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FOREWORD 

The Boiling Water Reactor Technology Status of the 
Art Report consists of four volumes that t r ea t respect ively 
the following major a reas of boiling water reac tor design: 

Vol. I - Heat Transfer and H y d r a u l i c s ^ ' ^ ' ' ^ ^ - ^ ^ '̂C 
Vol. 11 - Phys ics — ^ytd^ut^ JUcA.itUM/ 
Vol. Ill - Water Chemist ry and Corros ion C^-^-^^-^^tJ 
Vol. IV - Engineering Design _ •^--t^t^dAi Mfi^ocot ^ 

The objective is to provide the reader with informa­
tion per t inent to the design and operat ion of boiling water 
reac tor power plants . Nuclear instrumentat ion and reac to r 
control a re not covered in this Status of the Art Report as 
this subject is adequately covered in J. M. H a r r e r ' s book, 
"Nuclear Reactor Control Engineering" whichhad its genesis 
in para l le l efforts to this volume. Radioisotope haza rds 
analysis and safeguards a re also not included since these 
and other re la ted disciplines a re the subject of t imelyj 
single-volume documents available in the open l i t e r a tu re . 

In compiling and evaluating the mate r ia l in each vol­
ume, the authors a lsohave been confronted with the p rob lem 
of t imel iness of data. It is anticipated that subsequent edi-
tions of each volume shall be published periodical ly , con­
sis tent witlitEe"'5eg'ree'of~technological advance in the status 
of the a r t of boiling water r e a c t o r s . Accordingly the at ten­
tion of the reader is d i rected to the t e rmina l date for 
compilation of data which appear in the front mat te r of each 
volume. 

The wr i t e r s wish to acknowledge the cooperation of 
the leading commerc ia l developers of boiling water nuclear 
power plants - AUis-Chalmers Manufacturing Company, 
General E lec t r ic Company, and General Nuclear Engineering 
Company, - for providing technical details on their r e s p e c ­
tive power plants . Grateful recognition is also given to 
Mr. B. Dieter and member s of the Technical Information 
Division of Argonne National Laboratory in ass is t ing the 
Reactor Engineering Division staff in the final p repara t ion 
of these four volumes. 

C. Victor P e a r s o n 
Editor 
F e b r u a r y 13, 1962 
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VOLUME I 

HEAT TRANSFER AND HYDRAULICS 

by 

P. A. Lottes, R. P. Anderson, B. M. Hoglund, J. F. Marcha t e r r e , 
M. Petr ick, G. F . Popper, and R. J. Weatherhead 

1. INTRODUCTION 

The wate r -modera ted and -cooled r e a c t o r s , both p r e s su r i zed and 
boiling, have demonstra ted performance cha rac te r i s t i c s which miake them 
at t ract ive as possible producers of heat which can be converted to low 
cost e lec t r ica l power. An extensive r e s e a r c h and development p r o g r a m 
has been ca r r i ed on under AEC sponsorship for the purpose of exploiting 
this potential. An important par t of the effort is an intensive r e s e a r c h 
p rogram to obtain basic data on na tura l and forced circulat ion boiling 
water reac tor sys tems . The resu l t s of this work a r e also applicable in 
many instances to p re s su r i zed water sys tems . However, the major amount 
of data developed, analyzed, and discussed here in is concerned with the 
boiling w-ater r eac to r concept. 

This section is divided into the following a r e a s of discussion: 

1. Heat Transfer 
2. Two-Phase Density Studies 
3. Two-Phase P r e s s u r e Drop 
4. Cri t ical Heat Flux and Burnout 
5. Boiling Stability 
6. Calculation Procedures for Boiling Systems 
7. Thermal-Hydraul ic Design P rocedures for Boiling Water 

Reactors 

The information discussed r ep re sen t s p r imar i l y the work ca r r i ed 
on at Argonne National Laboratory. The presenta t ion r ep re sen t s the opin­
ions of the authors as to the applicability of available data which can be 
used for engineering applications. 

No effort has been made to include al l the available information on 
any specific subject or a rea . However, where possible, re fe rences have 
been made to the great amount of data available in published l i t e ra tu re . 
This additional information is obviously requi red by anyone in teres ted in 
making an intensive investigation on any of the subjects. 
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2. HEAT TRANSFER 

2.1 . Basic Ideas and Concepts in Boiling Heat Transfer 

The p rocess of boiling is defined as the heat t ransfer of energy 
to a liquid from a solid surface in contact with the liquid causing a change 
in phase from liquid to vapor. The means by which energy is t r ans fe r red 
from a solid heat t ransfer surface to vapor is not easily understood. A few 
facts about the p rocess have been determined by experiment. 

It is t rue that for an equil ibrium condition, a change in phase 
from liquid to vapor occurs at constant t empera tu re . In forming a bubble 
of vapor, the liquid-vapor interface is supposed to remain at a constant 
t empera tu re . In real i ty, the formation of a bubble takes place in a violent 
manner and may be considered as a minor underwater explosion. 

A force balance on a bubble shows that the vapor p r e s s u r e 
inside the bubble is g rea te r than the liquid p r e s s u r e outside the bubble, and 
the difference in p r e s s u r e , AP, is re la ted to the liquid surface tension, a, 
and the bubble radius , r, according to the equation 

AP = 2 a / r . (2.1) 

As r approaches zero , the requ i red p r e s s u r e difference approaches infinity. 
Since fluids have as one of their thermodynamic proper t ies an increase in 
boiling point with p r e s s u r e , it nowbecomes neces sa ry to have a "superheated" 
liquid before boiling can occur. Assume, for example, that a bubble is 
p resen t with radius " r . " For an equil ibrium condition without heat t ransfer , 
the bubble vapor t empera tu re will be equal to the surrounding liquid t em­
pe ra tu re . Due to surface tension, the bubble p r e s s u r e will be higher than 
the surrounding liquid p r e s s u r e . For the bubble to exist at all , the vapor 
t empera tu re must be equal to or higher than the saturat ion t empera tu re 
corresponding to the bubble p r e s s u r e . The liquid will therefore be at this 
same t empera tu re and will be at a t empera ture higher than the saturat ion 
t empera tu re corresponding to the liquid p r e s s u r e . This state of the liquid 
is r e f e r r ed to as liquid superheat . 

The presence of liquid superheat has been demonstra ted in the 
laboratory. B. R. Mead(l) and others at UCLA measured liquid superheats 
as high as 145°F at one a tmosphere . Bubble p r e s s u r e s at the onset of 
boiling could well have reached 145 psia. 

The sudden explosive growth of bubbles in superheated liquid 
causes a very high turbulence level in the liquid. It is this turbulence or 
violent mixing and agitation of the liquid that accounts for the high heat 
t ransfer r a t e s . The effect of boiling from a heated solid surface is that 
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the l a y e r s of l iquid n e a r the so l id s u r f a c e a r e d i s r u p t e d by the mix ing 
ac t ion of the b u b b l e s . I") This in effect c a u s e s the bulk of the l iquid to 
m o v e in next to so l id s u r f a c e . The o v e r - a l l r e s u l t is a v e r y eff icient 
s c o u r i n g ac t ion of the l iquid upon the s u r f a c e , caus ing a h igh hea t t r a n s ­
fer coeff ic ient . 

T h e r e a r e s e v e r a l types of boi l ing heat t r a n s f e r to be con ­
s i d e r e d . T h e s e types m a y be c l a s s i f i e d a s fol lows: 

1. Loca l boi l ing , or s u r f a c e boi l ing a s it is s o m e t i m e s 
ca l led , o c c u r s when the hot sol id s u r f a c e is above the 
l iquid s a t u r a t i o n t e m p e r a t u r e , while the l iquid is be low 
s a t u r a t i o n t e m p e r a t u r e . 

2. Net boi l ing, or nuc l ea t e boi l ing , o c c u r s when the l iquid 
is at or above s a t u r a t i o n t e m p e r a t u r e . 

3. F i l m boi l ing o c c u r s when the hot s u r f a c e is c o m p l e t e l y 
c o v e r e d with a b l anke t of v a p o r , and the hea t is t r a n s ­
f e r r e d by conduct ion t h rough and r a d i a t i o n a c r o s s the 
vapo r b lanke t . 

FORCED 

COiVECTION 

NUCLEATE TWNSITIOi 

SOILING I gOILING 
FILM 

gOILIHQ 

4. T r a n s i t i o n boi l ing is a combina t ion of 2 and 3 above . 

Local boi l ing has the unique condi t ion tha t t h e r e is no net f o r ­
ma t ion of v a p o r . The bubbles m a y or m a y not l eave the hot s u r f a c e . If 
they do l eave , they a r e v e r y qu ick ly condensed . Bubble l i f e t imes r a n g e 

f rom a few m i c r o s e c o n d s to s e v e r ­
a l s e c o n d s , depending on the a m o u n t 
of subcool ing in the l iquid p h a s e . 
The h igher the subcool ing , the s h o r t e r 
the l ifetime.l-^/ 

F i g u r e 2.1 shows the v a r i ­
ous t ypes of boi l ing tha t can o c c u r . 
It is a l s o w o r t h y to note that the 
effect of ve loc i ty on boi l ing heat 
t r a n s f e r is neg l ig ib l e , even though 
fo rced convec t ion hea t t r a n s f e r 
coeff ic ients v a r y a s the 0.8 power 
of the l iquid ve loc i ty , V. The r e a ­
son for the independence of boi l ing 
hea t t r a n s f e r coeff ic ients f rom flow 
r a t e i s due to the " t u rbu l ence p r o ­
m o t e r " ac t ion of the b u b b l e s . The 
t u r b u l e n c e l eve l i s r e l a t i v e l y unaf­
fec ted by flow r a t e and t h e r e f o r e 

509e fT«-T„ t ) 

Fig . 2.1 

Boil ing Reg ions 

the heat t r a n s f e r coeff icient i s r e l a t i v e l y unaffected. 
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It is a lso of in te res t to notice that (a) the tempera ture differ­
ences between surface and liquid a r e ra ther smal l for nucleate boiling and 
(b) ra ther large for film boiling. The par t of the curve of Fig. 2. 1 that has 
zero slope is the maximum point for nucleate boiling. It is this value 
which is of g rea te s t concern to des igners in the boiling field. In a boiling 
reac to r , for example, this value is the maximum value that would occur 
just before the element jumps into film boiling. The onset of film boiling 
at a heat flux equal to the maximum in the nucleate boiling range a lmost 
always means that the t empera tu re of the solid surface will r i s e to the 
inelting point of the ma te r i a l . This condition is r e fe r red to as "burnout." 

2.2 Boiling Heat Transfer Equations 

In general , the evaluation of the heat t ransfer cha rac te r i s t i c s 
during s teady-s ta te boiling in a reac tor is not of great importance. The 
reasons will be shown by an example in a later section of this chapter . It 
is of in te res t to l is t at this point the var ious equations that may be used to 
calculate boiling heat t ransfer , together with references for those who wish 
to pursue the subject in detail . 

(1) _McAdams,^ '' for pool boiling (saturated water) : 

q / A = ai (T^^-Tg^^r (2.2) 

where q/A or q" is the heat flux in Btu /hr ft^; where the value of ai 
depends upon the liquid, surface condition, and p r e s s u r e , while the value 
of n ranges from 3 to 4. 

(2) Rohsenow,'• '̂  for pool boiling (saturated water) : 

-T^-^sfl^jrp;^ Vg(Pi-Pv)/ \ ~ l ' ' 

where the values of Cg£ a r e as follows: 

Fluid-heat ing surface 

Water -plat inum 
Benzene-chromium 
Ethyl a lcohol -chromium 
n-pentane-chronaium 
W a t e r - b r a s s 

0 
0 
0 
0 
0 

Csf 

013 
010 
0027 
015 
006 

(3) Fors ter -Zuber , ' - " ' ' pool boiling (saturated water) : 

0 . 0 0 1 2 A T ^ - 2 " ( P ^ - P T ) ° ' ^ 5 C O . 4 5 0.49^0.79 
h = 1-^: i ILJJ: 1— . (2.4) 

0 .5 , 0 .24 0.29 0 .24 
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This form of the equation is presented and discussed by Perkins and 
Westwater.i ' ' ' / Comparisons a r e a lso given to the Rohsenow equation and 
to exper imental data with a boiling methanol sys tem. 

(4) Jens-Lot tes , ' •° / subcooled boiling (subcooled water): 

AT = 1.9 (q /A)0-2VeP/900 (2.5) 

for p r e s s u r e s of 100 to 2500 psia, water temiperatures from 229 to 636°F, 
m a s s flow ra te s from 0.008 (lO)^ to 7.7 (lO)^ Ib/hr ft^, and heat fluxes to 
4 (10)^ Btu /hr f t l 

(5) Mumm, -̂  forced circulat ion of boiling sa turated water inside 
tubes: 

il^=4.3.5.0(,orf:!£Y-'VS^rra U.6) 
f Ghf / \ Mf 

for p r e s s u r e s of 45 to 200 psia, heat fluxes from 50,000 to 250,000 Btu /hr ft", 
and mass flow ra t e s from 70 to 280 Ib/hr ft^. 

(^) Bromley,(^Q) film boiling: 

h = 0.62 
k>^(Pl-p^Jh^g 

Mv^oAT 

0.25 

(2.7) 

In addition to the above heat t ransfer equations there a re a num­
ber of burnout equations in the l i t e ra tu re for var ious types of heated 
channels. McAdams^"*'' summar i zes and d i scusses the equations. It is suffi­
cient at this t ime to mention that the range of heat flux for burnout under 
most design conditions is from 500,000 to 1,500,000 Btu /hr ft^. 

The calculation of t empera tu re drop during boiling in a nuclear 
reac tor is of secondary impor tance . The accura te evaluation of heat t r a n s ­
fer coefficients in evapora tor -condenser units may also be unnecessary . An 
example will i l lus t ra te the two ca se s . 

Case I - Boiling Reactor Heat Transfer 

Let us suppose that it is des i red to evaluate the fuel plate s u r ­
face t empera tu re at design conditions such that sys tem p r e s s u r e is 600 psia 
and average heat flux is 100,000 Btu /hr ft^. 

Using Eq. (2.5) the film drop is calculated to be 17°F. Since the 
film drop is propor t ional to the 0.25 power of the heat flux, we may note that 
even if the heat flux were as high as 1,000,000 Btu /hr ft^, the film drop under 
these conditions would only be AT = 17(lO)°'^^ = 30=F. 
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Accordingly, the surface tempera ture at 100,000 Btu/hr ft̂  
would be T.^ = T |. + 17 = 503°F, while the surface tempera ture at 
1,000,000 Btu/hr ft2 would be T̂ ,̂ = Tg^t + 30 = 5l6' 'F. It is evident, 
therefore, that in a system where heat flux is the independent variable the 
calculation of surface tempera ture does not require great accuracy. 
Equation (2.5) is recommended for general use, since it can be evaluated 
quite easily. Figure 2.2 shows a comparison of Eqs. (2.3), (2.4), and (2.5) 
at 600 psia. 

Fig. 2.2 

Comparison of Boiling Heat Transfer Equations at 600 psia 

Referring to the same tempera ture drops listed on preceding 
page, it is important to notice that in a sys tem where tempera ture is the 
controlled var iable , an increase in surface tempera ture from 503"F to 
516^F will cause an increase in heat flux by a factor of 10. This increase 
may not occur if there a re other res i s tances to heat flow in the system. 
The following example will show these effects. 

Case II - Evaporator-Condenser Heat Transfer 

In this case, we a r e faced with determining the size of an 
exchanger to t ransfer a given or predetermined amount of power. Unlike 
the reac tor where power was an independent var iable , we now have the 
over -a l l t empera tu re difference as the independent var iable . For this 
case, we may write a heat balance on the element of heat exchanger 
surface such as is shown in Fig. 2.3. 
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Boi l ing Water 

F ig . 2.3 

T e m p e r a t u r e G r a d i e n t t h r o u g h Heat 
E x c h a n g e r Tube 

Ignor ing s c a l e r e s i s t a n c e s to hea t flow for th i s e x a m p l e , and 
a s s u m i n g tha t the inner and oute r tube a r e a s a r e v e r y n e a r l y equal , we 
m a y w r i t e 

q / A = h j T i - T ^ ) = (k /Ax) ( T ^ - T3) - hb(T3 - T4) (2.8) 

w h e r e Tj i s the s t e a m condens ing t e m p e r a t u r e , T2 the ou te r tube wal l 
t e m p e r a t u r e , T3 the inne r tube wal l t e m p e r a t u r e , T4 the boi l ing fluid 
t e m p e r a t u r e , and x the tube wal l t h i c k n e s s . R e a r r a n g i n g the above 
equat ion and solving for the r e q u i r e d a r e a (for th i s e x a m p l e , it is suffi­
c ien t to neg l ec t the tube c u r v a t u r e ) . 

A = 
K k hb ( T 1 - T 4 ) (2.9) 

Suppose it is g iven that (Tj - T4) is 50°F and that the o v e r - a l l 
power or hea t t r a n s f e r , q, i s 50,000,000 B t u / h r . We m.ust now eva lua te 
A to d e t e r m i n e the s i z e or c a p a c i t y of a hea t e x c h a n g e r tha t wi l l p e r f o r m 
the r e q u i r e d job. We a r e faced with the p r o b l e m of s e l ec t i ng an e x c h a n g e r 
tha t is a d e q u a t e , but not o v e r s i z e d by too g r e a t an a m o u n t . It m a y be no t i ced 
f r o m Eq. (2.9) tha t a given p e r cent e r r o r in the b r a c k e t t e r m wi l l c a u s e 
the s a m e p e r cent e r r o r in A. Now, let us s e l e c t an e x a m p l e to show the 
r e l a t i v e s i z e of t h e s e e r r o r s . 
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Let: he =5000 Btu/hr ft^, 

k = 30 Btu/hr ft °F, 

Ax = -^ in. = 0.0052 ft, 

P = 600 psia. 

Let us f i rs t a s sume that h^ = 5000 Btu/hr ft^ °F 

\6 

A = 1 0.0052 1 
5000 30 5000 

M i ^ . 5 7 3 f t 2 
50 

F r o m Eq. (2.5) and from the definition of h-^, 

^^'Ar-i^ 
0.75 eP/900 

A ; 1.9 

Combining Eq. (2.9) and (2.10), 

A = 
1 Ax 1.9 A O - 7 5 

+ -T- + 

(2.10) 

(2.11) 
_K k ( q ) 0 . 7 5 ^ P / 9 0 0 j T i - T 4 ' 

Solving this by t r i a l and e r r o r , the co r r ec t value of A is 551 ft . 

The co r r ec t value of h^ is 5,370 Btu/hr ft^ °F, the co r rec t 
(T3 - T4) is 16.9°F and the average heat flux is 90,600 Btu /hr ft^. Our f i r s t 
calculation based on h^ = 5000 gave a value of (T3 - T4) equal to 16.7°F 
Our e r r o r in boiling coefficient was 

5370 - 5000 
5370 

X 100 = 6.9% 

The e r r o r in (T3 - T4) was 

16 .9 - 16.7 
16.9 X 100 = 1.2% 

However, the e r r o r in the a r ea was smal l : 

573 -551 
551 

100% = 4% 

The e r r o r in a rea is direct ly related to the e r r o r in boiling 
coefficient from Eq. (2.9). Assuming no scale r e s i s t ance . 

dA -L\_3 
h b i ( T i - T 4 ) 
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or 

/ dA \ ^H 
\ A / _L^.Ax _1_ • 

h^ k hb 

Assume, for example, 

~ ~ = 0.0002 (he = 5000 Btu/hr ft^ F) 
c 

^•= 0.0002 i - r - = 5000 Btu/hr ft^ F ) , 
A X 

~ = 0.0001 (h^ = 10,000 Btu/hr ft̂ F) 
^b 

Since 

,; 1 \ 1 / d i i b 
d W. hb- hb 

then 

^ M -^^b 
dA V hb / hb 
A , / 1 Ax l \ 10,000(0.0002 + 0.0002 + 0.0001) 

hb 

The e r r o r in the a r ea determinat ion is only 20% of the e r r o r in the boiling 
heat t ransfer coefficient. 

If a scale r e s i s t ance of 0.001 (h = lOOO) is included on both 
sides of the heat exchanger tube, the e r r o r s a r e sti l l l e s s , and may be shown 
to be 

dA\ ^ „ 7 ^H 
= 0.04 

H 
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2.3 F u e l E l e m e n t Heat T r a n s f e r 

C a s e 1 - F u e l P l a t e 

The hea t t r a n s f e r f r om the c lad s u r f a c e to the coolant has 
a l r e a d y been d e s c r i b e d in the p r e v i o u s sec t ion . 

F ig . 2.4 

The t e m p e r a t u r e d rop in 
the c ladding i s ( see F ig . 2.4) 

T i - T 2 = q " ( x 2 - X i ) / k c i a d • (2-12) 

F o r un i fo rm hea t g e n e r a t i o n 
in the fuel and cons tan t t h e r m a l 
conduct iv i ty , the fuel t e m p e r a t u r e 
d rop is 

T ^ - T i = q " (x i ) /2k£^ ,g i . (2.13) 

It m a y be no t iced that the 
t e m p e r a t u r e d i s t r i b u t i o n th rough 
the fuel is p a r a b o l i c and that the 
t e m p e r a t u r e d i f ference is exac t ly 
one-ha l f of the va lue obta ined for 
the ca se w h e r e a l l of the hea t g e n ­
e r a t e d is p a s s e d th rough a s lab of 
equal t h i c k n e s s . 

T e m p e r a t u r e Grad i en t in 
P l a t e - t y p e F u e l E l e m e n t In the c a s e of v a r i a b l e 

t h e r m a l conduct iv i ty , the t e m p e r a ­
t u r e d i f fe rence can be found a s follows f rom F ig . 2.5: 

unit art a 

X t dx 

Fig . 2.5 

E l e m e n t of Fue l P l a t e 
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q l 'A + q" 'Adx = q^'A 

-'fa/-t-)-(!l). + q " ' A d x = 0 
x+dx 

(2.14) 

(2.15) 

Dividing by Adx and r e a r r a n g i n g 

dt_ 
dx 

x+dx 

dt_ 
dx 

dk / d t 
dx dx I dx 

+ q"' = 0 
x+dx 

(2.16) 

or 

dh , dk / dt 
dx d x \ dx 

(2.17) 

Th is is i d e n t i c a l to 

TMJ'---° 
F o r a c o n s t a n t v a l u e of q'", Eq . (2. 18) m a y be i n t e g r a t e d to g ive 

(2.18) 

0 ^ ' ^Q 

X 

q"' dx (2.19) 

w h e r e 

* = 41 
Then 

k ^ = -q" 'x 
dx 

(2.20) 

or 

kdt 
X j 

q"' xdx 

^ 

Thus for c o n s t a n t k 

(2.21) 

k i T i - Ta ]= - q ' " ~ l 
• ^ 

(2.22) 
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o r 

T ^ - Ti = q'" xf/2k . (2.23) 

For steady state, 

q"« = (q") Area/Volume = q" A / A X J =̂  q' ' /^! • (2.24) 

Equation (2.23) becom.es identical to Eq. (2.13) 

T ^ - Ti = q" x i /2k (2.23a) 

For var iable k, we can usually approximate k by the expression 

k = a + bT . (2.25) 

Then Eq. (2.21) becomes 

"'Ti Txi 
(a + bT) dT = - I q'" xdx , (2.26) 

o r 

o r 

^iTi-T^J + | ( T ^ T ' ^ ) = -q"'-f . (2 27) 

a(T<£^-T,) +|(T^^-Tf) = q . "4 , (2.28) 

so that 

Tffi -T , )= - ( T , + ^ l ± , / f T , + . j Y . ^ . U.29) 

Equation (2.13) is general ly used, since the effect of a variable 
k IS not very great , as shown by the following example. 

Example 

q" = 5(10)^ Btu/hr ft^ 

X - 0.12 in. = 0.01 ft 

Ti = 500°F 

k = 10 + 0.01 T Btu /h r - f t - °F 

http://becom.es
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The heat flux is 

q" = q"'x = 5(10)^ (O.Ol) = 500,000 Btu /hr ft̂  

F r o m Eq. (2.29), with a = 10 Btu /h r - f t - °F and b = 0.01 Btu /hr ft (°F)^ 

fT^ - Ti\ = - (500 + 1000) ± y(l500)^ + ^ M ^ i M H ! . i 60°F 

If we approximate this case by assuming an average k over the 
interval , say k^vg = 15 Btu /h r - f t - °F , then from Eq. (2.13) 

(T^ - T,) = ii5M25HMi) = :„< 

Therefore in flat plate e lements , it is sufficient to a s sume 
constant p roper t i e s for metal l ic fuels. 

Case 2 - Fuel Rods 

A heat balance on the element in Fig 2.6 gives 

q;' + q"' (Volume) = q̂ ' 

^2 

Fig. 2.6 

Element of Fuel Rod 

Then 

- k r 0 L ( — ^ + q ' " r e L d r k + ( ^ ] d r ( r + d r ) 0 L f ' | 
r + dr 

(2.30) 
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Rearranging, dividing by rSLdr , and neglecting second-order differentials, 

dr 
dt 
dr 

r f d r 

dt 
dr 

k /dt 

^ ^ ^ ^ ^ r + d r W W r , d r 
= 0 

This may be wri t ten (as dr—••O): 

k d ! | , k d t /dkWdt.X __ Q 
dr^ r dr \ d r / \ d r / ^ 

Another, m o r e useful form of Eq. (2.32) is 

- J - f k r ^ l + q - = 0 r dr \ d r ; 

Rearranging and integrating. 

(2.31) 

(2.32) 

(2.33) 

where 

Thus 

d ( k r ^ 
dr 

dt 

q" ' rd r 

dt _ 
kr - - -

dr 
q"'r^ 

Rearranging again and integrating, 

kdt = - q ' " rd r 

/ ,T 
^ „ l l l _ 2 

kdt = ^ - ^ 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

It is in teres t ing to note that the heat generat ion per unit length 
of rod is 

Q _ q ' -T i r^L _ „ , „ ^ „ 2 
L q - 7 r r 5 (2.38) 
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The r ight-hand side of Eq. (2.37) multiplied by 4Tr will give the 
heat re leased per unit rod length. 

Although the rma l conductivities of oxide fuels a r e difficult to 
determine accurate ly , Eq. (2.37) gives a convenient way of comparing 
experimental tes t data on rods of var ious d i ame te r s , enrichment , and 
composition. J A. L. Robertson(-^ •'•/ et al . show that sat isfactory perform­
ance without melting was achieved with oxide fuel provided that 

/kdt £39 wa t t s / cm 

Oxide fuels appear to have conductivities that obey the law^ '' 

k ^ d /T + 460 

where T is in °F and where T + 460 is degrees absolute, and where d is a 
constant. An example is given: Find the maximum heat generat ion ra te 
and heat flux that will produce a centerl ine t empera tu re of 4000°F 
(Tff =̂  4000°F) for the following conditions: 

ro = 0.24 in. = 0.02 ft 

Tj = 700^F 

\ , . 4(3300) ^^/4460\ ^ 4 . , 5 ( io ) 'Btu /hr ft' 
/ (0.02)' \nioJ ' 

The hea t flux i s 

q" 
q'" (Volume) _ q"'^r^oL _ „ _ro __ 4 4 5 ( ^ 0 ) 7 ( 0 ^ 

(Area ) 27TroL ^ L ^ ' Z 

~ 445,000 Btu/hr-ft^ 

The e r r o r s introduced in assuming a constant value of k can be 
shown as follows- Assume k = 1.17 Btu /hr ft F (value at 2 3 5 0 ° F ) and from 
Eq. (2.37), 

-4000 

q." = 4 r 1.17 dT = iil-n)(3300) ^ 3_g . ^^^/^^ ^̂3 
' ' 7 0 0 

file:///nioJ
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and 

q" = 3.86(10)^ (0-02) ^ 386,000 Btu/hr ft^ 

which is a per cent dec rease of 

445.000 - 386,00^ ^ ^ ^3^^ 
445,000 

Conversely, if we a s sume a heat flux of 445,000 Btu/hr ft^ and 
calculate the center l ine t empera tu re by using a constant k value, 

T^ = , 0 0 ^ 4 . 4 5 ( 1 0 ) ^ 0 02)^ ^ ,00 + 3800 = 4500°F , 
<t 4(1.17) 

which is in e r r o r by 500°F. 

2.4 Steam Heat Transfer 

1. Saturated Steam 

Heat t ransfer coefficients to flowing saturated s team a re 
low compared to boiling coefficients, but not ve ry much lower than the 
coefficients to flowing water when compared at the same m a s s flow ra te . 
For either water or steam., we may write 

hD = 0.023 f] 
0.8 / C .PM 0.4 

(2.39) 

Rearranging , 

h = 0.023 
Q O . 2 ^ 0 . 4 

(2.40) 

The ra t io of the heat t ransfer coefficient for water and s team 
is therefore 

s team 

water 

M 

0.4 

.0.6 

_ s team (2.41) 

/ i 

0.4 

0.6 

J water 

A compar ison is given in Fig. 2.7. The minimum rat io is about 
0.3 and this ra t io occurs at a t empera tu re of about 320°F. 
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C o m p a r i s o n of S t e a m and Water a s Coolan ts 

2. S u p e r h e a t e d S t e a m 

Equa t ion (2.39) m a y be used to c a l c u l a t e the hea t t r a n s f e r 
coeff ic ients for s u p e r h e a t e d s t e a m . R e a r r a n g i n g Eq. (2.39) or Eq. (2.40), 

h = 0.023 (G°-VD°-^) (t , (2.42) 

0.7 

Si 
•S 0. 

OA 

0.3 

l/ 
1/ 
ik 

/x. 

\ \ 

^ \ î  ̂ 
^ 

w h e r e 

<t> = 
11 

0 .4 

0.6 (2.43) 

^00 600 800 1000 

TEHPERATURE,°F 

2000 

This function is shown in F ig . 2 .8 . The 
v a l u e s given a r e a p p r o x i m a t e and should 
not be u sed for d e s i g n e q u a t i o n s . F i g ­
u r e 2.8 is g iven to show the t r e n d in the 
hea t t r a n s f e r coeff ic ient wi th t e m p e r a ­
t u r e and p r e s s u r e . 

A F i g . 2.8 

Effect of P r e s s u r e and T e m p e r a t u r e 
on S t e a m Heat T r a n s f e r 
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3. TWO-PHASE DENSITY STUDIES 

3.1. Intr oduction 

The ability to predic t accurate ly the s team volume fractions in 
boiling sys tems is a p re requ is i t e for a competent evaluation of the p e r ­
formance cha rac t e r i s t i c s of such sys tems . This is especial ly t rue in boi l ­
ing water r e a c t o r s where the nuclear aspects a r e int imately in te r re la ted 
to the two-phase flow cha rac te r i s t i c s of the sys tem. The reac tor r e c i r c u ­
lation ra te , coolant -moderator density, core neutron kinetics, and reac tor 
stability a r e all dependent upon the s team volume fraction. 

Because of the complexity of the boiling p r o c e s s , the predict ion 
of the density of s t eam-wate r mixture is of necess i ty almost completely 
empir ica l . As a resul t , considerable effort has been expended during the 
past few yea r s by a number of invest igators on the exper imental m e a s u r e ­
ment of s team volume fract ions. Some of the per t inent information der ived 
from these studies is descr ibed briefly. 

Mart inel l i e tal . ( l3) obtained liquid-holdup data at a tmospher ic 
p r e s s u r e and co r re l a t ed this data as a function of quality and a physical 
proper ty p a r a m e t e r , xtt- They also extrapolated their a tmospher ic p r e s ­
sure corre la t ion to regions of higher p r e s s u r e . Denglervl^j repor ted 
measu remen t s of s t eam volume fractions at a tmospher ic pressures using a 
radioactive t r a c e r in the water for volume fraction measu remen t s . Data 
were cor re la ted using the Mart inel l i x^t p a r a m e t e r . Isbin et ^S^^~^°' ob­
tained volume fraction data for both horizontal and ver t ica l flow over a wide 
p r e s s u r e range and found that the velocity ra t ios were a function of mixture 
quality as well as p r e s s u r e . 

Lottes and Flinn,(19) Cook,^^^) Petr ick,(21) Richardson(22) and 
Marcha te r re^ l^ j have repor ted resu l t s from studies at ANL with a i r -wa te r 
sys tems and s t eam-wa te r sys tems . The superficial velocity and quality 
were found to affect the velocity ra t io ; significant differences between h o r ­
izontal and ver t i ca l flow were also found, 

Egen, Dingee and Chas ta inwl j have repor ted resu l t s from nar­
row rectangular channels at 2000 psi . The volume fractions were found to 
be heat-flux dependent well into the net quality region. The velocity ra t io 
was independent of quality and of velocity over the range of var iables 
tested, Hughes'23) presented volume fraction measu remen t s obtained from 
la rge equivalent-diameter adiabatic sys tems at 1200, 1400, 1800, and 
2400 psia. The velocity ra t io and velocity difference were shown to be a 
function of the flow ra te and quality. Recently Asyeei^^j j^^g repor ted r e ­
sults for a cos ine-heated annulus over a considerable p r e s s u r e range. He 
also found velocity ra t ios to be a function of p r e s s u r e , quality and c i rcu la ­
tion velocity. Schwartzl^^j conducted investigations in horizontal and 
ver t ica l boi ler tubes and observed that the volume fractions were different 
for the two ca se s . 
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Other investigations have been performed and the work is d i s ­
cussed in severa l extensive l i t e ra tu re surveys on the subject of two-phase 
flo^v/26,16,27,22) 

The 600 psia multichannel boiler was built to get design infor­
mation on power vs s team volume fraction for EBWR. The 600 psia single 
channel boiler was built to obtain information on slip ra t ios and boiling 
p r e s s u r e drop. The resu l t s from these sys tems a re shown in various fig­
ures throughout the discussion. 

Since EBWR has been placed into operation, the experinaental 
p rogram has been directed toward obtaining more refined basic data on 
relat ive velocity of s team-wate r mix tures , two-phase friction factors , and 
hydrodynamic stability during boiling. This information is requi red for the 
design of la rge scale centra l station boiling r e a c t o r s . Following is a de­
script ion of the more recent data that have been taken. 

3.2. Relative Velocity of Steam Water Mixtures 

F r o m a mass balance at a plane perpendicular to the flow of a 
s team water mixture , it may be shown that slip ra t io . 

Vf \ 1 - X / \ o: / p̂  (3.1) 
g 

The i m p o r t a n c e of t h i s Vg/Vf is tha t power g e n e r a t i o n for a 
given va lue of a i s p r o p o r t i o n a l to x. The above equa t ion shows tha t x 
i n c r e a s e s a s Vg/Vf i n c r e a s e s . Vg/Vf m u s t t h e r e f o r e be known to e v a l u a t e 
power g e n e r a t i o n in a boi l ing r e a c t o r . 

T h e r e a r e p r e s e n t l y m a n y w a y s of c a l c u l a t i n g Vg/Vf and m a n y 
ways of i n t e r p r e t i n g e x p e r i m e n t a l i n f o r m a t i o n on th i s sub j ec t . The b ib l iog­
raphy l i s t s r e f e r e n c e s on the sub j ec t of s l ip r a t i o . Add i t iona l equa t ions r e ­
la t ing the v a r i a b l e s of i n t e r e s t a r e 

Q T = Pf A Vo [Cp(Tf - Ti) + xhfg] (3.2) 

Vg - Vf := Vo 
X Pf 
a pg 1 - a 

(3.3) 

These equations show that Vg - Vf, VQ, X, Q J , etc. , a re all in­
te r re la ted . The cor rec t in terpreta t ion of data and the selection of the prop­
er var iab les a re present ly m a t t e r s of personal preference . F igures 3.1, 
3.2, and 3.3 show severa l ways of present ing the information. Figure 3.1 
shows slip rat io as a function of inlet velocity. There is a separat ion with 
power density. F igure 3.2 shows slip ra t ios as a function of quality with 
p r e s s u r e as a pa rame te r . 
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Fig. 3.1 

Slip Ratio vs Inlet Velocity for a 
- | -x2x60-in . Channel at 600 psig 

111-6850 

:*- 40 
•X. 

>" 
O 30 

< 
a: 
a 2.0 

(A 

X ^ ^ ' ^ 

- S^>t*«^x 

1 

^ 
« 

P= 250 psi 

1 

a! 

I 
6 ^ 

MEAN L^E REPRESENTING 
EXPERIMENTAL DATA FOR 
QUALITY RANGE OF 005 TO 06 

EXTRAPOLATION 

2 3 4 5 6 
INLET WATER VELOCITY, ft/sec 

7 8 9 ID 

4.0 

0.05 0.10 

EXIT QUALITY, Xg 

Fig. 3.3 

Est imated Variation of 
Slip Ratios with Velocity 
and P r e s s u r e 

111-7208 



29 

F i g u r e 3,3 r e p r e s e n t s the a u t h o r s ' opinion of b e s t a v a i l a b l e 
estiiTiates of Vg/'Vf shown as funct ions of m a s s flow r a t e and p r e s s u r e . 
This f o r m of showing the i n f o r m a t i o n was s e l e c t e d s ince it i s v e r y con ­
ven ien t for c a l c u l a t i n g r e a c t o r p e r f o r m a n c e . 

•5•3. Methods of M e a s u r e m e n t 

In an a n a l y s i s of a n a t u r a l c i r c u l a t i o n s y s t e m it i s n e c e s s a r y to 
eva lua te the effect of a sudden change of flow a r e a ( such as an expans ion or 
a con t r ac t ion ) on the t w o - p h a s e fluid dens i ty . It w a s difficult to p r e d i c t 
t h e s e changes u t i l i z ing i n fo rma t ion p r e v i o u s l y a v a i l a b l e . T h e r e f o r e , an e x ­
p e r i m e n t a l prograiTi was u n d e r t a k e n to p r o v i d e adequa t e i n f o r m a t i o n on the 
effect of flow a r e a changes on the t w o - p h a s e fluid dens i ty and to e x p l o r e 
fu r the r the f a c t o r s which effect the r e l a t i v e ve loc i ty of the two p h a s e s . 

•ithG 

A n u m b e r of e x p e r i m e n t a l s y s ­
t e m s have been u s e d for s tudying the 
r e l a t i v e ve loc i ty of the p h a s e s in t w o -
p h a s e m i x t u r e s . Data w e r e t aken in 
both h o r i z o n t a l and v e r t i c a l flow a i r -
w a t e r s y s t e m s , a 6 0 0 - p s i s i n g l e -
channel b o i l e r , a 6 0 0 - p s i m u l t i c h a n n e l 
b o i l e r , and a 2 0 0 0 - p s i s i n g l e - c h a n n e l 
b o i l e r . 

The a p p a r a t u s u s e d for the v e r ­
t i ca l up-f low a i r - w a t e r s t ud i e s is shown 
in F i g . 3.4. A i r and d e m i n e r a l i z e d 
w a t e r w e r e m i x e d in a mix ing sec t ion and 
the m i x t u r e then p a s s e d u p w a r d s 
t h r o u g h the t e s t s ec t ion . F ive t e s t s e c ­
t ions of 4-ft length and 2 - in . width wi th 
s p a c i n g s of -g-, -|-, y , ^ , and 1 in. w e r e 
c o n s t r u c t e d f rom Luc i t e to al low v i s u a l 
o b s e r v a t i o n s and pho tog raph i c s t u d i e s . 

A s c h e m a t i c d i a g r a m of a r e p ­
r e s e n t a t i v e boil ing loop i s i l l u s t r a t e d 
in F i g . 3,5. T e s t s w e r e run wi th both 
n a t u r a l and f o r c e d c i r c u l a t i o n . Boi l ing 
took p l a c e in the ac t ive t e s t s ec t i on and 
the t w o - p h a s e m i x t u r e flowed u p w a r d s 
t h rough a r i s e r s ec t i on . Steann was 

se]3arated at the s t e a m - w a t e r i n t e r f a c e and d i s c h a r g e d to a c o n d e n s e r . The 
w a t e r r e t u r n e d t h rough a c r o s s o v e r , w h e r e m a k e u p w a t e r w a s added, and 
flowed down the d o w n c o m e r to the t e s t s ec t i on in le t . 

F i g . 3.4 

A t m o s p h e r i c A i r - W a t e r S y s t e m 
111-5636-A 
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Fig. 3.5 

Schematic Diagram of 
Typical Boiling Loop 

700-436 

Steam volume fractions were measured by a gamma-attenuation 
technique. The equipment and instrumentation consisted basically of a 
Tm^™ gamma source, a sc int i l la t ion-crysta l photomultiplier-tube a r r ange ­
ment, amplifier, differential analyzer, count ra te meter and recorde r . The 
attenuation of the gamma beam passing through the s team-water mixture 
was measured and cal ibrated against the attenuation observed when the sec ­
tion was full of water and when it was full of steam. 

Several methods of measuring the density of a two-phase mix­
ture were considered before a final selection was made. Two types of 
mixtures required measurement : s team-water and a i r -wa te r . These mix­
tures were to be enclosed in heavy wall steel containers designed to 
operate at 2500 psig. 

Some of the proper t ies of these mixtures which might be a 
function of their density include: 

(1) Absorption or velocity of vibration energy; 

(2) e lec t r ica l or magnetic effects such as: 
(a) die lectr ic constant 
(b) res is t iv i ty 
(c) per me ability I 
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below. 

(3) absorption of pa r t i c les such as : 
(a) neutrons 
(b) alpha 
(c) beta 
(d) gamma; 

(4) absorption of radiant energy. 

The above proper t i es were studied and evaluated as descr ibed 

1. Absorption or Velocity of Vibration Energy 

In the sonic range of frequencies the geometry and acous t i ­
cal cha rac t e r i s t i c s of the heat t ransfe r apparatus would not pe rmi t p r ec i s e 
measu remen t s of low frequency acoust ical energy absorption or velocity. 

In the ul t rasonic range of frequencies the absorption and 
scat ter ing phenomena in the water , caused by the l iquid-vapor or l iquid-gas 
interfaces existing under boiling conditions, would make it ex t remely dif­
ficult to dist inguish absorption or phase differences caused by finite velocity 
of propagation, from reflecting and scat ter ing. 

In both frequency ranges var ia t ions in absorpt ion or velocity 
caused by water t empera tu re and p r e s s u r e changes a lso complicate the p r o b ­
lem. P r e s s u r e waves might also affect the boiling phenomena. 

2. E lec t r i ca l or Magnetic Effects 

The re la t ively high e lec t r i ca l conductance of the container 
in which the two-phase mixture is flowing and the necess i ty of making local 
density m e a s u r e m e n t s were incompatible in utilizing e lec t r i ca l effects. The 
re la t ively high permeabi l i ty of the container would make it difficult to obtain 
strong magnet ic fields in the mix ture and would completely mask the smal l 
permeabi l i ty changes taking place in the mix ture . 

3. P a r t i c l e Absorption 

Measurement of absorpt ion by the two-phase mixture of 
alpha or beta par t i c les or neutrons is another possibi l i ty. Because of the 
heavy walls surrounding the mix ture , alpha par t i c les and all but the high­
est energy beta pa r t i c l e s cannot be used. High energy beta par t i c les would 
be useable , but a complex cal ibrat ion p rocedure would be r equ i red at every 
point a density measu remen t is des i red as the nature of absorpt ion would 
be determined by the quantity of s t ruc tu ra l ma te r i a l between the source and 
the detector . Neutrons can also be used for density m e a s u r e m e n t s . It is 
felt, however, that a radiant energy sys tem would be s imple r in nature 
for pipe walls up to one inch in thickness because of the more complex 
detection sys tem needed when using neutrons.v26j 
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4. Radiant Energy Absorption 

Various wave length regions of the radiant energy sys tem 
were studied. The micro-wave , inf ra- red , u l t ra-v io le t and visible regions 
were el iminated because of the tendency of the heat t ransfer facility to 
absorb these radiat ions p r io r to t r ansmis s ion through the two-phase mix­
ture zone. 

Gamma and X- rays show the most p romise for the m e a s ­
urement of a two-phase mixture density by a rad ian t -energy absorption 
sys tem. 

Commerc ia l X- r ay genera tors can produce high intensity 
radiat ion with the proper energy for density m e a s u r e m e n t s . However, a 
more complex and expensive sys tem is requi red as compared to a sys tem 
using a radioact ive source . 

Radioactive ma te r i a l contained within the water was also 
considered. This sys tem can be used when an isotope which is soluble in 
water and which has the proper energy spec t rum is available. There a re 
severa l objections to this sys tem, including: 

(1) Lack of p r e c i s e knowledge of the effect of i so -
topic content of the water on the heat t ransfer 
cha rac t e r i s t i c s , 

(2) Pe r sonne l hazard in storing and handling rad io ­
active water . 

(3) Deposition of radioact ive ma te r i a l m stagnant or 
inaccess ib le a r e a s of the heat t ransfe r loop. 

Radioactive ma te r i a l located external ly to the channel or 
container in which the two-phase mixture is located proved to be the mos t 
p rac t i ca l sys tem. Sources with low energy gamma rays a r e available so 
that sa t is factory density m e a s u r e m e n t is p rac t ica l . However, a mono-
energet ic source is needed or one must be able to select only one energy 
level if a source with m o r e than one energy peak is used. 

After a considerat ion of the above p roper t i e s and the phys­
ical construct ion of the heat t r ans fe r facility, the radiant energy absorption 
p roper ty had the most p romise of success . With this in mind, a sys tem was 
developed at Argonne utilizing a radioact ive source external to the container 
of the two-phase mix ture . The sys tem consis ts of a Thulium-170 source , a 
scint i l lat ion crys ta l -photomul t ip l ie r tube assembly, a cu r ren t amplifier, and 
a r e c o r d e r . This sys tem m e a s u r e s the s t eam void fraction from which the 
two-phase mixture density can be calculated. 
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The g a m m a a t t enua t ion m e a s u r e m e n t t echn ique h a s been 
d e s c r i b e d in de t a i l by Petr ick^ '^" / and by Hooker and P o p p e r . ( ^ 9 j F i g ­
u r e 3.6 shows the s o u r c e and p h o t o m u l t i p l i e r - t u b e a r r a n g e n a e n t in p l ace on 
a t e s t s ec t ion . 

F i g . 3,6 

Source and P h o t o m u l t i p l i e r Tube A r r a n g e m e n t for Densi ty Studies 
111-7612 

3.4. C o r r e l a t i o n of Data 

In the a n a l y s i s of e x p e r i m e n t a l da ta s e v e r a l c h o i c e s of depend­
ent v a r i a b l e for c o r r e l a t i o n can be m a d e . The s t e a m vo lume f r ac t i on can 
be c o r r e l a t e d d i r e c t l y as a function of the v a r i o u s pa ra jx ie te r s o r m a y be 
r e d u c e d to p h a s e v e l o c i t i e s , A c o r r e l a t i o n of the s t e a m vo lume f rac t ion vs 
s y s t e m p a r a m e t e r s is p e r h a p s the e a s i e s t to u s e but has the ob jec t ionab le 
f e a t u r e t ha t e x t r a p o l a t i o n i s diff icult and m a y be m i s l e a d i n g . F o r e x a m p l e , 
M a r t i n e l l i ' s da ta , which was p r e s e n t e d in th i s m a n n e r , p r e d i c t s s t e a m v o l ­
u m e f r ac t ions tha t do not o c c u r in v e r t i c a l upflow s y s t e m s , i . e , , the s t e a m 
ve loc i ty is l e s s than the w a t e r ve loc i ty . 

A m o r e useful p a r a m e t e r i s ob ta ined by us ing an e x p r e s s i o n i n ­
volving the ve loc i ty of each p h a s e . The p a r a m e t e r s m o s t f r equen t ly u s e d 
a r e the p h a s e ve loc i ty d i f f e rence , defined in Eq, (3.3) and r e p e a t e d h e r e : 
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and the velocity rat io defined in Eq. (3.1) and repeated here : 

Vvf = ( r^J(^) Pf 
p 

(3.5) 
g 

These pa r ame te r s have the advantage that they a re more sensitive to the 
variation in other var iables such as superficial velocity and quality. Also 

they have the additional advan­
tage that they a re more basic 
pa r ame te r s , and, using them, 
arguments concerning postulated 
mechanisms can be made more 
readily. Since the velocity ratio 
is the more convenient t e rm, it 
was chosen for correlat ion. It 
is recognized that this ratio 
represen t s a mean velocity for 
each phase and it is not neces ­
sari ly the co r rec t velocity to be 
used in momentum and kinetic 

^. ^ „ energy t e r m s . 
Fig. 3.7 ^^ 

^f 3 

Variation of Local Phase Velocit ies, 
Velocity Ratio, and Velocity Differ­
ence for a Typical Boiling Run 

111-77 

It is of in te res t to see 
how the phase velocities vary 
in a typical boiling channel. 
Figure 3.7 shows the variation 
of the liquid velocity, s team 

velocity, velocity rat io , and velocity difference for an experimental 
run in a - | -x2x60 in. rectangular channel. It can be seen that both the 
relat ive velocity and the velocity rat io vary markedly with channel length 
and hence mixture quality. 

The data of four exper imental systems have been used in 
developing the corre la t ions . Extensive data were taken on a i r -wate r sys­
tems to establish the effects of the various pa rame te r s at a tmospheric 
p r e s s u r e . Additional volume fraction measurements of s team-water mix­
tures were made on — x 2 , •j'x.Z and TT'X4 in. rectangular channels in boil­
ing, and 1-in. and 2-in. c i rcular channels under adiabatic flow, conditions 
to extend the range of var iables such as p r e s s u r e , quality, etc. 

3.5. Experimental Results 

1. Air -Water Tes ts 

Tests were run in both horizontal and ver t ica l flow with 
a tmospheric a i r -wa te r sys tems . These resul ts have been repor ted by 
Petrick'^^^ and Richardson.(22) since the tes ts indicated significant 
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d i f f e r ences be tween h o r i z o n t a l and v e r t i c a l f lows , only the v e r t i c a l flow 
t e s t s wil l be c o n s i d e r e d h e r e . 

2.0 

F i g u r e 3,8 shows r e p r e s e n t a t i v e da t a for the ve loc i ty r a t i o 
as a function of the s u p e r f i c i a l ve loc i ty at a c o n s t a n t qua l i ty . The da t a show 

the r e l a t i v e ve loc i ty of the two 
p h a s e s i s a funct ion of both the 
w a t e r ve loc i ty and qual i ty . The 
s lope of the qua l i ty p a r a m e t e r s 
changed only s l igh t ly o v e r the r a n g e 
of q u a l i t i e s s tud ied . The s t u d i e s 
a l so i nd i ca t ed tha t g e o m e t r i c a l 
a r r a n g e m e n t s m a y affect the p h a s e 
v e l o c i t i e s b e c a u s e of changing flow 
p a t t e r n s , but that t h i s effect is 
sn i a l l . 

S tudies w e r e naade of the 
d i s t r i b u t i o n of the a i r p h a s e in the 
w a t e r by t r a v e r s i n g the channel 
wi th a n a r r o w g a m m a b e a m . T h e s e 
da ta showed tha t the d i s t r i b u t i o n of 
the a i r p h a s e in the w a t e r w a s p a r ­
abo l ic in n a t u r e , but tha t the r a t i o 

7 8 9 10 

F i g . 3.8 

R e p r e s e n t a t i v e R e s u l t s 
f r o m A i r - W a t e r S tudies of which c h a r a c t e r i z e s max/ ' avg 

the d i s t r i b u t i o n v a r i e d at r a n d o m . 

The r e s u l t s of t h e s e s tud ie s w e r e u s e d a s a guide in a n a ­
lyzing the s t e a m - w a t e r da ta at h ighe r p r e s s u r e s . 

2. S t e a m Volume F r a c t i o n Data 

The s t e a m - w a t e r v o l u m e f rac t ion da t a w e r e ana lyzed , 
us ing the a i r - w a t e r r e s u l t s a s a gu ide . When the s l ip r a t i o s w e r e p lo t ted 
as a function of the s a m e p a r a m e t e r s , s i m i l a r effects of flow r a t e , qua l i ty , 
p r e s s u r e and g e o m e t r i c a l a r r a n g e m e n t w e r e o b s e r v e d ( see F i g s . 3.8 to 
3.19). 

The d a t a shown a r e typ ica l of the g r e a t quant i ty of da t a 
a c c u m u l a t e d du r ing the p a s t few y e a r s on a n u m b e r of e x p e r i m e n t a l l oops . 
It can be s een tha t e a c h of the p a r a m e t e r s by i t se l f does not affect the 
ve loc i ty r a t i o g r e a t l y ; howeve r , s e v e r a l such p a r a m e t e r s in combina t ion 
could p r o d u c e a s u b s t a n t i a l effect. It is p o s s i b l e , t h e r e f o r e , tha t the dif­
f e r e n c e s in r e s u l t s r e p o r t e d in the l i t e r a t u r e by the v a r i o u s i n v e s t i g a t o r s 
a r e not due as m u c h to d i f f e rences in e x p e r i m e n t a l t echn ique as they a r e 
to the a f o r e m e n t i o n e d ef fec ts . Effects of th i s type can be found only if e x ­
p e r i m e n t a l m e a s u r e m e n t s a r e such tha t the ve loc i ty r a t i o s can be c a l c u ­
la ted to wi thin ±10%, which i s e x t r e m e l y difficult e x p e r i m e n t a l l y . 
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As an example, effects of channel geometry have not been 
clear ly established. Figure 3.9 shows a representa t ive difference between 
data taken on a 2-in. diameter c i rcular channel and data taken on a 0.622-in. 
diameter c i rcular channel. This i s a representa t ive t rend but the effect 
has not been noted in all cases . 

001 002 003 004 005 COS 007 008 009 
QUALITY. X 

Fig. 3.9 

Effect of Geometry on 
Velocity Ratio at 600 psig 

Since the effect cannot be predicted on the basis of present 
data, it has not been included in the data correlat ion. 

3. Quality Effects 

The effect of quality on the slip ratio is shown in Figs . 3.9 
to 3.15. The data encompass a superficial water velocity range from 
1.4 to 2.5 f t / sec (the average velocity of approximately 2 f t / sec) , a p r e s ­
sure range from 150 to 1500 psi , and a flow channel equivalent diameter 
range frona 0.44 to 2 in. These pa r ame te r s a re indicated on the f igures. 
The lines drawn through the data r ep resen t a least squares fit of a f i rs t 
degree polynomial. It can be seen that the slopes of the l ines, and hence 
effect of quality on the slip ra t io , decrease with the p r e s s u r e for the range 
of var iables specified. Data of other investigators were analyzed in an 
analogous manner to obtain a comparison. These data are plotted in 
Fig. 3.16,and, as can be seen, tend to check the ANL data. The quality 
effects on the slip rat io also appears to diminish with increasing mass 
velocity. This has been observed in recent data obtained in the higher 
mass velocity range. However, sufficient data have not been accumulated 
to quantitatively establ ish the magnitude of effect. It appears that a family 
of curves of the type shown in Fig. 3.16 may be obtained. 
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
QUALITY, X 

0.09 

Fig. 3.12 

Effect of Quality on Velocity Ratio at 600 psig at Vo ~ 2.2 f t /sec 

_Jj^-^^^ 

O.OI 0.©2 0 .03 O.m 0 .05 u.OS 0 .07 0 .08 O-OS 

QUALITY, X 

Fig.3.13 

The Effect of Quality on Velocity Ratio at 1000 psi; VQ - 2.5 f t /sec 
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4. M a s s Veloc i ty Effect 

The m a g n i t u d e of ve loc i ty effect on the s l ip r a t i o is i l l u s ­
t r a t e d in F i g s . 3.10, 3.15 and 3.17 for a s t e a m - w a t e r s y s t e m and in F i g . 3.8 
for an a i r - w a t e r s y s t e m . 

It can be s e e n tha t the s l ip r a t i o shows the s a m e depend­
ency on the supe r f i c i a l ve loc i ty for both s y s t e m s . As the supe r f i c i a l 
ve loc i ty i n c r e a s e s , the s l ip r a t i o d e c r e a s e s . The magn i tude of the ve loc i ty 
effect a p p e a r s to d e c r e a s e wi th d e c r e a s i n g qual i ty and i n c r e a s i n g p r e s s u r e . 
F r o m F i g s . 3,10 and 3.15 it can be seen tha t for a cons t an t qual i ty of the 
s lope of the Vg/Vf vs VQ l ine d e c r e a s e s wi th i n c r e a s i n g p r e s s u r e . It i s i n ­
t e r e s t i n g to no te , h o w e v e r , tha t the ve loc i ty effect i s g r e a t e r at 150 p s i than 
tha t o b s e r v e d at a t m o s p h e r i c p r e s s u r e (See F i g s . 3.8 and 3.17). Th i s a p ­
p a r e n t i ncompa t ib i l i t y i s p r o b a b l y due to the qual i ty effect. E x t r a p o l a t i o n 
of the qual i ty r a n g e of the a i r - w a t e r da ta to co inc ide wi th the qual i ty r a n g e 
of the s t e a m - w a t e r da ta would m a k e the ve loc i ty effect g r e a t e r than tha t 
o b s e r v e d at 150 p s i . 
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Veloc i ty Rat io as a Func t ion of Super f ic ia l 
Veloci ty at 150 and 600 ps ig (x a 0.03) 

The d e c r e a s e in the ve loc i ty effect wi th d e c r e a s i n g qual i ty 
can be s e e n in the da ta f r o m ANL for 150 ps i (F ig . 3.10) and f r o m the da ta 
of Hughes^^-^^ at 1200 ps i (F ig . 3.15). The s lopes of the s l ip r a t i o - q u a l i t y 
l ines i n c r e a s e wi th d e c r e a s i n g ve loc i ty . Thus at low m i x t u r e qua l i t i e s 
t h e r e i s ve ry l i t t le effect of the m a s s flow r a t e on the s l ip r a t i o , w h e r e a s 
in the h igher qual i ty r a n g e the ve loc i ty effect is s u b s t a n t i a l . It a p p e a r s 
tha t the m a s s ve loc i ty effect a l so d e c r e a s e s wi th p r e s s u r e ( s ee F i g s . 3.10 
and 3.15). 

5. P r e s s u r e Effects 

As expec ted , the s l ip r a t i o d e c r e a s e s wi th i n c r e a s i n g p r e s ­
s u r e ; th i s is i l l u s t r a t e d in F ig . 3 .18. The l ines shown r e p r e s e n t a l e a s t 
s q u a r e fit of the da ta at p r e s s u r e s of 150, 200, 600, 1000 and 1500 p s i at 
a p p r o x i m a t e l y the s a m e s u p e r f i c i a l ve loc i ty and in s i m i l a r l y s i z e d c h a n ­
n e l s . The d a s h e d l ine shown r e p r e s e n t s a s e r i e s of da ta po in t s ob ta ined 
f r o m a 1-in. p ipe at 1500 ps ig , w h e r e a s the sol id l ine at the s a m e p r e s s u r e 
r e p r e s e n t s da t a t aken f r o m a 2 - in . p ipe . No conc lus ive exp lana t ion can be 
given for the i n c o n s i s t e n c i e s be tween the two s e t s of da ta . Hov.'ever, the 
ve loc i ty m e a s u r e m e n t s for the 1-in. pipe w e r e sub jec t to ques t i on due to 
p r o b a b l e e r r o r s in the v e n t u r i m e a s u r e m e n t . Th i s in t u r n would be r e ­
f lec ted in the c a l c u l a t e d s l ip r a t i o t h rough the m i x t u r e qua l i ty . A new 
v e n t u r i was i n s t a l l e d p r i o r to running the s e v e r a l s e r i e s of da ta po in t s in 
the 2 - in . p ipe . 
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The p r e s s u r e effect on the s l ip r a t i o i s p e r h a p s m o r e 
vividly d e m o n s t r a t e d in F i g . 3,19 for cons t an t p a r a m e t e r s of ve loc i ty 
(VQ « 1-3 f t / s e c ) and qual i ty (x ?» 0,05) . Data of o t h e r i n v e s t i g a t o r s at the 
h i g h e r p r e s s u r e s a r e a l so c o m p a r e d with the ANL da ta and, as can be seen , 
the da ta check qui te we l l . The e x t r a p o l a t i o n into the v e r y high p r e s s u r e 
r a n g e as i nd i ca t ed in the f igure w a s b a s e d on the v a r i a t i o n of the dens i ty 
d i f fe rence of the two p h a s e s . The dens i ty d i f fe rence is a m e a s u r e of the 
buoyancy f o r c e which i s a f ac to r affecting the r e l a t i v e ve loc i ty of the two 
p h a s e s . The d a t a of Hughes l^^) and Egen et a l . , ' ^1 ) which a r e shown on 
F i g . 3.19, w e r e a l so u s e d as a guide ; howeve r , t h e i r da ta a r e subjec t to 
ques t ion . The da t a of Hughes m a y be in e r r o r s ince only c e n t e r l i n e void 
m e a s u r e m e n t s w e r e t aken and mu l t i p l i ed by a cons t an t c?j-nax/''0'avB to 
ob ta in the a v e r a g e voids a t any c r o s s sec t ion . Data t aken at ANL\30) have 
ind ica ted tha t t h i s m u l t i p l i e r v a r i e d c o n s i d e r a b l y . The da ta of Egen et al , 
w e r e obta ined f r o m a v e r y n a r r o w r e c t a n g u l a r channe l (0.1 x l in.) and, as 
a r e s u l t , the low s l ip r a t i o m a y be due to the g e o m e t r i c a l effect as poin ted 
out p r e v i o u s l y . A l so , it should be noted tha t the a c c u r a c y of void m e a s u r e ­
m e n t s t e n d s to d e c r e a s e wi th i n c r e a s i n g p r e s s u r e , e s p e c i a l l y for s m a l l -
width c h a n n e l s . 
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C u r v e s us ing th i s m e thod of e x t r a p o l a t i o n have been d r a w n 
and a r e p r e s e n t e d in F i g . i.Z5 for p r e s s u r e s of 1000, 1500 and 2000 p s i a . 
E x t r a p o l a t i o n beyond t h e s e qual i ty r a n g e s should p r o b a b l y not be m a d e on 
a l i nea r b a s i s , s ince t h e r e a r e ind ica t ions tha t ove r a wide qua l i ty r a n g e 
s l i p is not a l i n e a r funct ion of qual i ty . 

6. Working C u r v e s for the P r e d i c t i o n of S t e a m Volume 
F r a c t i o n s 

Working c u r v e s for p r e d i c t i n g s l ip r a t i o s at any p r e s s u r e 
can be m a d e by e x t r a p o l a t i n g the da ta p r e s e n t e d . In i t i a l ly , work ing c u r v e s 
w e r e p r e p a r e d at 150, 250, and 600 ps ig by snaoothing the ve loc i ty r a t i o 
da ta with r e s p e c t to qua l i ty and ve loc i ty at each of the p r e s s u r e s . T h e s e 
c u r v e s r e p r e s e n t an a t t e m p t to get the b e s t smoo th fit of the da ta at e ach 
p r e s s u r e and a r e shown in F i g s . 3.20, 3.21 and 3.22. C o m p a r i s o n s of the 
work ing c u r v e s wi th ac tua l da ta at 600 ps ig and v a r i o u s qua l i t i e s a r e 
shown in F i g s . 3.25 to 3,27, A l so , an e r r o r p lo t of a l l the ANL data at 
600 p s i i s shown in F i g , 3,24, which s e r v e s to d e m o n s t r a t e the a c c u r a c y 
of the work ing c u r v e . 
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Fig. 3.20 

Working Curve for Predict ion of Velocity Ratios at 150 psig 

8 10 

Fig. 3.21 

Working Curve for Predict ion of Velocity Ratios at 250 psig 
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F i g . 3.24 

E r r o r P l o t of Argonne 6 0 0 - p s i g Data 
Using Working C u r v e 
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Fig. 3.25 

Velocity Ratio as a Function of Superficial 
Velocity at x = 0.022 at 600 psig 

111-8432 
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Fig. 3.26 

Velocity Ratio as a Function of Superficial 
Velocity at 600 psig at x = 0.045 
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Velocity Ratio as a Function of Superficial 
Velocity at x = 0.06 at 600 psig 
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The 6 0 0 - p s i g work ing c u r v e ( F i g . 3.22) and F i g . 3.19, 
wh ich g ives the v a r i a t i o n of the v e l o c i t y r a t i o a s a funct ion of p r e s s u r e at 
X ~ 0.05 and VQ ~ 2 f t / s e c , can be u s e d a s a b a s i s for p r e d i c t i n g ve loc i ty 
r a t i o s a t the h igh p r e s s u r e s . F r o m F i g . 3.19 the s l ip r a t i o i s ob ta ined a t 
any p r e s s u r e for x ssO.05 and VQ * 2 f t / s e c . Th i s va lue r e p r e s e n t s the i n ­
t e r c e p t of a v e l o c i t y r a t i o - q u a l i t y c u r v e a t t h e s e c o n d i t i o n s . The s lope of 
the c u r v e can then be e s t i m a t e d f r o m F i g . 3 .16. The s lope of the ve loc i t y 
effect can be a s s u m e d to v a r y with the d e n s i t y d i f f e r ence (p£ - Pg) and can 
be e x t r a p o l a t e d f r o m the 6 0 0 - p s i g d a t a . Since the s l o p e s a r e qui te s m a l l 
(<0 .25) , a l i n e a r a p p r o x i m a t i o n m a y be a d e q u a t e . Us ing e x t r a p o l a t e d 
s l o p e s for s e v e r a l q u a l i t i e s and the d e r i v e d s l ip r a t i o - q u a l i t y c u r v e , a 
w o r k i n g c u r v e a t the p r e s s u r e of i n t e r e s t can be d r a w n . An a l t e r n a t e , 
s i m p l e r m e t h o d of d r a w i n g work ing c u r v e s would be p o s s i b l e if suff ic ient 
da t a w e r e a v a i l a b l e to e s t a b l i s h a f ami ly of c u r v e s of the type shown in 
F i g . 3 .16, 

7. S t e a m Vo lume F r a c t i o n s in Subcooled Boi l ing 

S t e a m v o l u m e f r a c t i o n s have been m e a s u r e d l o c a l l y in 
the subcoo led bo i l ing r e g i o n in -I- x 2 - i n , and -|- x 2 - i n . v e r t i c a l c h a n n e l s . 
The v o l u m e f r a c t i o n w a s found to be a funct ion of t h e bu lk w a t e r t e m p e r a ­
t u r e , v e l o c i t y , h e a t f lux, p r e s s u r e and channe l d i m e n s i o n s . The effects of 
h e a t flux and v e l o c i t y in a —-in. r e c t a n g u l a r channe l a r e shown in F i g s 3.28 
and 3 .29 . It can be s e e n t h a t the s t e a m v o l u m e f r a c t i o n i s dependen t upon 
h e a t flux wel l in to the ne t qua l i t y r e g i o n . B e c a u s e of t h i s effect the da ta 
have been p lo t t ed a s a funct ion of x + 0.02 to give a con t inuous funct ion 
t h r o u g h X = 0. S e v e r a l m e t h o d s of c o r r e l a t i n g the da ta have been a t t e m p t e d , 
but a s ye t no a d e q u a t e c o r r e l a t i o n for the da ta h a s b e e n found. One of the 
m o s t p r o m i s i n g i s shown in F i g s . 3.30 and 3 . 3 1 . The s t e a m v o l u m e f r a c ­
t ion i s c o r r e l a t e d u s i n g (x - x ) a s a p a r a m e t e r , w h e r e Xc i s the nega t ive 
qua l i ty a t the incep t ion of l o c a l bo i l ing , def ined as 

-c = %i^f"T^i)Aig " 

T h e s e q u a l i t i e s w e r e e v a l u a t e d us ing the J e n s and Lo t t e s 
r e l a t i o n , 

AT 

(8) 

s a t 
M(,"Ao^r' (3.,) 

eP/900 

and the C o l b u r n r e l a t i o n , 

Nu = 0.023 Re"-^ Pr"^--* (3.7) 
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3.7. Predict ion of Average Steam Volume Fract ion 

The average density in a channel in which vaporization is tak­
ing place may be found as a function of p r e s s u r e , slip rat io and exit s team 
voluiTie fraction. For the case of a constant heat flux along the channel 
(if it is assumed that the slip rat io is constant along the heated length and 
that there is a uniform input), 

PB 
1 -

= 1 
Pi 

1 ~ X 
1 -

•JM'^) 
In 1 - ujl -x) (3.9) 

where x = V Pg/Vf Pf. For an axial cosine heat input, the average channel 
density ratio is 

_P_ 
Pi 

1 - ^-m^^i^ (3(-4---^^?5!!!^^^p^o] 
(3.10) 

for ja| . jb | , and 
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^ = 1 - U-^ 
Pi \ Pi I 

h^ a 'b -ab ' 

b TTbVb^-a^ 

for |b|-N|a| 

where 

Lt \ yb^-a^ tan(7rLNB/2Lt) + ^+t> 

L B / '̂  Vb^-a^ tan(7rLNB/2Lt) " a-b ' 

(3.fl) 

a. ~ — + b 
tte 

2 + b ' 

TTL 
1 - cos 

B 
Lt 

These equations a re shown graphically in F igs . 3.33, 3.34 and 3.35. 

a |a 

^F 

.2 0.3 ©.^ 0.5 0.6 0.7 0. 

EXIT STEAM VOLUME FRACTION 

Fig. 3.33 

Ratio of Mean Density in Vertical Boiling Channel 
to Liquid Density for Uniform Heat Generation and 
Slip Ratio of Unity [(Vg/Vf) = 1] 
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Cosine Heat Input 
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Figure 3.36 shows a comparison between calculated and m e a s ­
ured average volume fractions. These curves are slightly in e r r o r due to 
the assumption of a constant velocity ratio over the channel length but a re 
adequate for design calculations, providing that the exit s team volume 
fraction of the boiling channel does not exceed 0.75. The exit s team volume 
fraction of the channel is est imated by using the working curves for veloc­
ity rat io presented in this paper , and the average s team volume fraction is 
then read off Figs . 3.33, 3.34 and 3.35. These curves a re also in e r r o r 
since they neglect the volume fraction in local boiling. A more accurate 
density can be obtained for i r r egu la r flux distributions by calculating the 
s team volume fraction as length curve and graphically integrating. 
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Conaparison of Calculated and Measured 
Average Volume Fract ions 

3.8. Conclusions 

The conclusions from the two-phase density studies are : 

(l) The working curves presented for the calculation of ve -
lo city rat ios and hence s team volume fractions are adequate for engineer­
ing calculations and will predict s team volume fractions to within ±15% 
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(2) The curves presented, however, a r e derived from data 
taken from experiixients on c i rcu la r or rec tangular , internally cooled chan­
nels . No significant work has been conducted on mul t i - rod geometr ies 
such as a re of in te res t for cur ren t applications. Consequently there a re 
possibi l i t ies for d i sagreement on the validity of interpolated r e su l t s . How­
ever, it is believed that geometr ic differences will not affect r esu l t s g rea te r 
than within allowable l imits of accuracy. 

(3) The data presented show that slip rat io Vg/Vf is affected 
by mass velocity, p r e s s u r e , and quality as follows: 

(a) Slip ra t io inc reases with inc rease in quality for any 
fixed p r e s s u r e and m a s s velocity. However, the 
quality effect on the slip rat io appears to diminish 
with an increa-se in m a s s velocity. 

(b) Slip rat io dec reases with inc rease in m a s s velocity 
for any fixed p r e s s u r e and quality. However, the mag­
nitude of the velocity effect appears to dec rease with 
decreas ing quality and increas ing p r e s s u r e . 

(c) Slip rat io dec reases with i nc rease in p r e s s u r e for any 
fixed quality and mass velocity. The accuracy of void 
measu remen t s tends to dec rease with increasing p r e s ­
sure , especial ly in smal l width channels . 

(4) Additional work is needed to de te rmine effects of geometry , 
differences between adiabatic flow and boiling at high heat fluxes, and means 
of predict ing s team volume fractions m the local boiling region. 
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4. TWO-PHASE PRESSURE DROP 

4 .1 . Introduction 

The reac tor coolant, while flowing through the various reac tor 
channels, will pass through severa l regions that a re well defined by methods 
present ly used for calculating the p r e s s u r e drop. These regions a re as 
follows: 

1. Isothermal - Single Phase Region - The fluid proper t ies 
are constant both ac ross the channel and along its length. 

2. Heating Region - In this region the fluid t empera tu re is 
below saturat ion t empera tu re . The heat t ransfer mech­
anism is that of forced convection and both the wall t em­
pera ture and fluid t empera tu re increase with length. 

3. Local Boiling Region - The wall t empera ture remains 
fairly constant; the bulk liquid t empera tu re is sti l l below 
saturat ion t empera tu re ; the heat t ransfer mechanism is 
that of boiling in which bubbles a re formed adjacent to the 
wall but collapse as they are swept into the subcooled 
liquid. 

4. Bulk Boiling Region - The bulk fluid has reached sa tu r ­
ation conditions and the re is net s team generation. 

5. Adiabatic Region - The two-phase mixture flows in un-
heated channels (fuel element extensions, r i s e r s or 
chimney, etc.) with negligible m a s s t ransfer between the 
phases . 

The ability to predict the circulat ion ra te in a boiling water 
r eac to r depends upon how accurate ly the p r e s s u r e losses in these var ious 
regions can be evaluated. The major uncer ta int ies are in the regions of 
two-phase flow. 

A grea t deal of effort has been expended over the past fifteen 
yea r s in an at tempt to understand the mechanisms contributing to the p r e s ­
sure losses during the flow of a two-phase mixture consisting of a liquid and 
a gas (or vapor) . A number of cor re la t ions , both theoret ical and empir ica l , 
have been proposed. None, however, are general enough to provide an ac -
curate calculation of two-phase p r e s s u r e drop over a wide range of p r e s -
s u r e s , flow r a t e s , and geomet r i e s . 

As shown in Section 7, a momentum balance on the flowing mix­
ture reveals that the total p r e s s u r e drop along a channel is the sum of the 
hydrosta t ic head, the acce lera t ion p r e s s u r e drop, and the frictional l o s s e s . 

APt = A P ^ + AP^^^ + A P ^ . (4.1) 
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The frictional p r e s s u r e drop t e rm includes losses due to increased 
turbulence at flow expansions and contractions in addition to the usual 
wall shear s t r e s s l o s ses . 

Corre la t ions providing an es t imate of the frictional p r e s s u r e 
drop in two-phase flow require experimental determinat ion of the friction 
factor or friction factor mult ipl ier (depending upon the corre la t ion) . The 
accuracy of these friction factors or mul t ip l ie rs is dependent upon sub­
tract ing the proper values for the hydrostat ic head and accelera t ion p r e s ­
sure drop from the measu red total p r e s s u r e drop. Both the hydrostat ic 
head and the accelera t ion p r e s s u r e drop a re dependent upon the vapor 
volume fraction, hereaf ter re fe r red to as void fraction. Thus accura te 
determinat ion of the local void fraction is essen t ia l if one is to obtain 
good frictional p r e s s u r e drop data. 

Accurate measu remen t of the void fraction is quite difficult 
and the difficulty inc reases with p r e s s u r e . At the time of this writing very 
little s t eam-wate r p r e s s u r e drop datal •l-'̂ '1 ' »-54,35j have been reported in 
which the void fractions were measu red simultaneously with the p r e s s u r e 
drop. Westinghousew"/ repor t s p r e s s u r e drop data in which the void 
fractions were m e a s u r e d separa te ly in a channel identical to the one they 
used for the p r e s s u r e drop exper iments . 

A great number of invest igators have successfully el iminated 
the void fraction var iable from their two-phase p r e s s u r e drop r a e a s u r e -
ments by utilizing unheated, horizontal flow passages . The two phases a re 
obtained by mixing two components, such as a i r -wa te r , gas-oi l , e tc . , or by 
mixing s team and sa tura ted water . This approach el iminates the hydro­
static head and the accelera t ion p r e s s u r e drop, so that the frictional p r e s ­
sure drop is measu red di rect ly . As more becomes known about two-phase 
p r e s s u r e drop, it becomes apparent that this method leaves something to 
be des i red . F i r s t , because of complex in teract ion between the two phases , 
it is generally admitted that the frictional losses should be a function of 
the two-phase flow pat tern (bubble flow, plug flow, slug flow, annular flow, 
etc.) , and since the flow pat terns and relat ive velocity between the two 
phases differ somewhat in the horizontal and ver t i ca l channels, application 
of this data to ve r t i ca l channels may be questioned. Secondly, one may 
question the application to boiling channels, where violent agitation exis ts 
at the walls , of two-phase p r e s s u r e drop data obtained from unheated 
channels. The mechan i sms are not understood and may be completely 
different. In defense of the many works that have been published to date, 
however, it raust be admitted that the inherent exper imenta l uncer ta in t ies 
encountered in two-phase p r e s s u r e drop m e a s u r e m e n t s have made sep­
arat ion of these effects ext remely difficult if not imposs ib le . Regard less 
of which exper imenta l sys tem is used, m e a s u r e m e n t of the void fraction 
is des i rab le as many invest igators have found it to be an important p a r a m ­
eter in the cor re la t ion of the frictional p r e s s u r e drop data. 
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As mentioned previously, numerous inv^estigations of two-phase 
flow phenomena have been undertaken. The significant aspects of most of 
these investigations have been compiled and d iscussed in severa l two-phase 
flow l i t e ra tu re surveys.(16,37-40) The survey by Bennett(37) is the mos t 
recent and contains a tabulation of the authors with respec t to the various 
phase sys tems , pipe size and orientation, and flow pa t te rns . The survey 
by Gresham et al.(41) is the most comprehensive up to 1955, while 
Charvonia 's survey(38) per ta ins mainly to annular flow of the type that 
wouldbe encountered in "film cooling" of rocket mo to r s , etc. 

4.2. Status of P r e s s u r e Drop Correla t ions 

In the following discuss ion the status of the p r e s su re drop 
cor re la t ions for the regions l isted above will be reviewed, calculational 
procedure will be recommended, and the a reas of uncertainty that need 
additional investigation will be discussed. 

1. I so thermal - Single Phase Region 

The procedure for calculating s ingle-phase, i so thermal 
p r e s s u r e drop is well establ ished. The frictional p r e s s u r e drop is ex­
p re s sed as : 

^ ^ F = %so ^ - ^ • (4.2) 
•^e p2gc 

The friction factor, fiso» ^^^ been determined experimental ly and the mos t 
widely accepted corre la t ion, fiso = 0 [(DeG//i , e / D g ) ] is that of Moody. \^ ' ' 
The hydrostat ic p r e s s u r e drop is equal to 

APj^ = pL (4.3) 

and the expansion and contraction losses a re proport ional to the kinetic 
energy 

^ ^ a c c = K " T - - ^^-^^ 

in the smal les t pipe of the expansion or contraction. The proportionality 
constant (loss coefficient) is best presented by K a y s . ' ^ ) 

2. Heating Region 

When a fluid is being heated, the t empera tu re difference 
between the surface and fluid resu l t s in a t r ansve r se var ia t ion of the 
fluid p roper t i e s , p r imar i ly the viscosi ty . This produces a friction factor 
that is less than the i so the rmal friction factor when the Reynolds Number 
is evaluated at the mixed mean fluid t empera tu r e . Three methods have 
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been p r o p o s e d for c o r r e c t i n g the i s o t h e r m a l f r i c t i on f ac to r for u s e in the 
h e a t e d r e g i o n . 

S i e d e r and Tate(44j s u g g e s t e d the fol lowing c o r r e l a t i o n 
as a r e s u l t of hea t ing and cool ing p e t r o l e u m o i l s : 

M o r e r e c e n t w o r k by P e t u k h o v and Muchnik,^'*^/ in which w a t e r and two 
t y p e s of oi l w e r e h e a t e d in long t u b e s wi th 3.3 x 10 < Re <̂  2.5 x 10 ; 
0.3 \ ii^/p. ^38 ; 1.3 P r v, 178 p r o d u c e d the s a m e c o r r e l a t i o n . K r e i t h 
and Surnmerf ie ld(46) ob ta ined the s a m e c o r r e l a t i o n wi th an exponen t of 
0.13 for w a t e r flowing in a t u b e . 

D e i s s l e r i ' * •) a p p r o a c h e s the p r o b l e m by p r o v i d i n g a 
c o r r e l a t i o n for the r e f e r e n c e t e m p e r a t u r e , T g ^ T ^ < T,^, at which the 
v i s c o s i t y in the R e y n o l d s N u m b e r should be c a l c u l a t e d . C u r v e s of the 
i s o t h e r m a l f r i c t i on f ac to r a r e then u s e d wi th th i s " c o r r e c t e d " R e y n o l d s 
Nunaber . 

S h e r w o / m e a s u r e d the hea t i ng p r e s s u r e d r o p in 0.097 in. x 
1.0 in. and 0.050 in. x 1.0 in . r e c t a n g u l a r c h a n n e l s at 1100 and 2000 p s i a 
and found tha t the f r i c t i o n f ac to r r a t i o was b e s t c o r r e l a t e d by 

f / f iso = 1 - 0 .0025(ATQ_g) (4.6) 

o v e r the r a n g e 

400 < T g < 636 "F 

0 ^-^Tj3_g < 100°F 

T h i s c o r r e l a t i o n g ives l o w e r f r i c t i o n f ac to r r a t i o s ( g e n e r a l l y l e s s than 

20 p e r cen t lower ) than d o e s Eq. .(4.5). S h e r ' s d a t a i s the only d a t a a v a i l a b l e 
for p r e s s u r e s above 150 p s i a . 

C o n s i d e r i n g the a g r e e m e n t of s e v e r a l i n d e p e n d e n t i n v e s ­
t i g a t o r s o v e r a wide r a n g e of v a r i a b l e s the r e c o m m e n d e d c o r r e l a t i o n for 
f / f i so ^^ g i v e n b y Eq . (4.5) w h e r e f igo^s e v a l u a t e d at the bulk fluid t e m ­
p e r a t u r e . The f r i c t i o n a l p r e s s u r e d r o p a c r o s s the h e a t e d r e g i o n i s c a l ­
cu l a t ed by 

A P F = F - ^ - ^ (4.7) 
e p^gc 
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where f = f- (f/f- ) evaluated at the average bulk t empera tu re for 
ISO ' ISO ° ^ 

T g > 200°F, 

and 

f = _ I f. f ̂  Idz for T g < 200°F 

This corre la t ion will provide a more conservat ive analysis (higher AP 
or lower circulat ion rate) thanEq. (4.6). While the difference between 
Sher ' s cor re la t ion and the viscosi ty rat io corre la t ion is not great , ad­
ditional p r e s s u r e drop data for heat addition to water at higher p r e s s u r e s 
would be useful in establishing the best cor re la t ion to use for these 
conditions. 

The hydrostat ic p r e s s u r e drop is evaluated from Eq. (4.3) 
with the density evaluated at the average bulk t empera ture for p r e s s u r e s 
l ess than 2500 psia, and 

for p r e s s u r e s grea te r than 2500 psia. 

The accelera t ion p r e s s u r e drop in the heated region is 
calculated from 

AP = ^ ( ± . ± ] , (4.8) 
a<:c gc \Pz Pi) 

3. Local Boiling Region 

The end of the heating region and beginning of the boiling 
region is es tabl ished by the method descr ibed in Section 7. The local 
boiling region extends from this point to the point where a heat balance 
shows that the coolant has reached saturat ion conditions. 

Very lit t le work has been done on local boiling p r e s s u r e 
drop. Only three cor re la t ions a re known to exist . These corre la t ions were 
obtained in such a way that it is virtually impossible to compare them or 
to extrapolate them to sys tems that differ from the exper imenta l sys t ems . 
There are no known theoret ica l investigations of local boiling p r e s s u r e 
drop. 

Reynolds(48) obtained data from a - in. I.D. x 6 ft., uni­
formly heated, horizontal , s ta in less steel tube with 1.3 x 10^ :£ q" ^ 3.04 x 
10^ Btu/hr-ft^j 7 < Vo s; 10.6fps; 45 < P =5 100 psia, and exit water 
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t empera ture l ess than saturat ion t empera tu re . The data was cor re la ted by 

• dP i GDgCp (ATsub)o . , 
J-̂ -B \ dL/o 4aq" 

where a = 1.2 + 4.6 (q"/lO^). 

4aq" L 
GDeCp (ATsub)o 

(4.9) 

It should be noted the cor re la t ion was obtained by measur ing local p r e s s u r e 
differentials, hence the data included not only frict ional p r e s s u r e drop, but 
also the acce lera t ion p r e s s u r e drop caused by the bubbles formed on the 
wal ls . Reynolds s tates that this cor re la t ion predic ted the data of Buchberg 
et al.(49) within 50 per cent for heat fluxes up to 500,000 Btu/ft^. Above 
this heat flux the cor re la t ion did not agree with the data. 

Buchberg et al.(49) obtained their data from a ver t ica l , 
uniformly heated, s ta in less s teel tube, 0.226 in. I.D. x 24.6 in. long. The 
overal l p r e s s u r e drop was measu red with the p r e s s u r e taps located 3 ^ tube 
d iamete rs beyond the effective heated length. With this sys tem there were 
no bubbles on the wall at the position of the p r e s s u r e tap and the bubbles 
that had been swept into the s t r e a m would have condensed or great ly dimin­
ished in size by the t ime they r each the p r e s s u r e tap location. Hence, the 
accelerat ion p r e s s u r e drop component is not included in the overa l l p r e s ­
sure drop. This difference in the data (Reynolds' and Buchberg 's ) is 
negligible at high subcoolings but becomes increasingly important as sa t ­
uration conditions a r e approached. 

Rohde'^^) cor re la ted the data of Buchberg et al. for 

2 5 0 < P < 2 5 0 0 psia ; q" < 2 x 1 0̂  Btu/hr-ft^ ; 

5 < V o ^ 3 0 f p s ; 35< A T s u b - 2 3 5 ° F 

with a deviation of i 40 per cent; he also co r re l a t ed some Argonne National 
Laboratory data for P = 500 psia , 1 x 10^ ^ q" :£ 1.5 x 10^ Btu/hr-ft^, in a 
uniformly heated, ve r t i ca l , s ta inless s teel tube, 0.175 in. I.D. x 24 in. long 
with a deviation of + 18 per cent and - 28 per cent by 

( A P / A L ) L B / A P / A L ) H E A T - R q ^ ^ ° / ^ = (4.10) 

(Note: the local boiling p r e s s u r e gradient is divided by the p r e s s u r e g r a ­
dient while heating ra ther than the i so thermal p r e s s u r e gradient .) The 
ra t io , Rq, was meant to be a qualitative m e a s u r e of the number of bubbles 
on a channel wall; i .e . , the g rea t e r the ra t io , the g rea t e r the number of 
bubbles presen t . 

In an at tempt to make his cor re la t ion applicable to channels 
with nonuniform heating, Rohde reder ived his cor re la t ion , Eq. (4.10) in 
t e r m s of an average ra t io , (Rq)avg' 
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( A P / A L ) L B / ( A P / A L ) H E A T = e x p | ^ [ ( R q ) a v g " l ]} (4.11) 

where for uniform heating 

/T, \ ^^ (Rq)exi t , , „ , 

G D e 
4Lh 

In 
D-B 

T - T-

^w " Te 
for (Rq) in> l 

For nonuniform heating, the channel is to be divided into inc rements , local 
values of R„ determined, and these values integrated to obtain the average 
Rq which is used in Eq, (4.11). This in essence is calculating the p r e s s u r e 
gradient rat io at an "average" position in the channel r a the r than calculat­
ing an average p r e s s u r e gradient ra t io . The use of this method for non­
uniform heat input is quite difficult and t ime consuming and the resu l t s 
have never been checked against data. 

Weatherhead'^1^ obtained local boiling p r e s s u r e drop data 
at 600 psia in ver t ica l , round and rectangular , nickel channels of e s s en ­
tially the same equivalent d iameter . The p r e s s u r e taps were beyond the 
heated length so that there was no accelera t ion p r e s s u r e drop component. 
The hydrosta t ic head was calculated with the average liquid density. He 
found that Reynolds ' and Rohde's cor re la t ion fitted the c i rcu la r tube data 
equally well but that the rec tangular channel was best co r re la ted by Rohde. 

Sher(36j has repor ted local values of the local boiling 
frict ional p r e s s u r e gradient in ver t ica l rec tangular channels, 0.097 in. x 
1.0 in. X 27 in. and 0.050 in. x 1.0 in. x 27 in., at 2000 psia . Local void 
fractions were m e a s u r e d and the hydrostat ic head and acce le ra t ion p r e s s u r e 
drop were calculated assuming zero re la t ive velocity between the phases . 
It was found that f/fiso inc reased with increasing heat flux, increasing bulk 
t empera tu re , decreas ing stat ic p r e s s u r e , and decreas ing m a s s velocity. 
He repor ted no significant difference for the two channel spacings. F r o m 
the resu l t s of his t e s t s , Sher concludes that if and when methods of p r e ­
dicting void fract ions in the local boiling region become available the local 
boiling frict ional p r e s s u r e gradients may be handled in exactly the same 
manner as in bulk boiling. He found that at 2000 psia a plot of (f/fiso) "^^ ^ 
fictitious quality (evaluated with the local boiling voids and an assumed slip 
ra t io of one) gave near ly the same corre la t ion as a s imi la r plot of bulk 
boiling data. 

In the absence of local boiling void data the following 
cor re la t ion was recommended for rec tangular channels at 2000 psia. 
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^ L B A S O (1-0 .0025 AT*) 
2/3 

l + 0 . 7 6 f ™ ] i. (4.12) 

w h e r e 

AT* = ATf when AT^ ATf 

T ^ 6 0 ( q " / l 0 6 ) ° ' " 
= ^ s a t + ' " ^ ' P / 9 0 0 

when AT* > AT, 

f = 1 
AT* 
ATf 

ATf = 0.766 q " / h ] 3 . B 

The f i r s t b r a c k e t r e p r e s e n t s the hea t ing effect in the l oca l bo i l ing r e g i o n 
and the r a t i o A T * / A T £ i s a funct ion of the s ing le p h a s e to the l o c a l bo i l ing 
h e a t t r a n s f e r coef f ic ien t . 

It should be no ted tha t S h e r ' s c o r r e l a t i o n and R o h d e ' s 
c o r r e l a t i o n a r e s i m i l a r in tha t they both r e c o g n i z e a hea t i ng effect in the 
l o c a l bo i l ing r e g i o n and they both u s e p a r a m e t e r s t h a t a r e qua l i t a t i ve e x ­
p r e s s i o n s of the r e l a t i v e ag i t a t i on c a u s e d by l o c a l bo i l ing . Rohde , h o w e v e r , 
did not r e p o r t a m a s s \ -e loci ty effect . 

Costello\-54) h a s r e c e n t l y r e p o r t e d a s m a l l a m o u n t of l o c a l 
boi l ing p r e s s u r e d r o p da t a f r o m a v e r t i c a l annulus a t a t m o s p h e r i c p r e s ­
s u r e . The l o c a l bo i l ing void f r a c t i o n s w e r e m e a s u r e d . No c o r r e l a t i o n 
w a s g iven h o w e v e r . 

No g e n e r a l c o r r e l a t i o n for f r i c t i o n a l p r e s s u r e d r o p in the 
l o c a l bo i l ing r e g i o n can be r e c o m n a e n d e d at th i s t i m e . If the a v a i l a b l e 
d a t a is not a p p l i c a b l e to the s y s t e m in q u e s t i o n , the only r e c o u r s e i s to 
u s e th i s d a t a to m a k e an " e d u c a t e d " g u e s s of the l o c a l bo i l ing f r i c t i o n 
f ac to r m u l t i p l i e r . Within the a c c u r a c y of the a v a i l a b l e da t a , the f r i c t i o n a l 
p r e s s u r e d r o p m a y be c a l c u l a t e d f r o m 

AP L B F - ^ L B ^iso t ) 
L B 

p^^gc 
(4.13) 

w h e r e R T R i s an e s t i m a t e d a v e r a g e f r i c t i o n f a c t o r m u l t i p l i e r and a l l 
p r o p e r t i e s a r e e v a l u a t e d at an a v e r a g e bulk t e m p e r a t u r e . 

E v a l u a t i o n of the h y d r o s t a t i c head in the l o c a l bo i l ing r e g i o n 
p r e s e n t s the l a r g e s t u n c e r t a i n t y in c a l c u l a t i n g the t o t a l l o c a l bo i l ing p r e s ­
s u r e d r o p b e c a u s e the h y d r o s t a t i c head i s u s u a l l y the m o s t s ign i f i can t c o m ­
ponent of the t o t a l p r e s s u r e d r o p . The u n c e r t a i n t y a r i s e s b e c a u s e of the 
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unknown void distr ibution. The usual approach has been to assume that all 
bubbles remain on or near the walls and that solid liquid core remains in 
the center . The average density of this liquid column is then used in 
Eq. (4.3). This assumption obviously breaks down for small channels and 
near the end of the local boiling region where saturat ion conditions a re 
being approached, Egen et aLl^l) have repor ted \-oid fractions as grea t 
as 25 per cent at the saturat ion point at 2000 psia. Measurements at 
Argonne National Laboratory have shown s imi lar void fractions at 600 psia 
and below, and t r a v e r s e s ac ross the channel show definitely that all of the 
voids a re not on the wall in this region. Photographs by Costello(34) give 
an excellent i l lus t ra t ion of this problem. Until local boiling void fractions 
and their distr ibution can be predicted, however, the previously mentioned 
assumption should be used as it will r esu l t in conservative answers . 

The accelera t ion p r e s s u r e loss in the local boiling region 
re su l t s from, (l) the changing liquid density as the t empera ture inc reases , 
and (2) the formation of s t eam bubbles which reduce the liquid flow a r ea . 
The portion resul t ing from changing liquid density may be calculated by 
Eq. (4.8), but the portion result ing from bubble formation cannot be p r e ­
dicted because of the inability to calculate local boiling void fract ions. 
This inability only affects predict ion of the local p r e s su re drop. The ex­
press ion used to calculate accelera t ion p r e s s u r e drop in the bulk boiling 
region calculates the p r e s s u r e drop due to all of the voids that have been 
formed, thus the p r e s s u r e drop due to bubble formation in the local boiling 
region is considered in the overal l p r e s s u r e loss . 

4. Bulk Boiling Region 

In most boiling water r eac to r s prediction of the frictional 
p r e s s u r e drop in the bulk boiling region is significantly more important 
than in the local boiling region because the bulk boiling region usually oc ­
cupies a g rea t e r portion of the heated channel and, for the same flow ra te 
and heat flux, the p r e s s u r e gradients are much l a rge r . The var ious mech­
an isms that produce this increased p r e s s u r e gradient have not been com­
pletely isolated. Many of the models that have been proposed give a 
qualitative cor re la t ion but quantitative agreement is present ly available 
for only l imited ranges of the p a r a m e t e r s . 

A number of invest igators have observed and repor ted 
var ious two-phase flow pat terns (bubble, plug, froth, annular, etc.) at 
low p r e s s u r e s , with and without vaporization, in both horizontal and 
ver t ica l channels. Several flow pat tern corre la t ions a re available for 
horizontal , adiabatic flow.\^^~^^'' Kozlov(56) and Galegar et al.v57) 
have proposed cor re la t ions for ver t ica l , adiabatic two-phase flow; 
however, no cor re la t ions are available for flow with vaporizat ion. There 
is considerable d i sagreement among most of the cor re la t ions . The d i s ­
agreement is due largely to the fact that even in adiabatic two-phase flow 
the flow pat tern reg imes are not distinct; the t ransi t ion from one flow 
pat tern to the next takes place over a range of va r iab les . Bennettl^"/ 

file:///-oid


65 

states that observations on fluids boiling in ver t ica l channels indicate that 
the flow pat terns a re even less c lear ly defined than the adiabatic flow 
pat terns due to the agitation induced by the s team generat ion. The p r e ­
diction of flow pat terns in a boiling mixture appears impossible for some 
t ime to come. 

It is intuitive that the frictional p r e s s u r e gradient should 
depend upon the two-phase flow pa t te rn since the re la t ive turbulence of 
the phases , the interfacial shear , and the momentum interchange between 
the phases vary with the flow pat tern . A number of invest igators have ob­
served this flow pat tern effect in adiabatic two-phase flow where the flow 
pat tern p e r s i s t s for the entire channel length. Hoopes,(58) Dengler(14} 
and Sher'-^") repor ted inflections in plots of the fr ict ional p r e s s u r e gradient 
vs length in boiling channels. It is believed these changing p r e s s u r e g r a ­
dients reflect flow pat tern changes although Sher a t t r ibuted it to the method 
used in calculating the hydrosta t ic head. While flow pat te rns have been e s ­
tablished as an important p a r a m e t e r in two-phase p r e s s u r e drop, the dif­
ficulty in observing and corre la t ing these flow pat terns has forced 
invest igators to neglect them in all bulk boiling p r e s s u r e drop cor re la t ions 
now available. 

The present ly available two-phase frict ional p r e s s u r e 
drop cor re la t ions differ mainly in whether the two phases a re t rea ted as 
a homogeneous mix ture or whether the slippage (relat ive velocity) between 
the phases is recognized. Two methods of express ing the frictional p r e s ­
sure drop have evolved; ( l) a fr ict ion factor, defined in a manner analogous 
to the single phase friction factor, is calculated from the two -phase p r e s ­
sure gradient, or (2) a d imensionless ra t io is formed by dividing the two-
phase p r e s s u r e gradient by the liquid jDhase p r e s s u r e gradient evaluated at 
the total mixture flow ra te . With the exception of some of the e a r l i e r works , 
pract ical ly all of the boiling p r e s s u r e drop cor re la t ions have used the di ­
mensionless p r e s s u r e gradient ra t io . 

The Mart inel l i -Nelsom^" ' ' p r e s s u r e drop corre la t ion , 
Fig. 4.1 for boiling water is the best known and probably the most widely 
used "general" cor re la t ion available. The cor re la t ion has been verif ied 
by a number of investigators.(-35,60-62) However, one major weakness 
of the Mart inel l i -Nelson cor re la t ion is that it does not provide an apparent 
flow rate dependency which has been repor ted in severa l adiabatic p r e s ­
sure drop studies and repor ted also by Sher(3o)for flow with vaporizat ion 

The Mart ine l l i -Nelson boiling p r e s s u r e drop cor re la t ion 
is an extension of a s e m i - e m p i r i c a l cor re la t ion developed by Mart inel l i 
and co-workers("3) and modified by Lockhart and Mart inel l i . (°4j -phe 
corre la t ion was based on data for adiabatic , two-component mix tures in 
horizontal flow at essent ia l ly a tmospher ic p r e s s u r e with both phases in 
turbulent flow. (Turbulent flow was defined by the phase Reynolds Number 
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F i g . 4.1 

M a r t i n e l l i A v e r a g e T w o - P h a s e F r i c t i o n 
Mul t ip l i e r (Uni form Heat Input) 

being g r e a t e r than 2000 when the phase ve loc i t y is ba sed on the tota.1 pipe 
a r e a ) . The o r i g i n a l c o r r e l a t i o n by M a r t i n e l l i , for ad iaba t i c flow, was 
b a s e d on two m a i n a s s u m p t i o n s : 

1. The s t a t i c p r e s s u r e d r o p of the two p h a s e s m u s t be 
equa l r e g a r d l e s s of the flow p a t t e r n . 

2. The v o l u m e occupied by the l iquid plus the vo lume 
occup ied by the gas at any i n s t an t m u s t be equa l to the 
to ta l vo lume of the p ipe . 

T h e s e a s s u m p t i o n s infer tha t the flow p a t t e r n does not change wi th length, 
thus ru l ing out " s l u g " flow and s t r a t i f i ed flows with t r a n s v e r s e p r e s s u r e 
g r a d i e n t s . P r i n a a r i l y it l i m i t s the c o r r e l a t i o n to annu la r flow. With t h e s e 
a s s u m p t i o n s and t h e i r e x p e r i m e n t a l da ta they a r r i v e d at a c o r r e l a t i o n b e ­
tween CLtt' ^^^ s q u a r e root of the r a t io of the t w o - p h a s e f r i c t iona l p r e s s u r e 
g r a d i e n t to the f r i c t i ona l p r e s s u r e g r a d i e n t if the l iquid alone w e r e flowing 
in the p ipe , and \x|.s a n o n d i m e n s i o n a l c o r r e l a t i n g p a r a m e t e r for t u r b u l e n t -
t u r b u l e n t flow. The quant i ty i^p xmiy be e x p r e s s e d as 
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X t t 

( ^ _ ^ / p g \ 0 . S 7 l / M f \ 0.143 
(4.14) 

A s s u m i n g l i nea r v a r i a t i o n of the qual i ty in the hea t ed channe l , M a r t i n e l l i 
p lo t ted the r a t i o of ( d P / d L ) „ p p / ( d P / d L ) o vs x and i n t e g r a t e d to obta in 
AP-j-pp^/APo for any given exi t qua l i ty . C o n s i d e r i n g the l i m i t s i m p o s e d on 
^ Ltt ^^ ^^^ c r i t i c a l p r e s s u r e , it was ev iden t tha t a p r e s s u r e p a r a m e t e r was 
r e q u i r e d . Using the d a t a of Dav idson et al,(D5) to ob ta in th i s p r e s s u r e d e ­
pendence , new c u r v e s of 0T ̂ .̂  vs ;^, w e r e ob ta ined and i n t e g r a t e d to give 
the c o r r e l a t i o n shown in F i g . 4 .2 . F i g u r e 4.3 shows a c o m p a r i s o n of th i s 
c o r r e l a t i o n with da ta ob ta ined at Argonne. (35) 

0.20 O.W 0.60 0.80 1.0 

0UALITY,8 'EXTRAPOLATED CURVE 

F i g . 4.2 

M a r t i n e l l i Loca l T w o - P h a s e F r i c t i o n F a c t o r vs Qual i ty 
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M a r t i n e l l i and Nelson(^"^) a r e the only i n v e s t i g a t o r s t ha t 
have a t t e m p t e d to apply i s o t h e r m a l p r e s s u r e d r o p da t a to flow wi th v a ­
p o r i z a t i o n . As po in ted out by I s b i n , ( " " ) the a s s u m p t i o n of equa l s t a t i c 
p r e s s u r e d r o p for bo th p h a s e s w a s a c t u a l l y equa l to f r i c t i o n a l p r e s s u r e 
d r o p for both p h a s e s in the o r i g i n a l M a r t i n e l l i - N e l s o n d e r i v a t i o n . E x ­
tending t h i s c o r r e l a t i o n to flow with v a p o r i z a t i o n , w h e r e the s t a t i c p r e s ­
s u r e d r o p for e a c h p h a s e would inc lude m o m e n t u m and p o s s i b l e h e a d t e r m s 
as wel l a s f r i c t i on , i s q u e s t i o n a b l e b e c a u s e the f r i c t i o n a l p r e s s u r e d r o p of 
the two p h a s e s could h a r d l y be equa l . It i s t r u l y a m a z i n g tha t t h e M a r t i n e l l i -
Ne l son c o r r e l a t i o n h a s b e e n so s u c c e s s f u l in v iew of the a s s u m p t i o n s t h a t 
w e r e m a d e and the da ta t h a t w e r e a v a i l a b l e at t he t i m e of i t s d e v e l o p m e n t . 

Deng le r , ( 14 ) S c h r o c k and G r o s s m a n , ( ^ ' ^ ) and Ste in et a l . (^S) 
have ob ta ined l o c a l t w o - p h a s e f r i c t i o n a l p r e s s u r e g r a d i e n t s f r o m bo i l ing 
c h a n n e l s . D a n g l e r ' s da ta and the da t a of S c h r o c k and G r o s s i n a n w e r e o b ­
t a i n e d in v e r t i c a l t u b e s , 0.645 in. I .D. and 4- in. I .D . , r e s p e c t i v e l y . S t e i n ' s 
da ta w e r e ob t a ined in a v e r t i c a l , 1.08 in. I .D. - 1.33 in. O.D. a n n u l u s , wi th 
downflow. T h e s e l o c a l g r a d i e n t s w e r e c o r r e l a t e d with the p a r a r a e t e r s 
i n t r o d u c e d by L o c k h a r t and M a r t i n e l l i ( o 4 ) and c o m p a r e d wi th the L o c k h a r t -
M a r t i n e l l i c o r r e l a t i o n for h o r i z o n t a l , i s o t h e r m a l t w o - p h a s e flow. The d a t a 
of S c h r o c k and G r o s s m a n a g r e e d r e a s o n a b l y w e l l wh i l e t h e d a t a of S te in 
and Deng le r t e n d e d to be h i g h e r . 

L o t t e s and F l i n n i l " ) p r o p o s e d an a n n u l a r flow m o d e l for 
boi l ing w a t e r in un i fo r in ly h e a t e d c h a n n e l s wh ich w a s e s s e n t i a l l y the s a m e 
as the M a r t i n e l l i - t y p e flow m o d e l with the e x c e p t i o n t h a t it w a s d e s c r i b e d 
in t e r m s of the s t e a m vo lume f r a c t i o n r a t h e r t h a n the s t e a m weigh t f r a c t i o n . 
It w a s p r o p o s e d t h a t the i n c r e a s e d f r i c t i o n in t w o - p h a s e flow w a s due to the 
i n c r e a s e in the l o c a l l iqu id v e l o c i t y . The loca l l iqu id v e l o c i t y w a s r e l a t e d 
to the in le t v e l o c i t y by 

Vf ^ 1 - X 

Vin ~ 1 - « 
(4.15) 

A m a s s b a l a n c e shows 

The r a t i o of s t e a m to w a t e r v e l o c i t i e s w a s a s s u m e d c o n s t a n t a long the 
channe l and the p r e s s u r e and f r i c t i on f a c t o r s w e r e a s s u m e d c o n s t a n t , 
t hus the v e l o c i t y r a t i o b e c o m e s a l i n e a r funct ion of the qua l i ty 

- 1 I X . (4.17) 
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The average friction factor was defined as 

R = 
1 B ( d P / d L ) T p F 1 
£ , (dP/dL)o ^^ ^ % 

' 0 (7 0 

. L i 
Vf 

dz (4.18) 
m, 

Integrating over a uniformly heated channel gave 

s = i 

where 

1 + 
l - a e ( l - 0 ) l l - a ^ ( l - 0 ) 

(4.19) 

0 = '^gV^g 

For small qualities and low p r e s s u r e s , Eq. (4.19) reduces to 

R 
\ 
3 

r, 1 
1 + , — + 

1 - C C e 
/ 1 \n 

-.— 
\ i - % / J 

(4.20) 

A comparison of this correla t ion with p re s su re drop data 
obtained at Argonne National LaboratoryV^^j ĵ ĵ  which the local void fraction 
was measured is shown in Fig. 4.4. The experimental data were approxi­
mately 30 per cent higher than the correlat ion; however, the trend of the 
data shows a dependence upon the void fraction for voids less than 0.65, 
quite s imilar to that expressed by the flow model. Plotting R against the 
void fraction also appears to eliminate the p re s su re parameter , at least 
for p r e s s u r e s up to 600 psi . 
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As m e n t i o n e d above , the a v e r a g e t w o - p h a s e f r i c t ion 
m u l t i p l i e r d i s p l a y s a dependence upon the void f r ac t ion tha t i s qui te s i m i l a r 
to the L o t t e s - F l i n n c o r r e l a t i o n . On the o the r hand, th is c o r r e l a t i o n does 
no t exhib i t a flow r a t e dependency tha t is a p p a r e n t l y needed and it h a s been 
shown!-35) tha t th i s c o r r e l a t i o n g ives R ' s tha t a r e def in i te ly too l a r g e at 
the h ighe r void f r a c t i o n s . 

Shgr(3DJ r e p o r t s a m a s s ve loc i t y effect on the l o c a l f r i c t ion 
m u l t i p l i e r for boi l ing in v e r t i c a l r e c t a n g u l a r c h a n n e l s , 0.097 in. and 0.050 m . 
by 1.0 in . , at 2000 ps i a , and p r e s e n t s his c o r r e l a t i o n m the f o r m of a g r a p h , 
F i g u r e 4 . 5 . The following m e t h o d was s u g g e s t e d for applying the m a s s v e ­
loc i ty p a r a m e t e r e s t a b l i s h e d at 2000 p s i a to l ower p r e s s u r e s : 

(1) Use the M a r t i n e l l i - N e l s o n c o r r e l a t i o n to obta in the 
2 2 

r a t i o of 7T o ^^ *^® p r e s s u r e of i n t e r e s t to O L Q ̂ ^ 
2000 ps i a , as a function of x. 

(2) Mult ip ly the o r d i n a t e of F i g . 4,5 by th is r a t i o for 
c o r r e s p o n d i n g qua l i t i e s to obta in a new fami ly of 
c u r v e s . 

(3) I n t e g r a t e the c u r v e of i n t e r e s t f rom z e r o to the exi t 
qua l i ty to obta in the a v e r a g e va lue of the t w o - p h a s e 
f r i c t ion mtxl t ip l ie r . 
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(2) the M a r t i n e l l i - N e l s o n c o r r e l a t i o n c o r r e s p o n d s to S h e r ' s d a t a for 
G = 1 X 10 Ib /h r - f t ^ at 2000 ps i a , the fol lowing a l t e r n a t e m e t h o d h a s been 
p roposed . (59) 

(1) Obta in 0 L O f r o m the M a r t i n e l l i - N e l s o n c u r v e , F i g . 4.2 
for the p r e s s u r e and qua l i t i e s of i n t e r e s t . 

(2) C o n v e r t S h e r ' s c o r r e l a t i o n , F i g . 4 .5 , to a v o i d f r a c t i o n 
b a s i s , a s sunning Vg/Vj^^ = 1 . At the void f r a c t i o n of 
i n t e r e s t ob ta in the r a t i o of (pr^ at the m a s s v e l o c i t y 
of i n t e r e s t to 0^O ^* ^ "" 1 x 10^ I b / h r - f t ^ . F i g . 4.7 
is a plot of th i s r a t i o v s void f r ac t i on , 

(3) Mul t ip ly the M a r t i n e l l i 0-, ^ by the r a t i o ob ta ined f r o m 
S h e r ' s da ta , plot it as a function of channe l length and 
i n t e g r a t e i t to obta in the a v e r a g e f r i c t ion m u l t i p l i e r , R. 
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B e c a u s e of the lack of e x p e r i m e n t a l da t a no r e c o m m e n d a ­
t ion can be inade as to which of the two m e t h o d s i s the bes t ; howeve r , it 
is felt in tu i t ive ly tha t the void f r ac t i on m e t h o d is a m o r e log ica l b a s i s for 
e x t r a p o l a t i n g than i s the weight f rac t ion . The l a t e r me thod is the one 
p r e s e n t l y r e c o m m e n d e d . 
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Several theoret ica l analyses a re available for two-phase 
flow with vaporization.(DO>O9,70) i^ general , these corre la t ions exhibit 
reasonable qualitative agreement with the Mart inel l i -Nelson correlat ion; 
however, their accuracy cannot be evaluated until more experimental boiling 
p r e s s u r e drop data a re available. 

It is obvious that more boiling p r e s s u r e drop data are 
neces sa ry before accura te predict ions of the p r e s s u r e drop during boiling 
can be made . Even this may not be sufficient to solve the problem because 
of the inherent sca t te r in the frictional p r e s s u r e drop data. This scat ter is 
caused mainly by: inaccurac ies in the void measu remen t which affect ca l ­
culations of both the hydrostat ic head and the accelera t ion p r e s su re drop; 
and the inability to de termine the t rue accelera t ion p r e s s u r e drop compo­
nent. This las t factor p resen ts the grea tes t obstacle against obtaining good 
boiling p r e s s u r e drop data over a wide range of va r iab les . 

Leppert,'"•'•/ Schrock,(o7) and Weatherhead (Argonne 
National Labora tory data)!"?!) have presented corre la t ions of the sum of 
the frictional and acce lera t ion p r e s s u r e drop components . Schrock and 
Weatherhead show the d a t a h a v e l e s s scat ter when presented in this manner . 
Leppert could not find a m a s s velocity dependence. This suggests that 
the apparent m a s s velocity effect on frictional p r e s s u r e drop may be p a r ­
tialis/ or totally due to a m a s s velocity effect on the accelera t ion p r e s s u r e 
drop which is caused by changing flow pa t te rns . The difficulty with c o r r e ­
lating the sum of the frictional and accelera t ion p r e s s u r e drop components 
is that the friction p r e s s u r e drop is a function of length while the a c c e l e r ­
ation p r e s s u r e drop is independent of length, thus making it difficult to 
apply to other sy s t ems . 

Mart inel l i and Nelson^^?; have presented two equations for 
calculating the extrenaes of the accelerat ion p r e s s u r e drop caused by va­
porizat ion of a two-phase mix tu re . For a homogeneous mixture (fog flow) 
the accelera t ion p r e s s u r e drop will be a maximum and is expressed by 

^ P a c c = — (1 J +x^f-^ 
P g, Pf 

(4.21) 

Fo r two-phase flow in which the phases are completely separa ted and t rave l 
at different veloci t ies (slip flow), the accelera t ion p r e s s u r e drop is a min i ­
mum and is expressed by 

AP,^^ = — 
ace g. 

( 1 - X e ) ^ 

a. 
(4.22) 

The t rue p r e s s u r e drop probably l ies somewhere between the two e x t r e m e s . 
Since the acce lera t ion t e r m is quite often a la rge fraction of, or even g rea te r 
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than, the frictional t e rm, this uncertainty can cause considerable scat ter 
in the frictional p r e s s u r e drop data. Similarly the total p r e s s u r e drop 
calculation will have this uncertainty even if the frictional p r e s s u r e drop 
is known exactly. 

The derivation of Eqs . (4.21) and (4.22) a re based on the 
average velocit ies of the mixture and the phases , respect ively . This i m ­
plies that the momentum factor K^^, which is the rat io of the t rue m o ­
mentum flux to the momentum flux evaluated at the average velocity, is 
approximately unity. Fo r single phase flow K^^ var ies from 1 to 1,33. 
Since the velocity distr ibut ions in the two phases during slip flow are un­
known and undoubtedly a function of flow pat tern, the upper l imit of the 
momentum factors are unknown and the fac tors , therefore , a function of 
the flow pat tern. Exper iments to m e a s u r e the t rue momentum of the mix­
ture would be mos t useful. 

The hydrostat ic head in a boiling channel is evaluated from 

A^H = [/-f - ^ i/'i - ' ^ ) 1 % (4.23) 

where Q. is the average void fraction. Evaluation of the void fraction is 
d iscussed in Section 3. Except for channels with very smal l equivalent 
d i ame te r s , the hydrostat ic head is the major portion of the two-phase 
p r e s s u r e drop during ver t ica l flow. The uncer ta in t ies in evaluating the 
hydrostat ic head a re a function of the uncer ta in t ies in a» 

5. Adiabatic Region 

By far, the g rea tes t major i ty of two-phase r e s e a r c h work 
has been centered on adiabatic two-phase flow. This type of flow el iminates 
the large acce lera t ion p r e s s u r e drop t e r m and it is also possible to use 
two-component ixiixtures, such as a i r -wa te r , gas-o i l , e tc . , thereby e l imi ­
nating the need of a s team supply or heat source . Many of the available 
data are the resu l t of r e s e a r c h in the pe t ro leum industry and in chemical 
engineering; fields that a re t ruly in te res ted in two-phase mix tures other 
than s team and water . A reasonable es t imate is that more than ninety 
per cent of the available adiabatic, two-phase p r e s s u r e drop data were ob­
tained with mix tu res other than s t eam-wa te r . However, in the c o r r e l a ­
tions and compar isons of data that have been repor ted, many inves t iga tors 
compare data obtained from different phase s y s t e m s . The validity of 
these compar isons has yet to be substantiated. 

More than eighty per cent of the available data have been 
obtained for horizontal flow, which e l iminates the hydrostat ic head. In 
all of the ve r t i ca l flow data that have been surveyed, only one reference^^ ' ' ' 
repor ted s t eam-wa te r data and this was at a tmospher ic p r e s s u r e . Ver t ica l 
flow, adiabatic, s t eam-wate r p r e s s u r e drop data at var ious p r e s s u r e s a r e 
badly needed at this t ime. 
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The "standard" correlation of adiabatic, two-phase 
frictional pressure drop, against which most data and correlations are 
compared, is the Lockhart-Martinelli(64) correlation. The work of 
Lockhart and Martinelli consisted of a revision of a previous correlation 
by Martinelli and co-workers to make it applicable for the four types of 
two-phase flow that had been postulated; i.e., turbulent-turbulent, turbulent-
viscous, etc. The basic postulates in the analysis were those mentioned 
in the discussion of the Martinelli-Nelson boiling pressure drop correlation 
in the previous section. The data used in the development were obtained 
from horizontal flow of air-water, air-oil, and air-benzene at pressures 
up to 52 psia. 

The suggestion that two-phase pressure drop was strongly 
dependent upon flow patterns resulted from early work done with adiabatic, 
two-phase flow. Gazley and Bergelin, in a discussion of the Lockhart-
Martinelli paper^° ' were the first to suggest such a relation. Isbinll") 
and Gresham(39) present summaries of most of the work that has been done 
in the observation and correlation of flow patterns, hence only the high­
lights will be discussed here. 

Different flow patterns were observed as early as 1914. 
Several of the flow pattern correlations for horizontal flow have been ref-

. (7?) 
erenced in the previous section on boiling pressure drop. Moen'- ' has 
recently suggested modifications to Baker's and Kasiakova's correlations. 
Kosterinl'-^^ reported that for horizontal flow the flow pattern was depen­
dent upon the diameter of the pipe. He also reported that the entrance 
section had no effect on flow patterns in vertical and inclined pipes. 
Hoogendoorn(54) used Kosterin's type of correlation to show the effect of 
liquid viscosity and pipe diaineter on the flow patterns for horizontal flow. 
The main effect of both variables was on the transition region between 
plug and slug flow, Govieri' 4,75) î ĝ shown a relation between vertical 
flow patterns and specific pressure drop regimes for various liquid flow 
rates and pipe diameters. 

The Lockhart-Martinelli correlation has been shown by 
many investigators to be inadequate for specific horizontal flow patterns. 
In general, the correlation predicts too high for slug and plug flow and too 
low for annular and mist-annular flow. One of the more recent reports 
is that of Hoogendoorn,l54) i^ j_g a_ĵ  excellent piece of work based on at­
mospheric pressure, air-water and air-oil mixtures in horizontal pipes 
with inner diameters ranging from 24 mm to 140 mm, Hoogendoorn con­
cludes that for horizontal flow the Lockhart-Martinelli correlation has 
three limitations; it cannot be used: 

(a) for plug, slug or froth flow, if gas densities differ 
from that of air at atmospheric pressure, 

(b) in the stratified and wave flow regions, 

(c) in the mist-annular flow region. 
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He presents the following corre la t ions , 

(a) for plug, slug and froth flow 

where 

for 

AP 
T P F 

= AP LO 
1 + 230(-

m . . 0 . 8 4 
g 

7 = 9.5 
/ m 0 .5 

- 62.6 

m + 

'm^ 

m + 

1.3 

0.00138 (4.24) 

m . 

m + 

AP 

X 0,05 

T P F 

R-Er^T. > 3000 

(b) Fo r wave flow 

/ ^ \ '•'' 1 AL ml 

X^^t, 2 D , p g 
(4.25) 

for 

C depends inainly on pipe diameter and pipe roughness , 

(c) Fo r mis t -annu la r flow 

- - T P P = ° - - ( - g ) - " * - | ^ ^ 
(4.26) 

Many objections have also been voiced about the Lockhar t -
Mart inel l i cor re la t ion because it does not recognize a flow rate effect. 
This effect has been repor ted in anumber of different experiments^41j72,76,77] 
for horizontal flow. 

Petr ick '30) has repor ted a m a s s velocity effect on (pj_^ 
for ve r t i ca l flow, a i r -wa te r , a tmospher ic p r e s s u r e data which was l imited 
to qualit ies up to 0.0043. The m a s s velocity was var ied in two ways: 
(l) the mix ture flow ra te was var ied for any given channel c ro s s section, 
and (2) the mix ture flow rate was held constant while the channel c r o s s 
sections were var ied . The m a s s velocity effect obtained by varying the 
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c ross section was much more pronounced than that obtained by varying the 
flow ra te , indicating that the georaetry (or the effect that the geometry has 
on the flow pattern) may be of g rea te r significance than the flow ra te , at 
leas t for ver t ica l flow. Moem'^) r epor t s on a m a s s velocity effect for 
high p r e s s u r e s t eam-wate r flow in horizontal pipes, but Isbinl-'-') could 
find no flow rate effect in ver t ica l s t eam-wate r flow at a tmospher ic p r e s ­
su re . Similarly, YakiC'''^) repor ted a m a s s velocity effect for horizontal 
flow but did not repor t such an effect! '°) for ve r t i ca l a i r -wa te r flow. The 
only suggestion that could be found of a flow rate effect on Lockhart -
Mart inel l i p a r a m e t e r s for adiabatic, ver t ica l two-phase p r e s s u r e drop was 
repor ted by Duklerl'''^) for downward flow. This suggests that the flow rate 
effect may be pert inent only for horizontal flow. 

A pipe d iameter effect as repor ted by Govier'''^^'' for v e r ­
t ical flow is also shown by Yaki 's ver t ica l flowC^S) data and is suggested 
by P e t r i c k ' s data.(30) Other investigators'^-^s 5'*'''''^) have repor ted a d iam­
e te r effect for horizontal flow. 

Based on their annular flow naodel which postulates the 
inc reased friction is due to the increased local water velocity, Lottes 
and F l i n n " - ' suggest that the frictional p r e s s u r e gradient ratio may be 
represen ted by 

Richardsonv22j found that his horizontal a i r -wa te r flow data could be c o r r e ­
lated by R = ( l / l -a)^''^^. Chishplm and Laird'-^^) found that for horizontal 
a i r -wa t e r flow R = 0.8 ( l / l -a )^ where ^ = 1,75 and 1.875 for smooth 
and galvanized pipe, respect ively . Moen cor re la ted his horizontal , s t eam-
water data with Eq, (4.27) and found that the exponent var ied from 1.6 to 2, 
depending upon flow ra te . 

Chenoweth and Mart in l°° / have proposed a corre la t ion 
based on data from a number of sources for horizontal flow of var ious two-
component mix tures at p r e s s u r e s up to 100 psia in pipe s izes from 0.6 to 
3 in. in d iameter . The corre la t ion is presented in graphical form. Fig. 4.8, 
and represen ted all the data within +50 per cent and 92 per cent of the data 
within +35 per cent, Lester(82) compared s team-water data from 4- and 
6-in. pipes with the cor re la t ion and found agreement within +35 per cent, 

Ber tuzzi et al,\°3) have also presented a cor re la t ion based 
on a la rge collection of horizontal , two-component data for p r e s s u r e s up 
to 55 psia and d i ame te r s of - to 2 in. Their corre la t ion r ep re sen t s the 
data with an algebraic deviation (bias) of 0.82 per cent and a standard de­
viation of 20,8 per cent. Both this corre la t ion and the Chenoweth-Martin 
cor re la t ion reduce to the proper liquid p r e s s u r e drop for all liquid flow 
and to proper gas p r e s s u r e drop for all gas flow. 
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F i g . 4 .8 

C o r r e l a t i o n for T u r b u l e n t T w o - P h a s e F r i c t i o n 
P r e s s u r e Drop in H o r i z o n t a l P i p e s 

The effect of wa l l r o u g h n e s s on t w o - p h a s e p r e s s u r e d rop 
h a s been r e p o r t e d by Chisholm. and La i rd (80 ) and Hoogendoorn . (54) Both 
r e p o r t s w e r e the r e s u l t of a t m o s p h e r i c p r e s s u r e , h o r i z o n t a l , a i r - w a t e r 
t e s t s . 

4 .3 . Conc lu s ions 

The s t a t e of the a r t , wi th r e s p e c t to a d i a b a t i c , t w o - p h a s e 
f r i c t iona l p r e s s u r e drop i s a d e q u a t e l y e x p r e s s e d in B e n n e t t ' s c o n c l u s i o n s . (37) 

a. " T h e r e i s no r e l i a b l e m e t h o d which can be app l i ed to any 
s y s t e m to p r e d i c t flow p a t t e r n s in t w o - p h a s e flow. 

b . " T w o - p h a s e p r e s s u r e d r o p s can be p r e d i c t e d in h o r i z o n t a l 
i s o t h e r m a l flow but the a c c u r a c y i s not l i ke ly to be b e t t e r t han 
+50 p e r cent . The m e t h o d which h a s been m a i n l y u s e d i s due to 
L o c k h a r t and M a r t i n e l l i . ( ^ 3 ) C o r r e l a t i o n s due to Chenoweth and 
Mar t in (81) and B e r t u z z i , T e k and P o e t t m a n n l 8 3 ) n iay be an i m ­
p r o v e m e n t but not r a d i c a l l y so and awai t c o n f i r m a t i o n by o the r 
w o r k e r s . 

c. " C o m p a r a t i v e l y l i t t l e work h a s been c a r r i e d out on i s o ­
t h e r m a l flow in v e r t i c a l t u b e s wi th the addi t iona l c o m p l i c a t i o n s 
of a h y d r o s t a t i c head t e r m . 

d. "The h y d r o d y n a m i c s of t w o - p h a s e flow t h e r e f o r e r e q u i r e 
a g r e a t dea l m o r e s tudy in r e l a t i o n to a l l a s p e c t s . " 
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5. CRITICAL HEAT FLUX AND BURNOUT 

5.1 . Introduction 

For sys tems wherein heat is generated in a solid body and then 
t r ans f e r r ed direct ly to a liquid or l iquid-vapor coolant, the cr i t ica l heat flux 
is defined as occurr ing at the t ransi t ion from nucleate to film boiling and is 
cha rac te r i zed by a sharply defined inc rease in the t empera tu re of the heat 
t ransfer surface . If the heat flux is sufficiently great , the resul t ing the rmal 
excurs ion resu l t s in "burnout, " physical destruct ion of the heat t ransfer 
surface . Although the two t e r m s a re commonly used interchangeably, 
"burnout" is a subjective occur rence that is frequently dependent upon such 
extraneous factors as ma te r i a l p roper t i e s , p r e s s u r e and/or the rmal s t r e s s e s , 
and cor ros ion ra tes and effects. Since the cr i t ica l heat flux is normal ly the 
limiting condition for power and the rmal design c r i t e r i a , it is important that 
i ts magnitude and determining conditions be known with a minimum of un­
cer ta in ty . Unfortunately, such is not the ca se . There is widespread d i s a g r e e ­
ment regarding the applicability, magnitude, and effect of the severa l 
var iab les which have been associa ted with the determining conditions for the 
cr i t ica l heat flux occu r r ence . 

Despite the existence of much c r i t i ca l heat flux data which has 
appeared in recent yea r s (and numerous cor re la t ions thereof), it is not p o s ­
sible at the present t ime to make authori tat ive pronouncements on the subject. 
For the purpose of making the most valid compar i sons , the following d i s c u s ­
sion is l imi ted to sys tems wherein there is the ver t ica l up-flow of liquid or 
two-phase water in annuli or channels with uniforra heat generat ion. 

5.2. Effects on Magnitude 

1. System P r e s s u r e 

The p r e s s u r e effect on the magnitude of the c r i t i ca l heat flux 
appears to be la rgely dependent upon the latent heat of vaporization (Hfg) and 
the specific volume of the vapor phase (Vg), both of which a r e p r e s s u r e de ­
pendent p roper t i es of the coolant. For a sys tem of fixed size and geometry 
operating at a fixed m a s s flow rate and containing liquid water at the bulk 
saturat ion condition (Hf) at the location of the cr i t ica l heat flux occur rence , 
the effect of increas ing sys tem p r e s s u r e is to inc rease the c r i t i ca l heat flux 
to a maximum value somiewhere in the range of 600-1500 psia . This inc rease 
in the c r i t i ca l heat flux is p resumed to be caused by the decreas ing specific 
volume of the vapor phase which acts to dec rease the thickness (and therefore 
the the rma l r e s i s t ance ) of the boundary layer adjacent to the heat t ransfer 
surface . In the higher p r e s s u r e range beyond the point of the maximum 
cr i t i ca l heat flux, the c r i t i ca l heat flux dec rease s continuously with i n c r e a s ­
ing p r e s s u r e . This dec rease is believed to be caused by the decreas ing 
value of the latent heat of vaporizat ion and the result ing dec rease in t he rma l 
energy t r anspor t from the boundary layer to the main body of the coolant. 
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Existing analytical cor re la t ions that express the effect of 
p r e s s u r e on the cr i t ica l heat flux, such as those of Kazakova, '°4j Zuber and 
Tribus(S5) Chang,(86) and Griffith(8'7) a re basical ly dependent upon the latent 
heat of vaporizat ion, the density of the vapor phase {pa - l /vg) , and a m a s s 
t ranspor t velocity t e r m composed of varying combinations of the sa turated 
coolant p rope r t i e s . Griffith's cor re la t ion also includes the effects of m a s s 
flow rate and coolant enthalpy in the subcooled and quality regions , being 
based on data for ver t i ca l channels. Empi r ica l cor re la t ions which include 
the effect of p r e s s u r e , par t icu lar ly those of Greem^Sj and Si lvest r i , l °9j 
show a peak c r i t i ca l heat flux in the range of 1200-1500 psia . 

For subcooled water , the cor re la t ion of Jens and Lottesl°) 
for the case of liquid water flowing upward in ver t i ca l channels over the 
p r e s s u r e range of 500-3000psia is the most widely accepted. The p r e s s u r e -
dependent factors in this cor re la t ion show a well defined s imi lar i ty to the 
latent heat of vaporizat ion and the density of the vapor phase . 

For the case of net s team generat ion, there is general 
agreement that the c r i t i ca l heat flux dec r ea se s with increas ing p r e s s u r e . 
Correlat ions for two-phase water in ve r t i ca l rectangular channels at 
2000 psia have been p resen ted by Sonneman,(90) Bell,(91) Vanderwater,(9i-) 
Singh, '93; and Fauske,(94) all of which seem to be based on the same data, 
as are the cor re la t ions of Green(88j and S i lves t r i . ' °9 j 

2. Local Bulk Enthalpy 

Cri t ical heat flux data is usually p resen ted as a function of 
the local bulk enthalpy of the coolant, or some equivalent thereof. For a 
constant p r e s s u r e , the c r i t i ca l heat flux is p r imar i l y dependent upon the 
local bulk enthalpy, the c r i t i ca l flux decreas ing with increas ing enthalpy in 
the subcooled water and wet s team regions . However, the cor re la t ion of 
Gr i f f i th ' s ' ) shows a definite increase in c r i t i ca l heat flux in the wet s team 
region for p r e s s u r e s lower than 600 psia . There has been relat ively l i t t le 
in teres t in this p r e s s u r e range, and this finding appears to be unconfirmed. 

3. Mass Flow Rate 

In the usual presenta t ion of c r i t i ca l heat flux as a function 
of local bulk enthalpy, the m a s s flow ra te appears as a p a r a m e t e r . In the 
subcooled water region, there is genera l ag reement that the cr i t ica l heat 
flux inc reases with increas ing m a s s flow ra t e , the ra te of inc rease dimin­
ishing as the local bulk enthalpy approaches saturat ion. For the wet s t eam 
region, mos t cor re la t ions show a s imi la r effect. However, the cor re la t ions 
of Bell , '91j and Sonneman(90) (both for 2000 psia) , show a definite invers ion 
of the m.ass flow ra te effect in the quality region. Previous ly unpublished 
data at 2000 psia from ANL, shown in Fig, 5.1 is in agreement with th i s . 
Such a r e v e r s a l of the m a s s flow ra te effect, if it ex i s t s , is probably caused 
by a change in the two-phase flow reg ime . 
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4. Flow Channel Size, Length and L/D Ratio 

What, if any, effect these factors have upon the cr i t ical 
heat flux occurrence is a mat te r of considerable controversy. The c o r r e ­
lation of Green(88) contains an L/D factor, while other corre la t ions of the 
same data, Bell(91) and Silvestri ,(89) contain only an equivalent diameter 
factor. Figure 5.2 presents additional 2000 psia data from ANL showing a 
decided diameter effect which decreases with increasing enthalpy. Compar­
ison of data from two channels of the same diameter and different lengths 
(18 and 24 in.) showed no appreciable d iscrepancies . 
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The effect of c h a n n e l l eng th i s g e n e r a l l y not c o n s i d e r e d a s 
such in c r i t i c a l h e a t flux c o r r e l a t i o n s , a l though i n s p e c t i o n of da ta f rom 
m a n y s o u r c e s i n d i c a t e s tha t the c r i t i c a l h e a t flux r e p o r t e d d e c r e a s e s with 
i n c r e a s i n g channe l l e n g t h . The o f t e n - d i s c u s s e d "effect of in le t s u b c o o l i n g " 
a l s o a p p e a r s in n u m e r o u s p r e s e n t a t i o n s of da t a and i s o c c a s i o n a l l y a s s o c i ­
a t ed with l eng th o r L / D . F o r u n i f o r m h e a t g e n e r a t i o n the c r i t i c a l h e a t flux 
o c c u r s at a h igh ly l o c a l i z e d and p r e d i c t a b l e l o c a t i o n and, for any p a r t i c u l a r 
s y s t e m , i s r e a d i l y r e p r o d u c i b l e . Th i s i n d i c a t e s that the effect of channe l 
l eng th and in l e t subcoo l ing i s only t h e r m o d y n a i i i i c a l l y s ign i f i can t . 

L e v y , ' ' " ^ ' in a p r e s e n t a t i o n of c r i t i c a l h e a t flux da t a for 
n a t u r a l c o n v e c t i o n in a v e r t i c a l annu lus a t 1000 p s i a , s t a t e s tha t the c r i t i c a l 
h e a t flux i s p r e c e d e d by h y d r o d y n a m i c i n s t a b i l i t y and i s n o t i c e a b l y l o w e r in 
m a g n i t u d e than for the c a s e of f o r c e d c i r c u l a t i o n . Levy f u r t h e r quo t e s 
Lowdermi lk : (9D) " . . .A v e r y s t ab l e c i r c u i t wdth a high h e a d punap l e a d s to 
h i g h e r b u r n o u t h e a t f luxes than one with a low h e a d p u m p . " L o w d e r m i l k i " ' i 
a l s o r e p o r t s m a r k e d v a r i a t i o n s in the m a g n i t u d e of the c r i t i c a l h e a t flux in 
a l o w - p r e s s u r e (15-100 ps i ) f o r c e d - c i r c u l a t i o n s y s t e m due to flow i n s t a b i l i t y 
c a u s e d by flow s y s t e m c h a r a c t e r i s t i c s e x t e r n a l to the v e r t i c a l t u b u l a r t e s t 
s e c t i o n . 

F i g u r e 5.3 i l l u s t r a t e s the flow i n s t a b i l i t y p r e c e d i n g c r i t i c a l 
h e a t flux o c c u r r e n c e in a f o r c e d c i r c u l a t i o n s y s t e m at 600 p s i a . The c e n ­
t r i fuga l c i r c u l a t i n g p u m p (Wes t inghouse Model 100-A) supp l i ed a ne t h e a d 
of a p p r o x i m a t e l y 90 ps i for the 18 in . v e r t i c a l tube with an L / D of 41 . L a c k ­
ing e v i d e n c e to the c o n t r a r y , t h i s flow i n s t a b i l i t y p r e c e d i n g the c r i t i c a l hea t 
flux o c c u r r e n c e i s p r e s u m e d to be l i m i t e d to the condi t ion of ne t s t e a m 
g e n e r a t i o n . If the i n s t a b i l i t i e s c i t e d by L e v y and L o w d e r m i l k , and i l l u s ­
t r a t e d by F i g . 5.3 a r e t y p i c a l , i t a p p e a r s to p r e c l u d e the d e t e r i n i n a t i o n of 
f l ow-qua l i t y c r i t e r i a for the c r i t i c a l h e a t flux o c c u r r e n c e for the c a s e of 
ne t s t e a m g e n e r a t i o n . The c r i t i c a l d e s i g n c r i t e r i o n in t h i s c a s e s e e m s to 
be the h y d r o d y n a m i c cond i t ion of flow and s t e a m qua l i ty (or v o i d - v o l u m e 
f r ac t i on ) which d e t e r m i n e s flow i n s t a b i l i t y , which app l i e s to both f o r c e d 
and n a t u r a l c i r c u l a t i o n s y s t e m s . 

5 . Su r face Condi t ion 

The s m a l l a m o u n t of d a t a a v a i l a b l e i nd i ca t e tha t a r e l a t i v e l y 
rough s u r f a c e f in i sh , by p r o v i d i n g n u m e r i c a l l y g r e a t e r n u c l e a t i o n s i t e s a n d / 
o r g r e a t e r s u r f a c e t u r b u l e n c e , h a s a comipa ra t i ve ly h i g h e r c r i t i c a l h e a t flux 
than i s the c a s e for a s m o o t h p o l i s h e d f in i sh . Th i s m a y be deduced by c o m ­
p a r i n g the bubble p r o d u c t i o n f r o m rough and s m o o t h s u r f a c e f in i shes in 
n u c l e a t e bo i l ing p h o t o g r a p h s . F i g u r e 5.4 shows da ta f r o m a c l e a n s u r f a c e 
c o i n p a r e d with l a t e r da ta f r o m the s a m e tube a f t e r r e p e a t e d o c c u r r e n c e of 
the c r i t i c a l h e a t f lux h a d p r o d u c e d a v i s i b l y c o r r o d e d s u r f a c e cond i t ion . 
Such an effect h a s only b e e n n o t i c e d in the h i g h e r h e a t f l u x - l o c a l boi l ing 
r a n g e s . 
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Non-Uniform Heat Flux 

A limited amount of data is available for the case of cosine 
and step-function heat generation at 2000 psia . Green ' ° ° / repor t s cr i t ica l 
heat flux data for a modified cosine axial heat flux are the samie as for uni­
form axial heat flux. Greenl"") also repor t s that for a step-function ("hot 
spot") heat flux distribution, with a flux rat io of two, the cr i t ica l heat flux 
is equal to or grea ter than that for uniform heat generation. ANL data a re 
in agreement with th i s . 

5.3 Conclusions and Recommendations 

In view of the previous discussion, it is obvious that only the 
most general and qualitative recommendations can be made . For the case 
of subcooled water, the widely-accepted Jens and Lottes^®^ equation seems 
to be the best available: 

Q^ = C (G)™ AT°-,^|, for G s i .O 

where 

Q '̂ = cr i t ica l heat flux in 10 Btu/hr ft^ 
G = mass flow rate in 10^ Ib /hr ft^ 

ATgub " l°c^l subcooling (Tgat " Tbulk) " F 
C, m are p re s su re dependent: 
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P 
p s i a 

500 
1000 
1500 
2000 

" m " 

0.16 
0.275 
0.500 
0.725 

(di am 
" C " 

= 0.226 

0.817 
0.626 
0.445 

-

in 1 (diam 
" C " 
= 0.143 in.) 

„ 

0.915 
0.545 
0.300 

The value of "C" appears to vary as the rec ip roca l d iameter to 

the 0.8 power (C ~ - ) for the two d iamete rs r epresen ted . 
D°•^ 

Because of recent evidence cited which indicates that flow in­
stabili ty ra ther than the cr i t ica l heat flux should be the design c r i t e r ion for 
the case of net s t eam generat ion, it is recommended that the existing l i t e r ­
a ture be consulted for data fromi sys tems s imi lar to the sys tem of in te res t . 
Ex t reme caution should be used in seeking to apply s team quality c r i t ica l 
heat flux data from forced circulat ion sys tems to the case of na tura l con­
vection c i rcula tory uni ts . S. J . Green et al,^°°' ' p resen ts the la tes t and 
most complete comipilation of pert inent data and co r re l a t ions . 
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6. BOILING STABILITY 

6.1. Introduction 

There a re severa l types of instability conditions connected with 
boiling. The f i r s t type is the instabili ty associa ted with a liquid vapor in te r ­
face, when the liquid is located above the vapor. Two other types a re a s ­
sociated with boiling water r eac to r s and reac to r - s imula t ing tes t loops which 
have both demonst ra ted unstable behavior under cer ta in operating conditions. 
The f i rs t type of boiling stabili ty is important in studying the nature of burn­
out or c r i t ica l boiling heat flux. The second and third type, however, a re 
considered to be of more importance for natural c i rculat ion boiling sys tems 
since flow instability usually appears at lower heat fluxes than the c r i t i ca l 
flux. Therefore , these discuss ions a re l imited to boiling flow stability 
problems as applied to natura l c i rculat ion boiling sys tems and r e a c t o r s . 
Reactor technology, in its p resen t s ta te , cannot predic t e i ther the dependence 
of the oscil lat ion inception point or the frequency and amplitude of osci l lat ion 
on operating conditions or design p a r a m e t e r s . However, an exper imenta l 
t e s t p rogram using both r eac to r s and hydrodynamic test loops has shown 
cer ta in t rends in the dependence of oscil lat ion on var ious p a r a m e t e r s and 
conditions. 

Analytical work using the above exper imenta l data has been 
published. There is enough basic uncertainty of the cause and dependence of 
stability that models used as a bas i s for the published analyt ical work a r e 
useful only in predict ing t rends which can be compared with exper imenta l 
data and in approximate extrapolat ion of the per formance of an existing 
reac to r to more s tr ingent operat ing conditions. They do not give a cons is t ­
ent theore t ica l understanding of stabili ty nor do they allow predict ion of 
stability conditions in a r eac to r proposal during its design s tages . 

This discussion reviews the exper imenta l p r o g r a m and analyt i ­
cal work associa ted with reac tor and tes t loop stabil i ty. 

6.2. Reactor Stability Exper iments 

The reac tor stabili ty experimients to date have been conducted 
using two distinct approaches : t e s t s where the react ivi ty is inc reased in 
a step or r amp function and the response of r eac to r conditions (power, 
t empera tu re ) is recorded , and t es t s where the react ivi ty is harmonical ly 
osci l lated and the resul tan t harmonic flux osci l lat ion is me a s u re d . 

Exper iments using the f i r s t approach, i .e . , a r a m p or step 
react ivi ty input, include the Borax and Spert s e r i e s of t e s t s . 
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Borax^'""-'-^ •' t es t s were of two types: (a) power excursion tes t s 
wherein, with the reac tor running just c r i t ica l , a large react ivi ty was in­
ser ted and the reac tor was allowed to run for a prede te rmined t ime before 
automatically shutting down; (b) steady boiling t e s t s , wherein the reac tor 
was run at a given power level reached by steady increase in the react ivi ty. 
Typical t r a c e s taken during these tes ts a re shown in Fig. 6.1. The resu l t s 
from these t e s t s may be summar ized as follows: 

1. Power Excurs ions : 

With low react ivi ty input there was a large initial power 
pulse followed by a drop in power as s team was formed to some low level 
about which power fluctuated randomly. With higher reactivity input there 
was a la rge initial power pulse followed by a power drop and then a s e r i e s 
of smal le r power pulses separa ted by low steady power. This type of r e ­
sponse was called "chugging," 

2. Steady Boiling Pe r fo rmance : 

When the react ivi ty compensated by the s team was low, the 
reac tor sett led down to random fluctuations about a steady state after an 
initial power pulse. 

At higher s team-compensa ted react ivi ty, the reac tor 
sett led back down to pulses of osci l la t ions; i .e . , a group of osci l la t ions, 
then a relat ively steady state until another group of oscil lat ions appeared. 
As react ivi ty was increased , the osci l lat ions increased in amplitude with 
less t ime between pulses until finally a state was reached with continuous 
oscil lat ions of varying ampli tude. With sti l l higher reactivity the power 
pulses then went into an oscil lat ion mode which after a t ime began to 
diverge. 

The genera l effect of a p r e s s u r e increase on all these tes t s 
was an inc rease in stabili ty. Thus at a higher p r e s s u r e level more r e a c ­
tivity could be compensated by the s team without loss of stabili ty. 

Borax iv(l02,103) ^^^^ different from the other Borax r e ­
ac to rs in its fuel assembly m a t e r i a l and design. Whereas the f i rs t 
three r e a c t o r s had used a luminura-uranium alloy fuel e lements with a 
corresponding large the rmal conductivity. Borax IV used fuel pel lets of 
mixed uranium oxide and thorium oxide having a low the rmal conductivity. 
Borax IV, with these fuel e lements , exhibited a g rea te r degree of stability 
under s imi la r conditions than did the other Borax r e a c t o r s . These e l e ­
ments can apparently contribute to r eac to r stability under cer ta in condi­
t ions. At the same t ime, however, they will inc rease the center fuel 
t empera tu re and dec rease the reac to r protect ion against power excurs ions 
by increasing the t ime for s team to genera te . 
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The Spert reac tor t e s t s ' ^^^ '^ ^'^"•'•^''') were s imi lar to the 
steady boiling tes ts on Borax r e a c t o r s . At the beginning of any par t icular 
test the reac tor was running near cr i t ica l ; then the reactivity was increased 
at a l inear rate to a predetermined point where control rod input of r e a c ­
tivity was stopped and subsequent reac tor behavior observed. The Spert 
reactor and reac tor tes t resu l t s were in many ways s imilar to the ear l ie r 
Borax test . The Spert tes ts however included an attempt to demonstrate 
the stability dependence on various hydrodynamic effects. 

The reac tor tes ts were run with different water levels above 
the core , with different flow charac te r i s t i c s as produced by blocking off 
some of the flow channels, and with different surface tensions due to addi­
tion of detergent . 

Figures 6.2a and 6.2b show two tes ts run with different 
water heights above the core but siiinilar in other r e spec t s . These and other 
tes ts show an apparent increase in stability with decrease of water height 
above the core . As can be seen from these t r a c e s , however, the oscillations 
a re large and random with reproducibil i ty small . Thus the conclusions 
about water height a re only qualitative and the slight quieting effect on the 
tes ts where detergent was added must be t rea ted as questionable until more 
data supports it. There was no noticeable stability effect when some of the 
flow channels were blocked off. 

10' 

10̂  

"i6' 

10̂  

STABILITY TEST No. 4304 

1.5% Ak at ~ 0.09%/sec 
Hsad =• 2 feet above core top 
ej-boilinfl 0i~5w 

10 20 30 40 50 60 70 80 90 
TIME AFTER START OF RAMP tesc) 

100 

10' 

i 

310 

? I 

' lo ' 

10̂  

STABILITY TEST No. 4300 
1,5% Akat~0.09%/sec 

Head • 9 feet sfeme core top 
e,-bailing 0|~5w 

_ i _ i _ i _ - i—t—l—u-1—^ 
10 20 30 40 50 60 70 80 90 100 

TIME AFTER START OF RAMP (sec) 

(a) 
111-8891 

(b) 
111-8890 

Fig. 6.2 

Stability Tests with Different Water Heights 

The second approach to stability uses a harmonically os ­
cillated reactivity input and compares this with the resul tant oscillation in 
output power. By its nature this type of tes t is safer since the reac tor does 
not reach a point of natural oscillation. On the other hand the tes ts a re more 
difficult to perform and necess i ta te lengthy analysis . 
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This type of testing procedure has been used on EBWR,!!^") 
Borax IV.^^^*^) and Valecitos Boiling Water Reactor . ( l 1°) 

Results of t es t s of the four Borax r e a c t o r s , Spert Reactor , 
EBWR and VBWR rep re sen t all the exper imental data on boiling water r e ­
ac tors and mus t be used as a basis for any boiling water reac to r analys is . 

6.3. Reactor Stability Analysis 

The analytical work in this field has tended to follow the expe r i ­
mental separat ion into excurs ion t e s t s , and t ransfe r function m e a s u r e m e n t s 
where the reac tor was not subjected to self induced oscil lat ions but was 
forced to oscil late by harmonical ly varying the react ivi ty input. 

The Borax exper iments as mentioned previously were p a r a m e t e r 
s tudies. There was very lit t le analytical work done on the f i r s t th ree Borax 
reac tor tes t r esu l t s and on the excurs ion tes t r esu l t s from Borax IV. 
A. J . U l r i ch^ l l l / investigated the heat t ransfer during power excurs ions on 
Borax IL 

Some work has been done by the Ramo-Wooldridge Corporat ion 
in analytically predict ing power t r ans ien t r esu l t s in the Spert I r eac to r .U 12) 
In this analysis six equations re la te initial excess react ivi ty , r eac to r power, 
excess react ivi ty , fuel plate t e m p e r a t u r e , s team volume in the core , volume 
of water expelled by heating at the fuel plate surface and throughout the 
volume of the water . These six equations, when combined with the r e a c t o r 
kinetic equations, form a closed set of non- l inear differential equations. 

When solved by a finite difference method using a digital com­
puter these equations, including three adjustable constants , evidenced the 
same general t rends as the Spert exper imenta l data. These three constants , 
two of which a r e assoc ia ted udth voids and one with heat t r ans fe r , cannot 
present ly be evaluated due to lack of knowledge of bubble dynamics and 
heat flow in t rans ien t boiling. 

The equation set was also applied to special c a se s . When applied 
to the case of smal l osci l la t ions where the power is r ep re sen t ed by a p a r ­
t icular t r igonometr ic s e r i e s , the r e su l t showed that the divergence of osc i l ­
lations was par t ia l ly dependent on the non-l inear aspec ts of the equations. 
Stability predict ions based on exper imental ly de te rmined t rans fe r functions 
would thus seem to be highly quest ionable. 

The analysis of the forced oscil lat ion t e s t s has quite natural ly 
followed a t r ans fe r function approach. Thus, in the analysis of the three r e ­
ac to rs that have been subjected to forced osci l la t ions (Borax IV, EBWR, 
VBWR) there is a heavy re l iance on t ransfe r functions. 
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In the analysis of the Borax IV tests ,(1^9) a single loop feedback 
system with a single feedback t ransfer function was assumed. The feedback 
portion was assumed dependent on a void react ivi ty feedback kp and an ef­
fective average t ime constant, T . H , the feedback t ransfer function, was 
evaluated from the exper imental points and in turn furnished information on 
ko and T . Both kg and T followed expected t rends with ko becoming more 
negative at higher powers as more react ivi ty was invested in voids, and 
T becoming smal le r as s team and heat t r anspor t t imes became smal le r with 
higher flows. These f i r s t oscil lat ions tes t s showed the pract ical i ty and value 
of such tes t s on boiling r e a c t o r s and led to more extensive tes ts on EBWR 
and VBWR. 

Er i c Beckjord has at tempted to analyze r eac to r s using t ransfer 
functions for the equations represent ing the various individual processes.\11-^) 
This analysis uses no exper imenta l data but ra ther uses a wholly theoret ica l 
approach. 

The following effects a r e assumed to influence the stability of 
the core : 

(1) Reactor kinet ics 
(2) Heat t r ans fe r using lumped p a r a m e t e r approach 
(3) Steam voids (evaluated assuming a-f) 

a. Constant feed water flow 
b. Constant p r e s s u r e 
c. Constant slip 
d. Constant w a t e r - s t e a m equil ibrium 
e. Axial flux proport ional to full power 
f . No radia l flux variat ion 

(4) Steam flashing and condensation due to p r e s s u r e variat ion 
(5) Boiling boundary change due to p r e s s u r e variat ion 
(6) Boiling boundary changes caused by varying feed water flow 

ra te 
(7) Water density changes caused by t empera tu re var iat ion 
(8) Void changes caused by water acce lera t ion 
(9) Hydraulic oscilUations 

The predict ion of stability from a wholly theoret ical approach 
of this type is dependent on physical constants which a r e difficult to evalu­
a te , questionable assumptions concerning little understood physical p r o c ­
e s s e s inside the r eac to r , and an assumed l inear i ty in the differential 
equations. The resul tant stability predict ion, while valuable in showing 
t rends , is too inaccurate for sat isfactory design of a reac to r . 
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DeShong and Lipinski(l 14) have analyzed the feedback t rans fe r 
function resu l t s from the EBWR forced oscil lat ion t e s t s . The raw data f rom 
these t e s t s were graphically handled to provide data smoothing. The r e ­
sultant, raeasured feedback t ransfer function was considered during the 
formation of the model used in this analys is . The model thus formed differs 
from the theoret ica l model of Beckjord 's analysis by inclusion of a t ime 
constant, apparently connected with the heat t ransfer p r o c e s s , which is 
evidenced in the exper imental points. Also, DeShong and Lipinski did not 
find it nece s sa ry to include a hydraulic oscil lat ion t e r m . 

Having defined a model , the exper imenta l r esu l t s were used to 
evaluate the model t ime constants at each operating condition. The ex t rapo­
lation of the t ime constants was then used to es t imate a point of instabil i ty. 
The resu l t s of this extrapolation indicated the reac tor would become un­
stable at about 65 Mw. At 61.7 Mw, the point of feedwater pump capacity, 
the reac tor flux record showed the reac tor was on the verge of instabil i ty. 

It was also found while conducting these tes t s that it is possible 
to es t imate feedback t ransfer function at higher powers and given p r e s ­
sure by actual measu remen t s at given power and lower p r e s s u r e . Thus it 
is possible to es t imate resu l t s m e a s u r e d at twice a given power density 
by m e a s u r e m e n t s at the original power densitv and half the original 
p r e s s u r e . 

J . Thie^-^-^^'' considered a sma l l e r port ion of the frequency 
range and analyzed a different model in this range than ei ther Beckjord or 
DeShong and Lipinski. In the range considered this analysis r esu l t s in 
six t ime constants ; two associa ted with heat t r anspor t in non-boiling r e ­
gion, two assoc ia ted with heat t r an spo r t in the boiling region, one a s s o ­
ciated with average subcooled water t rans i t t ime and one assoc ia ted with 
average s team t rans i t t ime. The re su l t s compare favorably with m e a s ­
ured curves frora EBWR This paper by Thie ( l l5 ) also outlines a p r o m i s ­
ing method of s ta t is t ical ly analyzing the random power fluctuations of a 
reac to r to furnish stability information about the r eac to r . 

6.4. Test Loop Stability Exper iments 

Under cer ta in operating conditions, with controlled var iab les 
(power, make-up water t e m p e r a t u r e , p r e s s u r e ) held constant, e lec t r ica l ly 
heated na tura l c i rculat ion tes t loops a re unstable . In the unstable region 
of operat ion many loop paramieters exhibit osc i l la tory behavior. Expe r i ­
mental s tudies of this problem a re cur ren t ly under way at var ious r e s e a r c h 
cen te r s , but published information is ra ther l imited. 

Raymond Viskanla(ll^) investigated osc i l la tory cha rac t e r i s t i c s of 
the Armadi l la tes t loop.(19) This loop uses a one-shot gamma attenuation 
iXLethod'29j for measur ing s team void fraction. Non-random fluctuations in the 
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output of this void measu remen t were used as a p r i m a r y indication of 
instabili ty; oscil lat ions in the liquid level also indicated unstable behavior 
of the loop. The pow-er at the inception of oscil lations in the sys tem was 
found at four p r e s s u r e s (75, 150, 250, 300 psig) with two additional v a r i ­
ables considered, liquid level above the r i s e r and flow res t r ic t ions in the 
downcomier c ros sove r . 

Liquid level above the r i s e r had no discernible influence on 
stabili ty. An increase in the flow res t r i c t ion in the downcomer c rossover 
had a definite stabilizing influence. The frequency of oscil lation (deter­
mined by the void measu remen t , liquid level oscil lat ions and oscil lat ions 
in the p r e s s u r e drop ac ros s the flow venturi in the downcomer) was con­
stant r ega rd l e s s of the conditions of the loop. 

A se r i e s of tes ts were conducted on the 2000 psia loop at 
Argonne National LaboratorylH' ' ' ) to find the inception of instability at 
different p r e s s u r e s with two geomet r i e s . The continuously recorded 
output of a differential p r e s s u r e t r ansducer connected ac ross the venturi 
flow me te r in the downcomer was used to determine the stability of each 
operating condition. (Fig. 6.3) 

In an at tempt to gain m o r e insight into steady state equil ibrium 
conditions around a known unstable point the 2000 psia test loop was run 
under forced circulat ion at conditions s imi la r to the inception point with 
the r e su l t s shown in Fig. 6.4. All of the points shown a re forced c i rcu la ­
tion steady state runs with the same power, p r e s s u r e and loop geometry 
as the natura l circulat ion inception point. Each curve is drawn through 
all the points with one subcooling; the middle curve subcooling c o r r e ­
sponds to that of the natural circulat ion point. 

Some general conclusions can be drawn from the sum of 
Argonne National Laboratory natura l circulat ion runs ; 

(1) Stability i nc reases with p r e s s u r e . (On the sys tems so far 
tes ted the inc rease of stable power with p r e s s u r e was fairly 
l inear . ) 

(2) Stability was influenced by geometry of the tes t section, r i s e r 
and downcomer ci rcui t . The genera l t rend seeins to be that an 
inc rease in the p r e s s u r e drop in the two phase region of the 
flow loop dec rease s stabili ty, while an increase in the p r e s s u r e 
drop in the single phase region inc reases stability. As an 
example of these t r ends , a dec rease in the r i s e r size has little 
influence on driving head but great ly inc reases the friction in 
the two phase region and dec rease s peak stable power. A flow 
res t r i c t ion in the c rossover of the downcomer has a stabilizing 
influence. 
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Traces of P r e s s u r e Transducer Connected a c r o s s Downcomer Venturi in 2000 psia Test Loop (l in. dia. 
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(3) Over the l imited range of variat ion in the present equipment, 
the stability was independent of the liquid level above the 
r i s e r . 

(4) The period of oscillation did not vary much with variation of 
other p a r a m e t e r s on one test loop. 

The hydraulic tes t loop at the University of Minnesotavl 1°>119) 
was a single loop with steam condensed while flowing as a two-phase mix­
ture in the c rossover . Loop geometry was invariant during the tes t s . No 
atteinpt was made to study the inception point of unstable flow; ra ther the 
tes ts were devoted to studying the loop performance while the loop was 
oscillating. The experimental information obtained from the loop was in 
the form of tempera ture and f low-ra te- t ime t r aces as shown in Fig. 6.5. 
The period of oscillation was inversely proportional to the average flow 
ra te . The period of oscillation was much longer (in the range of 50-200 sec) 
than those mentioned in available information froiii any other test loop. 

Westinghouse is current ly engaged in an experimental and 
theoret ical p rogram investigating flow stability in heated channels. This 
p rogram was discussed at a Hydrodynamic Instability and Two-Phase 
P r e s s u r e Drop Session of the National Heat Transfer Conference held at 
S tor rs , Connecticut during August of 1959. An abs t rac t of this d iscus­
sion'l^*^/ mentioned briefly the experinaental apparatus , stating that stability 
was measured at a var ie ty of conditions of inlet flow and subcooling at 
system p r e s s u r e s ranging from 600 to l600. 
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Transient Tempera ture and Flow Behavior of a Hydraulic 
Test Loop, Run No. 3 - Q = 9.44 Btu/sec 
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System p a r a m e t e r s (plate t empe ra tu r e s , channel p r e s s u r e drop, channel 
inlet flow rate) were m e a s u r e d by fast response t ransient instrumentat ion. 
Slides shown during the sess ion gave exper imental points on an exit quality 
ve r sus fl /D basis where the f is a friction factor for two phase flow. 

Ramo-Wooldridge has an a tmospher ic p r e s s u r e tes t loop mocking 
up the Spert r eac to r . This loop is ins t rumented with an x - r ay attenuation 
method for void measuremen t , a turbine me te r for flow measu remen t and 
standard loop instrumentat ion for t empera ture and power.l-'-^l/ 

Using a t 10% variat ion in p r e s s u r e drop ac ros s the tes t section 
as the c r i t e r ion of stability, General E lec t r ic ran stability and burnout tes ts 
on a natural c i rculat ion heated annular tes t loop with two geometr ies and 
control of inlet subcooling.(95) in addition to s tandard flow, tem.perature, 
p r e s s u r e and liquid level m e a s u r e m e n t s , four var iables (A P a c r o s s test 
section and downcomer orif ice, t empera tu re of inlet water and internal 
heater surface) were recorded on fast acting r e c o r d e r s (Fig. 6.6). Results 
from these t e s t s a r e : 

(1) Increased subcooling caused decreased stability. 

(2) An increase in flow a r e a caused by decreasing the center , 
heated portion of the annulus caused an increase in the total 
flow ra te of the loop and a dec rease in the stability. Note: For 
a given subcooling the l a rge r flow a r e a has a lower exit quality, 
thus a lower void fraction throughout the loop. With l ess driving 
head and less boiling length in the tes t section, the l a rge r a rea 
tes t has l ess two-phase friction and more s ingle-phase friction. 
At the same t ime the l a rge r a r e a sys tem was more unstable. 

(3) The effect of a r e s t r i c t ion in the downcomer was to decrease 
total flow ra te of the loop and to inc rease sys tem stability. 

Due to heat losses in the sys tem it was impossible in most cases 
to operate at constant inlet subcooling on the r is ing portion of the velocity 
vs power curve . 

The preceding exper iments give a ra ther l imited amount of ex­
per imenta l data to use when investigating the validity of any analytical ap­
proach to the problem. Specifically, the 2000 psia loop at Argonne, the 
Minnesota loop and the loop at General E lec t r i c gave t ime t r a c e s of system 
p a r a m e t e r osci l lat ions showing frequency and amplitude of oscil lation. In 
addition some genera l conclusions about stabili ty effects can be drawn from 
the t e s t s : 

(1) Increased sys tem p r e s s u r e has a stabilizing influence. 

(2) Additional flow res i s t ance in the downcomer portion of the flow 
c i rcu i t has a stabilizing effect. 

(3) Decreased subcooling has a stabilizing influence. 
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6.5 Test Loop Stability Analysis 

The ability to predic t the dependence of the inception point, 
frequency and amplitude of oscil lat ions on sys tem p a r a m e t e r s is the goal 
of analytical work in this field. Two types of approaches have been used 
in previous and cu r ren t a t tempts to analyze this problem. The f i rs t ap­
proach is that the genera l equations of the systena, such as the energy, 
conservation of m a s s and naomentum equations a re solved with the resul tant 
solution indicating the influence of sys tem p a r a m e t e r s on stability. The 
second approach is that some controlling phenomenon such as an ex t r emum 
in the p r e s s u r e drop vs flow ra te curve is a s sumed the only phenomenon of 
inaportance, and sys tem stabili ty is evaluated by investigation of fac tors 
affecting this phenomenon. 

Although the f i r s t method is obviously more genera l , the ex t ra 
general i ty is accompanied by an inc rease in the complication of problem 
solution. The n e c e s s a r y simplifications for the solution of the genera l 
equations might m a s k the effect to be measu red . If this is the case , the 
second approach will lead to more useful r e su l t s . In the following port ion 
of this d iscuss ion the two published approaches of the f i r s t type will be 
reviewed. In addition, a var ie ty of single phenomenon which conceivably 
could cause osci l lat ions will be considered. Where poss ible , the r e su l t s 
of these analyses will be compared with exper imenta l data. 

Westinghouse\120,122) using the equations of continuity, energy 
and momentum obtained a t ransfe r function between the naass flow ra te and 
the heat flux. It was n e c e s s a r y , during the derivat ion of this t r ans fe r func­
tion, to a s s u m e : 

(1) P a r a l l e l flow channels , 
(2) Constant p r e s s u r e drop a c r o s s the channel, 
(3) Constant inlet subcooling, 
(4) Homogeneous flow model for calculating p r e s s u r e drop. 

The conditions of stability of this t r ans fe r function enables predic t ion of 
the frequency and exit quality for given hydrodynamic conditions in the 
tube. To be specific, two equivalent s ta tements of the stabili ty c r i t e r ion 
a r e shown by the following equat ions, giving exit quality and exit enthalpy 
n e c e s s a r y for flow osci l la t ions-

ZL 
Vfg 

fL , 2xg 
i- 1 + 

h^ =. 

D Vf/Vg + X 

f g ^̂ f ' 
"e ^fg 

fL . . 2'^e 
+ 1 X , — 

D ^f/^g + ^ 

(6.1) 

+ h^at " (6-2) 
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The f r e q u e n c y con is g iven by the equa t ion : 

• ^ n - S ^ * $ ( V e - V . , . ( ^ ^ - ^ ) £ ^ (6.3) 

o r a p p r o x i m a t e l y : 

^ n « ^ / £ 5 V (6.4) 

N o m e n c l a t u r e in the above equa t ions is s t a n d a r d , excep t a s 
fo l l ows : 

hg - En tha lpy at c h a n n e l ex i t 

f - T w o - p h a s e f r i c t i o n f a c t o r 

V - Coolan t ve loc i t y at channe l m i d p o i n t 

Vj_ - Coolan t ve loc i t y at channe l in le t 

Vg - Coolant ve loc i ty at c h a n n e l ex i t . 

E x p e r i m e n t a l v e r i f i c a t i o n of th i s m o d e l i s c l a i m e d on the b a s i s of c o r r e c t 
p r e d i c t i o n of e x p e r i m e n t a l t r e n d s . A t t e m p t s to a b s o l u t e l y p r o v e th i s m o d e l 
and m o s t of the fol lowing a n a l y t i c a l m o d e l s a r e h a m p e r e d by l a c k of k n o w l ­
edge of o t h e r a s p e c t s of t w o - p h a s e h y d r o d y n a m i c s . Without adequa t e knowl ­
edge of r e l a t i v e ve loc i t y b e t w e e n p h a s e s , t w o - p h a s e flow r e g i m e s and 
t w o - p h a s e p r e s s u r e d r o p , m o s t of the a n a l y t i c a l a p p r o a c h e s w h i c h inc lude 
t h e s e p a r a m e t e r s can only be e x p e c t e d to p r e d i c t t r e n d s . L a c k of knowledge 
of t w o - p h a s e f r i c t i o n f a c t o r s ( l 2 3 ) m a k e s p r e s e n t v e r i f i c a t i o n of t h i s m o d e l 
i m p o s s i b l e . The s l i d e s , shown a t the ASME Hea t T r a n s f e r C o n f e r e n c e , 
show the e x p e r i m e n t a l da t a to fa l l c o n s i d e r a b l y be low the p r e d i c t i o n and 
to fa l l about a l ine w i th a l a r g e r s lope than p r e d i c t e d on a Xg v s f L / D g r a p h . 

E . H. W i s s l e r a l s o u s e d a r a t h e r g e n e r a l a p p r o a c h in h i s 
t h e s i s . U 1 9 ) G e n e r a l e n e r g y , m o m e n t u m and cont inu i ty equa t i ons w e r e 
d e r i v e d in v e c t o r no t a t i on inc luding two p h a s e s wi th a d i s c o n t i n u o u s i n t e r ­
f a c e . T h e s e e q u a t i o n s w e r e a p p l i e d to a m o d e l embody ing the following 
a s s u m p t i o n s : 

(1) S t e a m and w a t e r a r e in e q u i l i b r i u m a t any c r o s s s e c t i o n . 

(2) E a c h p h a s e h a s a w e l l def ined c r o s s s e c t i o n a l a r e a at any 
p o s i t i o n and t i m e . 

(3) A c r o s s i t s a r e a e a c h p h a s e h a s a u n i f o r m v e l o c i t y excep t a 
w a i l w h e r e v e l o c i t y e q u a l s z e r o . 

(4) A s s u m p t i o n t h r e e i m p l i e s tha t the f r i c t i o n a l f o r c e does no w o r k 
on the fluid ( thus no f r i c t i o n t e r m in e n e r g y e q u a t i o n but f r i c ­
t ion f o r c e in m o m e n t u m equa t ion ) . 
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The resul tant th ree equations were sinaplified by use of a defined 
mean density, mean velocity, mean energy, moiaientum t ransfe r ra te and 
energy t ransfe r r a t e . The equations were then placed in a finite difference 
form, but since the finite difference equations would not converge, this ap­
proach was abandoned, 

A one phase , open ended loop was analyzed using Laplace t r a n s ­
forms and it was concluded: 

(1) The osci l la tory force mus t be generated in the r i s e r . 

(2) Fo r oscil lat ions to occur the fluid coefficient of expansion must 
exceed a cer ta in value which is dependent on friction. 

(3) Oscillation period equals fluid res idence t ime in heater and 
r i s e r . 

F r o m this analysis the conclusion was drawn that even in a two-phase , 
closed loop the per iod would be dependent on the geometry and the mean 
velocity. 

This analysis was extended to a two-phase , closed loop and the 
resul tant differential-difference equations when solved on an analog com­
puter gave a t ime plot of flow ra te with per iods of osci l lat ion roughly 
equivalent to exper imenta l values. 

The only quantitative values in this analysis dealt with per iods 
of oscillation. No at tempt was made to predic t the inception point of 
instability. 

The oscil lat ions m e a s u r e d by Wiss ler a re qualitatively and 
quantitatively different from those m e a s u r e d at General E lec t r i c and A r ­
gonne National Laboratory . W i s s l e r ' s per iods a r e long (50-200 sec) with 
steady amplitude and often non- symmet r i ca l shapes . The other two loops 
show flow t r ace s with two distinct pe r iods ; a short per iod (under 5 sec) 
and a longer per iod (50-100 sec). In genera l , these flow t r a c e s a re quite 
s imi lar to the power t r a c e s of osci l la tory r e a c t o r s . 

In the second analytical approach to frequency predict ion, Ray 
Viskantal-^ •^9/ has considered the osci l la t ion per iod and compared this to 
the per iod of na tura l oscil lat ion of the hydraul ic loop. Using LaGrangian 
equations of motion, a natural osci l lat ion frequency of the two-phase tes t 
loop was calculated,(11°) The calculated frequency, and the exper imenta l 
frequency, from the Argonne National Laboratory tes t loop agreed very 
favorably. This approach, however, makes no assumpt ions to the under ly­
ing cause of instability and does not preclude the possibi l i ty that the good 
agreement obtained was due to chance. 
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Apparently, the f i rs t and most widely known analysis assuming 
the cause of unstable behavior to be a single phenomenon was the equation 
of unstable behavior with an ex t remum in the p r e s s u r e drop, flow ra te 
curve. Various papers using this approach have been published.(124-126) 

As shown in Fig. 6.7 the power at which a decreasing p re s su re 
drop with increasing flow f i rs t becomes evident was thought to be the power 
where a given sys tem becomes unstable. 
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An ear ly paper using this approach was published by 
M. Ledinegg.'l^'*) In 1938, M. Ledinegg analyzed the p r e s s u r e drop char ­
ac te r i s t i c s of a boiler tube in forced circulation by considering only friction 
and monaentum p re s su re drop. For this par t icular case , the buoyancy 
effects and entrance losses were considered to be snaall compared to the 
friction and momentum p r e s s u r e drop. 

The friction p r e s s u r e drop in the preheating zone was given 

as 

A P ::. 
2gDA2pf 

(6.5) 

and the mean density in the evaporating section was defined as the recipro­
cal of the naean specific volume 
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"p L - Lg 

L 
vdL (6.6) 

Considering a uniform heat input, the s team flow weight ra t io 
(pounds of s team flowing per pound of mixture flowing( is a l inear function 
of lengthj so that 

V = vdx (6.7) 

It was also assumed that the s team velocity was equal to the 
water velocityj so that v = Vf + xv£„. 

The mean specific volume is then 

— l i e - e 
V = " - / (v£ + xvf ) dx = Vf + •— V 2 "ig 

(6.8) 

The boiling friction drop is 

fW^ 

^P = "ri~ (Lt . Lo) '2gDp^ 

»„ 

1 
X 

+ "^ 
2 

V j . 

fg 
^f ^ 

(6.9) 

The accelera t ion or momentum p r e s s u r e change may be found 
from a force balance to be 

AP = - T 
A p£g 

(6.10) 

Combining Eqs . (6.5), (6.6), (6.7)^ (6.9), and (6.10), the total 
p r e s s u r e drop is 

AP = 
fW^ 

2gDA^P£ 
L o M L , . L o ) ( l . ^ ^ ) gA'PfV 

F r o m a heat balance of the boiler tube 

Q = W Ah + xh 
fg 

5 where Ah = h , - h. 
f m 

(6.11) 

(6.12) 

It is a lso noted that the relat ion between prehea te r length and 
total tube length is 

WAhLi- (6.13) 
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Combin ing E q s . (6.11), (6.12), and (6.13) and e l i m i n a t i n g "x, " 
y i e l d s a s ing le p r e s s u r e d r o p r e l a t i o n in t e r m s of p r e s s u r e , g e o m e t r y , 
p o w e r and m a s s flow r a t e . 

AP = 

i c a l l y a s 

fLt 

2gDpfA* 
W^l 1 

WQvf 
£_ 

Ahvfg 

1 ^ 

W^Ahvf, 
g 

+ W 
Qvf W^Ah^vf 

2hfg vf / 2Q hfg vf 

(6.14) 
PfA ghfgVf pfA ghfgVf 

The cond i t ion for the o n s e t of i n s t a b i l i t y i s def ined m a t h e m a t -

dAP 
dW 

= 0 

If Eq . (6.14) i s d i f f e r en t i a t ed witJa r e s p e c t to W, and the differ­
e n t i a l i s se t equa l to z e r o , the r e s u l t i s a q u a d r a t i c equa t ion : 

W" a W + ^ = 0 (6.15) 

w h e r e 

and 

*^'(!^-Zv£U^^^ 
a 

2 g D \ hf 

^ 

I. 
ghf . (6.16; 

^^fgQ 
hf i_ 

3AhVfgfLt 
4gDhf g Q 

4gD ^ g (6.17) 

3Ah2vfgfLt 

4gDhfg Q 

The so lu t ion of Eq . (6.15) i s 

a 
W -^± a - /3 (6.18) 

F o r s t ab l e flow, the roo t e x p r e s s i o n i s i m a g i n a r y , and only one 
va lue of W i s p o s s i b l e . F o r u n s t a b l e flow, the r o o t e x p r e s s i o n i s r e a l , and 
t h r e e v a l u e s of W a r e p o s s i b l e for a g iven p r e s s u r e d r o p . Under t h e s e 
c o n d i t i o n s , a p a r a l l e l flow a r r a n g e m e n t of t u b e s would exhib i t an u n s t a b l e 
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condition; that i s , some tubes would operate at flows different frona neigh­
boring tubes. It is also true that depending upon the shape of the AP versus 
W curve, some tubes may have flow ra tes changing as a function of t ime. 
The conditions that descr ibe the onset of instability naay then be defined as 
all cases for which 

a > 2 . / J . (6.19) 

Referring to Eqs . (6.16) and (6.17), the condition is then 

AB 
Ah > 

g ^ 2 2 g 

(6.20) 

where A is the geometry function 

and B is the p r e s s u r e function 

(6.21) 

B (6.22) 

Figure 6,8 shows Eq, (6.20) as a function of p r e s s u r e and 
geometry. Several interest ing conclusions can be drawn from Eq. (6.20) 
which are also evident frona Fig. 6.8. 

1000 

lOOC 

Fig. 6.8 

Stability Cr i ter ia 
(Ledinegg Analysis] 

111-8898 
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(1) At low values of A, the amount of subcooling that can be 
to lera ted is a lmost a l inear function of A. The lines in 
Fig. 6.8 at low A have a slope of approximately unity. 

(2) At high values of A, the amount of subcooling that can be 
to lera ted is independent of geometry and has a l imit 

Ah > 7.46 [ - ^ ] h f „ , (6.23) 

(3) At all conditions, the amount of subcooling that can be 
to lera ted is di rect ly proport ional to B, which in turn is 
a lmost l inear with p r e s s u r e . Therefore , the tolerable 
subcooling is a lmost l inear as a function of p r e s s u r e (see 
Fig. 6.8), 

The case of boiling in natural circulat ion with relat ively short 
channels p resen t s a different problem, since the buoyancy forces cannot be 
neglected. If the re la t ive velocity of the s team is neglected (equal s team 
and water velocit ies) then the buoyancy t e r m i s : 

A P = pfLo + --^ In l + - f - ^ , 6.24 
xg Vfg \̂  2 Vf y 

Equation (6.20) gives the lower l imit of the buoyancy forces . 
The upper l imit can be calculated assuming a l inear change in density 
with length. For this case , 

AP-p fLo + f - ^ - ^ - ^ ] f L t - Lo) . (6.25) 

If ei ther Eqs . (6.24) or (6.25) is added to Eq, (6.14) after 
eliminating "x," and the combined equation is differentiated with respec t 
to W, an equation is obtained which is difficult to solve for the stability 
condition. 

Although analysis leading to the stability c r i t e r ion in Fig. 6.8 
is based on a forced circulat ion sys tem, the conclusions mentioned above 
seem to fit the exper imenta l r esu l t s for natural circulat ion stability t e s t s . 

The r eason for this is not f irmly establ ished, but it may be 
argued that in the region of instabili ty, the change in the buoyancy t e r m 
which is a m e a s u r e of the pumping head is not great ly affected by a change 
in m a s s flow ra te , while the friction and momentum changes a re great ly 
affected. Thus, the sys tem acts as a forced circulat ion system with the 
constant driving head equal to the head of wate r , in the downcomer. It is 
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also interest ing that the combination of Eq. (6,21) and conclusion (l) lead 
to a resul t quite s imi lar to that of the Westinghouse analysis . (See Eq. 6.2), 
In this range, both approaches show sonae enthalpy (exit enthalpy in the 
Westinghouse approach, inlet enthalpy in the Ledinegg approach) at which 
the system goes unstable as a l inear function of fL/D, 

While all these resul ts seena to lend credence to the basis for 
this model, the resu l t s of the forced circulation tes ts at Argonne National 
Laboratory (Fig. 6.4) show this is not the cause of the oscillations in the 
2,000 psia loop. In these t e s t s , p r e s su re drop ac ros s the tes t section and 
r i s e r , measu red while the loop is operating in forced circulation with the 
sanae inlet subcooling and power as a natural circulation unstable run, 
show an increasing p r e s s u r e drop with increasing flow ra te . 

The effect of power input on reci rcula t ion ra te in a natural c i r ­
culation systena is shown in Fig. 6,9. Some invest igators l l27j have assunaed 
this peak reci rcula t ion ra te marks the last stable operating point and oper­
ation on the downward portion of the velocity curve is unstable. 

I 
i 
•I-
UJ 

I -

O 

4 0 6 0 8 0 lOO 120 140 160 

POWER (Kw) 

Fig. 6.9 

Power vs Mass Flow Rate as Measured 
on 2,000 psia Test Loop (l in, dia. 

Heated Section and Riser) 
111-8894 

It is instructive to again look cri t ical ly at the flow oscillation 
t races from General E lec t r ic and Argonne National Laboratory t e s t s . As 
previously mentioned, there is evident in both these t r aces two oscillation 
frequencies, a smal l period, continuous oscil lation whose amplitude var ies 
with a nauch la rger period. While General E lec t r ic used as a c r i te r ion of 
instability the ra ther a rb i t r a ry point where p r e s s u r e oscil lations due to 
the continuous smal l period flow oscillations reach t 10%, Argonne workers 
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have used var ia t ions in the l a rge r period as a measu remen t of instability. 
The point at which the large period oscillations become definitely unstable 
is quite sensit ive to sys tem pa rame te r changes. This should resul t in bet ter 
reproducibil i ty in exper imenta l data than General E lec t r ic obtained in their 
published points. 

Since General E lec t r i c always operated on the downward sloping 
portion of the velocity power curve and always had the random smal l period 
oscil lat ions it might be possible that these oscil lat ions show up after passing 
the maximum point of the curve and build up in amplitude as the sys tem 
progress ive ly deviated from this point. However, if differences in the longer 
period oscil lat ions a re used as a stability c r i te r ion the maximum point of the 
flow rate power curve would not correspond to inception of instability as 
sys tems have operated stably well past this point of the curve. 

One of the models of instability mentioned by General E lec t r ic 
group considers stat ic head potential energy. Quoting directly from 
GEAP 3215:(95) 

"A second model for ver t i ca l two-phase flow kinemat ics is based upon 
the potential energy of the static head. If a flow loop is operated in a 
condition of equi l ibr ium, the s team velocity will exceed the water ve­
locity by a par t i cu la r amount, and a nearly uniform fraction of the 
channel volume will be occupied by s team. The natural circulat ion 
driving head is the s team volume fraction t imes the ver t ica l height 
t imes the difference of water and s team densi t ies . Now, if equil ibrium 
is disturbed at the base of the loop by a change in heat addition, or a 
change in inlet water velocity, a different slip velocity is to be expected. 
As a consequence, the s team volume fraction will also change. In gen­
e ra l , the s team volume fraction is not a l te red instantaneously ac ross 
the r i s e r , but changes p rogress ive ly up the r i s e r with the average 
velocity of flow. Consequently, the driving head changes, but the total 
effect is delayed by the fluid t rans i t t ime up the r i s e r . The general 
equation describing the model is 

(6.26) 

where 

V = inlet water velocity 
T = fluid t r ans i t t ime ac ross r i s e r 
f = volume fraction dependence on the inlet velocity and 

heat input 
Q = function of heat input 

a,b,c = loop friction loss and height p a r a m e t e r s 
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"Conditions of instabili ty can be derived from this equation which 
resul t in re la t ions between a, b, f, and c. The fundamental period is 
approximately j T. The instability can be controlled by increasing 
the loop p r e s s u r e drop at the inlet or in the downcomer, which in­
c r e a s e s the value of a and b. Control may also be possible by in­
creasing the r i s e r p r e s s u r e drop, but in sonae cases this course 
would affect the function of f, so that inaprovement would not neces ­
sar i ly resul t . 

"Comparison of the m e a s u r e d loop per iod with the predicted value 
is sa t isfactory. The average r i s e r fluid velocity is between 6 and 
8 f t / s ec ; the r i s e r height is 1 5 ft and hence the t r ans i t t ime is be­
tween 2 and Z-^ sec . The observed period is about 2 sec . The kine­
mat ics of this model , furthernaore, a r e in genera l agreement with 
tes t resu l t s obtained in a natural circulat ion loop at the Universi ty 
of Minnesota.(118,128) The model has , however, a ser ious draw­
back. Unless the p rec i se nature of the function f is known, the 
thresholds of instability with reference to heat input, loop p r e s s u r e 
and inlet velocity cannot be predicted. Attempts to predic t t h r e s h ­
olds by laieans of slip velocity cor re la t ions , or cor re la t ions of s team 
volume fraction ve r sus quality curves have not been successful to 
date. The model, therefore , leads to two al ternat ive conclusions: 
ei ther itb kinemat ics a re wrong, or the kinenaatics a r e r ight, and 
presen t knowledge of the naechanics of the two-phase flow is 
inadequate," 

Again we a re faced with the probleixi of insufficient proof due to la,ck of 
knowledge of two-phase hydrodynamics . 

A second instabili ty model proposed in the General E lec t r i c 
repor t is based on Levy's momentum equations for two-phase flow. Quoting 
the port ion of the r epo r t which deals d i rect ly with this laaodel: 

"The third model to be considered is concerned with flow mechanics 
and flow pa t te rn instabili ty (129) xt deals with the causes of instabili ty 
ra ther than its propagation. It is based on equations der ived by Levy.vl^Oj 
His approach is to examine the energy t r ansmi t t ed by shear forces at 
the s t eam-wate r interface, and at the f luid-channel interface. When the 
shearing energy received by one fluid exceeds its ability to diss ipate 
that energy at the channel wall , the excess appears in the form of 
eddies or s lugs. 

"For the naomentum naodel of reference (l 30), the following equation is 
obtained:* 

(dP/dy)LTP (<iP/dy)TP ,, ., „ Pi " Pg . - ,, „ , 
(dP/dy)„ =(dP/dy)LSP " - • ' * • - FdPTdT). '̂ " ° '̂  < ' • "* 

Similar equations can be obtained for other s team slip re la t ions . 
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net p r e s s u r e losses of water in two-phase flow (made 
up of losses at wall and interface) 
p r e s s u r e loss for 100 percent water flow 
two-phase p r e s s u r e loss 
p r e s s u r e loss for water flow alone 
s team fraction by weight 
water density 
gas density 
s team void fraction 
inclination angle of channel from horizontal 

Eddying occurs when the left hand side of the above equation is negative." 

If the phenomenon of instabili ty is real ly due to this eddying effect in the 
boundary layer it would seem a discontinuity should appear in the p r e s s u r e 
drop cha rac t e r i s t i c s of the two phase segment of the loop, as the loop ap­
proaches an unstable operating point. The se r i e s of forced circulation points 
taken at and near the instability inception point of the Argonne 2,000 psia 
loop fail to show any p r e s s u r e drop discontinuity (Fig. 6.4). 

Other models based on the idea of a change of two-phase flow 
regime would be faced with the same experimental fact and would seem to 
be invalid. 

The resu l t s of some ear ly exper imental work done at Argonne 
National Laboratory showed it was possible in some sys tems to generate 
s team at a higher ra te than could be removed in any steady flow state . 

F igure 6.10 shows that for the given sys tem, s team was gener­
ated at such a ra te that steady flow is impossible under any conditions. The 
upper curve shows m e a s u r e d values of forced flow p r e s s u r e drop which are 
all g rea t e r than 46 inches of wa te r , which in the natural circulat ion case 
r ep re sen t s the available operating p r e s s u r e differential. Such a power 
level would cause a chugging or pulsing flow. The cha rac te r i s t i c s of this 
type of flow a r e : 

(1) violent expulsion of water by s team from the top or from both 
ends of the heated channel, 

(2) r e - en t ry of water into the empty channel; and then 
(3) expulsion again, and then again 
(4) r e - en t ry , e tc . 

Although this phenonaenon was apparently the cause of unstable behavior in 
this par t icu la r appara tus , it cannot be the general cause of unstable behavior 
in all loops as exper imental r esu l t s from the 2,000 psia loop do not show the 
discrepancy between forced circulat ion p r e s s u r e drop and available natural 
circulat ion driving head at an unstable point (Fig. 6,4), 

(dP/dy)i^TP 

(dP/dy)o 
(dP/dy)TP 

(dP/dy)LSP 
X 

P£ 
Pg 

a 
0 
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Two m o r e phenonaena which could l e a d to u n s t a b l e loop o p e r a ­
t ion wi l l be br ie f ly inen t ioned . 

Sonic ve loc i ty of a t w o - p h a s e na ix ture b e c o m e s qu i te low unde r 
c e r t a i n qua l i ty and p r e s s u r e condi t ions . (1 31) i t seenas conce ivab l e tha t 
s o m e s o r t of a sonic ve loc i ty choking effect could b e c o m e inapor tant at the 
o p e r a t i n g condi t ions and ve loc i ty in a t e s t loop. 

Sma l l , r a n d o m , ve loc i ty f luc tua t ions when conabined wi th con ­
s t an t m a k e - u p w a t e r flow r a t e c a u s e v a r i a t i o n s in downconaer dens i ty and 
subcool ing . The effect of t h e s e subcool ing v a r i a t i o n s on the d r iv ing head 
and p r e s s u r e d rop in the t w o - p h a s e r e g i o n should in t u r n c a u s e a n o t h e r 
ve loc i ty f luc tua t ion . The anapl i tude of the second ve loc i ty f luc tua t ion would 
be dependen t on the h y d r o d y n a m i c s of the t w o - p h a s e s y s t e m . It s e e m s 
conce ivab le tha t at s o m e power the h y d r o d y n a m i c s wi l l be such that the 
f eedback c i r c u i t (ve loc i ty to subcool ing to ve loc i ty ) wi l l j u s t r e p r o d u c e the 
o r i g i n a l ve loc i ty f luc tua t ion , thus caus ing the loop to o s c i l l a t e . 

6.6. Stabi l i ty C o n s i d e r a t i o n s in R e a c t o r Des ign 

The in i t ia l boi l ing r e a c t o r s w e r e des igned as f ea s ib i l i t y e x p e r i ­
m e n t s . B a s e d on e a r l y boi l ing e x p e r i m e n t s l l 3 2 ) which showed tha t l a r g e 
power d e n s i t i e s w e r e p o s s i b l e in a boi l ing r e a c t o r , t h e f i r s t B o r a x r e a c t o r 
w a s bui l t to i nves t i ga t e the inf luence of boi l ing t u r b u l e n c e on r e a c t o r 
s t ab i l i ty as w e l l a s o the r f e a s ib i l i t y c o n s i d e r a t i o n s . The e x p e r i e n c e ga ined 
f r o m th i s r e a c t o r c o m b i n e d wi th i n f o r m a t i o n f r o m f u r t h e r h e a t t r a n s f e r 
and fluid flow e x p e r i m e n t a l i n f o r m a t i o n w a s u s e d as a b a s i s for the d e s i g n 
of the second Borax r e a c t o r . 
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This design procedure which has been quite generally followed 
has three important aspects . 

(1) New reac to r s a re designed s imi lar ly to ea r l i e r r eac to r s so as 
to use experience gained from these r e a c t o r s . 

(2) The effects of changes on previous designs a r e roughly accounted 
for by pa rame te r studies which indicate t r ends . Radical changes 
of an important nature naay be experimental ly checked on exis t­
ing r e a c t o r s or tes t loops before incorporat ion in large new r e ­
ac to r s . As an example, the effects of e lements with long the rmal 
t ime constant was checked on Borax IV before EBWR was 
operated. 

(3) A large factor of safety is included to account for variat ion. 

The logical f i rs t step to a bet ter design cr i te r ion for reac tor 
stability is investigation of tes t loop stability. It seems doubtful that a r e ­
actor could operate stably where a tes t loop mock-up of the reac tor is un­
stable though it is possible that the coupling between reac tor s team voids 
and reac to r power causes r eac to r instabili ty at lower heat flux than the 
heat flux causing tes t loop instabil i ty. 

Similar i ty of unstable flow t r a c e s in a na tura l circulat ion loop 
and unstable power t r a c e s in a r eac to r cer tainly points to a hydrodynamic 
basis for r eac to r instabili ty. 

Fu r the r c redence is lent to the idea of the hydrodynamic basis 
of r eac to r stabili ty by the operating experience of EBWR. Hydraulic loop 
tes ts on a sys tem with geom.etry s imi la r to the flow path in EBWR showed 
that an instabili ty threshold existed at an exit void fraction of approximately 
0.75. The exit void fraction in the maximum power EBWR fuel e lement at 
61 Mw was es t imated to be 0.70. EBWR approached both exit void fraction 
of 0.75 and unstable behavior of 6I Mw operation. 

6,7. Conclusions 

The experinaental information in the field of reac to r and tes t 
loop stabili ty is s p a r s e . Analytical p rocedures in this field a r e sti l l in a 
p re l iminary s ta te . This undeveloped state necess i ta tes a large factor of 
safety in the stabili ty considerat ions of proposed reac to r design. The large 
factor of safety causes overdesign of r e a c t o r s which a r e inherently l imited 
in power removal by stability l imi ta t ions . These l imitat ions become more 
c r i t i ca l when an apparent connection between burnout and stability is 
noted. \133 '°^ ' l 1 ' / A m o r e p rec i s e method of predict ion of stability is im­
portant to the future development of boiling water r e a c t o r s . 
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7. CALCULATION PROCEDURES FOR BOILING SYSTEMS 

7.1. Natural Circulation System Analysis 

A natural c i rculat ion sys tem is one in which fluid flow is der ived 
through a density potential existing between ver t i ca l segments of the systein, 
commonly r e fe r red to as the r i s e r and downconaer. The density differential 
may be induced by a var ie ty of methods, such as maintaining a sufficient 
t empera tu re difference by heating or cooling one of the legs , e tc . 

Of par t icu la r in te res t with r e spec t to boiling r e a c t o r s is the 
sys tem where sufficient heat is added to one leg to cause boiling of the fluid. 

Analysis of such a na tura l circulat ion sys tem is conaplicated by 
the in ter re la t ionship existing between var ious sys tem p a r a m e t e r s such as 
power, s team volume and weight fraction, c i rculat ion velocity, subcooling, 
e tc . , and plagued by iiaadequacy of information on two-phase flow concerning 
the relat ive velocity between the s team and water phases , fluids, e tc . The 
basic r e s e a r c h in the field of two-phase flow continues in an attempt to p r o ­
vide sufficient information on the above-mentioned problems that can be 
utilized in making a competent hydrodynamic analysis on na tura l c i rculat ion 
s y s t e m s . 

An analytical procedure for calculating the performance of a 
na tura l c i rculat ion sys tem is presented, whose development was aided by 
comparing numerous data obtained from labora tory t e s t s on natura l c i r c u ­
lation sys tems with varying geome t r i e s . The labora tory t e s t s were requi red 
to es tabl ish the validity of a number of assumpt ions made in the ana lys i s . 

An analysis of a basic simple natura l c i rculat ion sys tem has 
been given by Lottes and Flinn.^1"^ However, the authors did not account 
for var ious r i s e r heated section geomet r ies which tend to complicate the 
problems considerably, nor did they account for the effect of subcooling 
which becomes increas ingly impor tant at higher p r e s s u r e s . Therefore , a 
very general analysis was made that could be applicable to the large m a j o r ­
ity of s y s t e m s . The analys is for the natura l c i rcula t ion sys tem is then 
modified for application in a forced circulat ion systena, 

1 . Hydrodynamic Analysis 

In a na tura l c i rculat ion sys tem 

EAP = 0, (7.1) 

which s ta tes that the summation of the p r e s s u r e drops , A P, around the 
closed loop, consisting of r i s e r and downcomer, mus t be equal to ze ro . 
The total p r e s s u r e drop over a differential length may be obtained as 
follows: 
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2 F y = m - ^ 

F rom a force or momentum balance, 

dv (7.2) 

Applying Eq. (7.2) over a differential pipe length depicted below, 

P + dP 

L + dL 

PA - A(P + dP) - Apdh(-^\ - T^TT DdL = m 
dv 
dt 

or 

PA - PA - AdP - ApdL (-i-) - r,,, rr DdL = o ^ ^ ^ 
' \ g c / '̂  ' gc dt 

Simplifying 

, ^ ,v / g \ 7TD d L 
d P - i d T f - 1 — 
at- / J d i - T ^ 

V&c/ TrD2 
4 

By definition 

Frict ion factor = F ~ T„,/o-^r-
^ • 2g 

dL dv 
'" gc dt 

• 

, . . dL Also, substituting -—— = v 
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2 v^ dL vdv 
- dP - p d L - ^ - 4 F p J- -^ ^p^^ 

gc 2g D ^ g^ 

or 

, ^ , , g ^ v^ dL vdv 
- dP - p dL ^ - fp - - ---- = p 

gc '̂  2g D fg^ 
where f is the Moody friction factorj and v is velocity. 

The total p r e s su re drop over a differential length t h e r e ­
fore may be writ ten as a sumnaation of the frictional, hydrostat ic head and 
accelerat ion components: 

- dPT = dPf + dP-head + dP, 
a c e 

(7.3) 

A basic natural circulation system is schematical ly illus • 
t ra ted in Fig. 7.1 

Fig. 7.1 

Basic Natural Circu­
lation System 

Key 

U P Upper P lenum 

DT Downcomer Top 

DB Downcomer Bot tom 

L P B Lower P l e n u m 
BottoiTl or 

L P T Lower P lenum 
Top 

Make-up Water 
Injection W„ 

^ . 

HSB Heated Sect ion Bot tom 

HSE Heated Sect ion Exit 

RB R i s e r Bot tom 

RT 

D 

L B 

sa t 

HS 

A D 

Ap 

L„ 

R i s e r Top 

Downcomer 

Incept ion of 
i^ocal Boil ing 

Incept ion of 
Nuclea te Boi l ing 

Heated Sect ion 

A r e a of Downcomer 

A r e a of Upper 
P l e n u m 

Lower P l e n u m 

U P 

: 
RT 

L,!^ 

sat 
(f) 

• Steam 
W„ 

RB 
HSE 

1 
(HS) 

Incept ion of 
Net Boil ing 

Incept ion of 
Local Boil ing 

°̂  

#|HSB 
® L P T 

• L P B Lowe r 
Da tum P l a n e 
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T h e s y s t e m i s b r o k e n d o w n i n t o v a r i o u s s e g m e n t s w h i c h l e n d t h e m s e l v e s 
c o n v e n i e n t l y t o a n a l y s i s . E q u a t i o n (7 .3) i s a p p l i e d t o e a c h s e c t i o n i n d i v i d u ­
a l l y a n d t h e n a s u m m a t i o n i s m a d e t o s a t i s f y E q . ( 7 . 1 ) . S t a r t i n g a t p o i n t 
U P ( F i g . 7 .1) t h e l o o p m a y b e d i v i d e d i n t o t h e f o l l o w i n g s e c t i o n s : 

( l ) C o n t r a c t i o n f r o m U p p e r P l e n u m 

d P a c c + 

' D T 

F r i c t i o n 
U P 

d P F r i c t i o n 

B y d e f i n i t i o n f o r a c o n t r a c t i o n , 

' D T 

U P 

AID - K Pf P 1 -
d - t ^ F r i c t i o n ^ c ^ p "̂ ^ Zg^ 

s o t h a t 

D T 

U P 
g c 

D T 

U P 
Pf 

' g c 

D T 

U P 

+ K Pf ^ X 
^ U P 2g 

o r , s i n c e l^j}j^ ~ L y p 

P U P - P D T = Pf 
DT 

*gc 

U P 

2gc 

D T 

Simpl i fy ing, s i n c e Vrrp <^<i^T)j> 

v2 

T h u s 

^ U P " ^ D T ~ ^^ 2 
D T 

g( 
1 + K. 

' U P 

Al so f r o m the cont inui ty equa t ion 

V I 3 T A J 3 P I 3 T = V g a t A n s Pi 

(7.4) 

v ^ 

A \2 , „ .2 
2 / ^ H S \ / Pf 

DT ~ ^ s a t l A. ]3X/ \ P D T 
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Since Pf ~ P D T 

^ ' D T = ^'sat ml 
Equa t ion (7.4) thus b e c o m e s 

U P - -t-̂ DT 
"^'sat / ^ H S 

2gc \ A ̂D 
Pf 1 i K. 

U P 

or 

^ U P " ^ D T 
sa t 
'gc 

[NiJ (7.5) 

w h e r e Nj = (Affs Ajj)^ pf • 1 + K^ 
U P / 

(Z) D o w n c o m e r 

'DB T D B 

dP = I 
DT J DT 

d P H e a d + 

'DB 

DT 

'DB 

d P a c c + d P F r i c t i o n 
DT 

DB 

DT 

I 
gc 

^b dL DB T D B 

DT DT 

I n t e g r a t i n g , 

" " DB 
P 

L J DT 
_g_ 

gc 
PD L 

DB 

DT 
P D 

•? 

V 

2 g , 

DB 

DT 
L 

DB 

DT 

Since v i ) ^ = v ^ ^ = ^"D 

P ^ ^ - P DT " •'•̂ DB ~ " PD ^ D T " ^ D B 
g , . ^̂ D D 

gc D D 2gc 
L D T - Lx3B 

Subs t i tu t ing 

- _ 2 

^'D - '̂ 
^HSV 

sat X'A^I >Pl3/ 
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t h e r e i s ob ta ined 

P D T " ^ D B P D ^ D T • ^ D B 
g 

gc 

D 2g^ V A o / \pj3 D J 3 ^ D T • •'"DB 

or 

P D T " P D B P D ^ D T " ^ D B g c 2gj, 
[N2] (7.6) 

wi th N2 - fj3 ( A H S A D ) ^ ( P f / P D D D ) ( L D T " L ^ g ) 

(3) E x p a n s i o n f r o m D o w n c o m e r to L o w e r P l e n u m 

L P B 
d P 

DB 

P B 

H e a d 
DB 

P B ' L P B 

d P a c c + d P 

DB DB 
F r i c t i o n 

L P B 

DB 

L P B , / L P B 
g I vdv I 

PD ; - d L + I P D " ^ + dPpj,Xction 
Sc J DB <=€ J jDB 

As for the c o n t r a c t i o n , we define 

P B 
^DB 

d P F r i c t i o n = K E P D -,„ 

and , no t ing tha t Lj_^pg = ^ D B ' 

L P B 
= P D 

DB L^Scj DB 

L P B 
+ K E L P B 2g„ 

P D 

o r 

DB P L P B - ^D 

r 2 
^'LPB 'DB^ 

2gc 2g, 
+ K ^ ^ P 
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Subs t i tu t ing 

^ I P B = v^B (AD, A L P ) 

and 

2 A H S X f Pf 

-DB=-sati^j [IT 

t h e r e is ob ta ined v2 
^ s a t P D B " P L P B = ^ - ^ ^ [N3J (7.7) 

with N3 S5 ( A H S A Q ) ^ (-• f . D ) " 

(4) Lower P l enum 

' D ^ A D ^ A L P ) - - • D * ^ E L P B 

L P T T L P T / L P T / L P T 

d P "- I dPpj^^d + I d P a c c + I d P p H c l i o n 
LPB J LPB J LPB 7 LPB 

LPT / L P T 
g ,^ I vd\ 

™ .-D dL + I ,. D - 7 -
LPB ^'^ J LPB "̂c 

L P T 2 
\ ^ d L 

+ I i L P B /-D 2„ DT p • 
L P B ^'' ^ P 

Since t h e r e i s no change in a r e a , and hence fluid ve loc i ty 
and the d i a m e t e r of the lower p lenum is so v e r y l a r g e , 

P L P B - P L P T " (g Sc^ • o J ^ - L P I " ^ L P B I • (7.8) 
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(5) Contraction from Lower Plenum 

^HSB THSB î̂ HSB .-HSB 
dP = I dPHead + / dPFr ic t ion + i dPacc 

LPT ./ LPT J LPT J LPT 

fHSB 

.-•* LPT 
- i P D dL + 

"HSB THSB 
dPFr ic t ion +/ ^D 

LPT J LPT 

vdv 

Assuming L L P X ~ ^HSB ^^'^^ defining 

„ 2 
HSB 

d P i Kr HSB 
'Fr ic t ion " -^0^36 2g ^ ^ 

LPT "̂̂  

there is obtained 

P L P T - P R S B =• ''^D 
2gc 

HSB V-

LPT 
HSB 2g^ • D 

= P D 

V I I S B ^ ' L P T 

2gc 

vf [SB 

^'^cHSB-i^r'"' 

Substituting 

and 

^^ 'LPT = ^ H S B ^ ^ H S / ^ ^ L P ^ ' 

-HSB = - L t ( %/ ^ D ) ' 

there is obtained 

P L P T - P H S B 
P'i % a t 

P D ^SC 

A, HS \ 
+ K, A ^ p / ^HSB 

or 

P L P T " ^ H S B = - ^ [^4] (7.9) 

with N , = (PJ./P13) [1 » ( A H S / A L P ) ' + K ^ H S B ] 
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2 . N o n b o i l i n g R e g i o n 

S i n c e a l a r g e f r a c t i o n of t h e n o n b o i l i n g r e g i o n m a y b e i n 
l o c a l b o i l i n g , t he q u e s t i o n i m m e d i a t e l y a r i s e s c o n c e r n i n g t h e l e n g t h of t h e 
l o c a l b o i l i n g r e g i o n a n d t h e u n c e r t a i n t y i n t h e d i s t r i b u t i o n a n d i n a g n i t u d e of 
t h e l o c a l b o i l i n g v o i d s . F o r t h e p u r p o s e of t h i s a n a l y s i s i t i s t a c i t l y a s s u m e d 
t h a t t h e l o c a l b o i l i n g v o i d s a d h e r e t o t h e w a l l a n d t h e r e f o r e do n o t d e c r e a s e 
t h e d e n s i t y of t h e f l u i d . T h e a c c e l e r a t i o n p r e s s u r e d r o p due t o t h e p r e s ­
s u r e of l o c a l b o i l i n g v o i d s w i l l be n e g l e c t e d h e r e a n d i n c o r p o r a t e d i n t o a 
t o t a l v o i d a c c e l e r a t i o n p r e s s u r e d r o p c a l c u l a t i o n i n t h e b o i l i n g s e c t i o n . 

T h e i n c e p t i o n of l o c a l b o i l i n g a n d h e n c e t h e l e n g t h of t h e 
l o c a l b o i l i n g r e g i o n c a n be e s t i m a t e d i n t h e f o l l o w i n g m a n n e r . T h e w a l l 
t e m p e r a t u r e i n t h e l o c a l b o i l i n g r e g i o n i s c a l c u l a t e d u s i n g t h e J e n s - L o t t e s 
e q u a t i o n : \ ° ' ' 

AT3.^.0|^)7e-^-

a n d t h e v a l u e p l o t t e d on a t e m p e r a t u r e l e n g t h g r a p h a s i l l u s t r a t e d b e l o w . 

^ 
^ATf 

Inception 
Local Boil 

A 

of 
ing 

1 
1 / 
\ 

1 
1 

Inception of 
Net Boiling 

1 
1 

y ^ Wall T e m p e r a t u r e 

Tsat l ^ ^ s a t 

^ ^ Fluid 
T emper a tu r e 

length 

T h e w a l l t e m p e r a t u r e i n t h e n o n b o i l i n g r e g i o n i s t h e n c a l ­
c u l a t e d by 

T - T r = q" , h 
w i n / J 

w h e r e h i s g i v e n by t h e C o l b u r n e q u a t i o n 

h = 0 . 0 2 3 ~ ( R e ) ° - « (Pr)O-* 
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The t e m p e r a t u r e in the nonboi l ing r e g i o n i s a l s o p lo t ted vs the c h a n n e l 
l eng th and the i n t e r s e c t i o n of the two wal l t e m p e r a t u r e p ro f i l e s i s d e s i g ­
n a t e d a s the i n c e p t i o n of l o c a l bo i l i ng . 

Having e s t a b l i s h e d the l eng th of the l o c a l boi l ing r e g i o n the 
t o t a l p r e s s u r e d r o p a c r o s s the nonboi l ing r e g i o n can be c o m p u t e d in the 
fol lowing m a n n e r : 

Tsat 2 
^ - ^ dL + I RT R f r T c ^ - T T ^ dL 
Ŝ °HS J L B ^S ^HS 

where R L B ~ rat io of the local boiling p r e s s u r e drop at the total flow ra te , 

A P L B / A P S P • 

It should be noted that the density p , friction factor f, and velocity v (in­
direct ly) a re functions of the t empera tu re and hence length. However, for 
all p rac t ica l purposes an average density, velocity and i so the rmal friction 
factor based on a mean t empera tu re of the fluid in the var ious segments 
can be used for calculating the p r e s s u r e drop due to friction and head loss 
unless ex t reme conditions a re encountered, such as near the cr i t ica l point. 
The accelera t ion integral can be expanded by substituting 

and 

The 

G 

dv 

refore 

°J 

= p V = constant 

Gdp 
p2 

5 

A at 
' dP ^ 
HSB 

• 

- g^' P NB 
sat , „ v^ 

HSB 

dP T ^ N B 
^ + /-NB *2gc D„« / 

^Sc JL̂ HS J HSB 

f T'2 
• O R L B ^ L B 
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Simplifying 

^HSB " ^ s a t 3 ~ P N B ^Lgat - ^ H S B ) + ~ 
gc sc HSB 

- 2 
Pf 

V , f 
sat P i i i i T ^ ^ ^ ^ L B " % S B ) 

p2 -
+ ~ R T ID f 

sa t 
LB LB LB 2g D c ^HS 

(^LB - ^ H S B ) 

or 

'̂Lt 
' H S B " ^ s a t " J~ ^^sat " % S B ^ ^̂ NB ^ "2^ N5 + Nfe + N7 

(7.10) 

3. Boiling Zone 

A siinplified analysis of the two-phase flow regime can be 
made by writing a force balance on a differential element in the boiling zone 
where there is a t ransfer of mass between the two phases , as depicted below. 

I 
/ 
/ 
/ 
/ 

Sfriction 

P + dP M 
W„ + dW, 

Ag + dA g 

W + dW 

A + dA 

gravity 

W, 

gravi ty 
dW, 

d W i 

W 

I 
/ 

^ 

friction 
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The assumptions made a r e : 

(1) The p r e s s u r e is constant a c r o s s any plane normal to 
the direct ion of flow. 

(2) The sum of the a r e a s at a plane normal to the direction 
of flow occupied by the gas and liquid phase equals the 
total pipe a r e a . 

A force balance on the gas phase yields 

PAg - (P + dP)(Ag + dAg) - dFfg - (Ag dL pg + dWg)(g/gc) 

= (l/gc)[(Wg + dWg)(Vg + dVg) - Wg Vg - dWgVg ] . 

Ff„ is defined as the force expended by the gaseous phase 
in overcoming friction. Simplifying, 

PAg - PAg ^ P dAg - Ag dP - dP dAg - dFfg - Ag dL Pg (g/g^) + dWg (g/g^) 

= ( l /gc)[WgVg + WgdVg + VgdWg+dWg dVg-Wg Vg " V̂  dWg] 

or , neglecting t e r m s of second o rde r , 

- P d A g - A g d P - d F f g " AgdL Pg (g/gc) - dW (g/gc) 

= (1/gc) [Wg dVg + Vg dWg - V | dWg] . (7.11) 

Also, a force balance on the liquid phase gives 

PA^ - ( P + d P ) ( A ^ + d A ^ ) - d F f j - [A^ d L p ^ +dW^ ] (g/gc) 

= (l/gc)[(W^ +dW^)('Vi +dV^ ) - V^ dW^ "W^ V| ] • 

Again Ff^ is defined as the force expended by the liquid 
phase in overcoming frict ion. Simplification yields 

P ^ i ™ P A ^ - P d A _ g - A ^ d P - d P d A ^ - d F f ^ -A^dLP;^ (g/gc) " (g/sc) dW^ 

= [w^ "̂ i +w^ d^ +^£ dw^ +dw^ dv^ ~^£ dW| -We v^ ] ( i / g j 

or 

' dA_g-A^dP-dFf^ - A | dLp_g(g/gc) = [ W | d V | ] ( l / g c ) . (7.12) 
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Summing Eqs . (7.1) and (7.12) 

P (- d A | - dAg) - dP (Ag + A | ) - dFfg - dFf ^̂  - (g/gc) dL (A ^ Pj +Ag Pg) 

+ dW| (g/gc)+dWg (g/gc) = (1/gc) [W|dV^ +V^dW^^ + Wg dVg + Vg dWg], 

(7.13) 
since 

dA I = - dAg, A + A^ = Ap, and dW^ = - dWg 

Fur the r , 

d(W^ Y^ +WgVg) =- [W^,dV^ -fV^ dW^ +WgdVg+YgdWg]( l /gc ) , 

and 

(dFfg + dFf^) = d P ^ p p A p 

by definition, where d P j p F is the two-phase frictional p r e s s u r e drop l o s s . 
Accordingly Eq. (7.13) becomes 

-dP Ap - d P ^ p F A p - ( g / g c ) d L (A^p^+Ag Pg) = ( l /gc ) d(lV, V̂  +WgYg) 

Dividing by Ap , 

d(W^ Yr + W„ V„) 
- d P - d P ^ p F - g / g c ( A / A p P i+Ag /Ap pg)dL = g^ Ap " 

(7.13a) 

Defining a = Ag/Ap , 

(1 - a ) = A^/Ap 

and substituting into (7.13a); 

d(W, V. +W„V ) 
- d P - d P T p p - g / g c [ ( l - a ) p i + a P g ] d L = ' ' g ^ ' ^ / • 

(7.14) 

Applying Eq. (7.14) over the boiling length, 
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HSE / 'HSE 
dP = 1 

sat J sat 

d(W." V î + WgVg) 

Sc - S 
^ l g ^ + 

S E 

d P T P F 
s a t 

^HSE 

+ g, gc I [(1 - a ) p , + a P g ] d L 
sa t 

o r 

Psat - P H S E - 1/ gc A p [ w i V . . + W g V g ] f f + [ A P T P P ] 
I H S E 

sa t 

+ PB H HSE _g 
sa t g 

w h e r e 

II 
'B = 

I'-'dL 
sa t 

^ H S E - ^ s a t 

Also defining 

R - A P ^ P F / ' ^ P s P F 

a s the r a t i o of the t w o - p h a s e f r i c t i ona l p r e s s u r e d rop in the boi l ing zone to 
the s i n g l e - p h a s e p r e s s u r e d rop at the to ta l flow r a t e , 

I H S E - , ^iat ^ H S E " ^sat 
^ P T P F L . , = RfHS Pi ^Jsat 'Sc % s 

so tha t 

P s a t - P H S E -
g c ^ P 

W.' V; + W„ V - W'- V ^ - W V 
^^>-HSE ^ HSE gHSE gHSE ^ 'sa t ^'sat " g g a t Ssat 

s a t 
+ R fHS Pf Tr~K7. ^^HSE • Lgat) + PB ( ^ S E " ^sat^ 

""c HS 

g . A c ^^P 

W ^ ( l - Xg)(WT)(l - xe) xe ^^^(xe W^) G 

p^{l - a g) A a e Ap p . 
W-

V SElt 
+ P B ^ ^ H S E " ^ s a t ) + ^ h-lS Pf "577" ( % S E " ^ s a t ^ 

' '»c 
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Noting tha t W f / A p = G and s impl i fy ing 

•^sat " -^HSE 
(̂  ~-^e)' _2_+fl _L J_ 
(1 - C'e) /--f ••' e P g Pf 

+ P R (L B ^ M T S E • ^ s a t 
L „ 3 4.) 

^ % S ^'sat , 
D ^ ^ ' *• "ITT" ^ % S E - ^ s a t ) HS «̂ c 

The quan t i ty 
(1 - - e ) ^ 1 . - e 1 1 

1 - a^) p ^ • a^ Pg " p̂ ^ 

a s def ined by Ala r t ine l l i and N e l s o n . T h e r e f o r e , 

i s the a c c e l e r a t i o n m u l t i p l i e r , r . 

P s a t " ^ H S E 
+ R -̂  1£^ p^ (Lj_j^^ . I_̂ _̂̂ )̂ + p ^ (L^^^^^ „ Lg^^) r G^ . ^ ^HS "^'iat 

r^HS ^g 

o r 

- P H S E - T T [^8 -̂ N.] + P B ( L H . S F " L^^,) s a t - ^ HSE 
(7.IS) 

4 . E x p a n s i o n o r C o n t r a c t i o n to a R i s e r 

a. Exjpansion. The e x p a n s i o n for the t w o - p h a s e fluid i s 
t r e a t e d in the s a m e m a n n e r as for a s i n g l e - p h a s e f luid . Since only the 
o v e r a l l p r e s s u r e d r o p i s d e s i r e d , a f o r c e b a l a n c e can be w r i t t e n a c r o s s 
the e x p a n s i o n : * 

M g ^^gHSE " ^ f ^^l-HSE ' ^ H S E ^ R = Alg V g ^ ^ + M, Y,^^ + P^^ A^ 

M Mf 

^HSE " ^ R B = A|^ ^^gRB " ^ W s E ' ' A^ ^ ' %B ' ̂ HSE^ ') + r™(Vf„x, -^ '^f„cJ 

w 
V 

gRB P g A ^ a j ^ g 

X " 4 V 
HSE ' 'f HS sa t 

P g A R " ' R B 

w. 
V 

' ' 'HSE "̂f ^ H S "^^sat -^HSE '""f ^^sat 
gHSE Pg Aj^g .J HSE Pg A ^ g Cij^sj, ^"'g '^'HSE 

* P e r s o n a l C o m m u n i c a t i o n f r o m F . R o m i e , A m e r i c a n S t a n d a r d Co. 
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Wi 

Vf 
R B (1 - XTTcir) "f ^ M Q ^'«;=,t (1 - ^ H S K ) A' ' H S E ' f HS *sa t 

RB p A R (1 -^•RB^ Pf A J ^ fl ' R B ^ 

^HSE^ -'^HS , 
(1 - ' R B ) A ^ ' ^ ^ t 

Wf 

Vf 
HSE (1 - xj^gg) ' f A H S '^'sat (̂  • ' ^ H S E ) 

HSE ,.^ A H S ^̂  " "'-HSE^ Pf A H S (1 - '^HSE 
V. ) " (1 - a ) ' s a t 

HSE^ 

Mg = 

^k 

^HSE W T X H S E /'f A H S ^ ' sa t 

g g 

(I - X H S E ) W T _ (1 - - ^ H S E ) pf AjIS ^^sat 

g g 

and 

^ H S E " - ^ R B 
- ^ H S E P£ A H S "^'sat 

g A R 

Pf Axxo V HSE ' f - ^ H S ' s a t ^HSE '"f ' s a t Pf V, 

'"g A R ' - R B • g H S E 

^̂  " ^ ' H S E ) .-f A H S '^^sat 

g A R 

(1 - X H S E ) AXIS ^ s a t _ d - ^ H S E ) ^^sat 

( l - U-H-c;v.) A R (1 - ctRs) "HSE^ 

Subs t i tu t ing A H S A R - ;, and s impl i fy ing , 

P - V^ 
P „ p - ^ sa t , , 
• ^ H S E ^ R B - ^g 

X' 
HSE ' g V R B H S E / V / ^ • - " R B ^ " HSE 

( 7 . l b ) 

A g e n e r a l equa t ion for an expsinsion be tween a,ny two r i s e r s 
(unheated flow channe l s ) of a.reas Â^ and A^^^ i s 



1 3 1 

1+1 
s a t 

2gc 
2 Pf 

HS 

Ai-rl 

^ H S E ' - f / ^ % S 

'^i+i 

A 

' i+ i 

HS 1 
Ai a . 

A 

(1 
HS 

^HSE> 
^ H 

VAi+j (1 - a ) . ^ j A 
S 1 ^ 

1 ~.x;)j 

F o r Ai = A H S ^^^ Ai+i = Aj^g, 

(7.17) 

P i " Pi+i 
' s a t 

2gc 
[Nio] (7.18) 

b . C o n t r a c t i o n . The c o n t r a c t i o n i s t r e a t e d in an ana logous 
m a n n e r but i s m o r e sub jec t to q u e s t i o n . A m o r e r i g o r o u s t r e a t m e n t s i m i l a r 
to the one m a d e for a s i n g l e - p h a s e fluid i s difficult b e c a u s e of u n c e r t a i n t i e s 
in e n e r g y b a l a n c e for t w o - p h a s e fluids and n u m e r o u s q u e s t i o n s c o n c e r n i n g 
the vena c o n t r a c t a . T h e r e f o r e a s impl i f i ed a p p r o a c h w a s t aken and the 
following a s s u m p t i o n s w e r e m a d e : 

(1) A vena c o n t r a c t a does not e x i s t . 

(2) The p r e s s u r e i s c o n s t a n t a c r o s s p lane 2, a s d e ­
p ic t ed in the d i a g r a m be low. 

'^^ZZZZ/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

/ 
/ 
/ 
/ 
/ D 

As 1 

^ ^ • 

V, 

1-g , 

/ 
/ 
/ 
/ 

gl 

P l a n e 2 

P l a n e 1 

Writ ing a fo rce b a l a n c e a s before 

Mg Vg + M,: V̂ - + P i Ai = Mg Vg + M j V̂  ^ + P2 A^ 
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o r 

M, 
'HSE • " R B - A ^ ( vgRB - ^-gHSE j " A • ^ f V a „ „ - V, 

A-

f '^HS ^ 
RB " •̂̂ ' HSE 

Subs t i tu t ing for the ve loc i ty , e t c . , and s impl i fy ing , 

SSt 
!^HSE 

f / A H S I 

A R ^ ' R B '-HSE 
+ ('1 - X , 

"HS 
H S E ' ARfl - ' O R I • 1 - ' 'HSE 

(7.19) 

This i s i d e n t i c a l to Eq . (7.16). T h e r e f o r e , Eq . (7.17) i s a g e n e r a l equa t ion 
for both an e x p a n s i o n or a c o n t r a c t i o n f r o m the h e a t e d s e c t i o n . The g e n e r a l 
equa t ion for any c o n t r a c t i o n i s 

vL 
P: - P: (2.P ' " • ' ^ T i ^ ' - t ' i A 

^HS .2 •' f r '^HS 1 ^HS 1 
- + (l-x„c,^'^ 

'•^HSE '"^HS 

(7.19a) 

As a r e s u l t the p r e s s u r e d r o p for a s e r i e s of expans ions and c o n t r a c t i o n s 
can be w r i t t e n a s 

2 A P , = ^ 2 N . . (7.20) 

c. R i s e r 

pRT r-RT rKT rRT 

\ dP = d P H e a d + / d P a c c + / d P F r i c t i o n 
RB ^ R B ^ R B JRB 

Since t h e r e i s no change in vo ids in the ad i aba t i c r i s e r 
s e c t i o n , 

/^RT 

RB 
d P a c c - 0 

and 

/•Rl 

- / R B 

RT / 'RT r R T v ^ 
d P = / P R d L + / R f R ^ P f ^ 

RB RB 
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where R is defined as AP-pPF/^-^SPF "^ ^^^ r i s e r . Then 

.2 -Ax ^ 2 
RB 
RT -'R L 

RT , ^ . '^ Ia t / 'AHS\ '̂'f 
RB " ^ ^R 2gc \ Aj^ / D R L 

L RT 
RB 

and 

P R E - P R T = '̂R (̂ RT - LRB) ^ R fR % ' ( 5 f ) ' S '̂ Î T L R B ) 

or 

, . 2 
sa t 

P R B " P R T = pR ( L R T - % B ) + "^;r" t ^ " ] (7.21) 

5. Expansion into Upper Plenum 

The expansion into the upper plenum is given by Eq. (7.7). 

Summing Eqs . (7.5), (7.6), (7.7), (7.8), (7.9), (7.10), (7.15), 
7.17), and (7.21) to satisfy Eq. (7.1) and simplifying, 

v2 
^ sat [Ni + N2 + N3 + N4 + N5 + Nfe + N7 + Ng + N9 + ZNi + Nil] 

P D ( ^ D T " ^ D B ) + P'D [ ^ L P T " ^ L P B I ^ ^ 'NB (^sat - L H S B ) 

+ P B ( L H S E - ^sa t ) + '^'R ( % T " % B ) = « (7.22) 

Sine e 

( ^ D T " ^ D B ) ^ L R T ~ ^ L P B 

then 

•"-^DT " ^ D B " (•'^LPT " ^ L P B ) "•" (^sat - ^ H S B ) "*" (^HSE ' ^ s a t ) + ( ^ R T " L R B ) 

(7.23) 

Substituting Eq. (7.23) into Eq. (7.22) and simplifying, 
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' s a t • ~ [Ni + N2 + N3 + N4 + N5 + N6 +N7 + Ng +N9 + Z Ni + Nil] 

(pD - PNB)(Lsat " % S B ) + ^^D " ' ° B ) ( L H S E " ^sat^ 

+ ( P D " P R ) ( L R T " L R B ) (7.24) 

Defining and s u b s t i t u t i n g , 

L s a t - L H S B = ^NB ~ nonboi l ing l eng th , 

L H S E - ^ s a t = L B = boi l ing l eng th , 

L R - J - L R g = L R ~ r i s e r l eng th , 

Lj-jrp - Lj-j-D - Lj^ =̂  d o w n c o m e r l eng th , 

'•PMU (PD - P R i ) = % ( P D - PR^' 

and 

Z N R X - Nil 

Equa t ion (7.24) b e c o m e s , for systeiTis tha t m a y have a s e r i e s of r i s e r s with 
v a r y i n g d i a m e t e r s , 

Z l ^ _ % B ( ' % " P N B ) + % ( P D " P B ) " ^ % i ( p D " pRi) 
2g Ni + N2 + N3 +N4 + Ng + Ns + N7 + Ng + N9 + ZNi + ^ N H 

(7.25) 

The ind iv idua l N t e r m s in Eq . (7.25) m a y be c l a s s i f i e d in the following 
m a n n e r : 

N, = p, 

2 -

'HS 
1 + Kcup 

-. • -feiofe; 

= a c c e l e r a t i o n of the fluid f r o m the 
u p p e r p l e n u m to d o w n c o m e r and f r i c ' 
t iona l r e s i s t a n c e at c o n t r a c t i o n . 

= f r i c t i o n a l r e s i s t a n c e in downcoixier . 

N . 
ff ^^S 'D 

"•LP 
- 1 + K E L P B 

= d e c e l e r a t i o n of fluid and f r i c t i ona l 
l o s s e s at the e x p a n s i o n f r o m the down­
c o m e r to l o w e r p l e n u m . 
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N4 
^D 

N5 = 2pf 

N, 

' - ' A — j + ^ C H S B 

P - P 
^ H S B ' f 

P HSB 

^i'^sh''^^ 

a c c e l e r a t i o n of fluid and f r i c t i o n a l 
l o s s e s at the c o n t r a c t i o n f r o m l o w e r 
p l e n u m to the h e a t e d s e c t i o n . 

a c c e l e r a t i o n of fluid in nonboi l ing 
l eng th due to d e n s i t y change with 
t e m p e r a t u r e . 

f r i c t i o n a l r e s i s t a n c e in t h e n o n ­
boi l ing s e g m e n t of the h e a t e d s e c t i o n . 

N , = 
Pf .r: . / ^ H S 

( R T . R ) 
^ L B ^ ^ ^ ^ ^ ^ % ^ ^'^^^' 

( L T . R ) f r i c t i o n a l r e s i s t a n c e in the l o c a l 
bo i l ing s e g m e n t of the h e a t e d 
s e c t i o n . 

N s = 2 (r)(f-f)2 a c c e l e r a t i o n of fluid due to f o r m a t i o n 
of s t e a m vo ids in the h e a t e d c h a n n e l . 

f r i c t i o n a l r e s i s t a n c e in the boi l ing 
s e g m e n t . 

Nio - 2pf ^HS 
A-1+1 

Pf A. HS ^HS 
H S E ™ y(Ai+i)(ai+^) (AiCXi)̂  i+( l 

^HS HS 
HSE^ U A i + i ) ( l - a i + , ) A i ( l - a i ) i 

^ n - R f ^ ^ ' 
Pf 

r - L 
R ' - D R 

R 

t o t a l p r e s s u r e d r o p due to an ex­
pans ion o r c o n t r a c t i o n . 

f r i c t i o n a l l o s s in the a d i a b a t i c 
r i s e r s . 

The v a r i o u s f a c t o r s in Eq . (7.25), such a s R, R 3 , R L B ' P B ' 
Vg/Vf, e t c . , c an be ob ta ined fromi e m p i r i c a l c o r r e l a t i o n s o r by a n a l y t i c a l 
m e a n s a s d i s c u s s e d p r e v i o u s l y . 

7 .2. F o r c e d C i r c u l a t i o n S y s t e m A n a l y s i s 

The b a s i c a n a l y s i s p r e s e n t e d for the n a t u r a l c i r c u l a t i o n s y s t e m 
app l ied e q u a l l y to the f o r c e d c i r c u l a t i o n s y s t e m with s l i gh t m o d i f i c a t i o n . 
The p u m p in the f o r c e d c i r c u l a t i o n s y s t e m m u s t o v e r c o m e the f r i c t i o n a l 
and a c c e l e r a t i o n l o s s e s in the loop p lus the d i f f e r en t i a l h y d r o s t a t i c h e a d 
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between the downcomer and r i s e r section. The differential head in the 
loop is a negative quantity since the downcomer density is g rea te r than 
the r i s e r density. Equation (7.25) can therefore be rewri t ten as 

v 2 
Wp = _ ^ ~ - - [Ni + - » - + Ni + - - - Npcl 

2gn Pr ^ 'C'"D 

P M R \ / fh\ ' Pi NB U i , 'Tl \ , _ • , • Ri 
'JTI ^Ri 

where Wp is the pump work requi rement (based on the downcomer density), 
Ni + Ni - - - a r e defined by Eq. (7.25), and N p c is the number of ve loc­
ity heads lost in the jjuixip circui t exter ior to the r eac to r . 

7.3. Comparison of Analyses with Labora tory Data 

The validity of the analyses and the assumptions made therein 
was checked by comparing the calculation procedure with performance tes t 
data obtained from labora tory loops. These tes ts were run on a basic na tura l 
c i rculat ion loop in which the r i s e r geometry was var ied to introduce con­
t rac t ions and expansion into the flow ci rcui t . A se r i e s of runs was made for 
each geometry at var ious p r e s s u r e s and powers . The power was increased 
for each set of runs until hydrodynamic instabili ty ensued. 

The labora tory loop used for these performance tes ts is s che ­
mat ical ly i l lus t ra ted in Fig. 7 .2 . The geometr ies studied were a one-inch 
d iameter heated section, 4 feet in length, with r i se r s - j - , 1 and 2 in. in 
d iamete r . 

The performance of each of the geomet r ies studied was p r e c a l -
culated, using the methods outlined in the previous sect ion. The calculated 
rec i rcula t ion velocity was plotted as a function of the exit s team volume 
fraction of the heated section, as shown in F igs . 7.2 to 7.9. 

It should be noted that there is some question concerning the 
absolute value of the m e a s u r e d s team volume fraction due to instrumentat ion 
difficulties which were discovered after completion of the testing p rog ram. 
This probable e r r o r applies only to the data for the 1-in. and-j--in. r i s e r 
geome t r i e s . The m e a s u r e d velocit ies a re co r r ec t and therefore the t rend 
of the data is also essent ia l ly accu ra t e . The only change that could resul t 
would be to shift the data to the right on the absc i s sa . In spite of the p rob ­
able e r r o r in the data, some interes t ing observat ions can be made from 
each of the three geomet r ies studied. 
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Fig. 7.2 

Comparison of the Predicted and Measured Perfornance of a 
Natural Circulation S\stem. 2-in. Riser: 500 psig. 
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Fig. 7.3 

Coniparison of the Predicted and Measured Perfornance of; 
tetural Circulation System. 2-in. Riset; 1000 psni. 
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Fig. 7.4 

Comparison of the Predicted and Measured Performance of a 
^atural Circulation System. 2-in. Riser; 1500 psig. 

[ig. 7.5 

Comparison of the Predicted and Measured Performance of a 
Natural Circulation System. 3'4Hn. Riser: 600 psig. 
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Fig. 7.6 

Comparison of the Predicted and Measured Performance of a 
Natural Circulation System. 3/4-in. Riser; 1000 psig. 

Fig. 7.7 

Comparison of the Predicted and Measured Performance of a 
Natural Circulation System. 3/4-in. Riser: 1500 psig. 
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Fig. 7.8 

Comparison of the Predicted and Calculated Performance of a 
Natural Circulation System. 1-in. Riser; 600 psig. 

Fig. 7.9 

Comparison of the Predicted and Measured Performance of a 
Natural Circulation System. 1-in. Riser: 1000 psig. 
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1. Two-inch Diameter Riser 

In a boiling sys tem the acce lera t ion p r e s s u r e drops due to 
the sys tem geometry, and the formation of s team voids in the boiling section 
rep resen t a la rge fraction of the p r e s s u r e drop due to friction and a c c e l e r a ­
tion of the fluid. For the three geometr ies studied, the acce lera t ion p r e s s u r e 
drops accounted for a substantial percentage of the combined p r e s s u r e d rops . 
Also, the percentage of the p r e s s u r e drop due to accelera t ion of the fluid 
general ly inc reased as the void level inc reased . Therefore the amount of 
p r e s s u r e recovery occurr ing at the expansions must be accounted for in the 
hydrodynamic analysis in order to accura te ly predict the pe r fo rmance . If 
zero recovery is assumed, the calculated rec i rcu la t ion velocity will be too 
low; if total recovery is assumed, the calculated velocity is too high. This 
was borne out by the data. 

As can be seen in F igs . 7.2 to 7.4, the labora tory data check 
the calculated performance very well for the three p r e s s u r e s studied. The 
use of the momentum balance for calculating the p r e s s u r e recovery a c r o s s 
an expansion therefore appears to be validated. 

2. Three- four ths- inch Riser Geometry 

In addition to the acce lera t ion p r e s s u r e drop due to the con­
t ract ion from the lower plenum and formation of s team voids, an additional 
accelera t ion p r e s s u r e drop occurs at the contract ion from the 1 -in. heated 
section to the -^ - in . r i s e r . The sys tem is r a the r unique, however, because 
for all prac t ica l purposes the acce lera t ion p r e s s u r e drops mus t be r ega rded 
as i r r ecove rab l e ; it is a s sumed that there is no p r e s s u r e r ecovery . This 
can be at t r ibuted to the fact that the expansion into the upper plenum i n ­
volves a very large change of a r e a . Thus, as for a s ingle-phase fluid, the 
ent i re fluid velocity head can be lost ; that i s , AP a c r o s s the expansion a p ­
proaches ze ro . This was actually borne out by m e a s u r e m e n t . Two stat ic 
p r e s s u r e taps were placed at the expansion into the upper plenum, one in 
the r i s e r and the other just above the r i s e r exit in the upper plenum. In all 
instances the mieasured p r e s s u r e drop was ze ro or ve ry slightly posi t ive. 

Although the data check the calculated performance very 
well, as shown in F igs . 7.5 to 7.7, the validity of using a momentum balance 
a c r o s s the contraction from the 1 -in. pipe to the -|--in. r i s e r cannot be c o m ­
pletely es tabl ished. The frictional p r e s s u r e drops a r e very high, especia l ly 
for the -^-in. r i s e r , and as a resu l t even though the acce lera t ion p r e s s u r e 
drop is substantial , it is not the dominant l o s s . Therefore any e r r o r made 
in calculating the frictional losses would be ref lected in the magnitude of 
the p r e s s u r e drop a c r o s s the contract ion. If we assume that the absolute 
frictional p r e s s u r e drops a re essent ia l ly c o r r e c t (as they a r e thought to be, 
however) , a momentum balance a c r o s s a contract ion appears to yield s a t i s ­
factory es t ima tes of the p r e s s u r e drop. 



3 . One-inch Riser 

For this geometry the two-phase frictional p r e s s u r e drop 
is the dominant loss in the sys tem. Therefore the comparison of the data 
with the calculated performance tends to demonstrate the validity of the 
method used for calculating the two-phase friction factor. As discussed 
previously, the accelera t ion p r e s s u r e drop due to void formation and the 
contract ion from the lower plenum can be t rea ted as i r r ecove rab l e . 

As can be seen from Figs . 7.8 and 7.9, there is good a g r e e ­
ment between data and calculat ions. The data could not be obtained over a 
wider range of voids because of the onset of instabil i ty. 

F r o m the compar isons given above, the validity of the c a l ­
culation procedure presented appears to be establ ished. Perhaps the major 
uncer ta int ies remaining concern the contraction of a two-phase mixture and 
the two-phase friction factors over wide m a s s velocity ranges and p r e s ­
s u r e s . These problems a re under study cur ren t ly . 
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8. THERMAL HYDRAULIC DESIGN PROCEDURES FOR BOILING WATER 
REACTORS 

8.1. Introduction 

In o rder to real ize economic nuclear power the des i rab i l i ty of 
incorporating cer ta in design objectives beconaes readi ly apparent, if the 
des i red goal is to be real ized. A few of the objectives that the boiling water 
r eac to r designer might seek a re : 

(a) optimization of specific power and power density in the core ; 

(b) optiiTiization of in -core fuel res idence t ime; 

(c) optimization of power density per unit void; 

(d) high fuel conversion rat io; 

(e) employment of circulat ion of the core coolant; 

(f) use of internal gravity vapor- l iquid separat ion; 

(g) use of low enr ichment fuel; 

(h) use of ce ramic (UOg) ra ther than metal l ic fuel; 

(i) to obtain the highest neutron economy possible by e l imina­
tion of unnecessa ry core , s t ruc tu ra l ma te r i a l , e tc . 

Unfortunately, a substantial degree of incompatibil i ty exis ts be ­
tween the var ious objectives. Basically, the incompatibil i ty s tems from con­
flicting physics and engineering requ i rements and, as a resul t , the r eac to r 
design which evolves general ly r e p r e s e n t s a compromise between the physics 
thermodynamics and hydraul ics design object ives. However, in a r r iv ing at 
the compromise design a number of design p a r a m e t e r s a re usually taxed to 
their l imi t s . The resu l t is that in many instances ei ther one or severa l of 
these p a r a m e t e r s or design c r i t e r i a actually es tab l i shes the l imits of reac tor 
per formance . Therefore , before a calculation procedure for r eac to r core 
analysis is presented, a brief d iscuss ion of a few of the major design p a r a m ­
e te r s or c r i t e r i a of boiling water r eac to r s is given. An at tempt is nnade to 
point out how these c r i t e r i a affect r eac to r design and ranges and conditions 
under which they may tend to become l imit ing. The calculation procedure is 
then i l lus t ra ted by a sample core analys is , 

8.2. Boiling Water Reactor Design C r i t e r i a 

1. Modera to r - to -Fue l Ratio 

The modera to r - to - fue l ra t io is perhaps the mos t important 
reac tor design pa rame te r because of its immedia te impact on core physics 
and because it essent ia l ly r ep resen t s the bridge between physics and engi­
neer ing. Establ ishing the modera to r - to - fue l rat io of a reac tor , as one might 
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suspect , is the a r ea of g rea tes t conflict between the engineer and physicist 
because of the incompatibili ty of the most des i rable objectives of each. 

F r o m an engineering viewpoint it is des i rable to have a 
la rge mode ra t e r - to - fue l ra t io to obtain a large equivalent d iameter of the 
core coolant flow channel. This is especial ly t rue for the na tura l -c i rcula t ion 
boiling water reac tor , since the miajor hydrodynamic res i s tance exists with­
in the core . As the modera tor - to - fue l rat io d e c r e a s e s , the rec i rcula t ion 
velocity also dec r ea se s due to the increased frictional r es i s t ance within the 
core . As a resul t , the reac tor power, and hence performance, drops , since 
the reac to r power is essent ia l ly proport ional to the rec i rcula t ion velocity for 
a fixed amount of react ivi ty tied up in s team voids. 

Also, as the modera tor - to - fue l rat io is decreased , the 
coolant power density i n c r e a s e s . As a resul t , the core rec i rcula t ion flow 
rate mus t be increased if the same mean core s team volume fraction is 
to be maintained. The modera tor - to - fue l rat io could eventually be lowered 
to a point where it would be impossible to obtain the des i red coolant flow 
rate by natura l convection and, as a resul t , forced circulat ion of the cool­
ant would have to be employed. On the other hand, if the m o d e r a t o r - t o -
fuel ra t io is inc reased too far, the maximium heat flux becomes very large 
and ei ther the fuel centerl ine t empera tu re becomes excessive or the 
c r i t i ca l maximum heat flux is reached. 

F r o m a physics viewpoint, the modera tor - to - fue l rat io 
strongly influences a number of important core design c r i t e r i a such as 
fuel cycle costs , r eac to r stability, e tc . The effect of the m o d e r a t o r - t o -
fuel ra t io on the reac to r physics can be seen by a superficial examination 
of the factors of the cr i t ical i ty equation for a ba re , enriched, wa te r -
modera ted reac tor : 

keff = 1 + ( L 2 + T - ) B 2 " 

Of par t icu lar in te res t a re the t e r m s f and p, the the rma l util ization and the 
resonance escape probability, which a re re la ted to the modera tor - to - fue l 
rat io as follows: 

f ^ 
~ ki + k2(M/F) 

and 

P* fi(M/F)/f2(M/F) ' 

where f2(M/F) changes more rapidly than fi(M/F), 



143 

As can be seen, increas ing the modera tor - to - fue l rat io 
lowers the thermal utilization and inc reases the resonance escape probabil­
ity. If this trend is ca r r i ed too far, the the rmal util ization dec r ea se s faster 
than the increase of the resonance escape probabili ty and the enr ichment 
of the core would have to be increased . Decreas ing the modera tor - to - fue l 
rat io will eventually lead to a required inc rease in enr ichment due to the 
r eve r se effect. As a resul t there is an optimum modera tor - to - fue l rat io 
for a minimum fuel enr ichment . 

The enrichment, however, is but one of severa l factors 
which must be considered in evaluating the fuel cycle cos t s . The number 
of fuel rods in the core inc reases as the modera tor - to - fue l rat io d e c r e a s e s , 
since the fuel rod d iameter is usually fixed independently by the l imiting 
centerl ine t empera tu re . Increasing the number of fuel pins i nc r ea se s the 
fuel fabrication cos t s . However, as the modera tor - to- fue l rat io is de­
creased , the resonance escape probabili ty dec rease s and hence the conver­
sion rat io i n c r e a s e s . The production of additional fissionable ma te r i a l 
enhances the fuel burnup (MWD/ton) considerably. The fuel burnup can also 
be increased by adding enr ichment . This, however, mus t be weighed against 
the increased cost and the lowering of the conversion ra t io . 

The fuel lifetime and fuel inventory a re also strongly affect­
ed by the modera tor - to - fue l ra t io . The cha rac t e r i s t i c s of a reac to r sys tem 
having a high modera to r - to - fue l rat io a re a low fuel inventory, low fuel 
burnup, high average heat flux, low fuel lifetime (if no excess enr ichment 
is added), high specific power, and low coolant power density sys tem. The 
low modera to r - to - fue l core on the other hand will have a longer fuel l ife­
t ime, higher fuel burnup, higher coolant power density, lower average heat 
flux, high fuel inventory and a low specific power. All of these factors 
mus t be studied and weighed. 

The effect of the modera to r - to - fue l rat io on the reac tor 
stability and safety mus t also be evaluated. The boiling water r eac to r 
must be designed with a negative power coefficient of react ivi ty due to for­
mation of steana voids within the core; that is , as the water modera to r is 
expelled from the core , the react ivi ty miust d e c r e a s e . It should be noted, 
however, that a very large negative void coefficient is not des i rab le e i ther . 
If the negative void coefficient is too la rge , r eac to r instabili ty can resu l t 
due to the self-regulat ing feedback control cha rac t e r i s t i c of the sys tem. 

The magnitude of the negative void coefficient will depend 
upon the modera to r - to - fue l ra t io and the core buckling. There is a range 
of modera to r - to - fue l ra t io where the effects of the var ia t ion of the r e s o ­
nance escape probability (p) and the t he rma l util ization (f) on the core r e ­
activity will essent ia l ly cancel each other . As a resul t , the core buckling 
can then be set so that the void coefficient will be negative due to void 
formation and the resul tant neutron exchange. In general , the lower the 
w a t e r - t o - m e t a l ra t io , the more negative the void coefficient becomes . 



To establ ish this modera tor - to- fue l ra t io , all the various 
factors affecting both the engineering and physics requi rements of the core 
mus t be thoroughly investigated. Only then can a compromise on the 
modera tor - to - fue l rat io be reached. 

2. Cr i t ical Maximium Heat Flux (Burnout) 

A major uncertainty in boiling reac tor design is the p r e ­
diction of the cr i t ica l heat flux. The cr i t ica l heat flux is defined as the 
t rans i t ion from nucleate to film boiling and is marked by a sharply de ­
fined increase in the t empera tu re of the heat t ransfer surface. If the heat 
flux is sufficiently great , the resul t ing the rmal excursion resu l t s in phys­
ical destruct ion of the heat t ransfer surface. "Burnout" is a t e r m usually 
used interchangeably with cr i t ica l heat flux, although it is somet imes used 
to denote the point of actual fai lure. Since the f i rs t usage is a misnomer 
and the second subject to such extraneous var iables as ma te r i a l proper t ies , 
p r e s s u r e and/or the rmal s t r e s s e s , and corros ion ra t e s and effects, "burn­
out" is an ambiguous and ill-defined t e rm . 

The cr i t ica l heat flux and the determining conditions 
thereof have been of considerable in te res t for at least a decade, and nu­
merous exper imenta l investigations have been made. However, no c o r r e ­
lations of net boiling "burnout" have been developed to descr ibe adequately 
i ts re lat ionships with all var ious sys tem p a r a m e t e r s . The burnout heat 
flux is a function of the m a s s velocity, mixture enthalpy, sys tem p r e s s u r e , 
and possibly such additional factors as surface condition, geometry, etc . 
Much of the work that has been done to date on the cr i t ica l heat flux prob­
lem has been summed up and reviewed in WAPD-188.^ ' One of the most 
important conclusions l isted in this repor t is that for nonuniform axial 
flux distr ibution the cr i t ica l flux may not occur at ei ther the point of max­
imum heat flux or maximum mixture enthalpy (exit condition). Thus in 
the boiling water reac tor where highly skewed axial power distr ibutions 
have been measured , the core exit condition cannot be used for es tabl ish­
ing the burnout l imi t s . The entire channel must be analyzed and the local 
heat fluxes and fluid conditions compared with existing burnout data and 
cor re la t ions to es tabl ish the burnout point. As the cr i t ica l p r e s s u r e is 
approached, the cr i t ica l maximum flux dec reases and the net boiling 
length in the core approaches zero . At very high p r e s s u r e s , the power peak 
will therefore occur in a region of local or subcooled boiling. It is also 
possible that, even though the c r i t i ca l maximum flux is exceeded, a t rue 
burnout need not neces sa r i l y occur, providing the film boiling coefficient 
is la rge enough. Recent film boiling data have shown that the t empera ture 
r i se accompanying the depar ture from nucleate boiling is not excessive 
for heat fluxes of q <, 200,000 Btu. Thus in a boiling water r eac to r which 
uses the oxide as fuel and s ta inless s teel as cladding it may be possible 
to operate in the film boiling region under cer ta in conditions. However, 
more such data a re needed at heat fluxes of the order of magnitude existing 
in r eac to r s (150,000 to 450,000 Btu/hr ft^) and at comparable m a s s veloci t ies . 
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In eva lua t ing the p r o b a b l e bu rnou t point m a boi l ing w a t e r 
r e a c t o r o p e r a t i n g with n a t u r a l c i r c u l a t i o n of the coolan t , c o n s i d e r a t i o n m u s t 
a l s o be g iven to the s t ab i l i t y of the s y s t e m . When a s y s t e m is h y d r o d y n a m -
ica l ly u n s t a b l e , th is d e p a r t u r e f rom nuc l ea t e boi l ing can o c c u r at l ower 
va lue of hea t flux than the va lue ob ta ined under fo rced c i r c u l a t i o n for i den ­
t i c a l cond i t ions . This is d e m o n s t r a t e d in F i g , 8 .1 , which shows a t r a c e of 
the r e c i r c u l a t i o n ve loc i ty and the point of bu rnou t for a n a t u r a l - c i r c u l a t i o n 
s y s t e m which b e c a m e h y d r o d y n a m i c a l l y u n s t a b l e . The e s t i m a t e d bu rnou t 
hea t flux u n d e r f o r c e d - c i r c u l a t i o n cond i t ions is ~700,000 B t u / h r ft^, w h e r e ­
as the b u r n o u t o c c u r r e d at a flux of ~560,000 B t u / h r ft . Howeve r , the fact 
tha t the s y s t e m is h y d r o d y n a m i c a l l y u n s t a b l e does not p r e c l u d e a bu rnou t 
at any hea t flux. Unfor tuna te ly , t h e r e is p r a c t i c a l l y no i n f o r m a t i o n ava i l ab le 
on n a t u r a l c i r c u l a t i o n burnout o r the effect of i n s t ab i l i t y on bu rnou t . 

r-
VELOCITY 

•"-^- i ! | | 

-»-20 seo-»| 

BURNOUT DOINT 

TIME 

F i g . 8.1 

Ve loc i ty As a F u n c t i o n of T i m e for a N a t u r a l C i r c u l a t i o n Burnou t 

3. V a p o r - L i q u i d S e p a r a t i o n 

In a r e a c t o r , such as EBWR, w h e r e s t e a m is w i thd rawn 
d i r e c t l y f r o m the r e a c t o r v e s s e l , a r e a c t o r power is u l t i m a t e l y r e a c h e d 
w h e r e the v a p o r - l i q u i d s e p a r a t i o n p r o b l e m b e c o m e s so acu te that e x ­
c e s s i v e m o i s t u r e c a r r y o v e r and s t e a m c a r r y u n d e r o c c u r , a d v e r s e l y af­
fec t ing r e a c t o r o p e r a t i o n . The p r e s e n t t r e n d of i n c r e a s i n g the power and 
o p e r a t i n g p r e s s u r e of boi l ing w a t e r r e a c t o r s h a s c a u s e d v a p o r - l i q u i d 
s e p a r a t i o n to b e c o m e one of the m a j o r p r o b l e m s in boi l ing wa te r r e a c t o r 
p lan t e n g i n e e r i n g . 
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Knowledge concerning the mechanism and various factors 
influencing the separat ion of s team from s team-wate r mix tures in reac to r 
vesse l s or in separa te s team drums is quite incoinplete. As a resu l t of 
lack of information, sizing of the reac tor vesse l and internals with any de­
gree of confidence becomes difficult at best . 

The little information that has been reported has appeared 
in the English and Russ ian l i t e r a tu re . However, the experimental data ob­
tained by different techniques a re in some cases inconsistent, and the given 
equations do not predict cor rec t ly the fraction of mois ture ca r r i ed by the 
s team for cer ta in ranges of s team loads and p r e s s u r e s . 

In a na tura l -c i rcu la t ion boiling water reac to r of the EBWR 
type the vapor- l iquid separat ion problem can be divided into the following 
pa r t s : (l) liquid ca r ryover in the effluent s team; (2) s team ca r ryunder in 
the downcomer; (3) effectiveness of liquid makeup water injection and the 
rapidity of s team quenching thereaf ter ; (4) t r anspor t of s team through 
stagnant s t eam-wate r mix tures (vapor holdup above core) . 

The problem of car ryunder of ent ra inment of s team in the 
liquid in a na tura l vapor - sepa ra t ion sys tem is a major one in e i ther a natural 
or forced convection sys tem. The entra inment of the s team in the liquid in 
the downcomer is in general a function of the downcomer velocity and s y s ­
tem p r e s s u r e . In a na tura l -c i rcu la t ion sys tem any entra inment that may 
occur in the downcomer adverse ly affects reac to r operation, since the r e ­
circulat ion is reduced and this in turn lowers the reac tor power. There is 
pract ica l ly no information available that could be used for est imating the 
amount of ca r ryunder that could be expected under normal r eac to r con­
dit ions. 

The car ryunder problem in a forced-ci rcula t ion sys tem 
could be just as seve re . In general , the veloci t ies a re somewhat g rea te r 
in such a sys tem, both in the core and the downcomer. The ent ra inment of 
the s team into the suction lines of the pump could dec rease the NPSH to a 
point where pump cavitation problems could become ser ious , depending 
on the condition of the makeup water and point of injection. 

The se r iousness of the s team car ryunder problem will be 
determined by the rapidity with which the entrained steami bubbles are 
quenched and, of course , by the amount of s team entrained. It is conceivable 
that the entrained s team bubbles a re not collapsed immediate ly because of 
insufficient mixing in the downcomer; as a resul t the s team would be c a r r i e d 
a considerable dis tance before condensing. This will, to a large degree , be 
dependent on the mode of makeup water injection. The makeup water injec­
tion ring mus t be designed so that the makeup water is dis t r ibuted evenly 
ac ros s and around the entire downcomer to insure fast, thorough mixing. 
Should substant ial quantities of s team car ryunder occur, the net driving 
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head for natural circulat ion would be reduced. A reduction in net driving 
head would in turn reduce the rec i rcula t ion flow rate and increase the core 
s team volume fraction. 

In a closed reac tor vesse l the mix ture-vapor interface of 
a two-phase fluid depends upon the initial water level and upon the s team 
void content (power level in a reac to r sys tem). The voids that a re formed 
in the reac tor core and r i s e r and entrained in the downcomer displace an 
equal volume of water , which causes an inc rease in the mixture height. 
The water level above the r i s e r i s , in turn, further expanded by the vapor 
flowing through it, which c rea tes a stagnant two-phase mixture or "bed." 
The final height of the two-phase mixture is a function of the superficial 
s team velocity (based on vesse l d iameter) and water content above the 
r i s e r . Thus, for a given initial water level at saturat ion (with no voids 
present) the expansion of the two-phase "bed" i nc rea se s with increas ing 
power because of the higher superficial s team velocity and the inc reased 
water content which was expelled from the region below the r i s e r . 

The height of the two-phase mix ture cannot be obtained by 
pure ly analytical means . Recourse must be made to exper imental data on 
vapor holdup through stagnant beds of water . Unfortunately, no data exist 
for flow of steara through stagnant water at 600 ps i in l a rge v e s s e l s . How­
ever , such data are available on a i r -wa te r sys tems at a tmospher ic p r e s s u r e 
and in vesse l s up to 36 inches in dianaeter. (1 35) Additional data have been 
repor ted by BehringerV •'•-''*''for s team flowing through water in a 2-in. pipe 
at var ious p r e s s u r e s up to 600 ps i . This data tended to check the work of 
Zmolal-'--'^/ and se rve as a bas i s of extrapolation of the a i r - w a t e r data to 
higher p r e s s u r e s for the la rge diameter v e s s e l s . 

Calculations of the height of the vapor -mix tu re interface 
have been made for EBWR at 40 Mw and tend to explain the inc rease in 
ca r ryover actually m e a s u r e d at that power level , since they show that the 
interface would have been very close to the s team ring at these powers . 

Additional data on the t r anspo r t of vapors through low-
velocity water at the higher p r e s s u r e s must be obtained before optimum 
vesse l s izes can be chosen. 

The problem of entrainment of liquid with the s team will 
also influence strongly the sizing of the r eac to r ve s se l . Data in the Russ ian 
l i t e ra tu re indicate that the entra inment is not a function of the superficial 
velocity alone but also of dome height; that is the liquid entraininent is a 
function of the s team dome volume. The superficial s team velocity is 
known to affect p r i m a r y vapor separa t ion through its effect on the s team 
"disengaging height" at the interface. The s team disengaging height is 
defined as the length requ i red for the t rans i t ion froin the s t eam-wa te r m i x ­
ture to s team of constant quality. The existence of this zone, which p rob ­
ably resu l t s from the expulsion of liquid droplets by the disengaging steana 
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at the vapor-l iquid interface, has been demonstrated in EBWR (see Fig. 8.2). 
As can be seen, the disengaging height increases with increasing superficial 
s team velocity and hence reac tor power. Therefore the minimum steam 
dome height for effective p r i m a r y natural vapor-l iquid separat ion must ex­
ceed the disengaging height. 

Fig. 8.2 

Disengaging Height (interface Thickness) 
as a Function of Power in EBWR 
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It can be seen that sizing of the p r e s s u r e vesse l and, in 
fact, the actual reactor design depend to a very large degree on the vapor-
liquid separation problem. If the p r imary vapor-l iquid separation cannot 
be achieved within the reac tor vesse l , r ecourse must be made to external 
separat ion means such as steam drums, etc. 

4. Reactor Geometryi Natural vs Forced Circulation 

Recirculat ion of the coolant through the reac tor core can 
be achieved by either natural or forced convection. P roper selection of 
the mode of operation can be made only after a careful evaluation of the 
l imitations imposed by reac tor design p a r a m e t e r s , such as reac tor geom­
etry, minimum flow-rate requ i rements , vapor separation, reactor stability, 
etc. 

In a natural-convection system the reci rcula t ion flow ra te s 
that can be obtained are determined p r imar i ly by the system geometry. 
More specifically, the hydraulic d iameters , relat ive flow a reas and heights 
of the core , r i s e r and downcomer a re the controlling factors . Employment 
of natural circulation, therefore , tends to impose limitations upon the geom­
etry that can be used. In a forced-circulat ion system the reactor geometry 
is not usually a major factor, providing the necessa ry pump head and ca­
pacity requi rements do not exceed feasible l imi t s . 
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Natura l -c i rcula t ion flow ra tes can be as high or higher 
than flows normally associated with a forced-ci rcula t ion sys tem. Labo­
ra tory tes t s on a na tura l -c i rcu la t ion loop showed that rec i rcula t ion ve ­
locit ies up to 10 f t / sec could readily be obtained. Basical ly the sys tem 
consisted of a heated section, a 4-ft long pipe of 1-in. d iameter , and a 2-in. 
d iameter r i s e r , 8 ft long. The flow ra tes usually associa ted with forced 
circulat ion are in the range of 8-12 f t / sec . 

Natura l -c i rcula t ion velocit ies can be increased ei ther by 
enlarging the core coolant channel hydraulic d iameter and relat ive flow 
a reas of the r i s e r and downcomer or by adding r i s e r height. A na tu ra l -
circulat ion sys tem featuring a r i s e r l e s s core or heated section yields 
rec i rcula t ion velocit ies which are generally quite low, about 2-4 f t / s ec . 
However, by adding r i s e r height of large hydraulic d i ame te r s , the net 
na tura l -c i rcu la t ion driving head is increased without introducing additional 
flow re s i s t ance . As a resu l t the rec i rcula t ion velocity can readi ly be 
increased. 

An important reac tor design pa rame te r which can influ­
ence the selection of ei ther na tura l or forced circulat ion is the vapor-
separat ion problem. As mentioned previously, in a closed reac tor vesse l 
a power level is ul t imately reached where the separat ion problem be­
comes acute and excessive mois tu re ca r ryover and car ryunder occurs 
which adverse ly affect reac tor operation. When this point is reached, it 
is usually n e c e s s a r y to r e s o r t to external separat ion methods, such as 
the use of s team d r u m s . Such a sys tem has an excellent na tu ra l -
circulat ion potential, since the basic design readily lends itself to incor­
poration of adequate r i s e r height to obtain the des i red per fo rmance . How­
ever, the effect of high r i s e r s on reac tor stabili ty is unknown at p resen t . 
It is a well known fact that maintenance of flow equil ibr ium in a m u l t i - r i s e r 
sys tem is a c r i t ica l problem. 

Reactor stabili ty considerat ions will also have a d i rec t 
bearing on the selection of the type of c i rculat ion. Labora tory t e s t s have 
shown that na tura l -c i rcu la t ion stabili ty is a function of sys tem geometry , 
p r e s s u r e , and exit s team volume fraction of the heated channel. These 
tes ts have shown that there is apparently a threshold value of the exit 
s team volume fraction beyond which hydrodynamic instabili ty occu r s . This 
re la t ionship is also a function of p r e s s u r e ; as the sys tem p r e s s u r e in­
c r e a s e s , the sys tem will become unsta,ble at a lower value of the exit 
s team volume fraction, but at a higher power density. 

Hydrodynamic stabili ty is strongly affected by the sys tem geom­
etry . P lacement of r e s t r i c t ions in the downcomer tends to inc rease the 
stability of the system; that is , the threshold value of the exit s team volume 
fraction inc reases at the inception of instabil i ty. 
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A se r i e s of tes ts which were run to study the effect of r i s e r 
georaetry showed that, for a sys tem where r i s e r flow a r ea was one-half 
that of the tes t section, hydrodynamic instability was observed at a power 
density of 120 k w / l at 600 psi; the inlet section velocity was approxim.ately 
4 f t / s ec . By coinparison, stable operat ion was obtained at a power level of 
350 k w / l for the r i s e r geometry of twice the flow a rea of the tes t section. 
The rec i rcula t ion velocity in this instance was 8 f t / sec . 

It should be noted that, in general , na tura l -c i rcu la t ion sys ­
tems are hydrodynamically stable over wide ranges of conditions, and from 
information gained recent ly it appears that the stability of such sys tems can 
be improved considerably by proper design. More information is needed, 
however, especial ly on high r i s e r sys tems of large hydraulic d iameter and 
of varying relat ive flow a reas to the core . 

Forced-convect ion sys tems with multiple flow channels are 
also subject to hydrodynamic instabi l i t ies which resul t from para l le l 
channel effects. These effects a re due to possible var ia t ions in the r e s i s ­
tance of each channel while they a re being maintained at a fixed p r e s s u r e 
differential common to all. As a resul t , orificing of the individual chan­
nels is required to elirainate the possibil i ty of flow fluctuations occurr ing . 
This is a much d iscussed subject, but little labora tory information is 
available. 

In the final analysis , the m e r i t s of a na tura l -c i rcu la t ion or 
forced-c i rcula t ion sys tem mus t be subject to economic comparison. The 
initial capital investment and maintenance of the external pump loops of 
the forced-c i rcula t ion sys tem mus t be weighed against the cost of the much 
more simplified but possibly more l imited na tura l -c i rcu la t ion sys tem. 

8.3. Design P rocedure for Boiling Water Reac tors 

A design procedure which may be used in a boiling water r eac to r 
design study is outlined below. It should be recognized that the method of 
approach suggested is but one of a number that can be followed. A design 
procedure will, in fact, evolve during the design study and will be governed 
by the objectives and type of r eac to r under study. The sole purpose of this 
outline is to i l lus t ra te the var ious calculation procedures generally used 
in boiling water reac to r design analys is . 

1. Es tab l i sh the design objective. The design objectives 
usually are many and var ied, such as (a) a specified total power, (b) the 
max imum power that can be obtained from a given size of p r e s s u r e vesse l , 
(c) a cer ta in core power density, (d) achieving vapor- l iquid separa t ion 
within the reac tor vesse l , (e) na tura l or forced circulat ion, e tc . 
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2. Conduct a general pa rame t r i c study of the various design 
p a r a m e t e r s such as coolant channel hydraulic diaraeter , r i s e r length, core 
diameter and height, mean core s team volume fraction, modera tor - to - fue l 
rat io, s t ruc ture- to- fue l rat io, etc . The purpose of this study would be to 
es tabl ish feasible l imi ts on the various design p a r a m e t e r s which would 
satisfy the design objectives. The thermal hydraulic portion of the study 
is tied to the core physics and fuel element design by the following 
equations: 

D, 
nD' R ( M / F ) + ( S / F ) + 1 (8.1) 

De = ^c "• nD ĵ, (l + I /nD R 
(8.2) 

P „ = n' /rD„L^q"/3.413 x 10^ 
R 'R^c^c / 

(8,3) 

D 

<l 
R 1 

max - T , a t + Rmax/avg q ; ! ^ : ^ "- k ^ ^c ' ^B (8.4) 

These equations can be plotted in graphical form, as shown 
in Fig. 8.3. Such graphs can readily be used in a pa r ame t r i c study. P r e ­
l iminary es t imates of the core reci rcula t ion flow ra te , s team volume f rac ­
tion, power density, e t c , can be obtained from general ized "average channel" 
calculations, which can be made ra ther quickly. The inherent assumptions 
in such an analysis are (l) a constant axial heat input, and, (2) the overal l 
performance cha rac te r i s t i c s of the core can be es t imated by an analysis of 
the average channel (based on power density). Although these assumptions 
are subject to much question, the calculated performance by the average 
channel method will not vary very great ly from a detailed anaJysis unless 
radical depar tu res from ordinary reac tor geomet r ies a re encountered. 

The following procedure and equations can be used for the 
thermal hydraulic calculations: 

P=D.kw/l = PR(l000)/l^A^o„i^^t(28,3) (8,5) 

where 28.3 converts cu ft to l i t e r s . The c ros s - sec t i ona l flow a r e a is re la ted 
to the modera tor to fuel ra t io as follows: 

T D " nTTDj^ 

coolant -I (8.6) 
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T h e r e f o r e , 

P . D . 
P R ( I O O O ) 

k w / L 
!.7 

L J 2 8 . 3 ) 
TiDi nrrD' R -I 

The a v e r a g e coolan t power dens i t y is a l so r e l a t e d to the h y d r a u l i c s of the 
s y s t e m . F r o m a hea t ba l ance on the boi l ing s e c t i o n of the a v e r a g e channe l 
wi th a u n i f o r m hea t input, 

T ^ e ^ g = ^^coolant^ ' l^e^^fg Q = W^x^hfg = VA 

Conver t ing to power dens i t y in k w / L , 

(8.8) 

P . D . k u / L 
Q(3600) 

3413 A ^ „ ^ I ^ „ , L B ( 2 8 . 3 ) 

^ ^ l ^ e ^ f g /3600 

( 2 8 . 3 ) ^ ( L , ) V 3 4 1 3 

^ c 

a n d 

P.D, avg k w / L 
Xfe_P]hfg (0.0374) 

^ ( L c ) 

(8.9) 

Equa t ing E q . (8.5) and (8.9), 

V = 948 P R L B / L c A c o o l a n t X e P l h f g (8.10) 

Eq . (8.10) m e r e l y def ines the r e l a t i o n s h i p be tween the r e c i r c u l a t i o n ve loc i ty , 
c o r e g e o m e t r y and power . The r e c i r c u l a t i o n ve loc i ty , V, is a l s o , howeve r , 
a function of the h y d r a u l i c c h a r a c t e r i s t i c of the s y s t e m . The r e l a t i o n s h i p 
be tween the ve loc i ty and the s y s t e m g e o m e t r y is given by Eq . (7.25): 

V^ ^nBiPD-^NB^ + ^ B C P D - Z ^ B ) + ^ R i ( % - % i ) 

2g Ni + . . . . . + Ng + 2 N i + 2 N R . 
(8.11) 

w h e r e 

N, = 
/A' 

Pf\ 
H S 

^ D 
1 + K, 

' U P 

a c c e l e r a t i o n of the fluid 
f rom the u p p e r p lenum to 
d o w n c o m e r and f r i c t iona l 
r e s i s t a n c e at c o n t r a c t i o n . 

N , 
' D I D 

f r i c t i ona l r e s i s t a n c e in 
d o w n c o m e r . 
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N , = 

2 / \ 2 
A. D 

1 + K 
^LP. 

E LPB 

decelerat ion of fluid and 
frictional losses at the ex­
pansion from the down­
comer to lower plenum 

N. = 

2 

PD 
HI 
^LPy 

+ K, 
'HSB 

accelerat ion of fluid and 
frictional losses at the con­
tract ion from lower plenum 
to the heated section. 

Ns = 2p. 
PHSB-Pf 

PHSB 

pf / £ H S \ 

accelerat ion of fluid in 
nonboiling length due to 
density change with tem­
pera tu re . 

frictional res i s tance in 
the nonboiling segment 
of the heated section. 

f /?c 
^ ' = i37^ (^J^B) 

Ns = 2(r) (Pf) ' 

.5i(M 
frictional res i s tance in 
the local boiling segment 
of the heated section. 

accelerat ion of fluid due 
to formation of steam 
voids in the heated 
channel. 

'̂ = '^^"-(^^M frictional res is tance in 
the boiling segment. 

A. 
Nio = 2Pf| 

HS 

4 + 1 

2 iPf 1 
^HSE 

Â  HS 1 

Pg ^H + J ^ i «-i 

4. /i \2j.^HS 1 ^HS 
Aitti 

total p r e s su re drop due to 
an expansion or 
contraction. 

frictional loss in the adi-
abatic r i s e r s . 
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Thus the thermodynamic and hydraulic Eqs . (8.. 10) and (8.11), 
which descr ibe the behavior of the average channel, must be solved s imul ta­
neously. The unknowns in the equation can be obtained as follows: 

The coolant c ross sectional flow area , Acoolant' '^^^ ^^ e s ­
t imated from Eq. (8.6) if a fuel element design and core layout has not been 
decided upon. 

The two-phase friction factor mul t ip l ie rs R and R can be 
obtained from the l i t e ra tu re or by the methods suggested in Section 7. 

The accelera t ion p r e s s u r e drop mult ipl ier , r, is 

r = 
(1 -xe)^ ^ f l ^ ^ ^ 

1 - a. a . "g 

1 
(8.12) 

The mean density in the boiling segment may be found as 
a function of p r e s s u r e , slip ra t io , and exit s team volume fraction. For the 
p re l iminary analysis of this type, the assumption is made that the slip rat io 
is constant along the heated length and that there is a uniform heat input. 

PB 1 - ' ' P̂g-̂ f̂̂  | l 
1 

a e ( l " f) 
In 

1 
1 • - a , ( l - ' i ) (8.13) 

where 

f = V Pi 

The two-phase mixture density in an adiabatic r i s e r section 
is simply 

PRi " (1 - '̂ RpPf + X ^ g (8.14) 

The change in voids due to a geometry change naay be e s t i ­
mated from the following s e m i - e m p i r i c a l equation: 

1 
a , = ( l / S - 1) , 1 (8.15) 

where N is the slope of the slip rat io vs water velocity plot as d iscussed in 
Section 7. 
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The mixture quality, X, is related to the steam volume 
fraction, a , by the slip ratio Vg/Vi through the continuity equation. At any 
plane normal to the fluid flow in a channel, 

Wg/Wf = xWx/(l - X)WT = PgAgVg/PiAiVi . 

Introducing 

A = aArj . 

and 

A = (1 - a)A,j 

and simplifying. 

' . (8.16) 

The boiling length ratio may be obtained from an overall 
heat balance on a boiling channel 

QT = WT rhf-hi+Xghfgl = Wgfhf - hj^ + hfgj . 

Inspection of the above equation will reveal that 

Q B / Q T = hfg/(hf - hj^ + hfg) . (8.17) 

This ratio is therefore dependent only on pressure and feedwater injection 
tenaperature. 

For a uniform heat input, 

Q B / Q T = L B A T = hg/^^g-^M) ' ^S-l^) 

A direct solution of Eq. (8.10) and (8.11) is not possible, 
since Eq. (8.11), describing the hydraulic characteristics of the system, 
is implicit in velocity V. The procedure generally used for solving these 
equations is as follows. The solution is found by an iterative process. 

(1) Assume a value of exit steam volume fraction, a^, 

(2) Estimate a value of the slip ratio (using the corre­
lations presented in the previous section) and calculate 
the quality, using Eq. (8.16). 
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(3) Calculate the boiling length frora Eq. (8.18). 

(4) Solve the flow Eq. (8.11). 

(5) Re-evaluate the slip rat io and recalculate the quality 
if neces sa ry . Repeat p rocess until solution converges . 

(6) Calculate the velocity, using Eq. (8.10) and the quality 
calculated in step 2. 

(7) If the velocity calculated in s tep 6 equals the velocity 
calculated in step 4, the des i red solution has been ob­
tained. If the two veloci t ies are not equal, a new value 
of the exit s team volume fraction must be assumed 
and the entire procedure repeated until the veloci t ies 
become equal. 

Such an analysis is c a r r i ed out for a s e r i e s of differing r e ­
actor geometr ies of varying core flow equivalent d i ame te r s , core height, r i s e r 
height, etc. , and a s e r i e s of curves of the type shown in Fig. 8.4 is obtained. 
Such curves a re very useful in that they yield quick es t imates of reac to r 
performance for a grea t number of possible reac tor des igns . P r e l i m i n a r y 
sizing of the p r e s s u r e vesse l can also be ca r r i ed out at this point since the 
total rec i rcula t ion flow ra tes , core voids, e tc . , can be obtained. 

The total rec i rcula t ion flow rate is 

W T = ^coo lan t^P l • 

The downcomer is general ly sized so that it will have a 
negligible p r e s s u r e drop due to friction and low enough velocity so that 
excessive ca r ryunder of s team is not obtained. A the rmal shield analysis 
is then made to es tabl ish the th ickness . Combining these factors , the 
d iameter of the vesse l can be set. The height of the vesse l is es tabl ished 
by allowing sufficient length on the lower plenum, core , r i s e r , and p r i ­
m a r y internal vapor separat ion, if des i red . The required vesse l height 
above the r i s e r is a function of the reac tor power, initial sa tura ted z e r o -
power water level, p r e s s u r e , etc. , as d iscussed previously in the section 
on vapor - separa t ion p rob lems . 

3. Select severa l of the most probable final designs and then 
make detailed physics, engineering and the rmal -hydrau l i c calculations to 
a r r ive at the final design. The calculation procedure for a detailed core 
analysis is much more complex, due to the additional complicating factors 
of constant inlet subcooling ac ross the core and the axial and radial power 
distr ibution within the core . 

In such an analysis , the following unknowns are to be d e t e r ­
mined: (l) the core inlet subcooling, (2) total rec i rcula t ion flow ra te , 
(3) velocity profile ac ros s the core , (4) mean core s team volume fraction. 
(5) axial and radia l s team volume fraction profi les, (6) axial and radial 
mixture quality profile, (7) boiling length profile ac ross the core . 
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Effect of Riser Height and Exit Steam Volume Fract ion on 
Performance of Natural Circulation Boiling Reactors ; 
De = 0.5 in.; T>^ - 1 in.; P = 1000 Va/xa.} 

These factors are a function of the axial and radial core power distr ibutions. 
The power distribution, however, in turn is a function of the systein hydrau­
l ics , since it is a function of the steam volume fraction distribution within 
the core . The core physics and hydrodynamics are coupled together by 
this interrela t ionship. 
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fo l lows: 
A p r o c e d u r e tha t c a n be fol lowed for a c o r e a n a l y s i s i s a s 

(1) A s s u m e a r a d i a l and an a x i a l power d i s t r i b u t i o n and 
c a l c u l a t e the power d e n s i t y d i s t r i b u t i o n . 

(2) A s s u m e a v e l o c i t y p rof i l e a c r o s s the c o r e . 

(3) C a l c u l a t e the to t a l r e c i r c u l a t i o n flow r a t e , Wj;: 

o r 

(4) C a l c u l a t e the c o r e i n l e t subcoo l ing by a h e a t b a l a n c e at 
the top of the d o w n c o m e r w h e r e the m a k e - u p w a t e r i s 
in j ec ted : 

W m h ^ + (1 - S g ) W T h f - WThi , 

Since W^ = Wg = XgW^ 

^ e ^ T V + (1 - ^e)WTh£ = W x h , 

hi = x g h m + (1 - Xe)hf . 

(5) S e l e c t a n u m b e r of po in ts ( channe l s ) a t a p p r o p r i a t e c o r e 
r a d i i for a n a l y s i s and d e t e r m i n e the p o w e r r e l e a s e 
f r o m s t ep 1. M o r e po in t s shou ld be s e l e c t e d n e a r the 
o u t e r r e g i o n of tlie c o r e b e c a u s e ( l ) the power d i s ­
t r i b u t i o n u s u a l l y v a r i e s m o r e m a r k e d l y n e a r the c o r e 
p e r i p h e r y and (2) the v e l o c i t y p rof i l e m u s t be e s ­
t a b l i s h e d m o r e a c c u r a t e l y s ince the g r e a t e s t p e r c e n ­
t age of the to ta l coo lan t flow o c c u r s a t the o u t e r r e g i o n 
of t h e c o r e . 

(6) C a l c u l a t e the exi t m i x t u r e qua l i t y for e a c h of the po in t s 
(or channel ) s e l e c t e d for s tudy by a h e a t b a l a n c e u s ing 
the a s s u m e d v e l o c i t y p ro f i l e f r o m s t e p 2. 

P - D . k w / L - 0 .0374 V^Pf(hf - h^ - Xghfg) /L^ . 

(7) C a l c u l a t e the ex i t s t e a m v o l u m e f r a c t i o n p rof i l e u s i n g 
the m i x t u r e q u a l i t i e s in s t e p 6, Also e s t i m a t e the s t e a m 
v o l u m e f r a c t i o n in the v a r i o u s r i s e r s . The s t e a m 
v o l u m e f r a c t i o n is c a l c u l a t e d by the fol lowing equa t ion : 
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Vi \1 - x / i a / Pg 

^NB 

The slip rat io may be obtained from the slip rat io 
cor re la t ions presented in the previous section, 

(8) Calculate the boiling length for the various channels 
under study by the following relat ionships: 

(hf - hi) 

Q T (hf - hi) + xihfg 

and 

Q B / Q T = 1 - Q N B / Q T 

A plot of Q / Q - J vs the core length, L^, can be ob­
tained by integrating the power distr ibution. The 
point at which boiling begins is where 

Q / Q T - Q N B / Q T 

(9) Calculate the rec i rcula t ion velocity by the flow Eq. (8 , l l ) 
at the selected points on the core radius , 

(10) Compare the rec i rcu la t ion velocity profile obtained 
from step 9 with the one initally assumed in step 2, 
If the profiles a re the same, the performance of the 
core has been es tabl ished. If the profiles are not 
the same, s teps 2-10 mus t be repeated until a g r e e ­
ment is reached. 

(11) After the calculation has been completed, the assumed 
power dis t r ibut ions mus t be recalculated using the new 
s team volume fraction profile. If the new power d i s ­
tr ibution does not check the one in step 1, the ent i re 
procedure mus t be repeated. 

Alternate methods of solution can be used. Fo r instance, 
a subcooling could have initially been assumed and then the velocity profile 
calculated. The solution would i te ra te on the subcooling instead. 

To i l lus t ra te the procedure for analyzing a n a t u r a l - c i r c u ­
lation boiling water reac to r , consider the proposed operat ion of EBWR 
(Exper imenta l Boiling Water Reactor) at 100 Mw.(59) pig^ §.5 l is ts the 
dimensions to be used in the calculation and indicates the relat ionship of 
the var ious r i s e r sec t ions . 
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0.0580 ft^ 
0.0591 £t̂  

De 

0.0573 ft 
0.0417 ft 

L = 5 ft 

A = 22.14 ft^ 

Dg = 2.75 ft 

C o m m o n R i s e r 

L = 4.5 ft 

A ^ 11.04 ft^ 

De = 3.75 ft 

Nonhomogeneous Ri se r s 

8.5 ft 

13.305 ft^ 

Dg - 1.412 ft 

Unhea-ted 
SectiDns 
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Spike e l e m e n t 
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c o m e r 

P l a t e e l e m e n t 

F i g . 8 .5 

P r o p o s e d E B W R O p e r a t i o n a t 100 M w 
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There a re two types of fuel e lements in the core . In the 
cent ra l region ( i .e . , the region in which the e lements feed the centra l portion 
of the non-homogeneous r i se r ) there are 32 plate-type e lements . Grouped 
around these e lements a re 28 rod-type e lements with a higher enrichment , 
called spike e lements . The spike elements feed into the outer (also called 
annular) portion of the non-homogeneous r i s e r . Around the spike elements 
a r e grouped 87 more plate-type e lements , completing the core . 

E lement Number Area per Element Total Area 

Plate - cent ra l 32 

Spike 28 

Plate - outer 87 

0.0580 ft^ 

0.0 591 ft^ 

0.0580 ft^ 

1.856 ft̂  

1.655 ft̂  

5.046 ft̂  

8.557 ft̂  

The average power per element is 

100 Mw - . , „ , »6 Btu in6 ^^" 
Q _ .^^ X 3.413 X lO'' —- = 2.322 x 10 —— 

avg 147 e lements hr Mw hr 
A graphical integrat ion of the radial power distr ibution 

indicates that 26.24%of the power is generated in the cent ra l region. The 
operat ing p r e s s u r e is 600 psia, and makeup water is fed to the reactor 
at 100°F. Thus, the total s team flow is 

Power 3,413 X 10 8 
W„ = . . r . : ! : : ^ = ' V Z . = 3.007 x 10^ Ib /hr . 

hg - h.^ 1203.2 - 68.0 ^ 

The s team flow to the cent ra l nonhomogeneous r i s e r is 

W„ = 0,2624 X 3.007 x 10^ = 0,7890 x 10^ Ib /hr 
^c 

The s team flow to the outer annular region is 

W g ^ = (3.007 - 0.789) x 10^ = 2.218 x 10^ Ib /h r 

A velocity profile for the ent i re core is assumed as a bas is 
for calculation. Assume the velocity in the spike e lements is 5,4 f t / sec and 
the velocity in the plate- type e lements is everywhere 7 f t / sec . 

The flow ra te s of the regions are then calculated. 

W^ == cent ra l fluid flow = PAY 

= 49.75 Ib/ft^ X 1.856 ft^ x 7 f t / sec x 3.6 x 10^ s e c / h r 

= 2,327 X 10^ Ib /hr 
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W^ = annular fluid flow = PAgpikeV^^.j^^ + pA^i^^te'^^i^^te 

= 49.75 X 1.655 x 5,4 x 3,6 x lO'' + 49,75 x 5,046 x 7 x 3.6 x 10^ 

= 7.927 x 10^ Ib/hr 

The total core flow rate is thus 

Wx = 1,0254 X 10^ Ib/hr 

The net quality in the common r i s e r is 

X = Wg/Wx =- 0,0293 

The quality in the central r i s e r is 

xc = W g / W c = 0,033Q , 

The quality in the outer r i s e r is 

x ^ = Wg / W g = 0,0280 

The subcooling is calculated by 

hin = (1 - ^)^f + ^\-n 

= 0,9707 X 471.6 + 0.0293 x b8 ^ 459.8 Btu/lb 

Thus, 

Ah sub 471,6 - 459.8 = 11.8 Btu/ lb 

This value of subcooling is assumed to remain constant a c r o s s the entire 
core . 

The void fraction in the var ious regions is calculated by 

o: = 1 +£§!§ LLi^l 
. pf Vf X J 

- 1 

Thus, the void fractions in the various regions are : 

Central r i s e r 

O'R, 
1.89 ^ 0 .9661 

•̂  38,3 "̂̂  0.0339 

- 1 
0,416 



O u t e r r i s e r 

^ R . = 
1.87 0.9720 

^ 38.3 ^ 0.0280 
= 0.371 

T a p e r e d r e g i o n of c o m m o n r i s e r 

1 - 1 . 

ttR = 1 + 
1.82 0.9707 
38.3 0.0293 

0.388 

C o m m o n r i s e r 

c^Rs = 1 + 
1.59 0.9707 
38.3 0.0293 

- 1 
= 0.536 

V e s s e l above c o m m o n r i s e r 

2,10 0.9707' 
a V 1 + 38.3 0.0293 

= 0.355 

The p r e v i o u s l y d i s c u s s e d E q . (8.11) for comput ing n a t u r a l -
c i r c u l a t i o n v e l o c i t y as app l i ed to t h i s s y s t e m is 

2 

2g 

a + b + ci + cz + C3 

N ij + Ni2 + Nz + N3 + N4j + N42 + N43 + N6 + N7 + Ng + N,^ + N93+ N94 

The s i g n i f i c a n c e s of the t e r m s of the equa t ion as app l i ed to th i s probleixi wi l l 
be d e a l t wi th exp l i c i t l y be low and the v a l u e s wi l l be c a l c u l a t e d . The a n a l y ­
s i s of a s y s t e m a s c o m p l i c a t e d as t h i s one can be s imp l i f i ed by t r e a t i n g the 
t e r m s r e l a t e d to e x t e r n a l u s e r s and d o w n c o m e r s s e p a r a t e l y f r o m the t e r m s 
r e l a t e d to the e l e m e n t s . Th i s i s b e c a u s e the p r e s s u r e d i f f e r en t i a l be tween 
the e n t r a n c e to an e l e m e n t a t the l o w e r p l e n u m and the ex i t f r o m an e l e m e n t 
at the end of the e l e m e n t p o r t i o n of r i s e r into the n o n h o m o g e n e o u s r i s e r m u s t 
be the s a m e for a l l e l e m e n t s of the s a m e l eng th feeding the s a m e n o n h o m o ­
g e n e o u s r i s e r . 

T h u s , by r e a r r a n g i n g t e r m s so t h a t 

Yl 
N i j + N i ^ + N42 + N43 + N93 + N , ^ C2 - C3 = a + b + C] 

V | 
2g I 

N , + N3 + N 4 j + N6 + N7 + Ng + N , ^ 

the left s ide of the equa t i on c o n t a i n s t e r m s r e l a t e d to the e x t e r n a l r i s e r s 
and d o w n c o m e r s , w h e r e a s the r i g h t s ide of the equa t i on conta ins t e r m s r e ­
l a t e d to the i n t e r i o r of an e l e m e n t . 
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The p r e s s u r e differentials through var ious elements a r e 
compared to the p r e s s u r e differentials through the external r i s e r s and 
downcomers. The velocit ies in the elements a re adjusted until the p r e s ­
sure differentials agree . 

The p r e s s u r e differentials in the external r i s e r s and down­
comers a re 

APx = ~ ^ 
I 2g 

N i j + Ni^ + N42 + N43 + N93 + Ng^ c? - c^ 

where VQ is the average velocity of the elements feeding a given external 
r i s e r , for the velocity distr ibution originally assumed. 

The significances of the var ious t e r m s a re listed, and the 
calculation is i l lustrated for the cent ra l r i s e r section. In the calculations 
of hydrostat ic head the common r i s e r is assumed to be 1.5 feet shor ter than 
its actual lengths to account for s team car ryover and allow for possible 
shortening of the r i s e r . 

(1) Fr ic t ion loss , in Ibjj^/ft^, in upper portion of downcomer 

= 0.12 

(2) Fr ic t ion loss in lower portion of downcomer 

A ^ \ 2 

= (0.0093) r 
8.5 \f49.752\ /8 .557 

. 1.412/1 50.25 / \13.305 

= 1.14 

(3) Fr ic t ion loss in nonhomogeneous r i s e r 

= (0.009) (6.00) ( ^ ) ( i ^ ) ' (49.75) = 0.77 

file:///13.305
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(4) F r i c t i o n l o s s in c o m m o n r i s e r 

N.3 = f R 3 R R 3 ( 5 ) ( ^ ) Pf 

= ( 0 . 0 0 7 8 ) ( 4 . 0 0 ) ( - ^ ) ( | ^ ) ( 4 9 . 7 5 ) 
3 . 7 5 / \ 11.04 

= 1.12 

(5) E x p a n s i o n f r o m c o m m o n r i s e r into v e s s e l above 

2 ^f / ^ C A c \ 
^̂'3 = ^«(xf) p g y A y a v AR^ttR^ ^3 -^3 

+ ( l - x ) 

= 2(49.75) 

z ( _ ^ A c 

A v ( l - a v ) A R ( l - a R ) 

8.557 
32.28 

(0.0293)2 (38.3) 

8.557 8.557 
33.28 X 0.355 11.04 x 0.536 

] + (0.9707)2 

8.557 8.557 
33.28 X 0.645 11.04 x 0.464 

-31 .24 

(6) C o n t r a c t i o n l o s s f r o m n o n h o m o g e n e o u s r i s e r into c o m m o n r i s e r 

N. 94 = 2pf 
A c 

A R 

+ ( 1 - X ) 2 

= 2(49,75) 

+ (0.9707)^ 

X 
Pf / A c A C 

Pg \AR3aR3 ARttR 

A c Ac 

AR3( l -aR3) A R ( l - a R ) 

8.557 
16.44 (''•oz'>^n^^-^}{u.LTo.is6 - TeMh 88 

8.557 8.557 
1 1 . 0 4 x 0 . 4 6 4 1 6 . 4 4 x 0 . 6 1 2 

40 .15 

file:///AR3aR3
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(7) Hydrostatic head in nonhomogeneous r i s e r 

C2 = (pj3 - PR^) L R ^ 

= (50.25 - 29.59) 3 = 61.98 I b ^ f t ^ 

(8) Hydrostatic head in common r i s e r 

C3 = (Pj3 - p^J LR^ 

= (50.25 - 30.95) 3 = 57.90 Ib^/ f t^ 

The summation of the n t e r m s is 12.06, so that 

(Vi/2g) I N = (49.00/64.34)(l2.06) = 9.18 

The total p r e s s u r e differential through the r i s e r s and 
downcomers is thus 

APj = - 110.70 Ib^/ft^ 

The same type of analysis is used to find APj for the spike 
elements and the outer plate- type e lements . The re su l t s a r e : 

spike 

APj = -91 .63 Ibf/ft^ 

plate, outer 

APj = - 105.43 Ibf/ft^ 

The p r e s s u r e differential through individual e lements is 
now calculated. Six points in the core were selected to obtain the velocity 
profile. The points were radi i of 10, 25, 40, 50, 60, and 70 cm. The rad ia l 
power distr ibution shown in Fig. 8.6 was used to obtain the power at each 
point. Consider a point at radius 10 cm, to i l lus t ra te the calculation. The 
power of an e lement at rad ius 10 cm is 

Qr = I TT-— |Q = (1.085)(2.322 x 10^) = 2.519 x 10^ Btu/hr 
V^avg/ ^"g 

Several i tera t ions on velocity will be n e c e s s a r y in order to 
find the co r r ec t velocity for an element. As a f i rs t assumption, Vo = 7 f t / s e c 
will be selected. Thus, the fluid flow ra te for an element at radius 10 cm is 

W = pAV = (49.75)(0.0580)(7.0)(3.6 X 10^) = 72.716 Ib /hr . 



ation is 

Fig. 8.6 

EBWR 100-Mw Radial Power Profile 

The power required to bring the subcooled liquid to sa tu r -

Qj^B = WAhg^ij = (72,716)(11.8) = 0.858 x 10^ Btu/hr 

The nonboiling and boiling lengths of the element are now 
found by using Fig. 8.7, a plot of the fraction of total power along the axial 
length of the element. 

Qj^g/Qr = 0.858 x 10V2.519 x 10^ = 0.341 

Thus, the nonboiling length is 

^NB = 30.4 cm = 0.997 ft 

and the boiling length is 

L^ = 3.003 ft 
B 
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F i g . 8.7 

E.BWR 100-Mw Axia l P o w e r P r o f i l e 

40 60 80 100 
AXIAL LENGTH, cm 

120 

The a v e r a g e d e n s i t y in the boi l ing r eg ion i s found by s e l e c t i n g 
a n u m b e r of equa l ly s p a c e d poin ts along the boi l ing length, d e t e r m i n i n g by 
F i g . 8.7 the f r ac t ion of to ta l power g e n e r a t e d up to e a c h point, s u b t r a c t i n g 
f rom that the f r ac t ion of the power u sed in the nonboi l ing length to r e a c h 
s a t u r a t i o n , t h e r e b y d e t e r m i n i n g the qual i ty at the point, by which the s l ip can 
be obta ined so as to c a l cu l a t e the void f r ac t i on at the point, and thus ob ta in ing 
the d e n s i t y at e a c h point . The a v e r a g e of t h e s e d e n s i t i e s along the boi l ing 
length is the a v e r a g e boi l ing dens i t y . Th i s p r o c e d u r e m u s t be u s e d b e c a u s e 
the axia l power d i s t r i b u t i o n is not of a s i m p l e s h a p e . 

Th i s ca l cu l a t i on wil l be i l l u s t r a t e d for the l a s t point in the 
e l e m e n t . H e r e , al l the power has been g e n e r a t e d so 

Q / Q , 1.000 

Thus , 

( Q - Q N B ) / Q r = 1-000 " 0.341 = 0.659 

The qual i ty is 

Q B Q - Q N B Qr / Q - Q N B \ 
X = Wh£ 

g 
W h 

2 . 5 1 9 X 10 ' 
( 7 2 , 7 1 6 ) ( 7 3 1 . 6 ) 

fg " whfg I, Qr ; 

(0.659) = 0.0312 
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a 

Thus, the void fraction in the element r i s e r is 

1 1.50 0.9688 
1 + rr-r- X 38.3 0.0312 

0.451 

The density at the las t point and in the element r i s e r is 

p = (1 - a) Pf + ap = 0.549 x 49.75 + 0.451 x 1.3 

= 27.90 

The same type of calculation for other points along the boiling length yields 
the average boiling density 

P B = 33.39 

The p r e s s u r e differential in the elements a re 

A P n - a + b + ci - (Vo/2g)[ N2 + N3 + N4i + N^ + N7 + Ng + N,^ j 

where VQ is the velocity assumed for the i terat ion. The significances of 
the various t e r m s a r e listed, and the calculation is i l lustrated, using the 
7 f t / sec velocity at radius 10 cm for which the previous t e r m s were 
calculated. 

(1) Fr ic t ion loss , in Ibm/ft^, in nonboiling section of element 

N2 = fc (LNB/Dc)(Pf/pNB) 

= (0.0146) 

= 25.20 

1 + 0.997 1/49.752 
0.0573 A 50.00 

(Note: 1 foot of unheated element added to L N B ) -

(2) Fr ic t ion loss in boiling section of element 

N3 = fcR ( L B / D C ) Pf 

= ( 0 . 0 1 4 6 ) ( 2 . 0 4 ) ( ^ ^ f J ^ M 0 l ) (49.75) 

= 84.11 

(Note: 0.25 ft of unheated element added to L B ) . 
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(3) Fr ic t ion loss in element port ion of r i s e r 

N4i - % , R R , ( L R / D C ) Pf 

= (0.0146)(3.43)(0.75/0.0573)(49.75) 

= 32.61 

(4) Accelerat ion from top of lower plenum into heated element 

N6 = Pf/PD = 49.722/50.25 = 49.25 

(5) Accelerat ion in nonboiling region 

N7 = 2pf(pD - Pf ) /PD 

= 2(49.75)(50.25 - 49.75)/50.25 = 0.99 

(6) Accelerat ion due to void formation 

Ng = 2p£ 

= 2(49.75) 

= 78.80 

(1 - a ) a Pg 

(0.9688)^ (0.0312)2 
" 0 : 5 4 9 " ^ 0.451 ^^^'^^ ^ 

(7) Expansion from element r i s e r into nonhomogeneous r i s e r 

N. h = 2Pf 
Ac 
A R , 

Pf 

PgVAR^aR^ AR.aR^ 

+ ( l - x ) ^ 
A R , ( l - a R j A R ( l - a R ) •R. R, 

^(49.75)lijf^) (0.0312)2 (38.3) 1.856 1.856 
4.00 X 0.416 1.856 x 0.451 

+ (0.9688)^ 1.856 1.856 
4.00 X 0.584 1.856 x 0.549 

-48.89 
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(8) Hydrostat ic head in nonboiling section 

a = ( P D •• P N B ) L N B 

= (50.25 - 50.00)(1 + 0.997) = 0.50 Ibm/^^ 

(9) Hydrostat ic head in boiling section 

b = ( P D " Pfi) L B 

= (50.25 - 33.39)(0.25 + 3.003) = 54.85 Ibm/ft^ 

(10) Hydrostat ic head in element r i s e r 

ci = ( P D - PR^} L R I 

= (50.25 - 27.90)(0.75) = 16.76 Ibm/ft^ 

The summation of the n t e r m s is 222.07, so that 

(Vo/2g) ZN = (49.00/64.34)(222.07) = 169.12 

The total p r e s s u r e differential through the element is 

APji = -97.01 Ibf/ft^ 

Thus, 

APj = APjj = -110 .70+97 .01 = -13.69 Ibf/ft^ 

The assumed velocity was, therefore , slightly low. Assum­
ing Vo = 7.5 f t / sec would yield APj - A P n = 0.98. Plotting APj - APn 
against VQ for severa l i tera t ions yields VQ = 7.47 f t / sec at radius 10 cm. 

This procedure is applied to the other core radii selected 
to obtain the following velocity profile: 

Radius, cm 

10 
25 
40 
50 
60 
70 

Vc ), f t / sec 

7.47 
7.43 
3.85 
7.45 
7,46 
7.51 

This velocity profile is plotted in Fig, 8.8. 
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A m o r e c o m p l i c a t e d ve loc i ty prof i le would r e q u i r e a 
g r a p h i c a l i n t e g r a t i o n of the ve loc i ty over the c o r e to obta in the a v e r a g e 
v e l o c i t i e s of the r e g i o n s . In th i s c a s e , howeve r , it i s suff ic ient to e s t i m a t e 
t h e m f rom the plot . In the c e n t r a l r eg ion V = 7.44 f t / s e c ; in the spike 
r eg ion V = 3.85 f t / s e c ; and in the ou te r p la te r eg ion V - 7.48 f t / s e c . T h u s , 
the flow r a t e s for the c o r e r e g i o n s can be c a l c u l a t e d as was done for the 
o r i g ina l l y a s s u m e d ve loc i ty p rof i l e : 

WQ = 2.47 3 X 10^ I b / h r 

W 

W r 

= 7.901 X 10^ I b / h r 

= 1.0374 X 10^ I b / h r 

The qual i ty for this flow is 

X = (3.007 X 10^) / l .0374 x lO'̂  = 0.0290 

The subcool ing i s 

hsub - 459.9 

o r 

Ahsub = l l - ^ B t u / l b 

Since the o r i g i n a l l y a s s u m e d ve loc i t y prof i le y i e lded a 
subcool ing of Ah = 11.8 B t u / l b , the c a l c u l a t e d ve loc i ty prof i le i s quite 
a c c u r a t e . Another ve loc i ty prof i le would need to be a s s u m e d and the cal­
cu la t ion p r o c e d u r e r e p e a t e d if the subcoo l ings did not a g r e e . 
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Angle 

LT Temperature difference, °F 
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I Surface tension of liquid-vapor interface, 
I Ibf/ft 

Fe rmi Age 

Shear s t r ess 

Ltt 

..2 

'-Lo 

.Square root of the ratio of the two-phase fr ic­
tional p ressure gradient if the liquid alone 
v>-ere flov/ing in the pipe, dimensionless 

Ratio of two-phase frictional p ressure gradient 
to liquid phase frictional p ressu re gradient, 
based on the total mi.xture flow rate, dimen­
sionless (same as "D" R) 




