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SUMMARY 

A theoretfcal study of the motion of gas bubbles in a rotating liquid 

is presented to make comparison with experimental data from a investigation 

concerning the removal of gas bubbles from rotating liquids as described in 

ORNL-~~O , In partfeular; the following information is presented: 

(1) The Literature on the motion of gas bubbles in liquids 

1s reviewed and a summary of extensive experimental 

studies at the University of Tennessee on this topic 

is presented, 

of quantitative expressions for the drag coefficients 

of gas bubbles in terms of the bubble size and physical 

These results are presented in the form 

properties of the system, 

An expression for the radfal velocity of a gas bubble 

in a rotating liquid based on principles of mechanics 

is presented. 

liquid velocity, drag coefficient of the*gas bubble 

ana the physical properties of the system. 

of the maximum gas bubble residence time for the HRE 

mock-up studies were made based on this relation. 

results of these computations are presented and are 

found to agree favorably wfth experimental data described 

(2) 

This ex-pression includes the effects of 

Computations 

The 

in ORNL-630. 
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(3) A method for computing the steady state state gas hold-up 

in the HRE reactor core UlTljter power producing conditions fs 

presented, 

are presented, Such results indicate that 020 to 0055  

volume percent gas hold-up w i l l ,  be realfzed in the HRE 

reactor copee These values reflect the fnfluence of gas 

bubble size over the rmge of 0,OOB to O o 6  inch diameter , 

amd the influence of bfquid velocftfes in %he reactor core 

correspondfng to a 2 inch and a 1 1/2 fxllch nominal dfasreter 

inlet pfpe 

The results of computations based on this method 

It is concluded that the relations a d  methods presented are 

general in scope, an& could be applied to any size reactor core providing 

basic data on liquid velocity dfstrfbutfon, gas bubble size and physical 

properties are known. 

The removal of gas bubbles from the  fie1 solution by centripetal 

action resulting from rotary motion of the l iquid wfthfn the spherical 

RRE reactor cope was deacrfbed in ORN3J-63O. 

cited, It was found that a stable l iquid flow pattern could be maintained 

with lhquid behg introduced on a chmlof the sphere, Under such con- 

ditions the liquid moved In an rapproxi.m%ely spiral path toward the center 

of' the sphere with %he $asmattcan of a eylfndrfcal gas void a b f s e d  wfth 

As descrfbed in the report 
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the vertical axis of" .the sphere, 

opening around the gas void a t  the top of the vertical axis, 

The lfqufd effluent was from an annular 

It was also found upon introduction of gas bubbles fnto the liquid 

within the sphere that the gas bubble6 could be separated from the liquid 

very effectively, the gas bubbles moving rapidly toward the central gas 

void in an almost plane, spfral. path. Results were given of extensive 

experimental work involving the flow ckaaracterfstfcs of air bubbles in 

water moving within a plastfc sphere I,? feet fn diameter, 

flow rate of' LOO GPM at approximately 25'6 it was found that the gas 

bubbles moved with radial velocities of lo? to 3.0 feet per second. 

these conditions the radial an& taurgen%ial components of the Liquid velocity 

were found to be given by 

For a water 

Under 

v, = o , 0177 0 ~ 1 2 ~ ~ ~ 0 . 6 ~  
~ ( 0 3 6 2 5 ~ ~  2 ) 112 

where 

Vt = tangential component of the llquid velocity at 

radius R relative to a fixed eoordfnate system, ft/sec 

Vr = radial component of the liquid VdQcfty a% radius R 

relative to a m e a  coordinate systeml ft/sec 

R = position radius measured from the vert tcal  axis of 

the sphere, f% 
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The velocity distributfon data were determined. from. pitot tube traverses 

at the equatorial plane of the sphere. 

work was such that no infomation was available as to the effect of liquid 

properties on the observed bubble velocities OF 1iqufgf velocity distribution. 

Further, the applicability of the velocity distribution. as given by 

equations (1) and (2) to planes other than the equatorial was not known. 

The status of the eqerimental 

It is the purpose of this present work to examine the literature and 

Further, it sumarize the data on the velocity of gas bubbles fn liquids, 

is desired to consider the application of such data to these problems: 

Development of relations to allow the quantitative 

prediction of the motion of gas bubbles in a rotating 

mass of liquid in terms of the physical properties of the 

system. 

Computation of" the mean bubble velocities in a sphere la? 

feet in diameter for water at 25% and at 230'6 at a 

f l o w  rate of 100 GPM showing the effect of bubble size  on 

the velocttfes. 

Computation of the mtfcipated total gets hob&-up to be 

encountered in the HRE reactor core under power producing 

conditions; Le, pressure-1000 psia, average temperature- 

P ~ O O C ,  power-1000 K W ~  fuel solution flow rate - 100 GPM~ 

a. 

b, 

c .  

The scope of this work is lhited by t h e  extent of existing 

lrnowledge on liquid veloc%%y dfstributbon in a sphere and the size of gas 

bubbles to be generated in the fuel S Q ~ U ~ ~ O X L  For the lack of other data 
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e 

at the present time, the liquid velocity distribution data as expressed by 

equations (1) and (2) w i l l  be used for all pofnts in the sphere, 

further informEltfom on this topic becomes available the considerations can 

be revised, 

As 

Wilson" presented information showfwg t ha t  the size of gas bubbles 

to be generated under power producing conditions %s conjectural, and it is 

possible that gas bubbles 6-6  x 10-3 ft to 2 x 

from the fuel solution, 

present time, this range of gas bubbles will be considered in the present 

work 

ft radius may be released 

Again, for lack of" specific Smformation at the 

. 
DATA OH GAS BUBBLE MOTION AHD VELOCITIES 

Theory 

The problem of predfctfng the velocity of gas bubbles in a liqufd is 

hydrodynsunical in nature, a d  f d l s  within the mre general problem of the 

flow of fluids past bodies in a fluid stream, et quelstfon which has intrigued 

investigators in that field since the tine of Bewtow, 

lations were based on the hypothesis of an "ideal" fluid having zero viscosity. 

Reference may be nade to texts 0x1 classical. hydrodynadcs such as Lamb7, 

Milne-Thompson , Green 
The conclusions axe of lfttbe Importance since for steady f l o w  the "ideal" 

fluid offers no resistance to flow past a body immersed in the fluid stream, 

This is contrary to experience with d L  red f2.aidso 

The earlfer specu- 

10 5 and Ramseyl' for the results of such considerations. 
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An analysis of the forces involved in the motion of a red fluid 

leads to the.genera1 differential equations of fh%d motion known as the 

Navier-Stokes equatfom, 

2 

where, 

u,v,w = x,y,z components respectively of the fluid velocity, f‘t/sec 

X i J 2 J 3  = X ~ Y I  z components respectively of any extraneous forces 

acting on a fluid element, pounds force/pound Bass 

p = pressure at a point (x,y,z) pounds force/(sq ft) 

conversion factor beween force and mass 

32.17 (pounds mass) (ft;)/( sec) (pound force) 

Laplacian operator 

liquid viscosity, ponds mass/( P t )  ( see) 

time, sec 

liquid ~erasfty, powas mass/ cu ft 

2 

This system of equations nust be solve8 subJee% to the boundary conditions 

appropriate to the fluid n ~ % f ~ n  situation invo2v’ed. 

solutions by such rn approach are usually ktapered by mswmomtable 

Attempts to obtain 
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mathemtical d i f f ieu l t ies ,  and suceessfil tsolutfons have been achieved 

for  only a f e w  simple cases, 

only unidirectional flow. 

In the main these simple cases have involved 

However, f o r  the case of symmetrfcal three 

dimensional f lu id  flow $round a body immersed in the  f lu id  stream, a solution 

may be obtained a f t e r  certain silncpiifyfng approximations are made 

Stokes'' considered the flow of a liquid past a solid sphere a t  very 

s m a l l  velocit ies,  For such small velocit ies the iner t ia  terns u c  d.!! , a x  aY 

p 1  

2 
, become small compared wfth the f r i c t iona l  terms c1 u, P d v ,  

e and are negblec%ed, With these approximations, "b tokes solved 

system (3) for  the boundary conditions of zero velocity a t  the surface of 

the sphere with the added assuniptions of an infinite extent of l iquid and 

gravity as the only extraaeous force, 

is t ha t  the t o t a l  liquid resfstance i s  given by 

The important resu l t  of the solution 
, 

where, 

D = t o t a l  l iquid resisting forse acting on the spherical 

solid, pounds force 

U = velocity of the spherical partfele  relative t o  the 

liquid, ft/sec 

T h i s  result can be applied t o  the rising of et g m  bubble in aJiqufd 

The equation of gravf- under conditions fo r  which equatlsn (4) is valid, 

tat ionalmotion upon application of N e w t o d ~  seem& l a w  is 
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L 

where 

Rb = equivalent 

p2 = density of 

spherical radius of the bubble, ft 

the gas bubble, pounds mass/(ft$' 

When the bubble attains the steady state, or terminal velocity, 

where 

U- = steady state velocity, ft/sec 

This result is comonly known as Stokes' l a w .  The restrictions imposed: 

by the assumptions used in the development limit the application of" this law 

to extremely small gas bubbles or very viscous liquids, 

The inability to solve the Navier-Stokes equations fo r  systems where 

Stokes' law does not apply has bed t o  the  practice of employing an arbf- 

t r a r f l y  deffned drag coefffcient, The b a g  coeff5cfen-k fa; deffned by 

2 D = C D P ~ W  A 

where 

CD = drag coefficient> dimensionless 

A = cross section of pm%%ele perpendicular to the 
direction of flow, bjq fL 

The drag coefficient as defined is somewhat mdogsus to the Fanning 

friction factor used to correlate the data for the pressure drop accompanying 

-- -. . . 
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the  flow of' fluids through pipes,  Using this analogy9 dimensional analysis 

has been employed 

and the variables 

where 

I ? =  
Re = 

The 

to gain some insfght concerning the relation between CD 

influencing f t .  Such treatment gives the result 

arbitrary furaction, dimensionless 

Reynolds nmiber , * Rb ' 
form of this unknown fmction,p , can be computed for the case 

, dInaelu3ionless 
P 

where Stokes' law applies by equating the two 

liquid b a g  resistance from equations (4) and 

expressions for the t o t a l  

(7) a d  assuming a spherical 

gas bubble, Thus, 

2 sh 

Solving for CD, 

For cases where Stokes' law does not apply the function9* , must be determined 

from experimental data, 

A - Review of the Literature 

A brief summary of the literature dealfng with the drag coefffcients 

for solid spheres moving in liquids 1s given here to serve a8 a basis for 

comparing drag coefficients of these w i t h  the corresponding values for gas 

bubbles, Lapple and Shepard' examined the data for  soled spheres of 19 

investigators, These data covered a var ie ty  of part ic le  s h e s  and Biqufd 
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properties over a Reynolds nuber range of IOm1 to 3 x lo6- The averaged 

data of all the investigators were correlated by the following relations:: 

L Re= 2 

The result expressed by equation (lo) is iden%feal to  Stokes law whfch has 

been shown to be synonymous with viscous flow, 

represent the transitfan region between viscous and turbulent flow, while 

equation (12) applies to the turbulent flow conditfon, 

Equation (la) seems to 

1 Allen was one of the first investigators to attempt verfffcatfon of 

Stokes law for gas bubbles moving in Ifquids, 

of rise of single air bubbles (Rb L 0,001 feet) in water and aniline, and 

the data indicated excellent agreement with Stokes law for Re 5 1, 

1L Re L 200, Allen found that the bubbles had a spherical shape, rose 

vertically in almost a straight path, and the velocity was very nearly 

proportional to the radius, Furthemore, when the data were expressed in 

terms of the dbnensiodess drag coefficient and Reynolds number they were 

found to agree favorably with the results for so l id  spheres, 

from this work are that for  anil ine and water %he resul ts  for sol id  spheres 

expressed by equations (10) and (11) are also valid for gas bubbles with 

the Reynolds number range modified to Re L l and 1 & R e  L 200 respectfvely. 

Studies were made of the rate 

For 

The eonelusions 

S 



- 14 - 

. 

Miyagill studied the rate of rfse of singbe air bubbles in water over 

a size r a g e ,  O . O O 3 C  Rb < 0,013 feet, a a  found that the linear relationship 

between velocity and radius extended to Rb L 0,005 feet, 

feet the velocity decreased up to Rb = 0.009 feet, 

constant independent of radius, 

the experimental data, but no general relations in terns of physical properties 

of the fluids were given by Miyagi, 

ranges where the linear relation between velocity ana radius does not apply, 

the bubbles tend to flatten in the horizontal direction and that the path of 

ascent is spiraling in nature, 

Also, for Rb> 0,005 

then tended to rernain 

Enapfrieal expressions were presented to fit 

It wa8 pointed out that in  the size 

B r p 2  studied the motion of air bubbles through aqueous solution of 

alcohol and glycerine over a wide range of shes, 

bubbles were classified into three distinct types: 

1 

The movements of the 

"Small. Bubbles ," approximately spherical, rising in 
straight lines; for water at room temperaturep Rb d, 0,005 feet, 

"Medium-sized bubbles,'' flattened horfzontally, rising with 

rocking, pendulum-like spiral movements; for water at room 

temperature, 0,005 C Rb c O . O l . 3  feet, 

2. 

3. "Large bubbles," greatly dlefonned, assuming et mushroom-lfke 

shape, rising relatively straight, very unstable tending to 

break easily into numerous smaller bubbles; for wa%er at 

room temperature, Rb > O,Ol.3 f ee t ,  

Bryn confirmed the deffnite m a x i m a  reported by Miyagi in %he velocity-radius 

curve an& was able . t ~  express %he reba%fon between velocity and bubble radius 

I 
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quantitatively for the "large bubble" region by 

4 

where 

,8 = arbitrary constant 

a =  Laplace's cap i l l a r i t y  constant9 ft 

L " J  
&' = liquid surface tension, pounds force/ft 

O'BrIen and Gosline'* surveyed the Literature on the velocity of gas 

bubbles and conducted experiments in which the rise of air bubbles through 

water, mineral o i l  and livestock oil were studied in 1-18 inch, 2 2 4  inch 

and 6.00 inch glass tubes, 

that could affect the drag coefficient, and found that the drag coefficient 

should be some function of the Reynolds number, the Weber number and 

They made a dimensional analysfs of the variables 

possibly other dimensionless groups. Having done this, they abandoned this 

analysis and did not determine the fu#ctional relationships between the 

dimensionless groups mentfoned. 

were plotted as curves showing the varfation of the drag coefficient w i t h  

Reynolds number, Their results indfea$e tha% for -the three l iquids studied 

the relation between CD &Re for solids is valid f ~ r  gas bubbles up to 

some critical value of the gas bubble radius peculiar to the liquid involved. 

Above this critical radius the drag coefficients are much larger than those 

for solid spheres at the sane Reynolds number, ma the CD versus Re curve 

loses its generality, 

Instead, their results for all experiments 

Classifications of %bee tmes of' bubble movement 
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were desertbed which were similar to those of B r w .  

were conducted on the mean velocity of" a strean of gas bubbles. 

correlations of these data were presented. 

Limited experherits 

No general 

RobinsonL4 made measurements of bubble velocities in lubricating oils 

The resu3.ts confirmed those of' previous investigators fn that for Re Lb, 

Stokes law is applicable to the movement of gas bubbles in this region. 

6 Kaissling made a dimensional study of the factors affecting the velocity 

of steam bubbles in vertical boiler tubes. 

dimensionless goup functional relatlonshfp should apply 

It was claimed that the fpollowhg 

where 

f = arbitrary function, 

Attempts to determine the functional relation were made without success 

using data given by 

Wignerlg made some speculations regarding %he velocity of gas bubbles 

irr liquids based on a dimensional analysis of the variables bubble velocity, 

l iquid density and l iquid viscosity, It was fnterded, that  such an analysis 

should give an expression f o r  %he t e m f n d  velocity of a bubble that was 

growing by transfer of' material h t o  it, hence the bubble radlus was not 

considered in the analysis. Such an analysis 1813. to 



where 

f = ax’bitrary function 

U- = steady state rising velocity, ft/seh: 

From data on air  bubbles r i s b g  in water the mbl$%rmy furaction was 

evaluated and expressed by 

Substftuting equation (16) into equation (19) gfves 

114 

No attempt was made t o  verify t h i s  deduction experfmentally nor was an 

explanation of the mecharaism that brings about th i s  result put forth, 

Levich 9 discussed the boundary layer theory with reference t o  liquid- 

gas interfaces and appljted it to the computation of the t o t a l  res i s t ing  

’force tha t  acts  upon a gas bubble r i s ing  in  a liquid, 

boundary layer behavior applied to  a spherical gas bubble led t o  the 

foLlowing expression for the s.teady s t a t e  risfng velocitoy, 

The analysis of the 

2 
uw - Rb Q (PI, @ z )  ( 18) 

9dh 
This resu l t  was claimed $0 be v a l i d  over %he range 1C R e  L l70Oe However, 

Levich pointed. out that experfmental. verificatisn of equation (18) would 

be d i f f i cu l t  because of bubble de%om%9m0 
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Gorodetskaya4 conducted experiments on the rate of rise of single air 

bubbles in water and a nuuiber of ~ ~ p m a l  alcohols with the express purpose 

of attemptfng verification of the COII~~US~QX~S of Levfeh, In the main the 

experimental bubble velocities were approximately 30 percent lower than 

those predicted by equation (l$) 

velocities measured by other fhvestfgators under esrrespondiag conditions. 

Gorodetskaya argued these discrepancies exist because the bubble velocities 

are very sensitive to the presence of the slightest trace of impurities in 

the liquids used, that all the liquids he used in the work were caref'ully 

purified whereas previous investigators had ignored this precaution. Data 

were presented to show that eoncentrations of surface-active substances as 

low as loo6 molar are sufficient to affect the velocity of bubbles fa liquids, 

these effects behg attributed to changes fr "interfacial vfscosityon 

but were somewhat higher than bubble 

Datta, Napfer and lilewftt 3 =de measurements of the velocity of single 

air bubbles in water. 

under corresponding conditions, 

by Bryn as "large bubbles" (Rb> 0,013 feet) I the velocities as measured by 

these investigators was almost Independent of size, 

Their data agree with those of Allen and Miyagi 

In the range of gas bubble sizes described 

Verschoor18 studfed the motion of a stream of afr bubbles in a column 

of liquid. 

rates of air passing through the column without mxmaring the bubble size, 

Atterapts were made to correlate the data using the dimensionless groups 

suggested by Kaisslfng. 

Measurements of mean bubble velocity were mde for different 

go general relationships were presented, 
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V a n  mevelen and 

stream of air bubbles 

Hoftfgzerlrl made measurements of the velocity of a 

rfsfng en water, cyclohexane, mineral o i l  and aqueous 

solutions of glycerine and saponine, 

terms of the drag coefficient and Re,ymolds number, deviations fron the  

correlations for solid spheres were obtained sfpilax to the results of 

O'Brien and Gosline. 

properties of' the system were given, 

Studies at the University of Tennessee 

When the results were expressed in 

No general relationships in terns of the physical 

AS a phase of a long range progect at the Unfversfty of Tennessee 

involving mass transfer in lfqufd-gas bubble system9 the motion of air 

bubbles in 22 different liquids was studfed, 

work was t o  discover general correlations of the velocity and the drag 

coefficients of gas bubbles in tern of the bubble size and phvsfcal properties 

of the system, 

The exgress purpose of the 

The experimental work consisted of determining the steady state 

velocity of single bubbles of ~ Q W I I  size rising in liquids of predetermined 

physical propertfes, 

in the studies were such that a Reynolds n.rarraber range of Oo> to 2300 w a s  

covered 

The range of bubble sizes and physical properties used 

Ty-picd results of the steady state velocity of" air bubbles risfng 

in water and a ethyl acetate-cottonseed oil solution as a ~ ~ t f o n  of' the 

bubble radius axe 

studied are shown 

Reynolds number 

given in Figure 1, 

fnFfgure 2 as a plot of %he drag @~eff%ciem% versus the 

The bta as given agree favorably with those of previous 

Data for sone of the other systems 
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4 

8 

investigators. 

coefffcient versus the Reynolds nmiber f a  not a general correlation for the 

As observed by O'Brien and Goslim the p lo t  of the drag 

behavior of' gas bubbles and other parmeterr; are involved. 

As m y  be noted in Figures L and 2, four &istinet regions of behavior 

are exhibited by the motion of gas bubbles in a given liquid. 

regions correspond to t h e  motion of solid. spheres in liquids. 

The first two 

The third and 

fourth regions indicate the departure from simiPar$ty to the motion of solid 

spheres. Without discussing the empfrlcal a& theoretical methods used in the 

analysis of the exper$nenta1 data, the &rag data f r ~ m  all the experiments 

could be expressed by the relations givea fw Table 1, 

TmLE '6: 

SUMMARY OF REEATIONS FOR TKE DRAG C O W I C I m S  OF GAS BUBBLES 
MOVHBG IN LIQUIDS 

Region 

I 

I1 

I11 

3 0 250 cD = 1.783 G~ 
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Recommended Relations 

It is proposed to use the correlations expressed in. Table I for the 

drag characteristics of gas bubbles moving in liquids in this present work. 

This proposal is based primarily on these factors: 

a. Bo other general correlations for the drag coefficients 

of gas bubbles moving in liquids are known. 

Even though the correlations are based on data from the 

motion of single gas bubbles, the corresponding data for 

masses of gas bubbles probably are not seriously different. 

Intimate relation of the author with the work at the University 

of Tennessee, 

b. 

c. 

GAS BUBBU VELOCITY IR A ROTATING LIQUID 

Development of Basic Equations 

The accelerating motion of a gas bubble in the rotating liquid of the  

HRE core is approximated closely by a single equation for the radial 

component of the total motion, thus 

where 

R = position radius measured from the vertical axis 

of the sphere, ft 

t = time, sec 

p2 = gas density, pounds mass/cu ft 

Ur = radial velocity of the bubble relative to a fixed 

coordinate system, ft/sec 

S 



Such an expression is based on negligible motion of the gas bubble with 

respect to the liquid .In the tmgential  and wrWxd. 7 cec t3.ons. Hence, 

The combination of equation (26)  and the relations for the drag coefficient 

as given by eqiatfons (18) through (24) would theoretically permit an 

analytical solution to equation ( 2 5 ) .  Such a procedure is extrenely im- 

practical and nuaraerlcal integration is indicated. 

such ~utnerical integration, it is found thet  for R fixed value of bubble 

position radius, R, the acceleration to a termiwl velocity is almost 

instantaneous. 

However, upon attempting 

As a result;, little accuracy is sacrificed by ass- 

- = o  ur 
-u - 

R = eonstmt d.t 

Incorporating this approximation into equation (25) leads to the 

simplification 

27) 

Substituting 

through (24) 

the relations for the drag coefficient as given by equation (19) 

gives these expressions f o r  the radial velocity, 
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0 . 167 

0.750 
I__ (294 

0.036 

Rb 
G1 

2.01 

g 6 0 . 250 

, 0.083 0.250 

This system of equations permits the 

at a specified point in the rotating 

computation of the gas bubble velocity 

liquid in terms of the bubble size, 

physical properties of the system and the velocity of the liquid. 

Computation of Maximum 7 Gas Bubble Residence - Time 

Some of the experimental work on gas hold-up in the HRE core described 

in om-630 involved the injection of measured volumes of gas bubbles into 

the mock-up spheres at the liquid inlet. From both motion picture studies 

and gas hold-up measurements, it was Pound that 0.23-0.40 seconds were 

required for gas bubbles to move from the liquid fnlet to the central gas 

void (Le. R Z  0.65 ft to R g  0.01 ft). The sizes of bubbles involved in 

these studies were not known precisely but it was estimated that the sizes 

were from 0.10 - 0.30 inch in diameter. 

In order to show the applicability of the previous equations for the gas 

bubble velocity in a rotating liquid, the maximum gas bubble residence 

time (the time required for a bubble to move from the liquid inlet to the 
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central gas void in the equatorial plane of the sphere) has been computed 

for a number of gas  bubble sizes. 

properties of the fluids to correspond to the room temperature flow studies at 

approximately 7 0 9  a,nd to the actual operating conditions of 482% and 1000 psia. 

The liquid properties were assumed to be those of water. 

Computations were made using physical 

* 

The liquid velocities 

in the sphere were assumed to be those as computed from equations (1) and (2) 

which were the result of velocity traverses made in a sphere 1.3 ft inside 

diameter with a 2 inch noninal diameter inlet pipe. 

made to correspond to the use of a 1 l / 2  inch nominal diameter inlet pipe. 

In these computations it was assumed that the liquid velocities in the sphere 

would have the same type of distribution as given by equations (1) and (2) 

with only a change in the constant of equation (1) by the ratio of increase 

of inlet momentum. 

Computations were also 

Since the radial velocity of the gas bubbles varies with position in 

the sphere, it was necessary to compute the bubble velacity at a nuaiber of 

positions and then evaluate the residence time by integration over the 

distance traversed. 

gas bubble size, Rb: 

The computational procedure was as follows f o r  a particul- 

a. For a specified value of the position radius, R, 

compute the radial and tangential components, Vr and 

Vt, of the liquid velocity using equations (1) and (2). 

b . Using the value of Vt from computation (a) and the values of 

the physical properties evaluated at the operating temperature 

and pressure, compute the radial velocity of the gas bubble 

relative to the moving liquid, U, by the appropriate equation 

from system (298-dl. 
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c 

I 

c .  Compute the absolute radial velocity of the gas bubble, Ur, 

by equation (26)  using the result of computation (b) and the 

value of V, from computation (a) 

d .  Repeat the above computations for a nmber of values of the 

position radius in the range 0.02 f R f  0.65 ft. 

e. Compute the maximum gas bubble residence time, tl by 

evaluating the integral, 

this may be done graphically by a plot of this type 

Area = t 
t 

0.02 0.65 

8-3- 

A s  an alternate procedure this integral may be evaluated numerically. 

The results of computations using this procedure are shown in Figure 3 

and Figure 4 giving the maximum gas bubble residence time as a function of 

the gas bubble size .  Figure 5 gives the radial bubble velocity for a bubble 
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c 

8 

0.25 inch diameter as a function of position radius at 4829  to show the 

range of velocities predicted in the EEU core. It is gratifying to note 

that the maximumbubble residence times for bubbles 0.10 - 0.30 inch in 
diameter as calculated agree favorably with the experimental values given 

in ORNL-~~O. 

TOTAL GAS HOLD-UP HRE REACTOR CURE 

In the previous section computations of the maximum gas bubble 

residence time were made for the case where the gas was introduced at a 

single point in order to make 8 comparison with the ERE mock-up experiments. 

However, under actual operating conditions gas is to be generated throughout 

the liquid volume. Furthermore, the important information desired is the 

total gas hold-up volume within the sphere, not the time that a single bubble 

remains in the liquid mass. In this section the problem of predicting the 

extent of this total gas hold-up to be encountered in the B E  reactor core 

under power producing conditions will be considered. 

For clarification the problem may be divided into these twee steps: 

(1) Considering any liquid volume increment, compute the number of gas 

bubbles contained in it; taking account of the number of gas 

bubbles genersted in that volume of liquid, the nuniber of gas 

bubbles moving into that volume from other parts of the liquid 

and the number of gas bubbles moving out of that volume into 

other parts of the liquid. 
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( 2 )  Compute the gas hold-up within the entire liquid mass by 

summing the number of gas bubbles contained in all liquid 

volume increments within the sphere, 

(3) Compute the volume of gas contained in the central gas void, 

Again, an exact solution to the problem as outlined above will be 

difficult to obtain and certain simplifying assumptions will be made; 

namely: 

(a) gas generation rate per unit volume of liquid to be 

constant throughout the liquid mass and is to be computed 

from the total power generated (1000 KW) winb 50 - 100 8.v. per 

water molecule decomposed 

gas bubbles move in horizontal planes from the point of 

generation to the central gas void 

for a given horizontal plane, the gas bubbles move at a 

constant, mean radial velocity which is to be evaluated 

in terms of liquid velocities, physical properties of the 

fluids and the bubble size by the methods presented in the 

previous section (such a mean value is used to expedite 

the computations, otherwise a laborious double graphical or 

numerical integration is required) 

the gas bubbles are of a constant size and are small enough 

to permit the use of the calculus to describe the events, 

(b) 

(e )  

(d) 
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Based on the asswnptions, the problem as outlined may now be con- 

sidered. A schematic diagram of a representative volume increment of 

liquid within the sphere and a short list of symbols is given 

P-Gl ---I--- 4:) -4 
below 

Nomenclature : 

h = height of a horizontal plane above the equatorial 

plane of the sphere, ft 

A h  = height of a horizontal layer of liquid, ft 

-3 n = number of gas bubbles per unit volume of liquid, ft 

Rs = radius of the sphere, ft 

R(h) = position radius at a point in a horizontal layer of 

liquid at a height, h, ft 

'. AR(h) = increment of position radius, R(h) ,  ft 

R1(h) = radius of a circle cut by chordal plane at a 

height, h, ft 
S 

Rv = radius of central gas void, ft 

t = time, sec 
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i -  
1 = m e a n  radial velocity of 

in a layer of liquid at 

Vb = volume of a gas bubble, 

VG = volume of gas generated 

volume of liquid, sec'l 

all gas bubbles moving 

a height, h, ft/sec 

cu ft 

per unit time per unit 

Bow considering the annular element of liquid volume as formed by the 

increment of position radius, 

it may be shown that the rate of change of the number of bubbles is given 

, at a point R with a height, A h, (h) 

by 

Since f o r  steady state conditions, an = 0, then n becomes a function 
a t  

of R(h) only and equation (31) is reduced to the ordinary differential 

equation 

dn n 5: VG - +  - 
m(h> R (h) '( h)vb 

this equation is integrated to 

where C is a constant of integration, 

from the boundary condition 

This constant may be evaluated 
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Substituting this condition in equation (33) I the gas bubble concentration 

distribution for steady state conditions is given by 

Equation ( 

within the 

bubbles in 

1 
R(h) - (h) 

m(:vb [ R(h) ‘1 n =  

33) gives the gas bubble concentration as a f’unction of 

: horizontal layer of height, bh, and then the number of 

the annular element of liquid volume becomes 

(35) 

whereb N represents the number of gas bubbles contained in this volume 

element. 

AR(h) 4 0  and LIh+OI 

Now assuming the use of the calculus and passing to the limit as 

Now integrating over the entire liquid volume, the total number of gas 

bubbles contained in the sphere becomes 

where E N  represents this total nwnber of ms bubbles. Letting VH represent 

the volume of gas bubbles contained in the sphere and substituting the value 

of n from equation ( 3 5 )  
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The integration over R(h) may be performed analytically since U(h) is 

a constant for this integration, thus 

This final integration is best performed graphically as the relation between 

and (h) is not simple. However for a gfven value of h, U may be %) (h) 
evaluated by the method given in the previous section. Then VH may be 

evaluated graphically using a plot of the t ype  shorn below. 
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The total gas hold-up in the sphere may be computed by 

8 Hold-Up = x 100 
4g Rs 3 

Using these results, the per centage total gas hold-up has been 

computed for the ERE reactor core under power producing conditions for a 

range of bubble sizes. These results are shown graphically in Figure 6. 

experimental data are available for comparison. 

on a value of Rv 3: 0.02 ft (approximately 0.5 inch diameter gas void) - 

No 

These computations are based 

DISCUSSION OF !EB RESULTS 

. A number of assumptions and apgroximations to the actual ERE conditions 

have been made in this work. 

approximations and to indicate the type of data that are  needed to eliminate 

the approximations. 

It is desirable to evaluate the effects of such 

The basic approximation with regard to the motion of gas bubbles in the 

ERE reactor core is in the description of the liquid velocity given by 

equations (1) and (2) . As has been pointed out these relations result from 

limited experimental data, and are known to be contradictory to qualitative 

information obtained in flow pattern studies now In progress at Oak Ridge 

Hational Laboratory. 

these studies and from similar studies now in progress at other laboratories, 

the computations can be revised to accomt for the more complete information 

on the liquid flow within the spherical core. 

will be such that the vertical motion of the gas bubbles is accounted for 

As quantitative information is made available from 

It is felt that these revisions 



in the form of mother equation of gas bubble motion in this dfrection 

similar to equa%fon 

computational requirements but; w i l l  pemft. a definitely more accurate 

description CZ t1he gas bubble motion within the reactor core, 

It was necessary to use &rag coefficient and velocity data for single 

A revision of this type w i l l  add greatly to the 

gas bubbles in this present work sfnee qwnWtatlve tnafomtion on the motion 

of a stream of gas b u b b l ~ ~ ~  is n,ot ~ Q % Q .  $owever9 the Limited data that are 

available indicate that, this 5s sce;mra$e to t ~ p r ~ x f 1 1 ~ l e 3 . y  25 percent. A 

project on the determfmation of sue:h d a t a  on gas bubble streams is in progress 

at the University of Tennessee, Depar~aaer% CIP Chenicrtl. Engineering. Some 

results from this pro$xtb s~zavl(3 be svai6Xide S;r .4ugwtg 1952 and revisions 

to this work can be made in light of %he new datao 

It i s  to be not;ed that the procedure of assuming a size of gas bubble 

has led t o  positive resul ts  regarding the bubble motion and gas hold-up in 

the reactor core, Since L i t t l e  is known regarding the s i ze  of gas bubbles 

to be encountered in the reactor core, it was necessary t o  make computations 

for a range of bubble s izes  that  Included all the probable sizes. Such a 

range of gas bubble sizes was taken to be OoOO1" to 0 ~ 6 ' ~  equivalent spherical 

diameter 

The other approximations and assumptions were fo r  the most pa r t  computational 

in nature, L e o  "shor% cuts" to expedite the numerical. work. In a l l  such 

cases these approximations d9d not affect the results by more than 5 percent. 
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APPENDIX A 

TABI.3 OF NOMENCLATURE 

4 

A = cross section of a particle perpendicular to the 
direction of flow, sq. ft. 

a = Laplace's capillaxity constant, ft. 

CD = drag coefficient, dimensionless 

D = total liquid resisting force acting on a particle, 
pounds force 

d = diameter of a particle, ft. 

f = arbitrary function, dimensionless 
4 Q I J  G1 = dimensionless parmeter, 

P 1 8 3 W 3  

4 4  3 
g Rb u G2 = dimensionless parameter, vc- 

2 g = gravitational acceleration, ft/sec 

2 gc = gravitational conversion factor, 
32.17(pounds mass)(ft)/(pound force)( sec) 

h = height of a horizontal plane above the equatorial plane 
of the spherical core, ft. 

A h  = height of a horizontal layer of liquid, ft. 

N = number of gas bubbles, dimensfonless 

n = number of gas bubbles per unit volume of liquid, (cu ft)" 

P = total pressure, pounds force/sq ft 

R = position radius measured from the vertical axis 
of the sphere, ft 



Rb = equivalent spherical radius of a gas bubble, ft 

RS = radius of the spherical core, ft 

=: position radius at a point in a horizontal layer of 
liquid at a height, h, ft 

radius of a circle cut by the chordal plane at 6, 

R‘h) 

= 
R1(h) height, h, ft 

= increment of position radius, ft R(w 
Rv = radius of the central gas void, ft 

t = t h e ,  sec 

U = velocity of a moving particle relative to the liquid, ft/sec 

Uoo = steady state velocity, ft/sec 

= mean radial velocity of all gas bubbles nioving iz a layer 
of liquid at a height, h, ft/sec u(h) 

Ur = radial velocity of the gas bubble relative to a fixed 
coordinate system, ft/sec 

u,v,w = x,y,z components respectively of the fluid velocity, ft/sec 

Vr = radial component of the liquid velocity, ft/sec 

Vt = tangential component of the liquid velocity, ft/sec 

Vb = gas bubble volume, cu ft 

VG = volume of gas g nerated per unit time per unit volume 
of liquid, sec -f 

VH = total volume of gas bubbles contained in the spherical core, 
cu ft 

Xl,X2,X3 = x,y,z components respectively of any extraneous forces 
acting on a fluid element, pounds force/pound m8ss 

t 
x,y,z = space coordinates, ft 
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APPEfaDPX B 

COMPEFATIQM PROCmURE 

%nl..et Pipe Diameter = 2 in. 

Using equation (1) and ( 2 )  9 

vt = k.8 (0.48) -OJ7 = 8.43 f t / s ec  

BY a %rial and error p ~ ~ & ~ e ,  it is found that equa%ion (291) applies to 

the computation of the bubble velocity under these conditions. Thus 
4 

u = 0.525 

0 . 083 0.250 

= 0.88 ft/sec I 2.33 x x 32.17 
-lbnpi;lr---s-- 

51.0 



.I; 

Then u s i n g  equation (26), 

These conpatations are then repeated for  o t k r  values of the posftion 

radius, R e  The results of such a series of salg.,*da$faas of -$his one s ize  

of gas bubble is shorn in Figme 5. 

shown below: 

0.02 
R- 

The area under this curve is equal %o the Lmm ges Bubble residence 

time. The results of such a procedure are shorn %E Figure bb, 

3. Total Gas Hold-Up in the Core (See Figure 6) 

From equation f40) the volume 0%" gas co~%alnml. in the core is given 
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h 

VG can be compu%ed from the totab reactor parer and the nmber of electron- 

volts required to decompose the water molecube. 

per water molecule decomposed - 
LJsfrag 1008 euad 100 ev 

Thus bs j.3 Q h.7 radial velocity as a function of R e m  be used, ZQ wmpu-te 

definltion 

By such a procedure, values of U(h) as a function of h e a  be evalua%ed and 

then the integral indicated in equatfon (40) can be eaabcu%ated, FfnaB3,y 

results are shown fn Ffgure 60 


