This remarkable finding 

will allow us to compare the three simultaneously measured steam 

velocities with the corresponding ones predicted by subchannel analysis 

codes and hence, indirectly, assess the two-phase mixing correlations 

employed. Provided the four bundles around the instrument tube are 

under very similar thermal hydraulic conditions, the uniquness of the 

method lies not only on the fact that the predicting capabilities of the 

codes can be tested against measurements in real operating BWR 

bundles, but also that velocities can be measured from the bottom to 

the top of the core, although it is only in the upper part that the steam 

velocities in the three different type of subchannels discretely manifest 

themselves as three peaks in the CCF. 
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3. TWO-PHASE FLOW VELOCITY MEASUREMENTS IN BWR FUEL 

BUNDLES 

3. 1 General remarks and historical digression 

Our aim in this section is to present a short historical critical 

review of the state-of-the-art of two-phase flow velocity measurements 

in operating BWRs by the cross-correlat ion technique; in particular, 

we shall mainly concentrate our attention on the different interpretations 

given to the measured velocities and whenever necessary, we shall 

also refer to results of non-intrusive two-phase flow velocity measure

ments in glass loops with stationary and adiabatic two-phase flows, 

with visible light beams as the information ca r r i e r s . Also, we shall 

briefly refer to the problem of the highly restricted "field of view" 

of the neutron detectors, which is directly related to the short (a few 

cms) spatial relaxation length of the thermal neutron kinetic adjoint. 

For an extensive review of the way that the aforementioned points are 

related to the practical applications of BWR noise, the interested 

reader is referred to the recent work of Liibbesmeyer (1983c). 

The principles of two-phase flow velocity measurements in BWRs 

by the cross-correlation technique are more or less well known and 

we shall not elaborate on them here to any great extent. In Fig. 4, a 

schematic diagram of the four bundles around the instrument tube 

with the LPRMs and the transversing incore probe (TIP) is shown. 

There are instrument tubes at different radial positions in the core 

of a commercial BWR, the one shown in Fig. 4 corresponding to the 

radial position 12-13. The four LPRMs (named, from the bottom to the 

top, A, B, C and D) are thermal neutron detectors located at fixed 

axial positions, at heights 0.457m, 1.372m, 2.286m and 3.20m from 



- 43 -

bundle 11-14 bundle 13-14 

oo 
00 
00 
00 
oo 
00 
00 
oo 

ooo 
000 
ooo 
ooo 
ooo 
000 
000 
ooo 

000s 

ooo 
ooo 
ooo 
000 
000 
000 
ooo 

: \ OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
P O O O O O O Q 

bundle 11-12 

oooooooo1 

OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO 
OOOOOOOO; 

Detector 

000 
000 
000 
ooo 
000 
000 
000 
ooo 

ooo 
000 
ooo 
ooo 
000 
ooo 
ooo 
ooo 

oo 
oo 
oo 
00 
00 
oo 
oo, 

bundle 13-12 

Fig . 4 Schematic diagram of the four bundles in a BWR around the 

detector . 
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the bottom of the core, while the TIP is a neutron or gamma sensitive 

detector which can move axially inside the instrument tube at different 

heights. One then performs a cross-correlation (LPRM-LPRM or 

LPRM-TIP) of the fluctuating signals and after eliminating the low-

frequency reactivity component of the noise field by high-pass filte

ring (at approximately 4 Hz), one obtains an axial velocity from the 

main peak of the CCF, which is usually associated with the "velocity" 

at the middle between the two detectors whose fluctuating signals we 

cross-correlated, the main question now being what kind of two-phase 

flow velocity we actually measure (or, to be more precise, since in 

the upper part of the core there are more than one peaks in the CCF, 

what kind of "velocities" we actually measure). 

Kosaly et a l . (1977) were among the first to realize the potential 

of noise analysis for two-phase flow studies in BWRs. By using the 

phase of the complex cross-power spectral density (CPSD) of the 

signals from different pairs of axially placed detectors at the radial 

position 12-13, they computed axial velocity profiles of an operating 

BWR at this radial position. They postulated that the neutronic fluctu

ations are driven mainly by the axial propagation of bubbles and slugs, 

but in the upper part of the core, they assumed that they are driven 

by the entrained droplets. In general, they associated the measured 

velocity with the cross-sectionally averaged steam velocity of the 

four bundles around the instrument tube, and they found very good 

agreement with the calculated bundle-averaged steam velocities. It 

is worth pointing out here (we shall come back to this point in due 

course) that in these measurements, the exit quality (averaged over 

the four bundles around the instrument tube) was approximately 13%. 

Also, we should mention that Kosaly et al. (1977) were the first to 

find that in the upper part of the core, one also measures a second 

velocity lower than the main one, which manifests itself by a change 
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of the slope of the linear phase at approximately 25 Hz (second transit 

time effect); this velocity was attributed to the axial propagation of 

interface waves in the upper regions of the core, where annular flow 

was supposed to exist. It is also worth mentioning that at the same 

time when the aforementioned measurements were performed, more 

measurements were made by utilizing the instrument tube at the radial 

position 4-21; these measurements only appeared recently (Kosaly and 

Fahley, 1982) and were also analyzed by Analytis and Lubbesmeyer 

(1982, 1983c) as we shall presently see. In these measurements, the 

average exit quality was 15%, and in the upper part of the core, the 

measured velocities were below the predicted bundle-average steam 

velocities. This difference was much more pronounced than in the 

measurements performed at the radial position 12-13. 

Meanwhile, there were a lot of theoretical investigations related 

to the spatial relaxation length of the thermal neutron kinetic adjoint 

which is directly related to the so called "local component" of the 

neutron noise field and hence, gives an estimate of "how far" inside 

the bundles the detectors are able to "see". Independently of the method 

of analysis employed (homogeneous diffusion theory, heterogeneous 

diffusion theory, homogeneous transport theory), one finds that the 

spatial relaxation length of the thermal neutron kinetic adjoint is of 

the order of a few cms (Behringer et a l . , 1977; Fuge, 1975; Sweeney 

and Robinson, 1980; Difilippo, 1982; Analytis, 1982a, b, 1983a, b; 

Kosaly and Sanchez, 1982; F r y e t a l . , 1981) and hence, the "two-phase 

flow events" occuring in the vicinity of the detectors will play a domi

nant role for the interpretation of the measured velocities. As early 

as 1981, this was recognized by Behringer and Crowe (1981) who moved 

closer to the solution of the problem of the kind of two-phase flow ve

locity one measures in operating BWRs by noise analysis techniques. 
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They analyzed velocity measurements performed in 1978 at the radial 

position 12-13 of an operating BWR (in this case, the bundle-average 

exit quality was approximately 23%). These measurements were much 

more systematic than the previous ones, since a larger number of 

measuring positions was chosen. Behringer and Crowe (1981) found 

that in the upper half of the core, the measured velocities were now 

much lower than the bundle-average steam velocities predicted by 

COBRA-IIIC (clearly, although COBRA-IIIC is not appropriate for BWR 

subchannel analysis for reasons already explained, it can be used for 

calculating bundle-averaged quantities). Hence, they assumed that 

precisely due to the highly restricted "field of view" of the detectors, 

the dominant time delay manifesting itself by the main peak of the CCF 

is related to the steam velocities in the corner subchannels near the 

instrument tube. Unfortunately, they compared the measured velocities 

to the subchannel steam velocities predicted by COBRA-IIIC which, as 

we have already seen, over-predicts the steam velocities in the corner 

subchannels of BWR fuel rod bundles. Consequently, in the upper half 

of the core, they found that although the corner subchannel steam velo

cities predicted by COBRA-IIIC were lower than the bundle-average 

steam velocities, they were still higher than the measured velocities. 

In the work of Behringer and Crowe (1981), no definite explanation 

was given for the "second transit time effect" which, in these measure

ments, was very pronounced in the upper half of the core . It is worth 

pointing out here that both Kosaly et al. (1977) and Behringer and 

Crowe (19LJ.) obtained the predicted steam velocities by using cor re 

lations for the distribution parameter C and the gas drift velocity 

v , (Zuber and Fi: dlay, 1965) a direct consequence of this being that 

due to the particular choices of these parameters, the predicted steam 

velocities tend to zero at the bottom of the core; hence, in the lower 

parts of the core, the predicted steam velocities are always lower than 
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the measured velocities. To us, this is an indication that in general, 

the employment of such correlations for interpreting dynamic measure

ments is not really appropriate since it is quite clear that even in the 

lower parts of the core, the axially propagating bubbles c ross -cor re 

lated by any two axially separated detectors cannot have a velocity 

less than the liquid velocity in this region. We shall see in due course 

that this problem is solved if one employs two-fluid model codes with 

the entrance boundary condition of equal steam and liquid velocity. 

The most interesting point coming out from the aforementioned 

considerations is that the differences between measured and computed 

bundle-average steam velocities in the upper half of the core depends 

strongly on the bun die-average exit quality. For the measurements 

reported by Kosaly et al. (1977) at the radial position 12-13 (x ~ 13%) 
ex 

the agreement was relatively good; for the 4-21 measurements (x d l5%) 
v A 

(Kosaly and Fahley, 1982; Analytis and Liibbesmeyer, 1982) the agree

ment was worse; finally, for the 12-13 measurements (x 2; 23%) per

formed in 1978 (Behringer and Crowe, 1981; Analytis and Lubbesme-

yer, 1982), there were large differences between measured and calcu

lated bundle-averaged steam velocities. A phenomenological inter

pretation of this observation was already given by Analytis and Lubbe-

smeyer (1982); in the forthcoming sections, we shall present a precise 

explanation. 

Two- phase flow velocity measurements in operating BWRs have 

also been reported by Gebureck et al. (1980), Fry et al. (1981) and 

Federico et al. (1982). Gebureck et a l . (1980) performed the measure

ments at the Lingen BWR and by employing the thermal hydraulics 

code LEVX1, they found very good agreement between measured and 

predicted steam velocities, the agreement being very good in all axial 

regions. No second transit time effect was observed in these measure-

(*) At least for realistic distances between axially placed LPRMs. 
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ments and unfortunately, the bundle averaged exit qualities were not 

quoted by the authors. Though, on the basis of our previous remarks , 

the good agreement between measured and predicted steam velocities 

over the whr *e range is an indication that the bundle-averaged exit 

quality could not have been more than 11%. Fry et al. (1981) reported 

on measurements performed at the Hatch-1 BWR. They employed the 

subchannel analysis code MATTEO and concluded that the measured 

velocities are, in most cases, between the maximum and minimum 

subchannel steam velocities of the four bundles around the instrument 

tube. Hence, they gave no definite interpretation of the measured ve

locities, but they stressed the importance of the detectors' field of 

view in interpreting these measurements. Finally, Federico et al. 

(1982) reported on velocity measurements performed at the Caorso 

BWR, their main aim being to verify the existence of the second 

transit time in the upper part of the core; hence, they did not give 

any definite interpretation to the velocity associated with the main peak 

of the CCF, but they did state that the second peak (second transit 

time) may be due to core dynamic effects. 

Recently, Kosaly and Fahley (1982) tried to explain the differences 

between the computed bundle-averaged steam velocities and the mea

sured velocities (the ones associated with the main peak of the CCF) 

in the 1976 measurements at the radial position 4-21 and in the 1978 

measurements (Behringer and Crowe, 1981) at the radial position 

12-13 in the upper half of the core by invoking the concept of the ki

nematic wave velocity (Zuber and Staub, 1967; Ishi, 1975). Two 

different correlations for C„ and v , as functions of the void fraction 
0 dr 

were employed, and while they found relatively good agreement between 

measured velocities and kinematic wave velocities in the upper part, 

there were now large deviations between measurements and predictions 

in the lower half and particularly below 11% bundle-average qua-
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lities (see also Analytis and Lubbesmeyer (1982, 1983c) and Liibbes-

meyer (1983a, c)). Apart from a number of problems related to this 

interpretation, Kosaly and Fahley (1982), by resorting to the old 

bundle-average velocity approach, ignored the importance of the 

highly restricted field of view of the detectors, as well as the exi

stence of different flow patterns and steam velocities at different radial 

positions in the upper half of BWR fuel rod bundles (both of which are 

of extreme importance for interpreting this kind of measurements), 

and they offered no explanation of the fact that in the upper half of the 

core, there are usually two peaks in the CCF (second transit time 

effect) which in itself invalidates any attempt to associate the main 

peak of the CCF with any kind of cross-sectionally averaged velocity. 

It is worth pointing out here that also Mercadier et al. (1979) inter

preted the velocity measured in a stationary and adiabatic two-component 

bubbly flow by cross-correlating the signals of axially placed capaci

tors as the void propagation velocity; to the best of our information, 

this interpretation is presently under revision. 

Additional velocity measurements in the same commercial BWR 

were performed in 1981 at the radial position 12-13 and at the edge 

core radial position 12-05. For the 12-13 position, the average bundle 

average exit quality was approximately 20% and again, in the upper 

half of the core, there were deviations between predicted bundle-avera

ge steam velocities and measured velocities associated with the main 

peak of the CCF (Lubbesmeyer, 1983a). Though, the measurements 

performed at the 12-05 edge channel position, exhibited some unusual 

characteristics, demonstrating in a dramatic way the influence of the 

flow patterns in the four bundles around the instrument tube on the 

measured velocities. For these measurements, the velocities associ

ated with the main peak of the CCF are depicted in Fig, 5; clearly, 

the axial velocity profile exhibits a sharp discontinuity at approximately 
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50% core height. The explanation of this effect was given by Liibbesme-

yer (1983a) who attributed it to the largely different quality and mass 

flux distributions of some of the four bundles around the instrument 

tube. In particular, it can clearly be seen from the inserted figures 

that the average mass flux of bundle 11-04 is approximately half the 

mass flux of the other three bundles. Additionally, while bundles 11-04 

and 13-06 have very similar bundle-average qualities (average exit 

quality approximately 11%), bundles 11-06 and 13-04 also have similar 

bundle-average qualities (average exit quality 5%), but much lower 

than the bundle-average qualities of bundles 11-04 and 13-06. Clearly, 

at different axial positions, the detectors are mainly sensitive to the 

propagating two-phase flow microstructures in different bundles. This 

can clearly be seen by plotting the bundle-averaged volumetric fluxes 

O ^ (which are easily obtainable quantities whose values are rela

tively close to the corresponding bundle-averaged steam velocities) 

of the four bundles around the instrument tube. From Fig. 5, it can 

be seen that while in the lower half of the core, the main peak of the 

CCF is related to axially propagating two-phase flow "events" in bundle 

13-06, in the upper half of the core, it is related to the two-phase flow 

events in bundle 11-04. Both of these bundles are the ones with the 

highest quality and it would seem that the other two bundles whose ave

rage exit quality is approximately 5% are not really "noticed" by the 

detectors - at least to any significant extent. Hence, we have here a 

dramatic demonstration of the way that the flow patterns in the four 

bundles around the instrument tube play a decisive role in the inter

pretation of velocity measurements by non-intrusive cross-correlation 

techniques. Clearly, if the four bundles around the instrument tube 

are under different thermal-hydraulic conditions, even for relating 

the main peak of the CCF with two-phase flow phenomena in a speci

fic bundle, one needs some information about the two-phase flow cha

racteristics in the four bundles (Lubbesmeyer, 1983c) which, in most 
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cases, cannot be obtained experimentally. 

The complexity of the two-phase flow process in BWR fuel rod bun

dles, the difficulties introduced by the fact that the instrument tube 

is located between four bundles which are never exactly under identi

cal thermal hydraulic conditions as well as the impossibility of having 

any reference velocity measurements in the hostile BWR environment, 

have led to recent attempts to concentrate on the main peak of the CCF, 

and through a calibration procedure, relate the velocity associated 

with this peak to a quantity of engineering interest (Lubbesmeyer, 1983a, 

Analytis and Lubbesmeyer, 1982, 1983c). Clearly, such a procedure 

is not likely to shed some light on the question of the real physical 

meaning of the velocities associated with the different peaks of the 

CCF; though, for monitoring purposes, it is a perfectly acceptable 

route. Analytis and Lubbesmeyer (1982, 1983c) analyzed a large num

ber of two-phase flow velocity measurements in a commercial BWR 

(totally 99 measured points) and they found that in the lower half of 

the core, the measured velocities could be very well approximated 

by the bun die-averaged volumetric flux ( j ) of the four bundles around 

the instrument tube. In the upper half of the core, as one moves fur

ther and further away from 50% core height, it was found that the 

measured velocities were gradually becoming lower than ^ j y . No 

rigorous interpretation of this finding was given; though, Analytis and 

Lubbesmeyer (1982, 1983c) pointed out that these deviations are to be 

attributed to the fact that in the upper half of BWR fuel bundles where 

the flow becomes "separated" due to the two-phase mixing mechanisms, 

the detectors are sensitive to the two-phase flow microstructures pro

pagating near the wall of the bundles, while the main part of the steam 

flowing in the interior regions with a much higher velocity, remains un

noticed. This becomes increasingly pronounced as we move into the 
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upper par t s of the c o r e . Here , we have a f irs t indication of the impor

tance that a radial two-phase flow velocity and void distribution profile 

is likely to play in interpret ing these m e a s u r e m e n t s . Also, they pointed 

out the importance of the bundle-average quality in determining the 

point at which the measured velocities s t a r t ed deviating significantly 

from ^ j y ; this was found to be in the range of 10% which, as we have 

already pointed out in the preceding sec t ions , i s the quality c o r r e s 

ponding to the s lug-annular t ransi t ion at which two-phase mixing is 

initiated in BWR fuel rod bundles operat ing under a p r e s s u r e of 70 

ba r s . 

Meanwhile, a program of two-phase flow velocity measurements 

in an experimental glass loop with s ta t ionary and adiabatic a i r -wa t e r 

two-phase flows was being pursued, in which the information c a r r i e r 

was two visible light beams cross ing the d iameter of the tube and modu

lated by the two-phase flow, and Lubbesmeyer (1982) was able to show 

that for an annular flow with bubbles in the liquid r ing and droplets in 

the centra l core , the CCF exhibited two peaks, one re la ted to the ve 

locity of the bubbles and the other to the velocity of the drople ts . 

In his original work, Lubbesmeyer (1982) was the first to assume that 

the observed two peaks in the CCF of velocity measu remen t s in the 

upper pa r t s of BWRs was due to the exis tence of a s t rong radial two-

phase flow velocity profile in the four bundles around the instrument 

tube, and measured noise analytic functions for the aforementioned 

annular flow, in some respec t s , looked s imi l a r to the corresponding 

functions measu red in the upper ca r t s of commerc ia l BWRs. In itself, 

this work init iated a l a rge effort in t ry ing to study the influence of a 

radial two-phase flow and void profile on the velocities measured by 

non-intrusive c ross -co r re l a t ion techniques . Soon after, it was conc re 

tely proved by a computer simulation program with synthetic signals 

(Lubbesmeyer, 1983b) that a two-phase fiow radial velocity profile usually 
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manifests itself by the appearence of more than one peaks in the CCF, 

and that the main peak cannot be associated with any kind of c ross -

sectionally averaged gas velocity. (More precisely, it was shown in 

a later work that the number of peaks is related to the frequency con

tent of the signals, as well as on the digitalization parameter D which 
P 

is equal to the sampling frequency times the distance between the de
tectors divided by the velocity (Liibbesmeyer, 1983c)). 

More or less at the same time, non-intrusive velocity measurements 

were made in the same glass loop with different induced air-water 

bubbly flows in which the radial velocity profiles were also measured 

directly (Analytis and Lubbesmeyer, 1983a, Lubbesmeyer and Analy-

t is , 1983). The remarkable outcome of this investigation was that even 

in simple bubbly flows in a tube, there were two peaks in the CCF, 

corresponding to the maximum and minimum velocities of the radial 

profile, the main peak usually corresponding to the lower velocity of 

the bubbles near the wall. This explains results previously obtained 

by Lubbesmeyer (1983a) who found that for bubbly flows, the velocities 

measured by the non-intrusive cross-correlation technique were lower 

than the corresponding cross-sectionally averaged gas velocities compu

ted by measuring the mass fluxes and the void fractions by the quick 

valve closing technique. (In fact, Lubbesmeyer (1983a) found that the 

non-intrusively measured velocities were very close to the c ross -sec

tionally averaged volumetric flux { j ) ). Explicitly, it is clear that 

if in the measurements reported by Lubbesmeyer (1983a) the main 

peak of the CCF was associated with the minimum velocity of the r a 

dial two-phase flow velocity profile, the non-intrusively measured ve

locities would be lower than the cross-sectionally averaged gas velo

cities - in this case, they happened to be very close to / j \ . Here, 

we have one more demonstration of the importance of the radial two-

phase flow velocity profile for the interpretation of velocity measure-
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ments by the c ros s -co r re l a t ion technique. In the forthcoming sect ions , 

we shall see that this is prec ise ly the reason why we found that in many 

c a s e s , in the lower half of BWR c o r e s , the two-phase flow velocit ies 

m e a s u r e d by noise analysis techniques can be very well approximated 

by < j > • 

The final s tep forward for obtaining a sound physical in te r 

pretat ion of two-phase flow velocity measu remen t s in BWR fuel rod 

bundles by noise analysis techniques was made by Analytis and Liibbe-

smeye r (1983b, d, e) . Previous velocity measuremen t s performed in 

a commerc ia l BWR were looked at m o r e carefully and it was found 

that in the upper part of the c o r e , t h e r e were in fact three peaks in 

the CCF, the third peak being very smal l and corresponding to a velo

city even higher than the one associa ted with the main peak. The noise 

analytic functions of a l o n g - t i m e measurement performed between 

LPRMs C and D in a commerc ia l BWR a r e shown in Fig. 6a-6c; the 

th i rd smal l peak corresponding to a velocity of 10.6 m / s e c is c lear ly 

identifiable in the CCF shown in F ig . 6a. Hence, in the upper pa r t s 

of BWR c o r e s , one actually m e a s u r e s th ree different axial two-phase 

flow velocities which a r e largely different from each other; without 

any doubt, the pronounced rad ia l velocity and void profile in the upper 

pa r t s of BWR fuel rod bundles mus t be playing a very important role 

for the interpreta t ion of these observa t ions . At the same t ime, a sy 

s temat ic study of s tat ionary and adiabatic a i r -wa t e r annular flows 

with bubbles in the liquid r ing and droplets in the central core by s to 

chast ic analysis techniques was being pursued (Analytis and Liibbesme-

ye r , 1983b, e) in two glass loops, with visible light beams as the non-

int rus ive information c a r r i e r s . The remarkab le finding of this study 

was that in many cases , one could simultaneously detect radial two-

phase flow velocity profiles of the bubbles in the liquid r ing and of the 

droplets in the cent ra l core , which manifested themselves as multiple 

(-•') This "third velocity" was never repor ted before, because most of 

the invest igators have only looked at the phase of the complex CPSD. 
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Fig. 6a CCF of neutron noise measurements in a commercial BWR 

between LPRMs C and D; distance between LPRMs equal to 0.914 m. 

(Analytis and LQbbesmeyer, 1983b, 1983d). 
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peaks (corresponding to appropriate velocities) in the CCF. Though, 

even more important and impressive was the fact that for certain 

radial configurations of the two-phase flow microstructures, the 

measured noise analytic functions (except for the frequency range; 

we shall not discuss this problem here) looked extraordinarily similar 

to the ones obtained by neutron noise measurements in the upper parts 

of commercial BWRs. The noise analytic functions of such an annular 

flow are depicted in Fig. 7a-7c and are to be compared with the corre

sponding noise analytic functions of neutron noise measurements in 

the upper part of a commercial BWR shown in Fig. 6a-6c; the simi

larities are indeed striking and, as we shall see in due course, by no 

means coincidental. The annular flow to which the measurements 

shown in Fig. 7a-7c correspond had a rather thick liquid ring in which 

the bubbles were propagating with a radial velocity profile, the ones 

near the wall having a velocity lower than the ones propagating near 

the water-air interface. Also, there were droplets in the central core. 

From the CCF shown in Fig. 7a, it can be seen that there are three 

peaks - two of them associated with the velocity of the bubbles in the 

liquid ring (5.39m/sec and 2.56m/sec) and a small one associated 

with the velocity of the droplets (45m/sec). Hence, both in the upper 

parts of a commercial BWR, and in the annular flow corresponding to 

the noise analytic functions depicted in Fig. 7a-7c, we are measuring 

three dominant velocities. Both the geometries of BWR fuel rod bundles 

and the information carr ier in BWRs are different to the geometry 

of a simple tube and the information carr ier employed there; though, 

it seems that in both cases, since there are three dominant velocities, 

the corresponding noise analytic functions look very similar indeed. 

Incidentally, it is worth remembering that as Lahey et al. (1971) have 

pointed out, in the upper part of BWR cores, the fuel rod bundles 

"behave" like simple tubes with annular flow in which, due to the 
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l a te ra l two-phase mixing mechan i sms , the liquid together with some 

two-phase flow m i c r o s t r u c t u r e s is pushed to the walls of the bundles, 

while most of the s team is flowing through the m o r e open, high velo

city cent ra l regions. The work of Analytis and Lubbesmeyer (1983b, 

d, e) has shown that this picture is basically c o r r e c t . 

Having completed our short h i s tor ica l d igress ion, we shal l now 

utilize most of the aforementioned findings in o r d e r to give a p r ec i s e 

physical interpretation to two-phase flow velocity measu remen t s in 

operat ing BWR fuel bundles by the c r o s s - c o r r e l a t i o n technique. By 

now, it must be patently c lea r to the far-s ighted r eade r that our i n t e r 

pretat ion will be based on the largely different void and s team velo

city distribution in the th ree different type of subchannels (corner , 

edge and interior) of BWR fuel rod bundles, which is par t icu lar ly p r o 

nounced in the upper half of the c o r e . Not only we shall be able to 

explain almost all up to now known experimental r e su l t s re la ted to 

these measu remen t s , but we shal l also show how, within cer ta in 

e r r o r bounds, this kind of non- in t rus ive velocity measu remen t s can 

be direct ly utilized for tes t ing the predict ing capabil i t ies of advanced 

subchannel analysis codes in a unique and cost-efficient way. 

3.2 Comparison of COBRA-IIIC and THERMIT subchannel analysis 

predictions 

In o rder to get a "f irst feeling" of the proposed interpreta t ion of 

two-phase flow velocity measu remen t s in BWRs by non-intrusive c r o s s -

corre la t ion techniques, for measu remen t s performed at 

the radia l position 12-13 of a commerc i a l BWR, we shall compare 

the subchannel predict ions of COBRA-IIIC and THERMIT for the s u b 

channels 1 (corner), 2 (egde) and 4 ( interior) (see Fig. 1) of one of the 

four bundles (bundle 11-14) around the ins t rument tube. Unfortunately, 
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we only had available the THERMIT predictions for the four subchannels 

(shown in Fig. 1) of this bundle. We shall not show the results for the 

second edge subchannel (subchannel 3) since, due to symmetry, they 

a re almost identical to the ones of subchannel 2. 

The subchannel equilibrium qualities, void fractions and steam velo

cities predicted by COBRA-IIIC and THERMIT are shown in Tables I, 

II and III for 24 axial nodes. For the corner subchannel, the qualities 

predicted by COBRA-IIIC are much higher than the ones predicted by 

THERMIT, while the void fractions and steam velocities are conside

rably higher, mainly in the upper half of the core. For the edge sub

channel (Table II), the qualities and void fractions predicted by 

COBRA-IIIC are still a little higher than the ones predicted by THERMIT, 

but the steam velocities are nearly the same, except at the very top 

of the core, where the COBRA-IIIC predictions are still higher than the 

THERMIT predictions. Finally, for the interior subchannel (Table III), 

in the lower half of the core the qualities, (void fractions and steam 

velocities)predicted by COBRA-IIIC are higher (respectively higher, 

lower) than the ones predicted by THERMIT; in the upper half of the 

core, they are lower (respectively similar, lower). As we have al

ready mentioned in the previous section, the fact that in all three sub

channels, in the lower parts, the steam velocities predicted by 

COBRA-IIIC are lower than the ones predicted by THERMIT (in fact, 

the COBRA-IIIC steam velocities go to zero at the bottom of the core) 

is due to the correlations chosen for Cn and v , , with C„ being less 
0 dr 0 6 

than 1 in the lower parts (Kosaly et a l . , 1977). 

In principle. Tables I, II and III exhibit in a very transparent manner 

the well-known inadequacy of COBRA-IIIC for subchannel analysis of 

BWR fuel rod bundles since it predicts more or less the same exit 

quality for all three subchannels, without being able to demonstrate 
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the large differences of the two-phase flow parameters between the 

peculiar corner subchannel and the other subchannels; we have already 

extensively discussed this problem in sections 2. 1 and 2.4 of the pre

sent work. 

As far as the subchannel steam velocities are concerned (which is 

what we are mainly interested in), the differences between COBRA-IIIC 

and THERMIT are more clearly demonstrated in Fig. 8a-8b. There, 

we compare the axial two-phase flow velocity profiles of measurements 

at the radial positoon 12-13 inferred from the main, second and third 

peak of the CCFs with the steam velocities of subchannels 1, 2 and 4 

(see Fig. 1) predicted by COBRA-IIIC and THERMIT respectively. As 

expected, the subchannel steam velocities predicted by COBRA-IIIC 

are very close to each other; on the other hand, the corresponding 

subchannel steam velocities predicted by THERMIT are largely diffe

rent (as indeed they should be). Though, the most remarkable obser

vation that can be made in connection to Fig. 8b is that the predicted 

edge subchannel steam velocities are very near to the velocities asso

ciated with the main peak of the CCF, the predicted interior subchannel 

steam velocities are also very close to the velocities associated with 

the small third peak of the CCF, while the predicted steam velocities 

of the corner subchannel are on the average, a little more than 1 m/sec 

higher than the velocities associated with the second peak (second 

transit time) of the CCF. Here, we should point out once more that 

unfortunately, we did not have available the corresponding THERMIT 

subchannel steam velocity predictions for the other three bundles 

around the instrument tube. Bundle-average calculations (Liibbesmeyer, 

1983a) have shown that the (bundle-averaged) qualities of one of the 

other three bundles (13-12) were identical to the ones of 11-14; the 

bundle-averaged qualities of 13-14 were higher than the ones of 11-14 

and 13-12 (x 'Z 24.5%), while the bundle-averaged qualities of 11-12 

were a little lower (x ~ 18% ; the bundle-averaged exit qualities of 
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bundles 11-14 and 13-12 was approximately 20%). 

In conjunction with the remarks made at the end of section 3 .1 , 

Fig. 8b gives us a clear enough indication of the way we should follow 

for interpreting in a physically sound manner two-phase flow velocity 

measurements in operating BWRs by non-intrusive noise analysis t e 

chniques. This task we shall undertake in the following section. 

3. 3 Interpretation of the measured velocities and computer simulation 

predictions 

The overwhelming evidence against employing cross-sectionally 

(to whatever "arrangement" the word "cross-section" might be r e -

fering to) averaged models for interpreting two-phase flow velocity 

measurements by non-intrusive cross-correlation techniques have 

been clearly outlined in the previous sections; as has been pointed out 

by Analytis and Lubbesmeyer (1983b, c, d), the inescapable three-dimen

sional structure of two-phase flows, at le?st as far as the interpre

tation of this kind of velocity measurements is concerned, can in no 

way be simplified, or described by models of lower spatial dimensions 

without actually loosing touch with reality and possibly being led to 

erroneous interpretations. 

It is quite surprising that the fact that whenever there is a radial 

velocity profile, by non-intrusive cross-correlation techniques one 

never measures a cross-sectionally averaged velocity, has been a 

common knowledge among the developers of correlators for quite some 
(*) time ; in fact, it has been well-known that the main peak of the CCF 

(*) We are gratefull to Mr. H. P. Briilhart of the company Endress+ 

Hauser AG, Mess - und Regeltechnik, Switzerland, who brought 

this to our attention (1982). 
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is associated to the velocity of the axially propagating inhomogeneity 

which induces the strongest signals on the sensors and that in general 

(and this is usually the case), if this dominant inhomogenuity cannot 

be identified, a calibration procedure is needed for mass-f lux evalua

tions. Quite simply, this problem had not attracted the attention it 

deserves by workers in the field of two-phase flow. 

We shall now proceed and interpret the two-phase flow velocities 

measured in operating BWR fuel bundles by non-intrusive c r o s s - c o r r e 

lation techniques (Analytis and Liibbesmeyer, 1983f). Subsequently, we 

shall try to verify our interpretation by employing a computer 

simulation program (Lubbesmeyer, 1983b) with synthetic signals as 

well as with a simple analytical phenomenological model (Analytis and 

Luhbesmeyer, 1983b), and we shall show that almost all the experi

mental findings in these measurements can be explained by our inter

pretation. 

We associate the main peak of the CCF with the steam velocities*''' 

in the edge subchannels of the four bundles around the instrument tube; 

we shall indeed show in due cource that the dominant contribution to 

the fluctuating signals comes from the axially propagating two-phase 

flow inhomogeneities in the edge subchannels. As we move into the 

upper half of the core where the lateral two-phase mixing mechanisms 

become dominant, the steam velocit ies in the "peculiar" corner sub

channels become increasingly lower than the ones of the edge subchan

nels and a second peak starts appearing in the CCF; we associate this 

second peak to the steam velocit ies in the corner subchannels nearer 

to the instrument tube. More or l e s s at the same axial elevation, the 

steam velocities in the interior subchannels become increasingly higher 

than the steam velocities in the edge subchannels. Though, not only 

these subchannels are physically further away from the detectors and 

(*) For the differences between steam and void propagation velocity, 

the interested reader is referred to the Appendix. 
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somehow "blocked" from the detectors due to the presence of the 

fuel rods, but also, due to the fact that in these subchannels the qu

alities are much higher (at the same axial elevation and in the upper 

half of the core) than the ones in the edge and corner subchannels, the 

flow patterns there are such that a re probably contributing only very 

little to the total fluctuations. We relate the third small peak of the CCF 

to the steam velocities in the interior subchannels, particularly to the 

ones located nearer to the instrument tube. 

Before proceeding to an explicit verification of our interpretation, 

we would like to discuss some technical points and questions which 

one may naturally come up with in connection with the aforementioned 

picture. To start with, it is absolutely clear that due to the very short 

spatial relaxation length of the thermal neutron kinetic adjoint (Behrin-

g e r e t a l . , 1977; Fuge, 1975; Analytis, 1982a, b, 1983a, b; Fry et a l . , 

1981; Kosaly and Sanchez, 1982), even if the flow was totally homoge

neous (which is certainly not the case, particularly in the upper parts 

of the core), the axially propagating two-phase flow inhomogeneities 

in the subchannels near the detectors will be almost exclusively respo

nsible for the fluctuating signals. Also, although all the edge subchan-

nals are further away from the detectors than the corner subchannels, 

there are simply more edge subchannels than corner subchannels; 

additionally, their total flow area is much larger than the flow 

area of the corner subchannels (see Fig. 1 and 4). This justifies (at 

least for the time being qualitatively) our association of the main peak 

of the CCF with the two-phase flow propagation phenomena in the edge 

subchannels. Though, one could naturally point out that the definition 

of the subchannel boundaries is not unique (Lahey and Moody, 1977) 

and that in reality, they are only fictitious "meshes" defined for the 

numerical solution of the two-phase flow equations; in other words, 

the subchannels are not simple non-communicating independent volumes. 
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We would be the first ones to agree with this statement. Though, what 

is beyond any doubt i s that in the upper half of the core, the steam ve

locities in the "regions" 1, 2 and 3 (see Fig. 1) are largely different 

and this is precisely what gives r i se to three peaks in the CCF. Clearly, 

we do not really have fixed and constant steam velocit ies through out 

each one of these "regions"; there will be a radial velocity profile 

both within each region, and as one c r o s s e s the fictitious subchannel 

boundaries and moves from one region to the other. Unfortunately, by 

getting down to these "micro-profile" details, one reaches the level 

of the "quanta" of two-phase flow whose mathematical description and 

modeling is beyond reach and outside the scope of the volume/time 

averaged description. Hence, a reasonable compromise must be made 

and we believe that the subchannels description with the boundaries 

shown in Fig. 1 is good enough. Additionally, as we shall discuss in 

section 3.4 of the present work, if this kind of measurements are to 

be utilized for code verification of advanced subchannel analysis codes, 

one should in principle try to relate the measured quantities to the 

corresponding subchannel quantities predicted by these codes, even if 

one is aware that this description i s , to a certain degree, approximate. 

There is simply no alternative path to follow. 

An other point which one may raise in connection to our interpre

tation of the measured velocities is related to the CCFs measured in 

the lower half of the core where there is only one peak. Although in 

these regions the differences between the steam velocities between 

the different subchannels are not very large, they do exist . Hence, 

one may be tempted to ask why there are not more than one peaks in 

the lower half of the core. The answer to this question was recently 

given by Liibbesmeyer (1983c) who showed that the number of peaks 

in the CCF is related both to the frequency content of the signals, and 
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the digitalization parameter D of the digital cross-correlation spool 

piece defined by 

Df- M. v 
(3.1) 

where f is the sampling freguency, d is the distance between the two 
5 

axially placed detectors and V is the velocity. In principle, the higher 

the digitalization parameter is , the more peaks a re resolved. Though, 

the lower the velocities are , the higher the digitalization parameter is 

which contradicts the fact that there is only one peak in the CCF in 

the lower half of the core where the velocities are lower than in the 

upper half. The resolution of this paradox lies on the fact that although 

in the lower half the digitalization parameter is higher than in the upper 

half, also the frequency content of the signals is much lower than the 

frequency content of the signals in the upper half. In other words, the 

Auto- and Cross-Power Spectra in the lower half of the core do not 

extend to frequencies as high as they do in the upper half; consequently, 

it is clear that the CCFs in the lower half will be "wider" than the 

CCFs in the upper half and hence, the secondary peaks will not be r e 

solved, unless they correspond to velocities largely different than 

the velocity associated with the main peak which, as we have already 

seen, is not the case. 

The final problem related to our interpretation is that we have not 

explicitly related the propagating two-phase flow inhomogeneities in 

the subchannels with specific flow regimes in these subchannels. We 

believe that at least experimentally, this cannot be realized by non-

intrusive techniques (Lubbesmeyer, 1983c); rather, we followed the 

more realistic route according to which since axially propagating velo

cities can be measured, there must in any case be axially propagating 

two-phase flow inhomogeneities inducing density fluctuations, indepen-
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dently of the kind of flow pattern by which these inhomogeneities can 

be described best. It is quite clear that the kind of flow patterns exi

sting in the different subchannels will greately influence the total fluc

tuating signal (and hence, the resulting noise analytic functions) by far 

more than the detectors' field of view (we shall see this in more detail 

in due course), and we have already seen one such case with the edge 

channel measurements at the radial position 12-05 to which we referred 

in section 3 .1 . We believe that it is practically impossible to describe 

exactly the way that the different flow patterns affect the signals received 

by the detectors; in our model, we shall by-pass this problem by intro

ducing an open-parameter-type weighting function which should multi

ply the neutronic thermal kinetic adjoint spatial weighting function. In 

this way, we hope to be able to model the dependence of the fluctuating 

signals not only on the distance between the subchannels and the instru

ment tube, but also on the "strength" of the flow patterns in the different 

subchannels, by which we mean that certain two-phase flow inhomoge-

neity configurations will induce "stronger" signal fluctuations than 

others. 

Before proceeding to an explicit verification of our interpretation-

it is probably worth pointing out that we are mainly refering to cases 

that the four bundles around the instrument tube are under similar 

thermal hydraulic conditions. Though, even in this case, we have 

already seen that these conditions are never identical and hence, the 

situation may well arise in which the steam velocities in the edge sub

channels of the four bundles are quite different. If these differences 

are not very large, they cannot be resolved by the cross-correlation 

spool piece. There are two cases (one of them recently reported by 

Analytis and LUbbesmeyer (1983d)) of measurements at the radial po

sition 12-13 in the upper part of a commercial BWR (performed at 
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different years) in which there are small deformations of the main 

peak of the CCF, corresponding to almost unresolved peaks; we show 

these two CCFs in Fig. 9a, 9b. In Fig. 9a, an almost unresolved peak 

can be seen to the left of the main peak, corresponding to a velocity 

of approximately 7.8 m/sec , while in Fig. 9b, the almost unresolved 

peak is to the right of the main peak and corresponds to a velocity of 

approximately 6. 3 m/sec . We suspect that in these two cases, the 

steam velocities in the edge subchannels of one of the four bundles 

around the instrument tube were substancially different from the steam 

velocities in the edge subchannels of the other bundles and hence, 

started manifesting themselves in the CCFs. Obviously, in such cases, 

more information about the thermal hydraulic conditions of the four 

bundles and the corresponding subchannel steam velocities is required; 

clearly, this problem can not be solved experimentally. For cases in 

which the four bundles are under completely different thermal hydraulic 

conditions, we have already seen in section 3.1 what can happen; though, 

we have strong evidence that even in these cases, the main peak of the 

CCF is related to the steam velocities in the edge subchannels of 

whichever bundle the detectors are more "sensitive" to at a specific 

axial position. Independently of all these difficulties, it is really ama

zing that from simple non-intrusive cross-correlat ion measurements 

such a large amount of information can be extracted. 

We shall now explicitly test and verify our interpretation of two-

phase flow velocity measurements in operating BWR fuel bundles by 

non-intrusive cross-correlation techniques, by employing the compu

ter simulation program PROFIL; for more information about the stru

cture of this program, the interested reader is referred to the work 

of Lubbesmeyer (1983b). Shortly, the program uses synthetic signals 

and can simulate the neutronic signals originating from any number of 

subchannels with different axial two-phase flow propagation velocities, 
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Fig. 9a CCF of neutron noise measurements in a commercial BWR 

between the TIP and the LPRM D; distance between TIP and LPRM 

equal to 1. 32 m (Analytis and Liibbesmeyer, 1983b, d). 
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while the dependence of the amplitudes of the signals received by the 

detectors on the distance between the detectors and the subchannels, 

as well as on the flow patterns in the subchannals, is simulated by appro

priate weighting functions. In general, the program can provide us 

with all the noise analytic functions as measured by one or two detectors 

sensitive to a non-intrusive information car r ie r crossing a two-phase 

flow with any radial and velocity and void distribution profile. Inevi

tably, due to the complexity of the problem, there are a number of 

open input parameters like the weighting function simulating the depen

dence of the amplitude of the signals on the flow patterns in the sub

channels, which can not be derived from first principles. 

In our simulation, we chose three measurements performed at the 

radial core position 12-13 between LPRMs A-B, B-C and C-D in 

a commercial BWR, and by following the philosophy of our interpre

tation, we compared the measured noise analytic functions with the 

ones predicted by our simulation program. The geometrical configu

ration of 16 subchannels (1 corner, 6 edge and 9 interior) near the 

instrument tube of one bundle is shown in Fig. lOa-lOc. In our simu

lation, we only considered one bundle, and we only considered the 

16 subchannels depicted in the figures; we have checked that the contri

bution of the other subchannels to our predicted results is almost non

existent due to the strong spatial attenuation of the thermal neutron 

kinetic adjoint. Fig. 10a-10c correspond to the three axial levels between 

the four LPRMs, and we shall now elaborate a little on the meaning 

of the different numbers inserted in the subchannels, which are some 

of the important input parameters in the simulation program. The 

first number (i ) is defined by equation (3.1) and for all our simula-
P 

tions, is computed by assuming the value of 128 Hz for the sampling 
frequency f , which is usually the sampling frequency used in the 

analysis of this kind of measurements in BWRs. The i so obtained 
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Fig. 10a Schematic diagram of the 16 subchannels near the instru

ment tube used in the computer simulation program. Axial level 1, 

corresponding to the middle between LPRMs A and B. 
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Fig. 10b Schematic diagram of the 16 subchannels near the instru

ment tube used in the computer simulation program. Axial level 2, 

corresponding to the middle between LPRMs B and C. 
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Fig, 10c Schematic diagram of the 16 subchannels near the inatru 

ment tube used in the computer simulation program. Axial level 3, 

corresponding to the middle between LPRMs C and D, 
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is rounded to the neares t integer , hence being consistent with the fact 

that due to data discret izat ion, the i ' s a r e integers (Lubbesmeyer, 

1983c). The numbers in paran theses below the i ' s a r e the actual 
P 

two-phase flow propagation velocit ies (steam velocit ies in our case) 

assumed for the specific subchannel; we shall say more about the way 

that these numbers were chosen in due cou r se . Finally, the weights 

w by which the synthetic s ignals from each subchannel a r e multiplied 

before being added together and processed in the usual way (Liibbes-

meyer , 1983b) they se rve a two-fold purpose: first , they a r e s imulat ing 

the fact that due to the short spatial relaxation length of the the rmal 

neutron kinetic adjoint, per turbat ions propagating near the detectors 

(eg. in the corner subchannel) have a much higher importance than 

the ones propagating further away from them; second, they s imulate 

the fact that the amplitude of the signal from each subchannel depends 

strongly on the flow pat tern at that specific subchannel (for example, 

if there was pure s team at the corner subchannel nea res t to the de

tec to rs , although there the thermal neutron kinetic adjoint is higher 

than in any other subchannel, s ince no rea l two-phase flow he te roge

neit ies exist, there would be absolutely no contribution to the total 

signal from this subchannel and hence, the "overal l" weight w should 

be taken equal to zero) . In other words, one can think of the weight w 

as being equal to the product of the t he rma l neutron kinetic adjoint, 

t imes a "two-phase flow configuration-dependent" weight, which should 

also be a function of the radia l position of the subchannels in the bundle. 

This is part icular ly important in the upper half of the co re where, as we 

have already pointed out on severa l occasions , the flow pat te rns at 

different radial positions (and mainly in the subchannels n e a r e r to the 

detectors) a re largely different due to two-phase mixing mechan i sms . 

Although for the former par t of the overal l weight w very good appro

ximations based on neutronic calculations exist (Behringer et a l . , 1977; 
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Fuge, 1975; Analytis, 1982a, b, 1983a, b; Kosaly and Sanchez, 1982), 

for the la t ter part , no such express ions a re available, and we very 

much doubt if they could be derived from first pr inciples . Hence, we 

have been forced to choose this part of the overall weight w on r a the r 

intuitive grounds. For each subchannel, the neu t ron ics - re la ted spat ia l 

weighting function was chosen by computing the the rmal kinetic adjoint 

with a rea l i s t ic spatial relaxation length, while the distance between 

the detector and the subchannel was taken from the cent re of the sub

channel. Subsequently, the resu l t ing weight v/as multiplied by a two-

phase f low-pat tern-re la ted weight which, on the upper half of the co re , 

was chosen in such a way that it was maximum in the low-quality corner 

subchannel, it was a l i t t le lower in the edge medium quality subchannels 

(and slightly decreas ing as one moves further and further away from 

the ins t rument tube), while in the high quality in ter ior subchannels where 

it is assumed that no "s t rong" two-phase flow heterogenei t ies exist 

(strong from the point of view of the detection process) , much lower 

values were chosen, a l so decreasing as one moves further away from 

the instrument tube. The values of w shown in Fig. 10a-10c a r e the 

normal ized (1000 for the co rne r subchannel) products of the two afore

mentioned weights, rounded up in a convenient way. By following this 

procedure , it was hoped that at least qualitatively, we can model the 

fact that the signals originating from the low and medium quality corner 

and edge subchannels (where "s t ronger" density fluctuations exist) 

a r e "more important" for the detectors than the ones originating from 

the high quality in ter ior subchannels. It is also worth pointing out 

here that we have assumed that the weights a r e the s a m e at all axial 

levels . Strict ly speaking, this assumption is not t rue and it was only 

made here for the sake of simplicity; though, we shall see in a short 

while that the position of the peaks of the CCFs (which is what we a r e 

mainly interested in) is not so sensitive to the values of w (what is 

sensi t ive is the height of the different peaks, which is rea l ly of not 



- 86 -

much practical value). 

We shall now elaborate a little on the way that the subchannel velo

cities were chosen for the different cases simulated. In what follows, 

we shall be refering to the three different axial levels shown in Fig. 10a-

10c between detectors A-B, B-C and C-D as level 1, 2 and 3 respecti

vely. The following four cases were considered: 

(1) At axial level 3, the velocities in the four subchannels nearer to 

the instrument tube (1 corner, 2 edge and 1 interior) were taken as the 

ones associated with the three peaks of the measured CCF between 

LPRMs C and D, according to our interpretation of the origin of these 

peaks. At level 2, the edge and corner subchannel velocities were 

taken as the ones associated with the main and second peak of the 

measured CCF between LPRMs B and C, while the one in the interior 

subchannel as the steam velocity predicted by THERMIT (see Fig. 8b 

and Table III). At level 1, the velocities in these 4 subchannels were 

taken as the steam velocities predicted by THERMIT. Since we did 

not have the steam velocities predicted by THERMIT for the remaining 

12 subchannels, the velocities there were taken in such a way as to 

have a reasonable over-all radial velocity profile. (In any case, one 

of the outcomes of our simulations was that it was in fact the velocities 

(steam velocities) in the four subchannels nearer to the instrument 

tube that mainly determined our results). This was done for all three 

axial levels. The weights were taken as the ones shown in Fig. 10a-

10c. Our results are shown in Fig. 11a, where they are also compared 

to the measurements. 

(2) The velocities in all the 16 subchannels at the three axial levels 

were taken as the corresponding subchannel steam velocities predicted 

by COBRA-IIIC. Although the reasons for the inapplicability of this 
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code for subchannel analysis of BWR fuel rod bundles have al ready 

been extensively discussed in the previous sect ions , by making this 

comparison, our main aim was to investigate to what extent the defi

ciencies of COBRA-IIIC manifest themselves on the simulated noise 

analytic functions. Our resu l t s a re shown in F ig . l i b . 

(3) Same as case (1) above, but with the spatial relaxation length of 

the thermal neutron kinetic adjoint reduced by 50%, which cor responds 

to a ra ther s eve re res t r ic t ion of the field of view of the de tec tors . Our 

resu l t s a re shown in Fig . l i e . 

(4) Same as case (1) above, but with the spatial relaxation length of 

the the rmal neutron kinetic adjoint increased by 50%, which cor responds 

to an inc rease of the field of view of the de tec to r s . Our resu l t s a re 

shown in Fig. l i d . 

(5) Same as case (1) above, but with a uniform weight w=1000 for all 

subchannels. Our resu l t s a r e shown in F ig . l i e . 

Here , we should point out that in Fig . 1 1 a - l i e , the ver t ical axis in 

the CCF plots is logarithmic hence suppress ing the negative va lues . 

We a r e now ready to discuss our findings. Star t ing with F ig . 11a, 

it can be seen that the agreement between the measured and s imulated 

noise analytic functions is real ly remarkab le . In par t icu lar , the peaks 

in the CCFs (which is what we a r e mainly in teres ted in) a r e reproduced 

almost exactly, indicating both that our interpreta t ion of two-phase 

flow velocity measuremen t s in BWRs by non-intrusive c r o s s - c o r r e l a 

tion techniques i s co r r ec t , and that the choice we have made for the 

weights is r ea l i s t i c . Incidentally, if one looks at F ig . lOa-c , it becomes 

c lear why the main peak of the CCF is associated with the axial propa

gation velocities in the edge subchannels; although all the edge sub-

c lannels a r e further away from the ins t rument tube than the co rne r 
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subchannel, their total over-all weight is substancially higher than 

the one of the corner subchannel. Coming back to our comparison 

between simulation and measurements, one can see that there are 

only significant differences between measured and simulated APSDs 

(Auto-Power Spectral Densities). We believe that this has to do with 

the limitations of our simulation program for modeling in a precise 

way the real noise sources in the subchannels in the upper half of the 

core, which are certainly not white. Notice that similar APSD struc

tures can be seen in the bubbly-droplet annular flow measurements 

in the air-water loop to which we referred in section 3.1 (see Fig. 7b). 

To us, this is an indication that these "structures" are related to 

axial propagation of non-white two-phase flow inhomogeneities with 

largely different velocities. In any case, at least in the content of our 

present work, the APSDs are not really of great interest and we believe 

that to fully understand their shapes, a much more detailed modeling 

is required in the simulation program. 

In Fig. l i b , the measured noise analytic functions are compared 

with the ones obtained from the simulation program with the COBRA-IIIC 

subchannel steam velocities as input. As expected, there are now 

large differences between measurements and predictions; there is 

always one peak in the simulated CCF at all three axial levels (due 

to the proximity of the subchannel steam velocities predicted by 

COBRA-IIIC), and both the predicted CPSDs and phases are not in 

agreement with the measured ones. 

Some of the results shown in Fig. l i e were more or less to be ex

pected; in particular, the severe restriction of the field of view of the 

detectors results in increasing the importance of the corner subchannel 

while decreasing the importance of the edge and interior subchannels. 

Hence, the second peak of the CCF (which now becomes the dominant 
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one) is very pronounced, while at axial level 3, the third small peak 

disappears. Though, the interesting thing to be noticed is that even 

with the spatial relaxation length of the thermal kinetic adjoint reduced 

by as much as 50%, one sees that the velocities corresponding to the 

peaks of the simulated CCFs are not far away from the velocities cor re 

sponding to the peaks of the measured CCFs, or of the simulated CCFs 

shown in Fig. 11a where a realistic weight was chosen. For example, 

it can be seen that at the axial level 3, the main peak of the measured 

CCF corresponds to a velocity of 7. 4 m/sec; in the present case, this 

peak (which now is not the main peak) corresponds to a velocity of appro

ximately 7. 9 m/sec , while in the more realistic case depicted in Fig. 11a, 

this peak (which, in this case, is the main peak), corresponds to a ve

locity of approximately 8.0 m/sec . This is our first indication that 

while the weighting function modeling the field of view of the detectors 

greately influences the amplitude of the peaks (and hence, the physi

cal interpretation of the velocities associated with these peaks), it does 

not really affect that much the position of the peaks on the time axis. 

In Fig. l id , we show the results obtained with a 50% increase of 

the spatial relaxation length of the thermal neutron kinetic adjoint, 

amounting to an increase of the field of view of the detectors. Again, 

the results are as expected; the increase of the field of view of the 

detectors results in increasing the importance of the interior subchan

nels in comparison to the edge and corner subchannels. Consequently, 

at axial level 3 for example, the third peak to the left of the main peak 

becomes now much more pronounced when compared with the CCF at 

the same axial level for the realistic simulation case depicted in 

Fig. 11a; in fact, this peak is now the second peak (as far as its ampli

tude is concerned), while the peak to the right of the main peak has 

now the smallest amplitude. Also in this case, the increased field of 
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view of the detectors does not seem to greately influence the position 

of the peaks on the time axis. 

Finally, in Fig. l i e , we show the results of our simulation with a 

uniform spatial weight. Also according to expectations, the dominant 

peak is now the one associated with the high steam velocities interior 

subchannels, the second peak is the one associated with the steam ve

locities in the edge subchannels, while the third peak associated with 

the steam velocity in the corner subchannel has almost disappeared. 

It is worth noticing that even in this extreme and unrealistic case, the 

position of the peaks on the time axis is not greately affected by the 

lack of any spatial weighting whatsoever. The main conclusion drawn 

from all the simulations run with unrealistic weights is that a relati

vely large error bound on the spatial weighting function can be tolera

ted. 

Having explicitly verified our interpretation of velocity measurements 

in BWRs, we are now in a position to rigorously explain previously re

ported findings (Ltibbesmeyer, 1983a; Analytis and Ltibbesmeyer, 

1982, 1983c) according to which in the lower half of the core, the ve

locities measured by the cross-correlation technique are very close 

to the cross-sectionally averaged volumetric flux O > . Due to the 

existence of a small radial velocity profile even in the lower half of the 

bundles, the cross-sectirnally averaged steam velocity {v v is pro-

bably a little higher than the steam velocities in the edge subchannels, 

and since < v } N ( j ) , ^ j ^ will be probably very close to the steam 

velocities in the edge subchannels inferred from the main peak of the 

CCF. Also, we can now explain very clearly why in fact the deviations 

between ^ j ) and velocities associated with the main peak of the CCF 

start at approximately 10%-11% bundle-averaged quality, and not really 

related to whether we measure in the upper or lower halfs of the core. 
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This is approximately the quality at which, in BWR fuel rod bundles, 

the flow becomes "separated" due to the lateral two-phase mixing 

mechanisms, resulting in an increasing difference between / ¥ N 

(and hence ^j y ) and the steam velocities in the edge subchannels. 

This explanation was already conjectured by Analytis and Lubbesme-

yer (1982) (who also attempted a "calibration" for velocities measured 

in the upper half of the core), but no rigorous interpretation was given. 

For the 1978 and 1981 12-13 radial position measurements (Behringer 

and Crowe, 1981; Analytis and Lubbesmeyer, 1982, 1983c), the axial 

position at which the bundle-averaged qualities reached the aforemen

tioned limit happened to be approximately at the middle of the core; 

we have already seen in section 3.1 that for the measurements reported 

by Kosaly et al. (1977), this occured at a higher axial level (appro

ximately 70% core height, where the measured velocities started de

viating from the cross-sectionally averaged steam velocity ^ v \ ), 

while Gebureck et al. (1980) found good agreement between measured 

velocities and ^v S over the whole core height, and they observed no 

"second transit time effect" (second peak in the CCF). 

Finally, our interpretation also explains the similarities of the 

noise analytic functions of measurements performed in the upper part 

of the core, with the corresponding ones obtained in an air-water loop 

for an annular flow with bubbles in the liquid ring and droplets in the 

central core by using visible light beams as the non-intru6ive infor

mation carriers (Analytis and Lubbesmeyer, 1983b, e) to which we 

referred in section 3.1, The "physics" in the two cases is quite diffe

rent but clearly, the results are almost identical. In both cases, one 

has three largely different dominant velocities. In the reactor case, 

these are the steam velocities in the corner, edge and interior subchan

nels, while in the case of the bubbly-droplet annular flow in the air-
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water loop, two of these velocities are the ones associated with the 

propagating bubbles near the wall and near the water-air interface, 

while the third one is the velocity of the droplets in the central core. 

Hence, in a rather "crude" analogy, we can say that as far as the 

visible light beams are concerned, the air-water tube was also "divi

ded" into 3 subchannels, two of them being ring-like with different 

axial bubble velocities in each ring, and the third one being the central 

core with the droplets. Physically, the thermal neutron detectors (used 

in the reactor measurements) respond to a superposition of density 

fluctuations in the different subchannels; in our arrangement at the 

air-water glass loop, the light beam detectors sensor a superposition 

"going-through" or "not-going-through" events, in both cases this 

superposition being effected on the signals and not on the velocities as 

has been implied by some workers in the field (Kosaly and Fahley, 1982). 

We would like to stress once more that at least in the lower half 

of the core (axial level 1 in our previous terminology), the overall 

weights w in the subchannels should in fact be higher than the weights 

of the corresponding subchannels at the higher axial levels. This is 

because in the lower half, the qualities (and hence, the flow patterns) 

are not largely different in the different subchannels; consequently, 

the two-phase-flow-related part of the overall weight w should be 

more or less uniform across the bundle, the decrease of w as a fun

ction of the distance from the instrument tube being solely due to the 

spatial attenuation of the thermal neutron kinetic adjoint. If this is 

taken into account, the relative importance of the corner subchannel 

will, at axial level 1, be suppressed even more and consequently, the 

small deformation appearing on the right hand side of the peak of the 

CCF at axial level 1 in Fig. 11a will almost certainly disappear. 

Concluding this section, we would like to briefly refer to a simple 

analytical phenomenological model previously developed (Analytis and 
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Labbesmeyer, 1983b, «)# which in fact also predicts remarkably well 

some of the noise analytic functions measured in the upper parts of 

BWR cores by noise analysis techniques and explicitly indicates in a 

very transparent way that most of the experimental findings in these 

measurements in the upper half of the core can be interpreted as being 

due to mainly three largely different axial propagation velocities. We 

start by writing down the complex CPSD between two detectors respon

ding to axially propagating perturbations with three different veloci

ties 

CPSDft). »*f 

w*e _, iv3e 0.2) 
4 W « 4jtT+«W 4*f*+o(*V3 

where f is the frequency in Hi, V , V2 and Vg are the three average 

axial velocities, Df± , cix and ot9 are constants having the dimen

sion of inverse length, w , w and w3 are weighting factors and T^, 

1 and T_ are the average transit times corresponding to the three 
2 3 

velocities. It is to be noticed here that the three weights Wj (i=l, 2, 3) 

appearing in the above equation (3.2) are multiplying individual complex 

CPSDs and are conceptually different from the ones appearing in our 

simulation with synthetic signals (Fig. lOa-lOc) which are actually mul

tiplying the individual signals. The present simple model also introdu

ces a large number of unknowns which can not be evaluated from first 
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principles; though, it clearly "captures" some of the physics of the 

problem under investigation since as it is well-known, not only the 

break frquency of each individual CPSD is proportional to the axial 

velocity of the perturbation it corresponds to (this proportionality 

constant we have called o(^ ), but also each individual CPSD will ge

nerally not contribute equally to the total CPSD (which we have taken 

into account via the weights w.). From equation (3.2), the phase can 

readily be computed, and the CCF can be obtained by inverse Fourier 

transformation. 

All these noise analytic functions were evaluated by input in g to equ

ation (3.2) the 3 transit times corresponding to the three peaks of the 

CCF shown in Fig. 6a (which in fact is the same CCF shown in Fig. 

1 la -He for measurements between LPRMs C and D but the vertical 

axis is now linear). After appropriately adjusting the different open 

parameters, the computed CCF, CPSD (the real CPSD) and the phase 

are shown in Fig. 12a-12b. The agreement with the corresponding 

noise analytic functions shown in Fig. 6a and 6b is indeed remarkable 

if one considers the simplicity of the model. Clearly, the position 

of the peaks of the CCF on the the time axis is a direct consequence 

of the fact that we directly input in equation (3.1) the corresponding 

transit times with which they are associated; the interesting thing is 

that for axially propagation inhomogeneities with the CCF shown in 

Fig. 12a, one can reproduce almost exactly the structure of the mea

sured CPSD, as well as the change of the slope of the linear phase 

at approximately between 25 and 30Hz observed in the measurements 

(second transit time effect). It is worth pointing out here that by using 

equation (3.2) (or its simplified version corresponding to the two-ve

locity model), we were able to reproduce many noise analytic functions 

obtained in an air-water loop with different stationary and adiabatic 

annular flows with bubbles in the liquid ring and droplets in the central 
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picted in Fig. 6c (Analytis and Lttbbesmeyer, 1983b, e). 
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core (Analytis and Liibbesmeyer, 1983b, e). 

At this point, we have reached at the end of the present section. 

Not only we have explicitly proved that two-phase flow velocities me

asured in BWR fuel bundles by non-intrusive cross-correlation techni

ques are not any kind of cross-sectionally averaged velocities, but we 
(*) have also given a precise physical interpretation to these velocities 

and we have explicitly verified this interpretation both by a computer 

simulation program with synthetic signals, and by a simple analytical 

phenomenological model. We believe that by now, even the most scep

tical reader will be convinced. 

3.4 Utilization of velocity measurements in BWRs for code verification 

As we have already mentioned on several occasions in the previous 

sections, up until now, testing of the predicting capabilities of advanced 

subchannel analysis codes like THERMIT or COBRA-TF has been 

pursued by comparing the code subchannel mass fluxes or exit quali

ties with measurements performed in encapsuled heated rod bundles 

(3X3 or 4X4) under different pressures. Quite clearly, for testing 

the predicting capabilities of subchannel analysis codes, our finding 

that in the upper pari" of operating BWR fuel bundles one can measure 

simultaneously steam velocities in different subchannels can have far-

reaching implications, and can greately contribute in assessing or 

improving different models employed in these codes, particularly the 

ones related to modeling of the radial two-phase mixing (Kelly et 

al . , 1982). It is our intention here to briefly discuss this very attrac

tive possibility, as well as to point out possible shortcomings of the 

proposed route. 

In view of the findings reported in the present work, the advantages 

(*) "Precise" within all the limitations mentioned in this section. 



- 103 -

of utilizing two-phase flow velocity measurements in operating BWRs 

for verification of subchannel analysis codes are indeed numerous. 

First, as we have already said, these measurements offer the possi

bility of comparing predicted subchannel steam velocities with the ones 

inferred from the peaks of the measured CCFs, in real operating BWR 

fuel rod bundles. Second, in contrast to the the case of encapsuled 

heated rod bundles where only the subchannel exit qualities can be 

measured isokinetically (and we have already seen in Fig. 3 that these 

measurements are relatively highly scattered), in the present case, 

velocities can be measured from the bottom to the top of the core. 

Third, since we can measure at different radial positions in a BWR, 

it is possible to measure such velocities in bundles of different quali

ties (provided the four bundles around the instrument tube are under 

similar thermal hydraulic conditions). Fourth, since according to our 

interpretation, in the upper half of the core, the second peak in the CCF 

is related to the steam velocities in the corner subchannels, we have an 

excellent way of comparing the predicted steam velocities of the "pecu

liar" corner subchannel (and this is where most advanced subchannel 

analysis codes are facing problems) with the measured ones. Fifth, 

all these measurements can be performed in existing operating BWRs 

at no cost whatsoever; this is indeed an advantage worth keeping in 

mind. 

In spite of the impressive aforementioned advantages, there are 

also some shortcomings associated with the proposed route, and we 

have already briefly referred to some of them in the previous sections. 

The first and most important problem is that usually, the four bundles 

around the instrument tube are never under exactly the same thermal 

hydraulic conditions and hence, the steam velocities in the correspon

ding subchannels of the four bundles will also be a little different. This 

will introduce the first "error bound" of uncertainty so to speak in the 
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proposed method. The second problem is related to the actual defini

tion of the subchannels and their fictitious boundaries, and we have 

already discussed it in the previous sections. Quite clearly, in reality, 

no such "subchannel volumes" exist but without any doubt, if one is to 

relate measured velocities with the ones predicted by subchannel ana

lysis codes, one inevitably has to resort to the "subchannels termino

logy", always keeping in mind the limitations of this description in re

lation to the kind of velocity measurements we have been trying to in

terpret. As long as one is aware of the fact that although we "related" 

different peaks of the CCFs with steam velocities in different subchan

nels, we in no way implied that each subchannel has its own indepen

dent steam velocity, one must admit that there is indeed no alternative 

way of relating measured velocities to subchannel analysis codes pre

dictions. Also, let us not forget that in the exit subchannel quality 

measurements in encapsuled heated rod bundles, the same terminology 

is being used, and the same error bounds are likely to arise. The 

third and final problem is whether the velocities we are measuring 

are really the subchannel steam velocities or the void propagation ve

locities. We shall address this problem in more detail in the Appendix; 

here, we feel that some clarifying remarks are required. It is paten

tly clear that in order to measure velocities by non-intrusive cross-

correlation techniques of the kind we have been refering to, it is abso

lutely necessary that the information carrier crosses a medium with 

axially propagating interfaces which, in the case of neutron noise 

measurements, determine the density fluctuations cross-correlated 

by the tw^ axially placed detectors. Should no such axially propagating 

interfaces exist (for example, pure gas flow) or should these inter

faces are such that they induce only "small" signal fluctuations (for 

example, a cloud of extremely small droplets), no axial velocity can 

be measured by this technique. Hence, in general, it is the particular 

"arrangement" of the two-phase flow interfaces which determines 
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what velocity is being measured or, to be more precise, the axial com

ponent of the displacement of these interfaces. In this work, we have 

taken the stand that this velocity can be very well approximated by the 

steam velocity appearing in the two-fluid model equations. If one takes 

into account the facts that a number of errors are involved in this kind 

of measurements (apart from the definition of the subchannels) and that 

our main aim here is to establish a contact between measured velocities 

and subchannel analysis codes predictions, our aforementioned associa-

ation of the different velocities inferred from the peaks of the CCFs 

with the corresponding steam velocities seems justified. Lastly, it 

must not be forgotten that even within the different subchannels, there 

exists a radial two-phase flow velocity profile which, to a certain extent, 

could affect our interpretation. Unfortunately, there is really no way of 

taking this into account; hence, the best we could do was to associate the 

measured velocities with subchannel averaged steam velocities, provided 

the "fictitious" subchannel boundaries are chosen in a physically realistic 

way (Lahey and Moody, 1977). 

Concluding this section, we would like to point out that the advanta

ges of the proposed method for testing the predicting capabilities of 

subchannel analysis codes are indeed far more than the disadvantages. 

If all the aforementioned points are taken into account, one has to 

admit that an unexpectedly large amount of information can be obtained 

by carefully analyzing noise measurements in BWRs. We believe that 

measurements of this kind which will be performed in the future in 

conjunction with similar out-of-pile investigations, are likely to 

greately enhance our knowledge about two-phase flow in rod bundles 

under different pressures, and provide further support to the interpre

tation presented in this work. 
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4. SUMMARY AND CONCLUDING DISCUSSIONS 

After formulating the three-dimensional, two-fluid volume/time 

averaged two-phase flow equations which, after expressing the averages 

of products of the local instant variables in terms of products of avera

ges, were shown to include terms which could be associated with lateral 

two-phase mixing (Reynold's turbulent mixing and void drift) phenomena 

which play an important role in two-phase flow in BWR fuel rod bundles, 

we presented an interpretation of velocity measurements in BWRs by 

non-intrusive cross-correlation techniques. 

Our interpretation of the measured velocities is based on the radially 

non-uniform void and velocity distribution in the three different types 

of BWR bundle subchannels (corner, edge and interior) which is parti

cularly pronounced in the upper half of the core, as well as on the short 

spatial relaxation length of the thermal neutron kinetic adjoint (only a 

few cms), which results in a highly restricted detectors' field of view; 

it can be summarized as follows: 

(a) The main peak of the CCF is associated with the steam velocities 

in the edge subchannels nearer to the instrument tube. In the lower 

half of the core where the steam velocities in the three different types 

of subchannels are close to each other, the steam velocities associ

ated with the corner and interior subchannels are not "resolved" by 

the cross-correlation spool-piece. Consequently, there is only one 

peak in the CCF. 

(b) As one moves into axial positions near the middle of the core, the 

differences between the steam v ;iocities in the three different types 

of subchannels starts becoming appreciable due to the initiation of 

a strong two-phase lateral mixing, and a second peak corresponding to 

a lowor velocity appears in the CCF; we associate this peak with the 
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steam velocities in the corner subchannels nearest to the instrument 

tube. 

(c) Finally, in the upper part of the core, there are three different 

steam velocities in the three different types of subchannels and hence, 

in addition to the two aforementioned peaks, a third small peak appears 

in the CCF, to the left of the main peak. This peak we associate with 

the steam velocities in the interior subchannels nearest to the instrument 

tube. 

In orde ~ to validate our interpretation of the measured velocities, 

wc compared them with the steam velocities of four subchannels nearer 

to the instrument tube (one corner, two edge and one interior) of one 

of the four bundles, pre dieted by the advanced three-dimensional two-

fluid model subchannel analysis code THERMIT, which, as we have 

already stated, predicts remarkably well subchannel measurements 

in BWR type fuel rod bundles. Although the THERMIT calculations 

were only made for one bundle, the steam velocities of the edge and 

interior subchannels were very near to the velocities corresponding to 

the main and third small peak of the CCF respectively, but the steam 

velocities of the -orner subchannel were higher than the ones corre

sponding to the second peak of the CCF. In contrast, the steam velo

cities of the same four subchannels of the same bundle predicted by 

COBRA-III C were very close to each other; this is not a surprising 

result since as it is well known, COBRA-III C is not suitable for sub

channel analysis of BWR fuel rod bundles. 

The association of the three peaks of the CCF with the largely diffe

rent steam velocities in the three different types of subchannels was 

concretely proved by employing a computer program (Ltibbesmeyer, 

1983b) which uses synthetic signals to simulate the neutronic signals 

received by the detectors from any number of subchannels with diffe-
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rent steam velocities, and can account for different weighting functions 

modeling the "field of view" of the detectors, as well as the depen

dence of the amplitude of the signals on the averaged void concentra

tion in the different subchannels. The program can provide us with all 

the noise analytic functions as measured by one, or two axially separated 

detectors, modulated by a non-intrusive information carrier crossing 

a two-phase flow with a radial velocity and void'profile. As an input to 

this simulation program, in the upper half of the core (75% and 50% 

core height), the velocities in the edge, corner and interior subchannels 

corresponding to the three peaks of the CCF were used, while in the 

lower half of the core (25% core height), we used the steam velocities 

predicted by THERMIT. The weighting functions employed (to a first 

approximation, they were chosen to be the same for all three axial 

levels; in a more exact calculation, they should be different) for each 

subchannel accounted for the strong spatial attenuation of the thermal 

kinetic adjoint (detectors' field of view), but for each subchannel, the 

weighting function was multiplied by an appropriate factor (normalized 

to one) accounting for the dependence of the amplitude of the signals 

from this particular subchannel, on the void concentration in the sub

channel. This procedure resulted into an overall weighting function 

for each subchannel. 

By the aforementioned procedure, we were able to reproduce almost 

exactly all the noise analytic functions measured in a commercial BWR 

between LPRMs A-B, B-C and C-D (25%, 50% and 75% core height 

respectively), hence verifying our assumption about the origin of the 

different peaks in the CCF. In addition to this, we were able to show 

that although the amplitude of the different peaks of the CCF is strongly 

dependent on the chosen weighting functions, the position of these 

peaks (i.e.the measured velocities which are actually the important 
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quantities) are not very sensitive to the weighting functions. We should 

also mention that we run the simulation program with subchannel steam 

velocities predicted by CO BRA-in C as input. As expected, there were 

now large differences between measured and predicted noise analytic 

functions; in particular, for all three axial levels, there was only one 

peak in the CCF. Finally, we showed that even a simple phenomeno-

lcgical analytical three-velocity model was able to predict some noise 

analytic functions measured between LPRMs C and D, giving additio

nal support to our interpretation of the measured velocities. 

Our interpretation of the measured velocities also offers an explana

tion to previous findings that in the lower half of the core, the veloci

ty associated with the main peak of the CCF can be very well appro

ximated by the bundle-average volumetric flux < j ^ of the four bundles 

around the instrument tube (Liibbesmeyer, 1983a; Analytis and Liibbe-

smeyer, 1982; 1983c); namely, since the main peak of the CCF is re

lated to the steam velocities in the edge subchannels, provided the 

four bundles around the instrument tube are under very similar thermal-

hydraulic conditions, in the lower half of the core where the flow is 

not "separated" due to the fact that the two-phase lateral mixing is 

very small, the edge subchannels steam velocity will be very close 

to the bundle-average steam velocity and hence to O ^ . On t n e other 

hand, in the upper half of the core where the flow is "separated" and 

there are largely different steam velocities and void distributions in 

the different type of subchannels, the steam velocities in the edge sub

channels become increasingly lower than the bundle-averaged steam 

velocities, and this difference between the two increases as we move 

further and further into the upper parts of the core. It is worth recalling 

here that this interpretation was also given in the past (Analytis and 

Liibbesmeyer, 1982), but it was based on intuitive grounds. Hence, it 
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is patently clear that since the nain peak of the CCF does not corre

spond to any kind of bundle-averaged velocity, for monitoring purposes, 

one should resort to a calibration procedure, associating the main 

peak of the CCF with some kind of bundu.-averaged velocity of enginee

ring interest. We have already found in previous works that in the lower 

half of an operating SWR (Liibbesmeyer, 1983a; Analytis and Lubbe-

smeyer, 1982, 1983c), to a very good approximation, ^ j \ fullfills 

these requirements and can be considered as a good enough candidate 

for reasons we have already explained. Though, in the upper half of the 

core, such a calibration seems to be a much more difficult task; the 

kinematic wave velocity approach of Kosaly and Fahley (1982) can be 

considered as such a calibration procedure. 

Finally, we discussed the possibilities of utilizing this kind of velo

city measurements in operating BWRs for verification of advanced sub

channel analysis codes like THERMIT-2 or COBRA-TFi Up to now, 

such codes have only be tested against subchannel quality and mass 

flux measurements in heated 3X3 and 4X4 encapsuled rod bundles under 

different pressures, and as has already been pointed out in reference 

to COBRA-TF by Kelly et al. (1982), much more work is required 

for improving the lateral two-phase mixing models employed in these 

advanced subchannel analysis codes. Our highly interesting finding 

that by non-intrusive cross-correlation techniques one can measure 

in the upper part of operating BWRs three different velocities associ

ated with the largely different steam velocities in the three different 

types of subchannels i s in itself a big step forwards, and BWR bundles 

subchannel steam velocities predicted by the new generation advanced 

subchannel analysis codes can be tested against such measurements. 

Though, we have pointed out that there are still some problem areas 

related to the definition of subchannels, as well as the effect of a finer 
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subdivision of the subchannels on the predictions of our computer simu

lation; these areas deserve further attention and will be investigated 

in the near future. Additionally, data discretization errors which are 

inherent ii> all cross-correlation spool pieces are likely to be proble

matic; though as we have already seen in this work, there is also a 

very high scattering in subchannel exit quality measurements in heated 

rod bundles. We firmly believe that the proposed utilization of this 

kind of measurements for code verification, offers an excellent way 

of testing lateral two-phase mixing correlations used in these codes, 

in real operating BWR fuel rod bundles. 

Concluding this work, we feel that a word of caution is needed here. 

We would like to point out once more that strictly speaking, our inter

pretation of the measured velocities only referes to cases in which the 

four bundles around the instrument tube are under very similar thermal-

hydraulic conditions - something which is true for most centrally situ

ated bundles. Should this not be the case, as has already been demon

strated by Ltibbesmeyer (1983a) for measurements performed at the 

periphery of the core in which one of the four bundles had approximately 

half the mass flux of the other three, while one of these three bundles 

and the one with the low mass flux had almost identical bundle-average 

qualities, but largely different from the bundle-average qualities of the 

other two, the axial valocity profile inferred from the main peak of 

the CCF exhibited a sharp discontinuity at approximately 50% core 

height, indicating that at different axial elevations, the main peak 

corresponds to steam velocities of different bundles. We believe that 

even in such cases, the main peak of the CCF is associated with the 

steam velocities in the edge subchannels; though, in order to decide 

which bundle these subchannels belong to, one certainly requires some 

additional information. Finally, we should mention here that in inter

preting the measured velocities, we did not make any specific assum-
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ptions about the flow patterns in the subchannels; rather, we took the 

stand that since it seems to us that our interpretation can really ex

plain almost all findings in this kind of measurements in BWRs, and 

particularly the origin of the different peaks in the CCFs, there must 

by sufficiently strong density fluctuations in the corresponding sub

channels to "finger-print" themselves in the noise signals and hence, 

measure their axial velocities by the cross-correlation technique. 

For a concrete proof of our interpretation of the measured velocities, 

in principle, one should insert a (nuclear) BWR-type fuel rod bundle 

under 70 bars in a zero-power reactor and measure axial two-phase 

flow velocity profiles both by neutron detectors located outside the 

bundle, but also by "local" probes located in the subchannels. Such a 

task would not only be extremely difficult to pursue, but also highly 

expensive. For the time being, alternative methods for verifying our 

interpretation of the measured velocities are under study and are due 

to appear in the near future. A final remark related to the applicabi

lity of cross-correlation measurements for monitoring purposes: We 

have shown in this work that the main peak of the CCF is not related 

to any cross-sectionally (bundle-averaged) velocity, and any such in

dication is to be considered purely coincidental. Hence, provided the 

four bundles around the instrument tube are under similar thermal hy

draulic conditions, cross-correlation measurements can be employed 

for estimating the average mass flux over the four bundles (which is 

a quantity of engineering interest) only in the lower half of BWR cores 

where the steam velocities in the edge subchannels are close to the 

cross-sectionally bundle-averaged steam velocities. For more details 

the interested reader is referred to the works of Lfibbesmeyer (1983a, 

1983c) and Analytis and Ltibbesmeyer (1982). 
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APPENDIX 

In this Appendix, we shall outline the derivation of the void propa

gation equation within the framework of the two-fluid model, and we 

shall derive an expression for the void propagation velocity; we shall 

follow closely the work of Agee et al. (1978). Subsequently, we shall 

elaborate a little on the differences between steam and void propagation 

velocities. In general, we shall use the same notation as the one used 

in section 2. 2. 

We shall start by defining for any quantity f, (k = 1,2) the following 

average 

<£*-£#*» (A.l) 
5-

Also, we shall define m by 

< = p,ci5;-£>2?« (A2) 

We can now readily write down the three interface jump conditions 

for mass, momentum and energy in the following way (Agee et al., 

1978) ^ 

z«>=-£.z = ° (A. 3a) 

— r 
L^j{^^+5^"^^}J^"° (A3b) 

(*) Surface tension effects have been neglected (see Ishii (1975)). 
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K * l V s 

+ *.(L-z.K)}<is
l =

 0 (A3c) 

In equation (A. 3c), h. is the specific enthalpy and CL is the heat flux 

vector. Also, in writing down equation (A. 3a), we have made use of 

equations (A. 2) and (2.18b). The above three interface jump conditions 

can be derived directly by summing up over k the first integral on the 

rihgt hand side of equation (2.9) (after taking into account the remarks 

made after equation (2.14a)), and setting the sum equal to zero: 

* - * v
 s 

Subsequently, equations (A. 3a)-(A. 3c) can be obtained by appropriate 

choice of f and (b as explained in section 2.2. 

If we now take into account equation (A. 3a) and the fact that n = -n 

and follow a procedure similar to the one which led from equation (2 9) 

to equation (2.17a) (in particular, utilizing equation (2.15)), it can 

readily be shown after some algebra (Hughes et al. , 1976; Agee et al., 

1978) that the interface momentum jump condition (A. 3b) can be written 

in the following way 

- * i - ( & - % ) > . < A 5 " 
it 

where c[ as o(£ and o( » JL—6C > where we have made use of the de-
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finition (A. 1). Similarly, it can be shown that the energy interface 

jump condition (A. 3c) can be written in the following way 

{<8>-<I>}f?> = <^ {«-&.-£*.}-

In order to obtain the void propagation equation from equations 

(A. 5a) and (A. 5b), we shall first take the dot product of equation 

(A. 5a) with the unit vector n parallel to the flow; it can readily be 
—z 

shown that we shall have 

{ < B > - < S > } ^ - < « I « - « ; - 3 1 - C ^ « -

where v are the z-components of the phasic velocity and t ^ _ are 

the z-components of the viscous stress tensor. 

Finally, the void propagation equation can be obtained by dividing 

equation (A. 6) by equation (A. 5b); we shall have 

\h+ *&}<*>-° 
where f\ is the void propagation velocity given by 
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It is quite clear from the above equations that when &fff$t - 0, also 

/ \ = 0 indicating that / \ # 0 only in a transient situation. Also, it is 

obvious that the void propagation velocity f\ is related to interface 

quantities. It has been shown by A gee et al. (1978) that both for an 

adiabatic system with no mass or heat transfer at the interfaces, and 

for a mass transfer dominated system, the void propagation velocity 

f\ can be approximated by the volume average interfacial velocity 

in the z-direction, i .e . 

A2. at.<5f>s <^f> (A.8) 

From the above derivation, it is now quite clear that within the 

framework of the two-fluid model, for a stationary system like a 

normally operating BWR, one can only associate the measured veloci

ties with the z-component of the steam velocity /7A as it appears 

in the two-fluid model equations derived in section 2.2. As we have 

already pointed out in the main part of the present work the uncertain

ties in this kind of measurements are such, that one can safely assume 

that the measured velocities are the steam velocities. 

Concluding this Appendix, we would like to point out that in contrast 

to the inhomogeneous drift-flux model based void propagation equation 

derived by Zuber and Staub (1967) (see also Ishii (1975)), equation 

(A. 7a) is homogeneous, and defines a void propagation velocity which 

depends on physical quantities rather than correlations. Equation (A. 7a) 

can be replaced by an equivalent inhomogeneous equation resembling 

the one derived by Zuber and Staub (1967) by making use of the gas 

(steam) mass continuity equation (2.18a) derived in section 2,2; by 

combining these two equations, it can readily be shown that we shall 

have 



- 124 -

9<g>, {M<Sl\ 3<*> LSrjL. 

W#>+J<*><^T+KWJ <A9) 

where the subscript "g" indicates quantities associated with the steam 

phase. Clearly, also in equation (A. 9), /\- 0 when 

demonstrating once more that for stationary flows, the voids propaga

te with the velocity ̂ "7 ^ . 


