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Experiments have been conducted on probes 
f o r  determining the secondary s i d e  q u a l i t y  
w i th in  tube bundles which s imulate  the two-phase 
flow hea t  exchangers of pressur ized  water  r e a c t o r  
p l an t s .  The t e s t i n g  was performed with a  
s  team-water mixture of known q u a l i t y  flowing 
around unheated ho r i zon ta l  and v e r t i c a l  
tubes.  The probes 0 p e r a t e d . b ~  e x t r a c t i n g  
low q u a l i t y  samples and ind ica t ing  the 
bulk-stream's q u a l i t y  v i a  r e l a t i v e  concentra- 
t i o n s  of a  chemical t r ace r .  The parameter 
ranges t e s t e d  were: 

pressure  - 600 p s i a  

mass v e l o c i t y  - 50,000 t o  355,000 l b l h r - f t  
2 

q u a l i t y  - 0 t o  0,67 
. 

The t e s t s  showed s a t i s f a c t o r y  probe 
performance f o r  ind ica ted  q u a l i t i e s  up to .  
0.25 f o r  the v e r t i c a l  tube s imulator  and 
up t o  0;40 f o r  the ho r i zon ta l  tube s imulator .  

MEASUREMENT OF QUALITY I N  TWO-PHASE 
FLOW AROUND TUBE BUNDLES 

INTRODUCTION 

The flow of two-phase mixtures of steam and water around tube bundles e x i s t s  
i n  hea t  exchanger systems' where the region ex te rna l  t o  the tubes 
i s  permitted t o  adhieve bulk boi l ing .  One s i g n i f i c a n t  parameter f o r  
charac te r iz ing  t h i s  two-phase flow i s  the  l o c a l  flowing q u a l i t y  ( r a t i o  
of the mass,flow r a t e  of vapor t o  the  t o t a l  mass flow r a t e ) .  To understand 
t h i s  complicated two-phase flow, i t  i s  e s s e n t i a l  t h a t  the l o c a l  qua l i t y  be 
known. . However, i n  t y p i c a l  t e s t s  which model steam genera tors ,  the qua l i t y  
i n  the  tube bundle region is  not  d i r e c t l y  measured bu t  must be ca l cu la t ed  
from semi-empirical co r r e l a t ions .  Consequently, the need e x i s t s  f o r  
employing an instrument (qua l i t y  probe) which is  capable of measuring the 
l o c a l  two-phase flowing qual i ty .  

A survey of t he  l i t e r a t u r e  on the subjec t  of q u a l i t y  measurement i d e n t i f i e d  
a  wide v a r i e t y  of probe designs. However, no proven device o r  technique was 
found which'wnlll d provide fo r  reasonably accura te  measurement of q u a l i t y  under 
the c o n s t r a i n t s  of a  steam generator  tube bundle. P o t e n t i a l l y  appl icable  
ideas  were determined i n  p a r t  from the  l i t e r a t u r e  survey and a  s e r i e s  of 
brainstorming sessions; The s t u d i e s  of Kondic, References 1 and 2 ,  re inforced  
a  concept of using chemical t r a c e r s  f o r  q u a l i t y  determinat ion and the  
p o s s i b i l i t y  of a  row-of-holes design f o r  the probe t i p .  ,Works such a s  
Jagota e t  a l ,  Reference 3 ,  strengthened the p o s s i b i l i t y  t h a t  a  porous 
mater ia l  t i p  cons t ruc t ion  could lead t o  a  successfu l  probe design. 

These ideas were used t o  formulate the design and cons t ruc t ion  of two new 
q u a l i t y  probes. This r epo r t  p resents  the r e s u l t s  of the  proof- tes t ing  
of these new probe designs. 
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11. TEST OBJECTIVES 

The major ob jec t ive  of t h i s  t e s t  was t o  demonstrate the  f e a s i b i l i t y  
of q u a l i t y  probes i n  t e s t  s e c t i o n s  s imulat ing the  tube bundle region 
of v e r t i c a l  tube and h o r i z o n t a l  tube hea t  exchangers. 

The secondary ob jec t ives  of t h e  t e s t s  were as follows: 

1. Determine the f e a s i b i l i t y  of measuring t r a c e r  concentrat ions 
' with  an on-l ine ana lyzer  vs.  the  atomic absorp t ion  technique. 

2 .  Determine the range i n  values of t r a c e r  concentrat ion 
s u i t a b l e  t o  s a t i s f a c t o r y  q u a l i t y  evaluat ion.  

3 .  Determine the range i n  values of sample flow r a t e  s u i t a b l e  
t o  s a t i s f a c t o r y  q u a l i t y  determination. 

4 .  Visual ly  i d e n t i f y  the  two-phase £.low p a t t e r n ( s )  e x i s t i n g  
i n  a  simulated ho r i zon ta l  tube hea t  exchanger. The v e r t i c a l  
tube s imula tor  was not  designed f o r  flow v ieua l i za t ion .  

PROBES ' PRINCIPLE OF OPERATION 

The p r i n c i p l e s  of opera t ion  of the  q u a l i t y  probes and system described 
i n  t h i s  r epo r t  a r e  a s  follows: ' 

1. Subcooled water is  heated t o  provide a  two-phase mixture 
of known qual i ty .  

2. This  bulk-flow mixture of known q u a l i t y  flows i n t o  
a d i a b a t i c  t e s t  s ec t ions  which simulate the  geometry 
o f  a hea t  exchanger tube bundle region with v e r t i c a l /  
ho r i zon ta l  tubes.  

3: The probe i s  i n se r t ed  i n t o  the  bulk-flow stream. 

4. F lu id  from the bulk stream region e n t e r s  the prnhe and 
i s  ex t r ac t ed  f o r  ana lys i s .  This within-probe f l u i d  is 
termed the " s m p l c  flow". 

5 ,  The geometry of the  probe(s)  i s  designed t o  e x t r a c t  only 
samples of r e l a t i v e l y  low q u a l i t y ;  i . e .  near ly  a l l - l i q u i d  
samples. . Capi l la ry  a c t i o n  provides the  mechanism f o r  t h i s  
nea r ly  a l l - l i q u i d  sampling. 

6. A b u i l t - i n  o r i f i c e  near  the  probe head provides pressure 
drop d a t a  on the  ex t r ac t ed  sample. This pressure drop i s  
used t o  determine the q u a l i t y  of the ex t r ac t ed  sample. 

7 .  Any vapor i n  t h e  ex t r ac t ed  sample i s  condensed along the 
sample l i n e  by hea t  t r a n s f e r  t o  the surroundings. 

8. The concentrat ion of a  t r a c e r  chemical i n  the condensed 
sample i s  determined by s tandard analyses .  



9. A reference sample i s  ex t r ac t ed  from t h e  a l l - l i q u i d  region 
upstream of t h e  qua l i t y  probe. This l oca t ion  corresponds 
t o  t he  in l -e t  t o  the heated sec t ion  i n  the t e s t  descr ibed 
he re in  and the l ~ w e ~ r e g i o n s  of the tube bundle i n  hea t  
exchangers. The t r a c e r  concentrat ion i n  t h i s  re ference  
sample i s  determined by s tandard analyses .  

10. The evaluated parameters of sample's qua l i t y ,  condensed 
sample concentrat ion,  and reference sample concentrat ion 
a r e  combined i n  a  der ivable  expression t o  determine the 
probe-indicated value of qua l i t y  i n  the bulk-flow stream. 

A. High Pressure Water System 

Water was c i r cu l a t ed  wi th in  a  high pressure'  loop which i s  shown 
schematical ly  i n  Figures 1 , a n d  2. Figure 1 is the  conf igura t ion  used i n  
the t e s t  s e r i e s  wi th  a  v e r t i c a l  tube bundle s imulator  f o r  the ad i aba t i c  
t e s t  sec t ion .  ,Figure 2  i s  the conf igura t ion  used i n  t e s t s  with the  
ho r i zon ta l  tube s imulator .  The component maximum r a t i n g s  of the loop a r e :  

0 
pump - 120 p s i  head a t  150 gallmin and pressuri-zer  - 2500 p s i a  a t  650 F. 
A l l  p iping is s t a i n l e s s  s t e e l .  

B. E l e c t r i c a l  Power 

Two s t ages  of a  d i r e c t  cu r r en t  generator  were used f o r  t e s t  s ec t ion  
e l e c t r i c a l  power. The p a r a l l e l  connection of the two s t ages  i s  ra ted  
a t  1.6 MW a t  16,000'amps. 

C. Heated Test  Sect ion 

As i l l u s t r a t e d  i n  Figure 1 and 2  a  heated sec t ion  was loca ted  upstream 
of the ad i aba t i c  s imulator  t e s t  sec t ion .  This heated s e c t i o n  was formed 
by connecting f i v e  tubes (347 SS - 0.750 inches O.D. x 0.083 inches wal l  
thickness  x  69.0 inches long heated length)  i n  p a r a l l e l .  E l e c t r i c a l  
t e n i n a l s  were bol ted  t o  each tube t o  provide f o r  nominally equal  ~ a r a l l e l  
e l e c t r i c a l  r e s i s t ance  hea t ing  of each tube. Each heated tube was covered 
with approximataly 2-1/2 inches t h i c k  i n s u l a t i o n  of ca l c ium-s i l i ca t e  
f i be rg l a s s .  

D. V e r t i c a l  Tube Simulator 

  or the f i r s t  s e r i e s  of t e s t s ,  the  ad i aba t i c  t e s t  s ec t ion  simulated 
the flow genmetry within a v e r t i c a l  tube hea t  exchanger. This 
s imula tor ,  see Figure 3 ,  was housed wi th in  a  2-112 inch Schedule 80 
pipe of 316 s t a i n l e s s  s t e e l  (2.490 inches I.D. x 36 inches Song). This 
pipe was ex te rna l ly  covered with approximately 2-112 inches of 
ca lc ium-s i l ica te  f i b e r g l a s s  i n su la t ion .  The tube bundle s imulat ion,  s e e  
Figure 4 ,  was accomplished with three  c i r c u l a r  tubes (304 SS) and a  "U" 
shaped f i l l e r  bar  (304 SS). The tubes were 0.500 inches O.D. on a  t r i a n g u l a r  
p i t ch  of 0.750 inches. The r a t i o  of hydraul ic  diameters of the "U"-half 
t o  the tube-half i s  1.05. The r a t i o  of t he  hydraul ic  diameters of the 
e n t i r e  s imulator  t o  an i n f i n i t e  tube bundle i s  0.96. Both ends of each 



tube were plug-sealed and supported by a  flow d i s t r i b u t i o n  p l a t e .  No 
flow obs t ruc t ions  e x i s t e d  along t h e  36 inch length  except fo r  water 
thermocouples and the  q u a l i t y  probe. 

E. Horizontal  Tube Simulator 

For t he  second s e r i e s  of t e s t s ,  the ad i aba t i c  t e s t  s ec t ion  simulated 
the  flow geometry wi th in  a  ho r i zon ta l  tube hea t  exchanger. This 316 SS 
s imu la to r ,  s ee  Figures  5,  6,  and 7 ,  consis ted of a  rec tangular  housing, 
cover  p l a t e ,  and an a r r a y  of ho r i zon ta l  rods. The cut-out wi th in  the 
housing was f o u r  p i t ches ,  3.376 inches,  wide. The a r r ay  of ho r i zon ta l  
rods cons i s t ed  of nine rows of 2.865 inch long rods. The four  rods on 
each row were 0.563 inches O.D. and on a  0.844 inch t r i a n g u l a r  p i t c h , .  . 
Half -sec t ion  rods were used ad jacent  t o  the inner  wal l  of the  housing, 
Using the  expression "4 x  a rea lwet ted  perimeter" a t  the minimum flow 
a r e a ,  t he  r a t i o  of hydraul ic  diameters of the s i m ~ ~ l a t o r  t o  an i n f i n i t e  
tube bundle was 0.91. The a r r a y  of rods was weld-mounted onto a  base 
p l a t e .  Leaf spr ings  were used a t  each end of the base p l a t e  t o  a id  i n  
matching su r f aces  of t h e  bare ends of the  rods aga ins t  the inner  sur face  
of the cover p l a t e .  A flow d i s t r i b u t i o n  p l a t e  was loca ted  upstream of  
the  tube bundle. The cover p l a t e ,  see  Figure 8, was sea led  aga ins t  the  
housing wi th  an O-ring of  Ethylene Propylene Rubber. A 3-inch diameter 
opening i n  t he  cover p l a t e  was provided t o  permit v i s u a l  observat ion of the  
flowlng mixture. For the non-visual t e s t  runs,  a 316 SS metal plug was 
used i n  t h e  opening. For the v i sua l  t e s t  runs a  t ransparent  quar tz  
window was used. 

F. Row-of-Holes Qual i ty  Probe 

A s  i l l u s t r a t e d  i n  Figure 9, the  row-of-holes q u a l i t y  probe 
c o n s i s t s  of the  probe head, t he  o r i f i c e  block and the  a t tached  
tubing. A l l  components a r e  304 s t a i n l e s s  s t e c l  and assenLleJ by 
weld,ing. Figure 10 shows a  photograph of a  row-of-holes prdbe 
un-assembled components and a  cut-away sec t ion  a f t e r  welding. The 
probe head, 0.134 inch,O.D. x  0.106 inch 1:D. has a  rounded end and 
a  s i n g l e  row of 8-0.025 inch diameter holes  along the  s i d e . .  The 
o r i f i c e  block includes an o r i f i c e ,  0.013 inch diameter x  0.250 inches 
long, and a  0.025 inch diameter t ap  f o r  sensing the  upstream pressure.  
A s e t  of t h ree  concentr ic  tubes a r e  at tached downstream of the o r i f i c e .  

A 0.025 inch diameter hole  i n  the wa l l  of the  inner  tube provides 
a tap f o r  sens ing  the o r i f i c e ' s  downstream pressure.  Sample flow 
e n t e r s  t he  probe head v i a  the row-of-holac, pas ses .  t l~rough the 
o r i f i c e ,  and continues t o  flow wi th in  the  cen te r  tube shown i n  
Figure 9. The two annu l i  formed by the concent r ic  tubes a c t  t o  
communicate.the o r i f i c e ' s  upstream and downstream pressures  s i g n a l s  
from the probe t o  ou t s ide  the  t e s t  sec t ion .  

G. Sin te red  Metal Qual i ty  Probe 

A s  i l l u s t r a t ~ d  in  ' ~ i ~ u r e  11, the  s i n t e r e d  metal q u a l i t y  probe 
c o n s i s t s  of the probe head, a  connector piece,  the o r i f i c e  b l o c k , .  
and t h e  a t tached  tubing. A l l  components a r e  304 s t a i n l e s s  s t e e l  
and joined by welding. . Figure 12 shows a photograph of a a in t e red  
metal  probe i n  un-assembled components and a cut-away eec t ion  a f t e r  



welding. The unassembled s i n t e r e d  meta1,probe head shown i n  
Figure 12 i s  of s l i g h t l y  l a r g e r  s i z e  and was not  used in  f i n a l  
assembly. The probe head, 0.125 inches O.D.. x- 0.061 inches I .D .  
x 0.509 inches l o n g , , i s  made of s i n t e r e d  s t a i n l e s s  s t e e l  wi th  a 
nominal pore s i z e  of 40 microns. The end of the probe head i s  sea led ,  
i .e.  non-porous. The open end of the  probe head a t t aches  t o  the 
connector piece which permits mating the probe head t o  the .0.134 
inch O.D. o r i f i c e  block. .The o r i f i c e  block, pressure  taps ,  ,and the  
conf igura t ion  of three concent r ic  tubes cons i s t  of the  same type of 
components a s  used f o r  the  row-of-holes probe. 

H. Traversing Mechanism 
\ 

A t r ave r s ing  mechanism, s ee  photograph i n  Figure 13, was used t o  . 
pos i t ion  .the probe a t  des i red  locat ion.  This mechanism permits 
traversement by varying the i n s e r t  depth of the  probe i n t o  the 

0 t e s t  s ec t ion  and angle v a r i a t i o n ,  i.e. r o t a t i o n ,  with 180 of 
freedom. Graduation marks on the mechanism a r e  used t o  s e t  the probe 
t o  a known pos i t ion .  The t r ave r s ing  mechanism was un-Cnsulated t o  
promote s teady-s ta te  condi t ions  f o r  h e a t  l o s s  i n  a p r a c t i c a l  time period. 

I, Sampling Lines 

- A s  i l l u s t r a t e d  i n  Figure 1 f o r  t e s t i n g  wi th  the v e r t i c a l  tube 
s imulator ,  the sample l i n e  extended out of the t e s t  s ec t ion ,  through 
the d r i v e  mechanism through a s e r i e s  of instrumented h e a t  exchangers 
which were insu la ted ,  and through a f i n a l  h e a t  exchanger. The f u l l y  
condensed and cooled sample then passed through a flow metering 
o r i f i c e  (0.013 inch diameter) ,  and an on-l ine sodium-ion analyzer.  A 
sample t ap  j u s t  preceding the analyzer  was.used t o  c o l l e c t  b o t t l e  
samples. d s i m i l a r  sample l i n e  was used f o r  the reference sample 
l i n e  extending from the  i n l e t  of the  f i v e  heated tubes t o  the 
analyzer  and b o t t l e  sampling tap. 

A s  shown i n  Figure 2 f o r  t e s t i n g  wi th  the  hor izonta l  tube s imulator ,  
the sample l i n e  extended out  of the  t e s t  s ec t ion ,  through the  t r ave r s ing  
mechanism and through an un-insulated hea t  exchanger. The f u l l y  
condensed and cooled sample then passed through a flow metering 
rotameter and e x i t e d  a t  the b o t t l e  sampling tap. A s i m i l a r  
sample l i ne ,was  used f o r  the reference sample l i n e  from the  i n l e t  
of the f i v e  heated tubes t o  the b o t t l e  sampling tap. 

J. Tracer chemical 

Sodium-ions krom sodium-sulphate were used a s  the  t r a c e r  chemical i n  
t h i s  study. - 

K. Gas Safety 

The sodium-ion analyzer  used i n  the v e r t i c a l  tube t e s t s  required 
, the use of a gas ,  dimethylamine, which is  tox ic  and flammable. A s  a 

s a f e t y  precaut ion f o r  using t h e  gas cy l inder  wi th in  the labora tory  an 
absorpt ion system was used. This system cons is ted  of a pressure con t ro l l ed  
automatic shutof f  valve, a pres'sure con t ro l l ed  r e l i e f  valve,  and an 
absorpt ion tank. 



L. Instrumentat ion 

S t a i n l e s s  s t e e l  sheathed chromel-alumel thermocouples were used 
f o r  t e s t  s e c t i o n  water temperature ind ica t ion .  One thermocouple was placed a t  
t h e  i n l e t  and one a t  the e x i t  of t h e  heated sec t ion .  Two water  
thermocouples were located wi th in  each of. the  ad i aba t i c  t e s t  s ec t ions  
above and below the probe loca t ion .  Water thermocouples were a l s o  
loca t ed  a t  t he  loop flow metering o r i f i c e s .  Other water thermocouple 
l o c a t i o n s  f o r  t h e  v e r t i c a l  tube t e s t s  included the o r i f i c e s  on the 
sample l i n e s ,  t he  ins t rumented-hea t  exchanger, and a t  the cup i n l e t  
of the  analyzer .  For the  ho r i zon ta l  tube t e s t s ,  water thermocouples 
on the  probe sample l i n e  were loca ted  downstream of t he  t r ave r s ing  
mechanism and a t  the i n l e t  t o  the rotameter.  

Separate  thermocouples were a t tached  t o  the e x i t  end n f  ~ a r h  o f  
the f i v e  heated tubes t o  monitor poss ib le  c r i t i c a l  hea t  f l u x  
condi t ions .  Other thermocouples included the  metal sur face  ternperat.~1r~s 
on the  t r a v e r s i n g  mechanism and ambient a i r  condi t ions.  For the 
h o r i z o n t a l  tube t e s t s ,  t h i r t e e n  thermocouples were a t tached  along the  
probe l i n e  between the t e s t  s ec t ion  and the hea t  exchanger. 

Loop pressure  measurements included the system opera t ing  pressure 
wi th  a  16 inch Bourdon type gage and the o r i f i c e  pressure drops. Pressure 
d i f f e r e n c e s  were measured wi th  d i f f e r e n t i a l  p ressure  t ransducers .  For the  
v e r t i c a l  tube t e s t s ,  the  measured pressure  d i f f e r e n t i a l s  included 
t h r e e  d i f f e r e n t i a l s  along the a d i a b a t i c  t e s t  sec t ion ,  the d i f f e r ence  
between the  bulk-flow and the  probe-or i f ice  upstream pressure ,  and 
the  p re s su re  drops across  t he  probe's 0.013 inch o r i f i c e  and the  two 
sample l i n e  o r i f i c e s .  For the  ho r i zon ta l  tube t e s t s ,  the  measured 
p re s su re  d i f f e r e n t i a l s  included seven d i f f e r e n t i a l s  along the 
a d i a b a t i c  t e s t  s ec t ion ,  the d i f f e r e n t i a l s  between the bulk flow 
and. the probe-or i f ice  upstream pressure ,  and the pressure  drop 
ac ros s  t he  probe 's  0.013 inch o r i f i c e .  

E l e c t r i c a l  measurements cons is ted  of the t o t a l  genera tor  supplied 
cu r r en t  and the vol tage drop across  each of  the  f i v e  heated tubes.  

The loop water  flow r a t e  was measured wi th  two o r i f i c e s  of the 
same s i z e  connected i n  s e r i e s .  The loop o r i f i c e  d i a r n e t ~ r s ,  in p a r a l l . e l  
flow Legs, were 0.310 inches and 0.515 inches. For t h e - v e r t i c a l  
tube t e s t s ,  t he  sample l i n e s  used 0,013 inch diameter o r i f i c e s  f o r  
flow r a t e  ind ica t ion .  A l l  flow r a t e  o r i f i c e s ,  i .e.  a l l  but the 
in-probe-Read-orifices,  were c a l i b r a t e d  p r i o r  t o  q u a l i t y  probe t e s t i ng .  
Weigh tanks were used f o r  the  loop o r i f i c e  c a l i b r a t i o n  and volumetric ' 

measurements were used f o r  the sample l i n e  o r i f i c e s .  

Measurement of the sodium-ion concentrat ions was accomplished 
with two techniques. One was the  selecti 've ion e lec t rode  technique 
with a  continuous on-l ine analyzer .  The o the r  was a flame technique with 
b o t t l e d  samples and an atomic absorp t ion  analyzer .  Both techniques of 
the  on-l ine ana lyzer  and b o t t l e  samples were used f o r  the  v e r t i c a l  tube 
t e s t s .  Only ana lys is  of b o t t l e  samples was used f o r  the ho r i zon ta l  tube 
t e s t s .  



An a i r  operated i n j e c t i o n  pump with a  graduated beaker was used 
, t ' o  i n j e c t  metered volumes of the  t r a c e r  i n t o  the system. The i n j e c t i o n  

t r a c e r  was a s o l u t i o n  of sodium-sulphate a t  a  nominal sodium concent ra t ion  
o'f one hundred p a r t s  per  mi l l ion .  

A video-tape system was used f o r  the se l ec t ed  v i s u a l  t e s t s  on the  
ho r i zon ta l  tube s imulator .  This system included the camera, recorder ,  
and monitor. 

The da t a  acqu i s i t i on  system included a  12 poin t  recorder  f o r  t e s t  
monitoring. An i n t eg ra t ing  d i g i t a l  vol tmeter    ID^) was used t o  measure 
a l l  thermocouples, the generator  cu r r en t  and vol tage,  pressure 
d i f f e r e n t i a l  readings, and the on-l ine analyzer .  These readings were 
automatical ly  recorded on magnetic tape. The f i v e  c r i t i c a l  ' heat  f lux  
(CHF') thermocouples were monitored by burn-out de t ec to r s  and the  I D W  
f o r  the hor izonta l  tube t e s t s .  These CHF thermocouples were monitored 
only by burn-out de t ec to r s  f o r  the  v e r t i c a l  tube t e s t s .  

V. TEST PROCEDURE 

A. Simulator Flow Conditions ' . 

The opera t iona l  procedure f o r  the bulk flow condit ions included 
the following s teps :  

1. e s t a b l i s h  s t eady- s t a t e  loop condit ions of pressure ,  
flow r a t e ,  and i n l e t  temperature t o  the  f i v e  heated 
tubes 

2. e s t a b l i s h  i n i t i a l  loop water chemistry condi t ions  of 

- nominal pH : 6.5 t o  7.5 (neu t r a l )  
- '  ,oxygen content:  l e s s  than 0;2 ppm - e l e c t r i c a l  r e s i s t i v i t y :  g r e a t e r  than 1..O megohm-cm 

3 .  i u j e c t  tile sudiuul-ions s o l u t i o l ~  u n t i l  the well &xed 
, loop concentrat ion achieved the  des i red  nominal 

leve l .  Runs were made a t  a  nominal concentrat ions of 
100 ppb and 1000 ppb. 
, 

4. s e t  t he  e l e c t r i c a l  power t o  t he  f i v e  heated tubes a t  
a  l e v e l  necessary t o  produce the des i red  steam qua l i t y  
wi th in  the simulated tube bundle. 

- Be Sample Flow Conditions 
. . 

The general  procedures used t o  operate  the q u a l i t y  probes 
included the following s t eps :  

1. s e t  probe t o  the des i red  i n s e r t i o n  mark 

2 . .  s e t  the  probe 's  sample flow r a t e  t o  the  des i r ed  valde 



3 .  f o r  t e s t i n g  wi,th t h e  row-of-holes probe: 

( a )  s e t  the probe angle  a t  +go0 (row of holes  d i r e c t e d  up 
and away from the approaching 'bulk flow), and read the 
probe-or i f ice  pressure  drop ' 

(b) vary  the angle  and read the p'robe o r i f i c e  pressure  drop fo r :  

+45O - holes  a t  45' o f f  v e r t i c a l  upward 

0' - holes  ho r i zon ta l ;  toward cen te r  rod f o r  v e r t i c a l  
tube t e s t s ;  away. from v i s u a l  window f o r  ho r i zon ta l  
tube t e s t s  

-4 j0  - ho le s  a t  45' o f f  v e r t i c a l  dowhward 

-90' - holes  d i r ec tod  down and d i r e c t l y  open . to  tlie 
appruacl l l~~g bulk r i ~ w  

(c)  determine t h e  angle corresponding t o  the minimum 
probe-or i f ice  pres 'sure drop-; then r e - se t  the  probe 
angle t o  t h i s  optimum angle 

4. e x t r a c t  sample f l u i d  from the  probe l i n e  and reference . 
sample l i n e  by a )  c o l l e c t i n g  i n  b o t t l e s ,  and b) flowing 
through the  on-l ine ana lyzer  

5. readlmeasure and record a l l  da t a  

For  s i n g l e  phase t e s t s ,  the  e l e c t r i c a l  power was s e t  t o  low o r  zero 
l e v e l s  t o  y i e ld  the  des i r ed  va lue  of subcool ing- in  the ad i aba t i c  
s imula tor .  These s i n g l e  phase runs serve  a s  c a l i b r a t i o n  runs f o r  
h e a t  l o s s  e s t ima te s  and probe-or i f ice  c a l i b r a t i o n .  

Table I shows 'a l i s t  of d a t a  ranges t e s t ed .  Shown a r e  the bulk 
flow condi t ions  of pressure ,  mass ve loc i ty  and q u a l i t y ,  and probe 
condi t ions  of i n s e r t  pos i t i ons  and sample flow ra t e .  

C. Sodium-Ion Analysis 
c 

The procedures used f o r  the  on-line sodium-ion analyzer  included a  
two po in t  c a l i b r a t i o n  f o r  zero s e t t i n g  and s lope s e t t i n g .  The d e t a i l s  
of t h i s  procedure were developed by extensive bench t e s t i n g  p r i o r  t o  
the  q u a l i t y  p robe  t e s t s .  

I 

Bot t l e  samples were co l l ec t ed  f o r  a n a l y s i s  of t r a c e r  concentrat ion.  
The 500 m l  polyethylene b o t t l e s  were pre-conditioned by f i l l i n g  wi th  a  
10% s o l u t i o n  of ~ ~ d r ~ c h l o r i c  ac id  and then s t o r i n g  them f o r  a  minimum 
of 48 hours. Then the b o t t l e s  were thoroughly r insed  t en  times with 
pure water.  This procedure was used i n  order  t o  reduce contamination 
and the  corresponding d a t a  e r r o r s .  



: D. Data Reduct ion 
- 

A d i g i t a l  computer was used t o  reduce the  measured 
temperatures and pressures  t o  engineering un i t s .  A l l  water 
p rope r t i e s  were evaluated from Reference 4 .  

- 
Loop watef flow r a t e s  were evaluated as the numerical average of 

values ca lcu la ted  from the two o r i f i c e s  connected i n  s e r i e s .  A l l  
loop o r i f i c e  cons tan ts  were suppl ied by p r e - t e s t  c a l i b r a t i o n s .  

The t e s t  s e c t i o n ' s  mass v e l o c i t y  was evaluated by d iv id ing  the flow F 

r a t e  by the simulated tube bundle's flow area :  0.01576 f t 2  f o r  the v e r t i c a l  
tube s imula tor ,  and 0.02236 f t 2  f i r  t he  ho r i zon ta l  tube s imulator .  For 
the v e r t i c a l  tube t e s t s ,  the sample l i n e  flow r a t e s  were measured by 
pre-ca l ibra ted  o r i f  i ce s .  For the hor izonta l  tube t e s t s ,  the sample 
l i n e  flow r a t e s  were measured by a  pre-ca l ibra ted  rotameter.  

The water thermocouples wi th in  the  ad i aba t i c  t e s t  s ec t ions  were 
c a l i b r a t e d  in-place aga ins t  the  s a t u r a t i o n  temperature. These 
c a l i b r a t i o n s  were included i n  the  f i n a l  ana lys i s .  of the da ta .  

. . 
The t o t a l  e l e c t r i c a l  power suppl ied by the f i v e  heated tubes was 

ca lcu la ted  a s  the product of the ' t o t a l  genera tor  cu r r en t  and an 
average vol tage  drop, This average vol tage  drop' was the a r i t hme t i c  . 

average of the vol tage  drop measured on each of the  f i v e  heated tubes.  
This t o t a l  supplied power, the  assoc ia ted  hea t  l o s ses ,  and the measured 
i n l e t  temperature t o  the f i v e  hea ted  tubes were used with an energy 
balance t o  eva lua t e  the  qua1 i t y  wi th in  the  ad i aba t i c  s imulator .  

The probe-indicated value of q u a l i t y  i n  the  bulk-flow stream was 
evaluated from the expression 

C I  
XTR = 1. - CII ( 1  - x s ) ,  

where 
~ - 

XS is  the sample's q u a l i t y  

C I  i s  the sodium concentrat ion i n  the re ference  sample ex t rac ted  
from the a l l - l i q u i d  region upstream odf the five-heated tubes 

C I I  i s  the sodium concentrat ion i n  t he  f u l l y  condensed sample 
ex t r ac t ed  by the  probe 

XTR i s  the probe-indicated q u a l i t y  of the bulk-flow stream 

A s  d e t a i l e d  i n  Appendix A, t h i s  expression was derived using a  
one-dimensional spec ies  con t inu i ty  equat ion on the t r ace r .  

The values of sodium-ion con'centration were evaluated by atomic 
absorpt ion ana lys i s  of  the b o t t l e  samples. The concent ra t ion  values 
ind ica ted  by the  on-l ine anglyzer  were judge-d t o  be i n  e r r o r  due t o  



excess ive  d r i f t  i n  the  analyzer .  This e r r o r  was suspected but 
unconfirmed during a c t u a l  t e s t i n g .  However, subsequent t o  t he  v e r t i c a l  
tube s imu la to r  t e s t i n g ,  t h e  ana lyze r ' s  d r i f t  was confirmed. 

The q u a l i t y  of an  ex t r ac t ed  sample was evaluated using pressure 
drop c h a r a c t e r i s t i c s  of two-phase flow i n  the probe-or i f ice ' s  0.013 
inch o r i f i c e .  The two-phase flow was modeled with a  s l i p  r a t . i o  of 2.0 
and the  o r i f i c e  constant  was evaluated from l iquid-only c a l i b r a t i o n  runs. 
D e t a i l s  on t h i s  technique a r e  given i n  Appendix A. I t  should be noted 
t h a t  the XS term is  a  r e l a t i v e l y  small  co r r ec t ion ,  so t h a t  the measurement 
of bulk-flow q u a l i t y  i s  f a i r l y  i n s e n s i t i v e  t o  the assumptions involved 
i n  e s t ima t ing  XS. 

V I ,  RESULTS AND DISCUSSION 

A. Data Presenta t ion  

The experimental r e s u l t s  of t h i s  t e s t  a r e  shown i n  Tables 1-6. 
Tables 2-3 g ive  d e t a i l e d  d a t a  with Tables 4-6 providing a  summary 
of t h e  da ta .  Tables 2 and 4 a r e  f o r  the t e s t  s e r i e s  wi th  the  v e r t i c a l  
tube s imula tor  and . t h e  row-of-holes qua l i t y  probe. Tables 3 and 5 a r e  
f o r  t h e  t e s t  s e r i e s  with the  ho r i zon ta l  tube s imulator  and the  row-of- 
h o l e s  q u a l i t y  probe. Tables 3 and 6 a re  f o r  the  t e s t  s e r i e s  wi th  the 
ho r i zon ta l  tube s imulator  and the s in te red .meta1  q u a l i t y  probe. 

The de t a i l ed  da t a ,  Tables 2-3, a r e  presented a s  follows: Column 1 
gives  t he  run  number, an index f o r  d a t a  so r t i ng .  Column 2 g ives  'the 
ope ra t ing  pressure.  Column 3 gives the average mass v e l o c i t y  of the 
bulk-flow i n  the  s imulator .  Column 4 gives the f l u i d  enthalpy withi'n 
the  a d i a b a t i c  s imulator .  Column 5 gives the  average of the bulk-flow's 
a c t u a l  qua l i t y .  Column 6 g ives  the sodium-ion concent ra t ion  of the 
re ference  sample. Column 7 g ives  the  i d e n t i f i e r  denoting a  given 
t r ansve r se  l oca t ion  of the probe within the s imulator .  Column 8 gives 
t he  angle o r i e n t a t i o n  of the  probe. Column 9 gives the probe 's  sample 
flow r a t e .  Column 10 g ives  t he  o r i f i c e  pressure drop . ,  Column 
11 gives  t h e  qua l i t y  of the  ex t r ac t ed  sample, Column 12 g ives  the 
sodium. concent ra t ion  of t h e  probe 's  condensed sample. Column 13 gives 
t h e  probe-indicated value of q u a l i t y  f o r  the bulk-flow stream. Column 
14 g ives  the  d i f f e r ence  i n  q u a l i t y  between the probe-indicated value 
and t h e  bulk-flow's a c t u a l  value. 

The summarized da ta ,  Tables 4-6, a r e  presented a s  follows: .Column 1 
g ives  the  run number. Columns 2 and 3 give the bulk-f low stream average 
va lues  of mass v e l o c i t y  and a c t u a l  q u a l i t y  respec t ive ly .  Column 4 gives the 
probe ' s  re ference  mark f o r  i n s e r t  pos i t i on  ( see  Figure 4).  column 5 gives  
the  q u a l i t y  of the ex t r ac t ed  sample. Column 6 g ives  the 
ind ica t ed  value of q u a l i t y  i n  the bulk-flow stream. For cornparisan, 
Column 7 g ives  the q u a l i t y  d i f f e r ence  between the probe ' s  ind ica ted  
va lue  and the  a c t u a l  q u a l i t y  of the average bulk stream. 

B. V e r t i c a l  Tube Simulator and Row-of-Holes Probe 

The d a t a  given i n  Table 2 and summarized i n  Table 4 were in t e rp re t ed  
t o  determine the worthiness  of the  row-of-holes probe opera t ing  wi th in  
the  c o n s t r a i n t s  of a  t e s t  s e c t i o n  s imula t ing  a  v e r t i c a l ' t u b e  hea t  



exchanger tube bundle. The t rends  and e f f e c t s  of o t h e r  parameters 
we re a l s o  examined. 

1. Accuracy 

" 

Figure 14 shows a  p l o t  of t he  probe-indicated q u a l i t y  vs. the  
average a c t u a l  qua l i ty .  This p l o t  i n f e r s  both s c a t t e r  and b i a s  ' e r rors  
i n  the  a b i l i t y  of the probe t o  measur$,the a c t u a l  qua l i t y .  A s  discussed 
i n  Appendix A, t h e - e r r o r  i n  a c t u a l  q u a l i t y  w a s  es t imated t o  be l e s s  than 
+0.01 - qual i ty .  For ind ica ted  q u a l i t i e s  from 0.05 t o  0.25 the  d a t a  show 
a s c a t t e r  of approximately 50.05, f i v e  percent  q u a l i t y ,  f o r  most (33 out  of 
36)::runs. S t a t i s t i c a l l y ,  the 95%/95% to lerance  i n t e r v a l  f o r  these  d a t a  i s  
+0.065 t o  -0.073; meaning t h a t  with 95 per  cent  confidence, 95 per  cent  
of t he  da t a  taken from an  i n f i n i t e  populat ion w i l l  f a l l  w i th in  t h i s  
i n t e r v a l .  For ind ica ted  q u a l i t i e s  above 0.25, the  s c a t t e r  becomes 
excess ive ly  g r e a t e r  than 50.05, wi th  b i a s  t rend of ind ica ted  q u a l i t i e s  
being lower than a c t u a l  q u a l i t i e s .  

Causes of the b i a s  and s c a t t e r ' a r e  no t  known. However, fu tu re  
s t u d i e s  may consider  s eve ra l  p o s s i b i l i t i e s .  An e r r o r  a n a l y s i s  
showed t h a t  t he  s c a t t e r  ' for  in'dicated q u a l i t i e s  below 0.25 w a s  
approximately. equal ly  a t t r i b u t a b l e  t o  the e r r o r s  inherent  i n  
concentrat ion measurement and t o  eva lua t ion  of the sample qua l i t y .  
The concentrat ion e r r o r  may be s i g n i f i c a n t l y  reduced by using the 
average value o f , m u l t i p l e  measurements of concentrat ion on the same 
sample. The inherent  e r r o r s  i n  determinat ion of the sample's q u a l i t y  
may be reduced i f  add i t i ona l  c a l i b r a t i o n  s tud ie s  a r e  made where mixtures 
of known q u a l i t y  a r e  forced t o  flow through the  o r i f i c e .  The 
b i a s  of ind ica ted  q u a l i t i e s  below a c t u a l  q u a l i t i e s  f o r  ind ica ted  
q u a l i t i e s  above 0.25 may be due t o  concentrat ion gradien ts  which a r e  not  
accounted f o r  i n  the  one-dimensional theory used t o  analyze t h e . d a t a ,  
see  Appendix A. 

2.. Mass v e l o c i t y  e f f e c t s  

Figure 15 shows a  p l o t  of the  q u a l i t y  d i f fe rence  vs.  t he  bulk-fl.ow 
stream's  average mass v e l o c i t y  In  genera l  t he  d i f f e r ences  a t  the low 2 mass ve loc i ty ,  50,000 l b l h r - f t  , were s c a t t e r e d  between 50.05 q u a l i t y  and2 
biased t o  l e s s  than -0.05. A t  the h igh  mass v e l o c i t y  of 320,000 l b l h r - f t  , 
the qual. i t y  d i f f e r ences  were genera l ly  s c a t t e r e d  between L0.05 qua l i t y .  
The reason f o r  t he  b i a s  exhib i ted  a t  low mass ve loc i ty  i s  not  known.. 
However, a s  ind ica ted  by Figure 14, t h i s  apparent mass v e l o c i t y  .bias  
e f f e c t  i s  n o t  present  f o r  the range of ind ica ted  q u a l i t i e s  below 0.25. 

3. Sample's q u a l i t y  

As  shown i n  Tables 2 and 4, the  sample q u a l i t i e s  f o r  t h e  row-of-holes - 
probe with the  v e r t i c a l  tube s imula tor  were t y p i c a l l y  below 0.07 i n  
value. Although zero q u a l i t y ,  i.e. a l l  l i q u i d ,  samples were o r i g i n a l l y  
des i red  the sample q u a l i t i e s  f o r  runs where probe-indicated bulk 
q u a l i t i e s  were below 0.25 were s u f f i c i e n t l y  low t h a t  e r r o r s  from t h i s  
source were acceptable.  Runs 294 and 288 of Table 4 a t  0.37 a c t u a l  q u a l i t y  
i l l u s t r a t e  an uncer ta in ty  e f f e c t  of high sample q u a l i t i e s .  Run 294 with 



a sample q u a l i t y  of 0.106 shows a q u a l i t y  d i f f e r ence ,  ind ica ted  l e s s  
a c t u a l ,  of -0.113. Run 288 with a sample q u a l i t y  of 0.013 shows a 
q u a l i t y  d i f f e r e n c e  of only -0.068. The agreement between indica ted  and 
a c t u a l  q u a l i t i e s  f o r  runs 264 and 252 of Table 4 was i n t e r p r e t e d  a s  
coincidence s i n c e  the sample's q u a l i t i e s ,  approximately 0.50, were 
considered t o  be known only t o  wi th in  - +0.20. 

4. P r o f i l e  t r e ~ . d s  

F igures  16 and 1 7  show p l o t s  of q u a l i t y  p r o f i l e s  f o r  two s e r i e s  of 
. runs. Each p l o t  e x h i b i t s  s c a t t e r  wi th  t h e  average q u a l i t y  d i f f e r ence  

l e s s  than +0.05. It is  noted t h a t  d i f f e r e n t  optimum angles  were 
determined f o r  t h e  poin ts  on a given p r o f i l e  s e r i e s ,  

5. Or i en ta t ion  e f f e c t s  

A s  shown i n  Table 2 ,  changing the probe angle r e l a t i v e  t o  the 
approaching flow usua l ly  r e s u l t s  i n  a change i n  the q u a l i t y  of t he  
e x t r a c t e d  sample. As previous ly  discussed the  probe-angle was surveyed 
t o  determine the optimum angle corresponding t o  t he  minimum sample 
q u a l i t y  which was ind ica ted  by the minimum probe-or i f ice  pressure  drop 
f o r  a given s e t  of the  o t h e r  parameters. For most runs ,  the optimum 

0 
angle corresponded t o  t he  row-of-holes aimed d i r e c t l y  i n t o  (-90 ) the  

0 
approaching flow o r  aimed d i r e c t l y  opposi te  (+90 .) the approaching flow. 
For some runs,  e.g. runs 331-336, e f f e c t s  of an angle a t + 9 0  deg (holes  
up) o r  t h e  -90 deg (holes  down) were approximately the same. For o the r  
runs,  e.g. runs 69-74, only one angle ,  -90 deg a s  opposed t o  +90 deg, 
was the  optimum. For some runs ,  e.g. runs 148-153, the sample's q u a l i t y  
was v i r t u a l l y  indepcneentof probe angle.  No trends on the  dependency, 
i f  any, of optimum angle wi th  bulk stream q u a l i t y ,  probe i n s e r t  pos i t i on ,  
o r  mass v e l o c i t y  were c l e a r l y  i n t e rp re t ab le .  

6, Sample flow r a t e  e f f e c t s  

Most t e s t  runs were conducted with a sample flow r a t e  of approximately 
3.0 lbm/hr. Some t e s t s  were conducted a t  sample flow r a t e  of approximately 
5.0 lbmlhr. The t e s t s  a t  3.0 l b / h r  t y p i c a l l y  showed the  d e s i r a b l e  f ea tu re  
of e x t r a c t i n g  samples of lower q u a l i t y  than d id  the t e s t s  a t  5.0 l b l h r .  
This  f e a t u r e  was observed e a r l y  i n  the t e s t  program wi th  a group of 
runs wi th  a l l  condi t ions  except sample flow r a t e  being nominally the 
same. For example, Table 2 shows the  runs a t  5.0 lbmlhr (runs 16, 17 . 

and 18) t o  e x h i b i t  higher  sample q u a l i t i e s  then the runs a t  3.0 lbm/hr 
(runs 21, 20 and 19).  

7. Tracer  concent ra t ion  e f f e c t s  

A s  shown i n  Table 2,  most (49 .of 74) runs were conducted with a nominal 
re ference  concent ra t ion  of sodium-ions a t  about 100 ppb. For comparison, 
some runs,  e.g. runs 116-264, were made a t  a nominal concent ra t ion  of about 
1000 ppb ( i . e .  one p a r t  pe r  mi l l i on ) .  These runs a t  1000 ppb showed no 
c l e a r  advantage o r  disadvantage over the  runs a t  100 ppb wi th  respec t  t o  
accuracy. This  t rend  of  no c l e a r  d i f f e r ence  was somewhat expected s i n c e  the  
es t imated  e r r o r  of  approximately 5% of reading f o r  t he  measurement of 
concent ra t ion  by the  atomic absorp t ion  technique app l i e s  t o  both 100 ppb 
and 1000 ppb so lu t ions .  



C. Horizontal Tube Simulator and Row-of-Holes Probe 

The da t a  given i n  Table 3 and summarized i n  Table 5 were in t e rp re t ed  
t o  determine the f e a s i b i l i t y  of the  row-of-holes probe opera t ing  wi th in  
the c o n s t r a i n t s  of a  t e s t  s ec t ion  s imulat ing a  ho r i zon ta l  tube h e a t  
exchanger tube bundle. The t rends  and e f f e c t s  of o ther .parameters  
were a l s o  examined. 

1. Accuracy 

Figure 18 shows a  p l o t  of  the probe-indicated q u a l i t y  vs.  the  
average a c t u a l  qua l i t y .  S imi la r  t o  the v e r t i c a l  tube d a t a  discussed 
above, t h i s  p l o t  shows both s c a t t e r  and b i a s  e r r o r s  i n  the a b i l i t y  of 
the p.robe t o  measure the  ac tua l  qua l i t y .  For ind ica ted  q u a l i t i e s  from 
0.05 t o  0.40 and t r a c e r  concent ra t ions  above 50 ppb the  d a t a  show a 
s c a t t e r  of approximately 5 . 0 5 ,  f i v e  per  cent  qua l i t y ,  f o r  most (28 
out  of 35) runs. S t a t i s t i c a l l y ,  the 95%/95% to lerance  i n t e r v a l  f o r  these  
d a t a  i s  +0.072 t o  -0.110;. meaning that with 95 per  cent  confidence, 95 
per  cent  of the da t a  taken from an i n f i n i t e  populat ian w i l l  f a l l  wi th in  
t h i s  i n t e r v a l . '  For ind ica ted  q u a l i t i e s  above 0.40, the  b i a s  t rend  of 
ind ica ted  q u a l i t i e s  being lower than the . ac tua1  q u a l i t i e s  w a s  exhibi ted.  
As wi th  the v e r t i c a l  tube t e s t  s e r i e s ,  an e r r o r  .analysis  suggests  t h a t  
s c a t t e r  f o r  ind ica ted  q u a l i t i e s  below 0.40 was due t o  both the  inherent  e r r o r s  
i n  t h e  concentrat ion meaeurements.and i n  the sample's qua l i t y .  

Although the  causes .of  e r r o r  b i a s  a r e  no t  f u l l y  known, f u t u r e  s t u d i e s  , 

may examine seve ra l  p o s s i b i l i t i e s .  The concent ra t ion  e r r o r s  could be 
reduced by mul t ip le  analyses  of the same sadple.  ,The sample q u a l i t y  
e r r o r s  could be reduced by add i t i ona l  t e s t s  w i th  known sample qua l i ty .  

The b i a s  f o r  ind ica ted  q u a l i t i e s  above 0.40 may be due t o  
concentrat ion g rad ien t s  of t he  t r a c e r  i n  the  l i q u i d  f o r  a given 
qua l i t y .  This cause i s  p a r t i a l l y  supported by comparing the apparent 
qua l i t y  l i m i t s  of the two t e s t s ;  namely 0.25 q u a l i t y  f o r  the  v e r t i c a l  
tube t e s t s  and 0.40 q u a l i t y  f o r  the ho r i zon ta l  tube t e s t s .  Ve r t i ca l  
flow pas t  ho r i zon ta l  tubes should e x h i b i t  an enhanced mixing of the 
f l u i d  compared t o  v e r t i c a l  flow pas t  v e r t i c a l  tubes. Correspondingly, 
the ex is tence  of concentrat ion gradien ts  should be delayed t o  occur  
a t  higher  q u a l i t i e s  f o r  the  ho r i zon ta l  tube t e s t  compared t o  the  
v e r t i c a l  tube t e s t .  

The ind ica ted  b i a s  may be due t o  a c t u a l  q u a l i t y  g rad ien t s  caused 
by dis turbance o f  the  bulk s t ream due t o  the presence of  the probe. . 

This would i n f e r  t h a t  f o r  the t e s t e d  low mass ve loc i ty ,  50,000 l b l h r - f t ,  
and a t  q u a l i t i e s  above 0.40, e i t h e r  theqvapor was d is turbed  t o  flow 
around the  probe o r  t h a t  a  r e l a t i v e  surp lus  o f  l i q u i d  impinged onto the 
p'robe. In  e i t h e r  case the ind ica ted  qua l i t y  would,be lower than the  
bulk-streams averaged a c t u a l  qua l i t y .  

2. Mass v e l o c i t y  e f f e c t s  -. 

Figure 19 shows a p l o t  od t he  a u a l i t y  d i f i e r e n c e  ( ind ica ted  l e a ~ j  
a c t u a l )  vs. t he  bulk-flow stream's  average mass ve loc i ty .  For mass 

2 -- 
v e l o c i t i e s  of '140,000 l b l h r - f t  ,and above, the  q u a l i t y  d i f f e r ences  
a r e  gene ra l ly  s c a t t e r e d  by approximately s . 0 5  qual i ty .  Only a t  t he  
low mass v e l o c i t y  of  50,000 l b l h r - f t 2  do the  da t a  ehaw a s i g n i f i c a n t  b i a s  of 



i nd i ca t ed  q u a l i t y  below t h e  ac tua l .  The r e a s o n s , f o r  t h i s  t rend  a r e  unknown, 
As shown on Figure 18, t he  b iased  runs f o r  ind ica ted  u a l i t i e s  above 0.40 i' were a l l  a t  t h i s  low mass v e l o c i t y  of 50,000 l b / h r - f t  . ,However, due 
t o  c r i t i c a l  hea t  f lux  c o n s t r a i n t s  on the  five-heated tube gvadgement,  
h ighe r  mass v e l o c i t i e s  could not  be t e s t ed  a t  the h igh  a c t & l  q u a l i t i e s  
of nominalPy,0.53 and.0.65. , + ', 

3. Sample's q u a l i t y  

As shown i n  Tables 3 and 5, the sample q u a l i t i e s  f o r  t he  row-of-holes 
probe wi th  the  ho r i zon ta l  tube s imulator  were gene ra l ly  below 0.07 
f o r  i nd ica t ed  q u a l i t i e s  below 0.40. These sample q u a l i t i e s  were 
considered s u f f i c i e n t l y  low t o  permit t h e i r  being evaluated with 
reasonable accuracy by the  technique of o r i f i c e  pressure  drop c h a r a c t e r i s t i c s .  

4. P r o f i l e  t rends  

F k u r e s  20, 21 and 22 show p l o t s  of q u a l i t y  p r o f i l e s  f o r  t h ree  
s e r i e s  of runs. A t  an  average a c t u a l  q u a l i t y  of 0.528, Figure 20 
shows a  b i a s  wi th  the ind ica t ed  q u a l i t i e s  t y p i c a l l y  about 0.1 q u a l i t y  
below the  a c t u a l .  The approximately uniform b i a s  exhib i ted  i n  the  
p r o f i l e  p l o t t e d  i n  Figure 20, suggests  t h a t  i f  the b i a s  i s  caused by 
probe d is turbance  of t h e  bulk-flow stream, then t h i s  d i s turbance  
p e r s i s t s  f o r  a l l  probe pos i t i ons .  Figures  21 and 22 show reasonable 
agreement between indica ted  and a c t u a l  q u a l i t i e s .  None of t he  p r o f i l e s  
c l e a r l y  i n d i c a t e  any p a t t e r n  i n  p r o f i l e s .  * .  

5. O r i e n t a t i o n  ef f eces  

A s  shown i n  Table 3 ,  changing the.probe angle r e l a t i v e  t o  the 
approaching flow may r e s u l t  i n  a  change i n  t he  q u a l i t y  of the ex t r ac t ed  
sample. F-or most cases ,  t he  optimum angle corresponded t o  the 
row-of-holes or ien ted  d i r e c t l y  opposi te  the approaching flow. The 
v a r i a t i o n s  of probe-or i f ice  p re s su re  dmp  , i .e.  an i n d i r e c t  measurement 
of sample's q u a l i t y ,  wi th  t he  probe angle was much l e s s  f o r  t e s t s  with 
the  h o r i z o n t a l  tube s imula tor  than f o r  t h e  previously discussed t e s t s  
w i th  t h e  v e r t i c a l  tube s imulator .  This t rend was considered reasonable 
s i n c e  the  tor tuous  path of v e r t i c a l  flow over ho r i zon ta l  tubes tends t o  
preclude separa ted  flow, i .e.  annular  flow, which occurs  with v e r t i c a l  
flow u a s t  v e r t i c a l  tubes.  

Most t e s t s  were conducted wi th  a  sample flow r a t e  of 3.0 lbmlhr. 
Some t e s t s ,  i , e ,  run 155, were made a t  the bower flow rate of 2.0 lblhr 
i n  order  t o  poss ib ly  reduce t h e  sample's q u a l i t y  while opera t ing  a t  
high bulk q u a l i t i e s ,  i .e .  0.67 f o r  run 155.   ow ever, t h i s  lower than ordinary 
s$mpling r a t e  d id  not c l e a r l y  reduce the samples q u a l i t y  t o  l e v e l s  
s u i t a b l e  f o r  accura te  determinat ion of the sample's qua l i t y .  

7. Tracer  concent ra t ion  e f 5 e s . t ~  

As shown i n  Table 3 ,  most t e s t s  were conducted a t  a  nominal 
re ference  concentrat ion of.sodium-ions a t  about 100 t o  200 ppb. 
During one t e s t  s e r i e s ,  runs 336-353, the reference concentrat ion 
f e l l  t o  below 50 ppb. These low concentrat ion runs were judged a s  
suspec t  d a t a  s ince  the accuracy of concentrat ion measurements is. 
t y p i c a l l y  poorer a t  such low concentrat ions.  



D. Horizontal Tube Simulator and Sin tered  Metal Probe 

The d a t a  given .in Table 3 (runs 385-403) and summarized i n  Table 6 
were in t e rp re t ed  t o  determine the  worthiness  of the  s i n t e r e d  metal 
probe operat ing wi th in  the c o n s t r a i n t s  of a  t e s t  s ec t ion  s imulat ing a 
ho r i zon ta l  tube hea t  exchanger. Only a  l imi t ed  number of. t e s t  runs 
were conducted due t o  a v a i l a b l e  labora tory  t e s t i n g  time. However 
the acquired da t a  were s u f f i c i e n t  t o  i nd ica t e  t rends  and e f f e c t s .  

Figure 23 shows a  p l o t  of the  ind ica t ed  qua l i t y  vs. the average 
a c t u a l  bulk qua l i ty .  Similar  t o  the  t e s t e d  row-of-holes probe with 
the  ho r i zon ta l  tube s imulator ,  the s c a t t e r  of approximately +0.05 
qua l i t y  was exhib i ted  f o r  ind ica ted  q u a l i t i e s  below 0.40. For 
h igher  ind ica ted  q u a l i t i e s  t he  ind ica ted  q u a l i t i e s  were biased t o  
s i g n i f i c a n t l y  below the a c t u a l  q u a l i t i e s . .  

2. Sample's q u a l i t y  
- 

A s  shown in '  Tables 2  and 6, the  sample. q u a l i t i e s  f o r  the  ' s intered 
metal probe were below 0.03 f o r  a l l  t e s t  conditions.  These 
sample q u a l i t i e s  a r e  s u f f i c i e n t l y  low t o  permit reasonable,accuracy . 
i n  eva lua t ion  of t h e  sample's q u a l i t y  f o r  i nc lus ion  i n  the  expression 
t o  eva lua te  the  bulk-flow's qua l i t y .  In  genera l ,  the sample q u a l i t i e s  
ex t r ac t ed  by the s i n t e r e d  metal probe were lower than the sample 
q u a l i t i e s  ex t r ac t ed  by the row-of-holes probe. 

3.  Or ien ta t ion  e f f e c t s  

The s in t e red .  metal su r f ace  i s  e s s e n t i a l l y  a  uniform d i s t r i b u t i o n  of many 
very  small  sampling holes .  Correspondingly i t  was no t  necessary t o  r o t a t e  
t he  probe t o  f ind some optimum angle a s  was done wi th  the  row-of-holes 
probe. 

4. -inn e f f e c t s  

The s in t e red  metal probe 's  performances suggest i t s  s u p e r i o r i t y  over 
the row-of-holes prob-e wi th  respec t  t o  e x t r a c t i n g  low qua ' l i ty  samples 
and not requi r ing  probe ro t a t ion .  However, i t  i s  bel ieved t h a t  
s imulat ion t e s t  r e s u l t s  may be misleading s ince  the  bulk-flow stream 
was t y p i c a l l y  f r e e  of s o l i d s .  It i s  bel ieved t h a t  usage of a  s i n t e r e d  
metal probe i n  a  system with the  p r o b a b i l i t y . o f  suspended s o l i d s  may 
render the s i n t e r e d  metal probe imprac t ica l  due t o  plugging of the  
porous surface.  

E. Visual Studies  . 

A v i s u a l  study was made during t e s t i n g  with the ho r i zon ta l  s imulator  
and the  s i n t e r e d  metal probe. This was accomplished by i n s t a l l i n g  a  
quar tz  window i n  the  ad i aba t i c  t e s t  s ec t ion  and monitoring the  flow wi th  
a  video-tape system. It  was planned t o  determine the  flow p a t t e r n s  of 
two-phase flow p a s t  hor izonta l  tubes from the video recording. However, 
t he  recorded p i c t u r e s  were judged a s  too poor t o  i n t e r p r e t .  The 
causes  f o r  poor r e so lu t ion  were considered t o  be a  combination of th ree  



e f f e c t s .  F i r s t , t h e  ends of the  s o l i d  tubes were excess ive ly  b r igh t  
which produced a  poor c o n t r a s t  t o  r e f l e c t i o n s  from "bubbles1' i n  the flow. 
Second, t h e  f l u i d  v e l o c i t y  was too high r e l a t i v e  t o  the frequency of 
video scans. This r e l a t i v e  speed e f f e c t  made it v i r t u a l l y  impossible t o  
a c t u a l l y  "see" a  bubble f o r  more than  one f u l l  screen scan of t he  

' r eco rd ing  system. Third,  inspec t ion  by the naked eye suggested t h a t  the 
flow p a t t e r n  was t y p i c a l l y  f r o t h  flow (a conglomerate of many small and 
non-coalesced bubbles) f o r  most condi t ions  of mass ve loc i ty  and q u a l i t y .  
As experienced by the au thor  i n  a  previous v i s u a l  study, Reference 5, 
the images f o r  f r o t h  flow a r e  very  d i f f i c u l t  t o  , i n t e r p r e t  even with a  
high speed motion p i c tu re  system. 

The ind ica t ed  ex is tence  of f r o t h  flow tends t o  support o the r  da t a  
t rends  i n  suggest ing t h a t  the  flow was gene ra l ly  homogeneous wi th  a 
normally uniform d i s t r i b u t i o n  of q u a l i t y  across  the t e s t  sec t ion .  
However, t he  v i s u a l  d a t a  were judged a s  i n s u f f i c i e n t  t o  a c t u a l l y  confirm 
t h i s  t rend .  - 

F. Operating Experiences 

~ 6 r f o r m a n c e  of the q u a l i t y  probe t e s t s  employed a  r e l a t i v e l y  new 
and unfami l ia r  technique and procedure. Correspondingly, some .of the 
lessons  learned  deserve comment on guiding o the r  q u a l i t y  probe users .  

1 6  Probe r o t a t i o n  

1t i s  necessary t o  r o t a t e  t he  row-of-holes i n  order  t o  determine 
the optimum angle corresponding t o  minimum sample qua l i t y .  This 
r o t a t i o n  should encompass the two s tagnat ion  poin ts  on the probe 
r e l a t i v e  t o  the approaching flow. 

- 

2. Sample .flow r a t e  

The sample flow r a t e  must be maintained cons tan t  a t - a l l  times during 
a  t e s t .  This  is  necessary t o  i n su re  meaningful d a t a  from the r o t a t i o n  
s e r i e s ,  It is a l s o  important during an a c t u a l  sampling run i n  which 
samples a r e  co l l ec t ed  s i n c e  changes i n  f low r a t e  could a l t e r  the  
q u a l i t y  of t he  sample being e x t r a c t e d  and correspnndingly the concentrat ion 
of ehe c o l l e c t e d  sample. 

3. Plugging 

It is  poss ib le  f o r  the  row-of-holes probe t o  become plugged. Plugging 

cvuld occur  ac e i t h e r  - the row-of-holes,the o r i f i c e ,  o r  the pressure tap  
holes  w i t h i n  the  probe head. Plugging of the  0.013 inch diameter o r i f i c e  
h o l e s  d id  occur,  a f t e r  run number 365, wi th  the  ho r i zon ta l  tube 
s imula tor  and the  row-of-holes probe. This plugging was quickly resolved 
by simply applying 'back-pressure t o  the probe. 



4. Concentration l e v e l s  

The re ference  concentrat ion l e v e l  t y p i c a l l y  decreases  with time. 
This follows s ince  t r ace r - so lu t ions  a r e  ex t rac ted  by the probe l i n e  
and the reference sampling l i n e  and the make-up water  is typ ica l ly '  ' 

pure, i .e .  l e s s  than 5 ppb sodium concentrat ion.  This decrease can 
lead  t o  excess ive ly  low concentrat ion as-experienced by runs 336-353 
on the  hor izonta l  tube and row-of-holes probe t e s t .  These concentrat ions 
below 50 ppb were judged a s  suspect  da t a  due t o  excessive e r r o r s  i n  
concentrat ion measurement. Correspondingly the nominal concentrat ion 
should be f requent ly  monitored and maintained a t  the  des i red . leve1 .  

5. Chemical 'analysis  

- . .  The use of an ,on- l ine  ana lyzer  f o r  measurement of t he  probe-line and 
reference  samples appears impract ical  due t o  excessive s t a b i l i z a t i o n  and 
c a l i b r a t i o n  times. However, the use of an on-l ine analyzer  would probably 
be s a t i s f a c t o r y  f o r  continuous monitoring of a system's nominal concentra- 
t ion .  The use of b o t t l e d  samples which a r e  l a t e r  analyzed by the atomic 
absorpt ion technique i s  s a t i s f a c t o r y  f o r . t h e  probe-l ine and re ference  
samples. The inherent  e r r o r s  i n  the atomic.abso.rption method may be 
reduced i f  the same sample i s  analyzed severa l  times wi th  r e c a l i b r a t i o n  
of the analyzer  each time. 

6. Probe-or i f ice  c a l i b r a t i o n  

The technique of using the o r i f i c e  pressure  drop c h a r a c t e r i s t i c s  
requi res  t h a t  the o r i f i c e ' s  constant  be known f o r  s i n g l e  phase flow. 
Correspond/ngly, c a l i b r a t i o n  runs a r e  required where , l iquid-only e x i s t s  
i n  the bulk-flow stream. Flow condit ions with l iqu id-only  a t  t y p i c a l  subcooling 
of 10 t o  1 5 ' ~  were used i n  t h i s  t e s t .  This subcooling was considered t o  be 
s u f f i c i e n t l y  c lo se  t o  the s a t u r a t i o n  po in t  while maintaining minimal 
subcooled voids.  The frequency of o r i f i c e  r e - ca l ib ra t ions  may depend on 
the p a r t i c u l a r  probe and a l k a l i n i t y  condi t ions  of the bulk stream. The 
r e l a t i v e l y  small  o r i f i c e  hole  (O.013 inches) i s  s e n s i t i v e  t o  any sur face  
changes a s  may occur when opera t ing  a t  a pH below 9. 

7. Probe-orif ice with two-phase flow 

The probe o r i f i c e s  were never c a l i b r a t e d  wi th  two-phase flow of  
ac tuably  known qual i ty .  Such a c a l i b r a t i o n  was judged a s  d i f f i c u l t  
due t o  the inherent  e r r o r s  of h e a t  l o s s  f o r  a system operat ion a t  
r e l a t i v e l y  low flow r a t e s  of 3.0 l b lh r .  Correspondingly a r e l a t i v e l y  

, accura te  two-phase c a l i b r a t i o n  would requi re -  design and cons t ruc t ion  of 
r a t h e r  e l abo ra t e  equipment. The se l ec t ed  model based on a s l i p  r a t i o  
of 2.0 was judged as s u f f i c i e n t l y  accura te  f o r  the e x t r a c t i o n  of low 
q u a l i t y  samples a s  experienced i n  t h i s  t e s t .  
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V I I  . CONCLUSIONS 

From i n t e r p r e t a t i o n s  of the d a t a  taken i n  t h i s  q u a l i t y  probe s tudy 
- and f o r  t he  ranges of parameters t e s t ed  the following major 

conclusions were made: 

1. The t e s t e d  row-of -holes  qual i ty .  .probe is  q u a l i f i e d  . fo r  
determinat ion of steam q u a l i t y  wi th in  the  tube bundle 
region of  v e r t i c a l  tube h e a t  exchangers f o r  i nd ica t ed  
q u a l i t i e s  up t o  0.25 and an accuracy l imi ted  t o  approximately 
+0.05 - qual i ty .  

2. The t e s t e d  row-of-holes q u a l i t y  probe is  q u a l i f i e d  f o r  
determinat ion of steam q u a l i t y  w i th in  the tube bundle 
region of  ho r i zon ta l  tube hea t  exchangers f o r  ind ica ted  
q u a l i t i e s  up t o  0.40 and an accuracy l imi ted  t o  approximately 
+0.05 qua l i t y .  - 

3 .  The t e s t e d  s intered-metal  ' q u a l i t y  probe i s  q u a l i f i e d  f o r  
determinat ion of steam q u a l i t y  w i  h in  the tube bundle 
region of ho r i zon ta l  tube hea t  exchangers f o r  ind ica ted  
q u a l i t i e s  up t o  0.40 and an  accuracy l imi ted  t o  approximately 
M.05 q u a l i t y  while ope ra t ing  a t  nominally s o l i d s - f r e e  - = 
condit ions.  

The fol lowing secondary conclusions were made: 

1. An on-lrne ana lyzer  f o r  measuring t r a c e r  concent ra t ions  
is  imprac t ica l ,  However, such, an analyzer  would be 
r e a s i b i e  f o r  monitoring a system's nominal concentrat  ion 
l eve l .  The technique of ana lys i s  by atomic absorp t ion  
of co l l ec t ed  b o t t l e  samples i s  s a t i s f a c t o r y  wrth r e spec t  
t o  q u a l i t y  probe app l i ca t ion .  The inherent  e r r o r s  of t h i s  
technique may be reduced i f  mul t ip le  measurements a r e  made 
of the same sample wi th  r e - c a l i b r a t i o n  a f t e r  each case. 

2. [Resul t s  show s a t i s f a c t o r y  performance f o r  sodium-ion 
concentrat ions a t  approximately 80 ppb and abovc. 

J 

Unrel iab le  r e s u l t s  may be exhib i ted  f o r  concent ra t ion  ' 0 

below 50 ppb, 

3.  Operation with the  row-of-holes probe r equ i r e s  probe 
ro t a t ion .  This requirement i s  necessary i n  order  t o  
determine the optimum angle which permits e x t r a c t i n g  samples 
of s u f f i c i e n t l y  low qua l i t y .  Although most optimum angles i n  
t h i s  t e s t  corresponded t o  the  holes  d i r e c t l y  facing o r  d i r e c t l y  
opposing the approaching flow, probe r o t a t i o n  would be required 
f o r  general  use s ince  the a c t u a l  d i r e c t i o n  of flow may not  be 
known. The s i n t e r e d  metal probe does not  ' requi re  probe 
ro  ta.t  ion. 



4. Operation a t  a nominal sample flow r a t e  of 3.0 l b / h r  
i s  s a t i s f a c t o r y  f o r  reasonable probe performance. 
Operation a t  h igher  sample flow r a t e s  may lead t o  
excessive e r r o r s  due t o  unce r t a in ty  i n  the sample's 
qua l i ty .  Operation a t  lower flow r a t e s  may be 
impract ical  due t o  the requirement of maintaining 
s teady-s ta te  condit ions over  the time required t o  
f i l l  a sample bo t t l e .  

5. The inherent  e r r o r s  i n  determination of t he  sample's 
q u a l i t y  may be reduced i f  add i t i ona l  t e s t s  a r e  
performed where samples of known q u a l i t y  a r e  flowed through 
the probe o r i f i c e .  

6 .  This  study was only p a r t i a l l y  successfu l  i n  determining 
, t h e  two-phase flow p a t t e r n  of secondary s i d e  flow across  a 
ho.rizonta1 tube. bundle. Although the i d e n t i f i e d  flow 
p a t t e r n  of f r o t h  flow was observed, the  recorded da t a  
were inadequate t o  develop flow p a t t e r n  maps. 

.--' . . 



TABLE I. L i s t  cf Tested D.ata Ranges 

Simulator 

Bulk-Flow Conditions 
Nominal 

Mass Velocity 
, 

Probe Conditions 
Number of Sample 

NJU-ber Dif fe ren t  Flow 
Tube Pressure  x 10-=' Visual o  f  Probe I n s e r t  Rate 

Or i en ta t ion  Qplality Probe (ps ia )  ( lb /hr - f  t ) W a l i t y  Data R.uns Pos i t i ons  ( l b / h r )  

Ver t i ca l  row-of-holes I2 00 0.2, 0;45 (subcooled) no 11 2 3.0-9.0 
Ver t i ca l  row-of-holes 600 0.05-0.35. (subcooled) no 15 5 2.0-9.0 
Ver t i ca l  row-of-holes 600 0.05 0.01-0.63 - m 30 10 3.0, 5.0 . 
Ver t i ca l  row-of-holes 60 0 0.10 0.07-0.63 no. 10 3 3.0 
Ver t i ca l  row-of-holes ,600 ' 0.19 0.,09-0.40 no 9 .  5 3.0 
Ver t i ca l  row-of-holes ,600 0.31 0.10, 0.20 no 7 3  3.0 

Horizontal  
Horizontal  , 

Horizontal  
Horizontal  
Horizontal  
Horizontal  

~ o r i z o n t a l  
Horizontal  
Horizontal  
Horizontal  
Horizontal  
Hori.zonta1 

row-of -holes 
row-of-hole s 
row-of-holes 
row-of-holez 
row-of-holes 
row-of-holes 

s i n t e r e d  me'al 
s i n t e r e d  mezal 
s i n t e r e d  mezal 
s i n t e r e d  mecal 
s i n t e r e d  m e a l  
s i n t e r e d  mecal 

(subcooled) 
(subcoole$) 
0,07-0.67 
0 -08-0.44 
0.09-0*32 
0.10, 0.18 

(subcooled) 
(subcooled) 
0.06-0.66, 
0.08-0.44 
0.10-0.30' 
0.10, 0.20 



TABLE 2 .  Vertical Tube Simulator Test Results 

PgLY FLOW C O V C I T I J N S  . 1 _---------- Q h 3 B E  SP H P L I N G  C O N D I T I O N S - - - - - - - - - - - -  ------- AT 3 F J Q E  L Z Z A T I 3 N  ------- 
T ~ A C E R  XBT 

MASS QEFFPENCE (1) CONC.EN- TEST 
V F L O C I T Y  Ti?hCER P? 3.9: O R I F I C S  YS3 T ? A T I O N  S E C T I J N  

PSES- 1( 1 0 - 6  CONCZN- --LOCPT I C N - -  FLOW P R E S S U i t  Q U A L I T Y  I N  Q U A L I T Y  Q U A L I T Y  
; R Y N  S U f E  ( L B / Y R -  N l H P L p Y  X 9 T I 4 T  I O N  RATE DCO? OF SAMPLE V I A  D I F F E R E N C E  
'NJ. ( F S I 4 )  F T S ? )  ( B I U / L S )  O U A L I T Y  ( P F 9 )  I N S E I T  ANGLE CLBIHP) ( P S I )  SAMPLE ( P P B )  a TRACE3 ( X B T  - KB) 

(1) See Figure 4 for description.  

t 



TABLE 2 (Continued) 

Q Y L K  'LOW C i l N D I T I 3 N S  -------- AT pQQ?E L O C L T I O N  ------ 
TRACER 
CONCEN- 
T R A T I O N  

I N  
SP H P L E  

( P P J )  

XBT  
T E S T  

S E C T I O N  
Q U A L I T I  

V I A  
TRACER 

MASS E E F E  F ' E t J C f  
\ITLOCI T V  T V C E P ,  

PR.E';- X 1;-6 C O N C f  N- 
SUN SUEZ ( L B / q R -  E N T H P L ' V  If 9 T 2 P T  IOFI  
N 3 @  ( P S I 4 1  F T S ? )  3 PUSLI 'Y ( ? I = ? )  

O R I F I C E  
FLOW ' S E S S U ? E  
S A T E  OPOP 

( L ? / H ? l  (PSI) 

Q U A L I T Y  
DIFFERENCE 
( X Q T  - XB) 

(1)  See Figure 4 for descr ipt ioc .  



TABLE 2 (Cont inued)  

3 1 H U L A T O 3  - V r F f I C 4 L  1 3 3 : s  
'RORC ---  ROW-OF-HOLFS 

T 2 A C E R  
SEFE!?EE!C.T (1) CONCEN- 

T GACEF 3935E O R I F I C E  XS3 T R A T I O N  
2 0 N C E N -  - - L D Z P  1 I O N - -  F L O U  D i E S S U Z E  7 U A L I T Y  I N  

T i I T  I O N  P A 1  E 0 2 0 0  i3.F SAMPLE 
( p P 9 )  I N S E i r  A N G L E  ( L 9 / H 9 )  ( P S I )  . SAM'LE ( P P 9 )  

r B T  
T E S T  

S E C T I 3 N  
Q U A L I T Y  

V I A  
T R A C E 2  

(1) See Figure 4 f~r~description. 



TABLE 2 (Continuad) 

S I H U L A T O ?  - V E R T I C I L  T 3 3 E S  
PSOBE --- ROW-OF-H3LES 

- ----------  PROBE SAMPL ING CONSIT  [ZNS-- - - - - - - - - - -  SULK FLOW C 0 9 3 I T I O N S  -------- AT >QOqZ L3:ATION ------- 
MhSS REFERENCF 

V E L O C I  Tv  T IECEF.  
PQFj- X 1 0 - 6  COKCEN- 

FUN TUG: (LBIMR- F N T M ~ L P Y  YB T F ~ T  ION 
NO. ( P S I A )  F T S O )  (BT:./LR) W A L I T Y  ( " F 9 )  

TRACER XBT 
(1) . CONCEN- TEST 

"93 BE O R I F I C f  .US3 TRAT ION S E C T I 3 N  
- - L 0 2 A T  I O N - -  FLOW PRESSURE Q U A L I T I I  I N  Q U A L I l Y  Q U A L I T Y  

RAT f OROD 3 F SAMPLE V I A  D IFFERENCE 
I N S E Z T A N G L E  (LB/H?. I  ( P S I )  SAMPLE ( P P 9 )  TRACE3 ( K 3 T  - YE!) 

(1) See  F igure  4 f o r  descrp i t j -on .  



TABLE 2 (Continued) 

?ULK FLOW C 3 ' 4 3 I T T O N S  JS3aE S I  Y P L I Y G  C ' O N 3 1 1 1 O ~ j - - - - - - - - - - - -  -------- AT 3F39: L O C A T I O N  -------- 
TZACER 

" A 5 5  4:cEFEN:; (1) CONCEN- 
V E L O T I T V  T P L C E I  . 3 2 3 ~ 5  O Q I F I C I  XS3 TRAT I O N  

Per;- r i C - 6  2 3 h C E N -  - - L 3 > 4 1  I O V - -  FLOU PPESSUCE' W t l L I T Y  I N  
SVN SU;: ( L 3 / r S y  ENTHPLDY X 9  r P 4 T  I O N  K I T E  033" 3 F SAMPLE 
NO.  ( P S I P )  FTS?)  .( 97 J / L Q )  O U A L I T V  ( P P 9 )  I N S E I T  ANGLE I L 9 / H 5 )  ( P S I )  SLM'LE ( P P 3 )  

XBT 
TEST . 

S E C T I I N  
' IUALITV Q U A L I T Y  

V I A  D I F F E C E N C E  
T F A C E ~  ( x a T  - X B I  

(1) See Figu ie  4 for. description. 



TABLE 2 (Continued) 

93Lr cLObl C ~ U ~ I T I ~ N S  - - - - - - - - - - - D F ] g F  S 4 q P L I  V G  C O \ ( J I T  [ :?NS--- - - - - - - - - -  -------- P f  DROCJ: L D C h T I O ! J  ------- 
T X P C E S  x a r  

n A S 3  REFF>EN;E (110 CONCtN-  T E S T  
V! L O C I T V  T l b  ZE.?  3 % :  EIE 3 R I F I : E  CS3 T Q A T I O N  S E C T I 3 N  

'DRFj -  X 1 3 - 6  CON'EN- - - L G C b T T 3 ' 4 - -  F L C d  " I E S S ! J < E  Q U A L I T Y  I N  Q U A L I T Y  Q U A L I T Y  
FUN i U ? Z  ILs / ' fK -  E N T H A L W  X B  ' I 4 1  I O N  ~ 4 7 ~  D 902 3 F SA MPLE V I A  DIFFERENCE 
N3. ( P S I 4 1  FTS3 )  ( B T J J L R )  O U C L T T V  ( P P 3 )  I N S E i T  CNGLE ( L O / H I )  ( P S I )  ;AMPLE ( P P 9 )  TRACE? ( X 3 T  - X B )  

( 1 )  See Figure 4 f o r  descr ip t ion .  



TA3LE 2 (continued) 

S I M U L A T O ?  - V E R T I C P L  rU?ES 
'QOBE - - -  P3W-OF-WOLF? 

BULK F L O U  C O V 9 I T I O N S  ----------- p F 3 9 E  S6 M P L I Y G  C O N 3 I T I O W S - - - - - - - - - - - -  ------- AT J Q D Q E  L3,:fiTION ------- 
TRACER X 91 

\ M A S S  ? E F E Q E N C r  (1) C O N C i N -  T E S T  
V I L O C I T V  T P A C E R  " C 3 9 E  O Q I F I E F  y S 3  T R L T I O N  S E C T I 3 N  

~ 9 : ; -  t 111-6 CONCEt i -  - - L 0 2 4 T  I O N - -  FLOW D?ESS!J?E 3 U A L I T Y  I N  Q U A L I T Y  O J A L I T V  
R J Y  W'E ( LB /YR-  E N T H A L ? V  )14 T ? P T I 3 F I  G A T E  DJO.' 3 F  C A M P L E  V I A  D I F F E R E N C E  
~ ' 3 .  ( P S I ! )  F T S Q )  ( 9 T 3 / L B )  C U A L T r Y  ( P P ? )  I N S E i i  A N G L E  ( L B / H ? )  ( P S I )  'AMPLE ( P P 9 )  T R A C E 2  ( X B T  - XB)  

- 
I 

(1) See Figure 4 for description. 



TABLE 2 (Continued)

3 1

3,I M U L A T 1 1      -      V E P T I C A L     T U B E S

2.ROBE .---  ROWLOF-HOLES. 3  .: I       '...           -' .

': f      &#f     BULK .rLOW C,0.NirTIONS Ii.1 PROBE : f.'PLI'liti ,CONDITI€95-------- AT DROPE LJZCTION
I R ACE R XBT

'                                        REFERENCE   'I'. (1) '" 3-05 CONCEN- TEST'Mt#i
VELOCITY TEACER DROBE 9RIFIZE YSI LRATION  SECTION30

P R E 3  -           2     i C'- 6                 -   3,        < 'CIONCEN-     -' l.03AT IO,1--     FLOW     DR,ESSURE   VUACITY
'-IN QUALI'TY QUALITY

:RJN     SUEE     ('LB<«R-   1.NOHEL'y    ':<9 <    TRA fION       - ' EAT< ..dgdo -5F SKABLE 'VIA DIFFERENCE

'13•  (PSIA)  Iffs)1   18'.A/LB)  OVI'i':ITY (PliB) INS57T
ANGLE (CB/'iR) 1 ,(eST)

5'AMPLE (ppql TRACER (XBT--..' XB)

:de :C. 2 3 j
1 7 .)         ..' ·, /
198 63] '0.255 413.6 -0.'977 14.9 %0 '2595 -3 ; i 5 5

5 -·r/<9 96/1 'O..111 6 :tt¢8.7 -0.01'8 1 1 4•5              9 0 2.928 3.116
230 ,6 6 ] flf: irl 6 455.7 tq<,Di 8 '1425 45 :C. 9'6        13 L.1.43

,.20' 1 601 ' 0:3 /6 -415<7 11149,8 14 33 .0 '2.3 6 '3. (835
'

2,02 :600 m.lat 1 5 8.7 €Qtri8 A4• 5 345 '2 :9'6 ' 3 0 2,1 1

203 601 '0•316 459.7 -420-t 8 ---- . 14.3 -90
,'2<9,5 ',3.2.31

---                         6
204 640 '0.306 -438.2 - 0.'018 1380. '1463 -90 '3.'02 3.135 1450.                         7

'245 1,4141 3/0i/7   :441.0    "Q:¢47
 122- 4<425 9.0 35.'16 .3ti362

:296 ,600   19:30'7 «4 .3.0 m<097 .-Z- 14.3 .-45 :itto 25.732
. 2']1 7 '6() 0..107 -543.0 00.'047 i4:5    :0    -3.'(6  :%02759
2 T8 -609 'Qi/17 '5434.0 20'047 fV <5 -45 <3.'1·7 3.9%2
219 .6 3 1

IQ *3,1,7 -¢432.0 0.0-97 ".2 2 -
14k5 -90 «3.'18  3.832

--- --- --- ---

220 6no 0.397 547.6 -0:097 .740. f465 -90 12 £ 44 3.293 0:005 820. 0:102 0;005

'402 15 1 6C] 0.30'7 ' 5 E; 3.'9 "0.0 07 8.5 33 2 0*6 9.788
212 6 n] 0.397 543.7 0.097 8.5 45 3.02 20.274

,:213 , 601 0.307 .54.3,0..  .e.097  , --1 _8.5     0 3.]4 19.313
I '  .... I .<91 =-Eul44 66)

'

C.-11 7 154'r. 0  -''C.,0-97  ' -.- -869  '-49   ' ''3.'0'5 '7.702

1£5  '':$09  ' 4.70'7   54'3: 'f" 0 4097      1 5 '; 2 -92
-8..5 -90 S V 3.0 6 9QV325 ---        7 9-- L  r.»  -   : 6 -1  L. .

216  '-601 ,-0.337 544.0 0.099   1-'ffED: -      -dit 1  :I-TS     ' 's':,00  1.,tti#R,    -1'il<ii,    ,   it89:    - 'f: tgt     '"i:dl,
. . . . .

217 600 'ld ' fO 0 462.n -0.613 -' -314- 8.5'' 90 2.97 2.987 ---      I J. --6        ----

218 .._-60) . „0.190, ,-452.0 79t013 8.5 45 2.98 3.141 --- ..»i/5

219 689 - . '0. <VIX»  ' 452:0 - -0.013 8.5 0     2.98 .  ,3.150
220 6J] d. fOO- Od/tj -0.013 -' -4/'5 '  -·-45't.'41'- 2.'97  -' -3.1-49-

221 - 60, , 91%09 ..462.n -0.013 8.3 -90 2.97 3.129

 if..r   :6Ci.  '. 0142-0  '15459.6 -0.015 1260. 8.3     9 J 2.9] 2.972 1210.

223 60] O.100 578.2 O.077 8.5 90 3.03 3.737
224 6C] 0.100 528.2 0.077 8.5 45 3.34 4.159 .---

225 601 0. 100 578.2 0.077' '8.3             0 3.0 3 4.852
226 600 o.lorI 528.2 0.077 8.3 -45 3.03 4.246
227 60] 0.109 528.2 0.077 --- 8.5 -90 3.03 3.701 --- --- --- ---

228 609 n.100 530. 8 0.081 2050. 8.3 -90 3.10 3.768 3.£06 2190. C.070 -0.011

(1)  See Figure 4 for description.

0                                                                          .0



TABLE 2 (Continued) 

SIMULATO? - VERTICAL T U B E S  
'ROBE - ROY-OF-HOL E.S 

-----------PR3BE SP MPLI  NG CONDITIONS------------ BULK FLOW CONOITIONS 
-------0 AT PROBE LOCAT I O N  ------- 

TRACER 
REFERENZE (1) CONCEN- 

TRACER OR3 BE ORIF ICE X S 3  TRAT ION 
CONCEN- --LOCATION-- FLOW PRESSURE QUALITV I N  

TBAT I O N  RATE OROP OF SAMPLE 
I P P B )  INSEST ANGLE ( L B / H W  ( P S I )  SIMPLE (PPB) 

'XBT 
TEST 

SECT I O N  
QUALI  rY QUALITY 

V IA  DIFFERENCE 
TRACER (XBT - XB) 

MASS 
V:LOCIT Y 

PRES- X 1 0 - 6  
RUN SURE . (LB/HR- ENlHALPY X B  
NO. ( P S I & )  FTSQ) ( B l U / L B )  QUALITV 

0.0 

0.0 

-00 

o m -  .-- 
-00 

- 
(1) See Figure 4 for description. 



TABLE 2 (Continued: 

SI?4ULATDS - VERTICAL TUBES 
QSOBE - ROW-OF-HOLES 

BULK FLOW COND1TIO:IS -------- AT PROBE LOCATION ------- 
TRACER 

(1)' CONCEN- 
PR38E ORIF ICE KS3 TRAT ION 

--LOCATION-- FLOW QRESSU3E GUALITV I N  
RATE DROP 0 F SA ~ P L E  

INSERT PNGLE (LB/HR) ( P S I )  SAMPLE (PPB) 

XBT 
TEST 

SECT I O N  
Q U A L I l Y  QUALITY 

V I A  DIFFERENCE 
TRACER (XBT - X B )  

YASS REFERENCE 
VELOCITY ?RACER 

PRES- X 10-6 C ONCIN- 
RUN SURE (LS/PR- ENfHAQPV XB TRAT I 3 N  
NO. ( P S I 4 1  FTSQ) (BTU/LB)  O U A L I l Y  (PPB) 

(1) See Figure 4 for &scription. 



T A B U  2 (Continued) 

SIMU.LATO$ - VERTICA L TUBES 
PROBE - ROW-OF-HOLES 

BULK FLOW CONDITIONS -----------PR3BE SAMPLf NG CONDITIONS------------ -------- AT PROBE LOCATION ------- 
f RACER XBT 

MASS REFERENCE (1) CONCEN- TEST 
VELOCI TV  T RACER PR3BE O R I F I Z E  XS3 T RATION SECTION 

PRES- X 1 0 - 6  C ONCEN- --LO:Al ION-- FLOW PPESSUiE QUALITV I N  QUALITY QUALIT V 
RUN SURE ( L B I H R -  ENTHAtPV XB TRATION RATE DROP OF SAMPLE V I A  DIFFERENCE 
NO. (PSIC)  FTSQ) f B T U / L B )  OUALITV t P P 9 )  INSERT ANGLE (LB/HR) ( P S I )  SAMPLE (PPB) TRACER (XBT - XB) 

3 0 1  605 0.051 
382 6 0 0  I). 851 
3 0 3  6 0 3  0.051 
3 0 9  6 0 0  0. 0 5 1  
355 6 0 3  0.051 
3 0 6  600 0. 0 5 1  

- 
'(1) See- Figure 4 for description. 



' TABLE 2 (Continued)' 

SIMULATO3. - .VERTICP L .TUBES 
PROBE - ROW-Of-HOLES 

BULK FLOW CONOIT I  3NS -----------PR3BE SAMPLING CONDITICNS----------- -------- AT PROBE LOCATfDN --0---- 

1 RACER XBT 
HA SS REFEREMCE (1) CONCEN- TEST 

VELOCITY 1 RACER PR3 BE ORSFICE XS3 TRAT ION SECTION 
PRES- X 1 0 - 6  CONCEN- --LOCAlION-- FLOW PPESSURE QU4LITV I N  Q U A L f f  Y QUALITY 

RUN SURE (LBIHR-  E N l H A L P l  XB; . I R A 1  I O B  , RATE DROP OF SAMPLE V I A  DIFFERENCE 
no. c p s x a )  FTSQ) t e r u ~ ~ e ~  au~crr r  ( P P ~ )  INSERT ANGLE ~LBIHR) ' (PSI) S ~ H P L E  (PPB) TRACER (XBT - XBI 

- 
'(1) See Figure 4 for description. 



TABU 2 (Continued) 

SIHULATOP - VERTICAL TUBES 
PROBE - SOU-OF-HOLES 

BULK FLOW CONDXdIONS 
---om--- AT PROBE LOCLTION ------- 

TRACER 
(1) CONCEN- 

023 BE ORIFJCE XS3 TRAT ION 
- - L o c a l  ION-- FLOY PZESSUiE QUALITY I N  

RA TE DROP OF SAMPLE 
INSERT ANGLE (LB/HR) ( P S I )  SAMPLE (PPB) 

XBT 
TEST 

SECTION 
Q U A L I l Y  

V I A  
TRACER 

MASS REFERENCE 
VELOCITY TRACER. 

PRES- X 1 0 - 6  CONCEN- 
RUN SURE tLB/HR- ENTHALPV XB TRATION 
NO. ( P S I 9 )  FTSQ) S B T U I L B )  QUALITY (PP9)  

DUALITY 
DIFFERENCE 
(YBT - KB) 

- 
(1) See Figure 4 for description.  



TABLE 3. k r i z o n t a l  Tube Simulator Test Results 

BULK FLOW CONDITIONS -----------PROBE S A M P ~ ~ N G  'CONDI~~ONS------------ -------- AT PROBE LOCATION ------- 
TRACER XBT 

MASS REFERENCE (1) CONCEN- TEST 
VELOCITY TRACER PrPbEE. ORIFICE ' XS2 TRATION SECT1 ON 

PRES- X 10-6 CONCEN-. =-LOCATION;- FLOW PRESSURE QUALITY I N  QUALITY QUALITY 
RUN SURC (LB/HR- ENTHALPY XB TRATION RATE DROP OF SAMPLE VIA DIFFERENCE. 
NO* ( P S I I )  FTSO! (BfU/Le) QUAlITY (PPB) INSERT IANQLE (LB/HR) ( P S I )  SAMPLE (PPB) TRACER ( X B ?  - ,  XB) 

18 600  Oe050 ,519.9 
19 '600 Or050 519.9 
2 0  6 0 0  01050 . 519.9' 
21 6 0 0  O e O s O  519.9 
22 600  0e050 519.9, 
23 600  0.050 520.2 - 

.(I) See Figure 5 for 'description, 

-1.. 

-*- 
ow.. 

-em- 

-w- 

o w -  

-5- 



TABLE 3 (Continued) 

S I M U L A T O R  - MORI ZONTAL T U B E S  
P R O B E  - R O l - O F - H 3 L E S  

B U L 6  F L O W  C O N O ~ ~ ~ O N S  - - - - - - - - - - - P R ~ ~ E  ~ A U P ~ I N G  C O N ~ I T I O Y S - I - - - - - - - - - -  
0------- 4 1  P R O H E  L O C A T I O N  ------- 

T R A C E R  
M A S S  REFERENCE ( 1 )  C O Y C E Y -  

X d T  
T E S T  

S E C T  I05( 
QUAL I Y 

V I A  
T R A C E @  



TABLE 3 (Continued)

/0

SIMULATOR HORIZONTAL TURES
PROBE --- RO•-OF-HOLES  .
6                         -                                                                                                     I -   .

BULK FLO* CONDITIONS -----------PRORE-sAwpl ING ClNDITIGNS------------

-------- AT PROBE LOCATION -------
* e           .     / ..:

.

. 2, 3-- TRACER A.BT
, I.

MASS    '      REKERENCE , <. 11)-  . -.. cONCEN- TASI3          C

I    "   VELOCITY   ,"2:  TRACFR , .PROBE e 09IfICF *sl- TRATION SECIION
PRES-  x 10-6 .1- 2 . CMNCEN- --LOCATION-- FLOW- PRESS·,IRF QUALITY IN. QUALITY QUALITY

#UN SURE (Ld/HA- ENTHALPY AB TRATION
, '..., RATE OBOp.. „9E SAMPLE yIA DIFFLAENCE

No.  IPSTAI 'TSQI (BTO/LA) 0:JALITY (Pp A) INSERT ANGLE (LB/HA) (PSY) SAUPLE (PPB) TkACER (XeT - XA)
3 :.

77i.4 gikit -Li 3,§84 -.11'M
---54 600 O.040 4.4,4

53 600 0.050 773.,4 0•412 --, 22•5 45 3.59 6.742 9.- ---

56 ,4,00 0.050 1,1 3, , 0.412 --- 0%.5 .0  6?5 11.620 .•r. ---
W

57 600 0.050 733.4 0.412 --- 22.5 -45 2.95 A.666 0.

58 600 0.050 773.4 0.412 --- 22.5 -90 2.95 6,070 --- --- --- ---

59    609 0.050 775,J 0.415 221,6 22.5    99 2,96 95 2119,7 O.DJU 363 9.344 -0.070
, ., f 6           ,·1-, 9..:

3060 600 0.051 460.9 -0.015 --- 22.5 2.95 2.Ang --- ---

61 600 0.05,1 .60,9 -0,015 --9 22.5    45     2.9.4 2.615 ,:- ---

62 600 0.051 46n:4 .4.015 --- 72.5 .O 2.95 2,612 --& -0- ---

63 600 0.95,1 460.9 -O.015 --- 22.5 -45 2.95 2.607 -r: ---

64 600 0.051 460.9 -0.015 --- 22.5 -90 2.95 2.663 --- ---

65 600 0.051 . 6 0 :17 -0.015 703: 22:5 -40 2.95 2..444 fJ. 000 205: 0:04 0 4:025

40 400 0•050 H59•.5 4.* 3 P -2, 03·0   .99 4.45 2 ·. 59.4 --0 ---
.--

67  00 0.050 959.5 0,530 --- 02.0        45 2:95 2.99,3 --- ,-Z --,
68 600 0.050 859.5 0•539 -=- 02.P    .0     2.95 7.990 .5- -/0 r-:
69 6 O 0 O.(60 95965 0.510 6-- 02'.0 -45 2.94 6, 26 --- --- .-- ---

70 600 0.050 A59.5 0.5,0 02.0 -90 2.94 9,454 --- --- --- ---

71 600 0.050 q58.1 1.5'a 201, 2.n 90 7.95 7.672 0.006 155. 0.637 -0.091
_   ,;   i-Aird '' 0  . '6 r  1  1  4.         ; L'5 8 J ,/ ..t-    , I, .., , 0 2 ;  1               2 9„ 1·., 0  . d ,           1 Pt ... . i/q: ./ lz.

72      :.6 Op'      4 44#.59 . c·.At,5,04*,, O,6 24          i d r: re , · 09.0 90
, 2::95 3:.J81 -:3 .41,7: r:'         311 e 'Krm: E

7'3    44600.,    0,8560 865.1 0.524 ce,721 .-    .0:404 4. 4.5- L2,25 1  5 -4.9 9. -,-- -0.

. . . . , :t   .0,        ' . .   . . .      1 ' .,
. · 5- ;: 4      i ".-2 3

74 600 . 5   '0.0 50. A55.1 1.524 14*225 , 9 e iDL, 0 Hi 0 2.9f 7402.8 ll*r. ,:-t- Lf·-»re:  26·,Trh e
---

75 600 0:.0.50 455.1 0.524 Scrna,ACE 09.0;) -45 2.95 14.629
- - -                .07.-0...,

- 'frr
76 600 0.050 ASS.1 8.524 --- 99.0 -90 2.94 17.615 ---         : 3 .pri / Ter
77     ..600».:·   #P:,OADC,RE   136'. 511- -·O.-52·5- 100. 09.0 90 2.95 7.697 0.107 455. 0•411 -0.114

.
,··- .- · . ' -- ...hb'"!. c t.,4 - . 9,1,

  0' 81'59 1 ''7 8                   6 0 0        f 'r: r61  0,% o             C 'A'%1'. 9,  C· ' 2       0  0 5 2 5 - - - 15.5 40 2.94

7,9- o i 6.0-0- -4,94'050· 4 s r £8.55.9 0.525 --- 15.5 45 2,94 7.171 ---

804 , 2 6.0.0 - w:9.•050.,t (4'- A 55•92 0.525 --- 15.5     0 2.94 7.14R
81 600 0:050 ASS.9 0.525 .-- 15.5 -45 2.94 1,343 ---

82 600 0.050 ASS.9 0.525 --- 15.5 -90 2.94 4.A78 --- ---

83 600 0.050 854.4 0.521 '70. 1 S.5 90 2.94 2.SAl 0.003 440. 0•388 -0.115

1YSi' 1  ?   t/kirw.,··.1>

(1)  See Figure 5 for description.

0                                                                          .0



TABU 3 (Coat loued) 

L I I J L ~  C L O a  C O N 0 1  T 1 0 M  -----------PQORE SAMPI INI) C O Y O ~ T I O N ~ - - - - - - - - - - - -  
---r---- A T  PRORE L O C A T ~ O N  0-0-- - -  

t a r c c a  
(1) 

r e r  
MASS WFERCNCE COYCLN- TEST 

VECOC I IV TDACFQ PRORE o a t r r c t  a s 2  TRATIO~U SECTION 
P Y L S -  x 1 0 - 6  m c n p c c ~ ~ -  - - L O C A T I O N - -  FLOW ~ n r s q u a r  O U A L I T V  IN OUAL I T V  OUAL I t r  

RUN SURE ILJIMQ- E Y T M A L P V  X B  T a ~ t r n ~  R A T E  naoo or   AMPLE vxr O ~ F ~ L R C N C L  
NO. (PSI&) F T S Q )  ISTU/LR)  O U A L I T Y  ( o P R )  I N S C ~ T  ANOLE c~e/nn)  IPSTI SAMOLC I P P ~ I  TRACER (RUT - XB) 

8 6  0 0 0  0eO5O 853.7 0.577 --- 22.5 9 0  2 - 9 6  ' 6,979 - - - --- --- 0-e 

85 6 0 0  01050  a53.7 0.577 --- 22.5 1 5  2 - 9 1  1 3 , l a o  - - - -  --- --- --- 
8 b  BOO 0.050 453.7 0.522 --- 22.5 0 2 - 9 1  17.47'3 - - - --- - 0 -  a-o 

1.02 b o o  0.050 Qhn.0 n .530 --- 43.0 9 0  2.9: 7.214 - - - - - - --- --- 
1 0 3  ~ O ' O  9.1150 ~ h 0 . 0  ,0.570 --- 43.0 4 5  2 - 9 5  7 . 7 ~ 2  --- - - - --_ --- 
1 b o o  0 . 0 ~ 0  a h ~ . ~ )  ( 1 . 5 3 n  --- 43.0 0 2.95 1.1q9 --- --- - - _ --- 
1 0 5  b o o  ,o .n50  qb0.0 0.530 --- 3 . 0  -45  2 - 9 5  3.013 - - - --- --- --- 

0.570 --- 43rO - 9 0  2 - 9 5  4.641 0 - -  - - -  --- --- l o b  b 0 0  0.050 '460.0 
1 0 7  bOO 0.050 "6Z.l 0 . 5 1 3  190,  43.0. 9 0  2.95 7.875 0.00' 130. 0.620 -0  - 1  0 5  

- 
. ( 1 )  Scu Figure 5 for d e s c r i p t i o n .  



TABLE 3 (Continued)
S. A. 5.K. 1@-,.,. "- ...

....9 . A.
.'. 5, 6

3'.SIMULATOR - HORIZONTAL'·TURES I.           :D                 le:'        5 - I.                  I-             .   IPHOBE   0--   AOI-OF-HOC'IES
>,· ·                    -                                  .., 2             .             5' c..2 S *lve

BULK FLOW CONDITIONS
- - - - - - - - 7- -P R O A E  '39 PL I NA. bC ONn I T LO•f S - - - - -- -,- - :-

-
. .. .,I.....0.- ATP.ROAE LOCATION -------

I ' 44< ..G' '

MASS RErERENCE
' 0 11)'*2

St w laifiCE <li
CQNCEN- TEST5 - AK . '.3 TRA.C,ER .ABT

.* . u        VELOCITY - TWA'CFR
i   >er'85 1

TRALION SECT,ION
PRES- x 10-6

CRN-CFN- -140,CATIor- EL'll. P'ir,£SUPE Qu,iLLITY .-I:Al QUALITY QUALITY
R le' SURE (LB/HR- ENTHALPY X8 TA'ATION        7   FFATE 'noop OF SAMPLE VIA DIFFERENCE
NO• (PSIA, FTSQ) 18TU/LB) OUALITY (ppR, INSERT ANGLE 1

V./HO ,       :lits T.1
,

SA
' F:LE Ijff,a)

TRACER 1  1.T,  00#exe,
1. /t . 300 2   0           6,

' ' '   ./                 I. . - ...le. „ -3( 1...4€ 'J ts
. ' 2 E'.0.   12.2,0

1:14 '600 0.050 959,. 1 0 I "4'6 4 - - -
Z.3•#            9,0             , 20*15 5109:875 --- ....,- ---

101'5 .600 '0.050 '959.2
2.7.•0         *5          <2, *94 ;3,5.. 9,9 8 - -«- .... ...

116 .60'0 O.040          154 /4 im 36.
72.5            0 1,095 34'.875 .-- -0. .-- ...

1,1.7 .6 00 4.15-0 9.59.1 0-'66 4 --- 2.25 -45 2.'YS 13.674 --- --- --- ...                      W
-... --«

1' 1'8 '600 0.050 959.3 0.664 --- 72.5 -90 2.94 14,0954 77: '.ill ..-':„ . 4 *irz-
90

11,9 6.00 0'.050 956.1 '0'.6-6 2 1'85. 2/2:/5 40 b 2.83 .305. O.565 -'0,0.97
..„

.......
1.20 6OO 0..0.5.1 -953.2 '0.499 2 2 A -40

5 »            4,0 14'fi --- ...

121 800 0'•.06.1 953.2 -0*. 6 5'4 -·-- gp25   45
1.73 3..«l --- -0-....:

122 6 .0 0 64 1 953.2 U:. c Q i· --- 92.5            . ' 0 1..'95       11)'. 0-A 1
--- --- ---

123 ,600 4..0,5,1 .953.2 .8-0 65.A --- 97'. 4 -4-5 '"1.94 A .Afl --- .-- ---
I ...

124 600 0.051 953.2 0.4SA --- 22.5 -90 1.9S A.273 --- --- ---

12.5 600 0.,49 0 959·.3 .0.6 *# 280. :2. A '90
 ' '·x< *1 »1

-

0.'1.1··1 X111· 0...5.33 -0,..133
I I ·.- ' 4

...  -
126 600 4.050 956.8 -0.6*3 --- '1-5.5 9-O

..
1'. 4 5              ''1' . 7'1 6 .--

127 600 0.050 956.8 4. 40'.3 15:.f 45 -ligs ---
---

128 600 0.0-50 '956.8 0 0 4.4-3 ----r. 15:5   ' 0 '1.94 R.'21,1
--- --- -0-

129 600 0.0 40 956.8 0'.641 ,--- 1505 -45 1.95 2.417 --- ---

130 600 0.050 956.8 4.A41 ... 15.S -90 1.94 4.157 ... --- .--

131 600 0.050 943.3 0.444 255. 1 5.5
'.....9-0

1.95 4654 0.027 .505. ..0..50,1 -0.136

132 600 0.050 944.1 0.645 15.5 10 2.95 f. 32 8 .--

133 600 0.050 944.1 O. 445   -'. -- 1·5 0.5    A  ri .4 5 2 . 9 4           -   6'. '0 f 0*                  - -i                       -1
- ---

134 600 0.050 94401 4.44 5         1-- 14.'5'    4 0 2.94 5.716                 ---

135 600 0.050 944 1 0,  4 45                   -- -

<

15.5 .45 2.9c f.741 --- ---
136 600 0.050 944.1 0.445 -.. 15.4 -90 2,95 1 n.S24 --- --- --- ---

137 600 - 0.05'0 - 942.0 no"647 235. 15.9 70 2.95 7.792 0.019 445.. 0/482 -O.141

138 600 0.050 692.4 0.101 15.5    40 2.95 7.639 ---

1·39 600 0.050 '692.4 1.101 --- 15.5 45 2.95 2.615 ---
140- 600 '.0.0 50 692.4 O.301 --- 19.5     0 2.95 20784 --- 0-- ---
141 600 0.050 692.4 0.301 --- 15.5 -45 2.95 2 e 644 --- ---

142 600 0.050 692.4 0.301 --- 15.5 -90 2.9f 7.775 --- --- --- ---

143 600 0.050 692.9 0.302 225, 15.S 45 2.94 2.69A O.004 299. 0•227 -0.075

(1)  See Figure 5 for description.

..



T a r c L n  
( 1  C O N C C N -  

PQnAE o n l r t c r  a s 2  T R A ~ I O N  
--LOCATION-- FLnr P Q ~ ~ S U Q F  a u r L r r v  IN 

 RAT^ ~ O O P  OF SAMPLE 
~ N S E P T  AWLE ,ILB/MR) ( O S T  I S h U P L E  IPPBI  

T E S T  
S E C T I O N  
O U A L  1 t v  

v14 
TRACER 

144 eoo 0.050 692.1 0 .301  --- 
5 bOO 0.050 692.1 0.301 --- 
1 600  Om050 b92.1 0.301 --- 
147 600  0.050 b92.1 0.301 --- 
I 4 8  600  Om050 692.1 0.301 - - - 
149 600  0.050 680.6 (1,299 715 .  

157 600 0.050 910.2 0.607 --- 
l 5 H  ' boo 0.050 9 6 0 0 2  Ombb7 --- 
1 600  0.050 960.2 0.bb7 --- 
160 600  0.050 9bOm7 0.667 --- 
i t , ~  boo 0.051 954.0 o.bs9 190, 

169 ' 600  0 .149  533.0 Om083 0-0 

170 600  0.149 533.0 0.083 --- 
171 600  0.149 533.0 0.083 --0 

172  600  0.140 533.0 0 0 0 8 3  --- 
173 boo 0.149 531.6 0 . O I I  211. 

(I) Sca Figure 5 for dcrcrlptlon. 



V t C 3 C I T V  T a A I t R  PROBE , O @ T C I C ~  ~ S Z  - TRATION SECT ION 
PI)LS- x 10-6 CON:CN- --LOCATIO~-- f LOU ~ ~ ( ~ S U A F  OUAL 1 t v  I N  OUALITY QuAL ITv  

RUN S U ~ C  (~91nn- E W T ~ L P V  XB l a r t t o ~  P A T E  n a o ~  or SAMPLE VIA D I F ~ L R E N C E  
ho. I P ~ I A I  C T S O I  (BTWLB)  O J A L I T Y  ( P P ~ I  I N S E ~ T  AIURLC ~ L B / H R I  (PSI) SAMPLE (PPBI TRACCR ( # a t  - X B )  

174 600 0.149 531.9 D.OI)Z --- 22.5 90 2.94 2.775 ' 0-0 0-0 0-0  - 0 -  

175 boo o.lr~ q31.9 n.0~2 --- . 22.5 r5 2.94 2.900 --- -- o --- --- 
l7b 600 0.149 531.9 0.09? -0- 22.5 0 2.94 3 e 6 $ 6  o-- o w -  0-0 -00 

177 boo 0.149 531.9 o.on? --- 22.5 . - 4 5  2.94 ?.oh4 -Ow -We --- --- 
1 

178 600 0.149 531.9 10.097 o-- 22.5  -00 2.96 7.775 --- - - - --- 0-0  

179 bOO 0.140 535.5 0.Oqf 217. 22.5 90 2.94 7,999 0.010 227. 0.054 -0 a 0.34 

185 600 0.144 722.3 
186 600 1.146 722.3 
197 boo 0.14r 722.9 

- 
(1) S.. ?re- 5 for daacriptl;a. 



tnrccr 
( 1 )  COlrCCW- 

~ a a e t  nnir icr  IS# t a r t  tow 
- - L O C A T I O U - 0  r L n r  ~ ~ C S S ~ S ?  OUALITV tw 
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( I )  See Figure 5 for QscrlpCLoo. 



TABLE 3 ( C o n t l n w d )  

2 3 4  b o o  9 . 1 4 7  7 9 0 . 7  n . 4 3 3  --- 6 0  9 0  2 . 9 6  l r ) , l r l  --- , --- --- --- 
2 3 5  b o o  0 . 1 4 7  7 9 0 . 7  O . b i b  , --- 3 6 . 0  4 5  2 . 0 6  z m . o r ?  - - -  --- --- --- 
Z 3 b  b o o  0 . 1 4 7  7 9 C . 7  0 . 4 ? $  --- 3 4 . 0  0  2 . 9 6  2 0 , 4 7 R  0 0 -  0 - -  - - 0  - - 0  

2 3 7  bOO 0 . 1 4 7  7 Q c . 7  0 . 4 ' 6  --- 3 6 . 0  - 4 5  2 . 9 6  7 2 , 6 8 6  c o o  - 0 -  0 - 0  0-0  

2 3 8  bOO 0 , 1 6 7  7 9 C . 7  0 . 4 1 4  --- 3 6 . 0  - 9 0  2 . 9 6  1 1 . 1 9 6  - 0 -  - -  0 - 0 -  -0 -  k 
2 3 9  . 6 0 0  3 . 1 6 7  7 9 ? , 6  0 . 6 1 3  1 3 1 ,  ? I%.  0  G 0  2  1 0 , I r B  1 8 8 .  0..0? - 0 . 0 3 3  

2 4 0  8 0 0  0 . 1 5 0  7 n 7 . 4  3 . 4 3 ;  0 - -  4 3 . Q  5 9  9  2 . 9 6 6  o - -  --- --- - -0  

2 4 1  b o o  0 . 1 5 0  ? b 9 7 . a  0 . 4 3 :  - - - c 1 . 0  a s  2 . 9 6  1 7 . 7 6 1  --- --- - - -  --- 
2 4 2  bOO 0 . 1 5 0  7 H 7 . 4  Q . 4 3 1  - - - 4 3 . 0  9  2 . 0 6  1 1 , ? 7 9  -0 -  --  - - -  * - -  
2 4 3  b o o  0 . 1 5 0  7 R 7 . 4  a .  4  31 - - -  6 3 . 0  - 4 5  2 . 9 6  1? . '510  --- - - -  --- *- -  
21. bO0 0 . 1 4 0  7 4 7 . 4  0 . 4 3 1  - - - 0  - 9 0  2 . 9 4  d Q . q v 1  0-0 0 -  - w e -  o w -  

2 1 5  b o o  0 . 1 4 9  7 n o . o  ' 0 . 4 1 3  1 2 h .  4 3 . 0  0  2 . 9 6  7 , 1 1 1  0 , 0 0 6  2 0 0 .  0 . 3 7 3  - 0 , 0 5 0  

2 5 2  bOO 0 . 6 2 1  6 5 3 . 9  - 0 . 9 7 b  - 0 -  1 5 . 6  9 0  2 . 9 6  7 , 7 1 3  - - 0  - - -  --- - 0 -  

2 5 3  b e 0  0 . 6 7 1  b 5 3 , . 9  - 0 . 0 7 , b  -9 -  1 5 . q  4 5  2 . 9 6  7 . 4 1 1  0 - -  - - -  --- 0 - -  

2 5 4  bOO 0 . 4 2 1  6 5 3 . 9  . - 0 . 0 7 r  --- 1 5 . 5  3 2:Q* ? , ' 5 h 5  -.. ., - - -  - - - - O w  

2 5 5  6 0 0  0 . 4 2 1  6 5 3 . 0  - 9 . 0 2 -  --- 1 5 . 5  - 4 5  Z .9*  2.572 --- - - 0  --- o - -  

2 5 6  b o o  o . b ? i  4 5 3 . 9  - 0 . 0 7 s  --- 1 5 . 5  - 0 1  ? . o r ,  ? , 4 1 4  --- - - -  --- --- 
2 5 7  bOO , 0 . 6 7 1  6 5 5 . 1  - 0 . 0 ? ?  ' 1 0 3 .  1 5 . 4  -I 2 . 9 4  7 , 6 4 7  3 . 8 0 0  1 0 3 .  0 . 0 0 0  3 . 0 7 2  , 

2 5 9  8 0 0  0 . 7 4 1  q 3 9 . 9  @.JQi --- 1 r S  2 . 0 6  ? , 6 ? Q  --- - - - - - -  - - -  
2 6 0  bOO 0 0 ? 4 1  5 3 9 . 5  0 , 0 0 3  - - - 1 4 . 5  0 ? . J *  q . 7 5 6  - - o  - - -  --- 0 - 0  

2 6  1 b o o  3 . .?41  5 3 0 . 5  0 . ~ 0 1 . ;  --- 1 ,  - 6 5  2 . 6  ' 6 , l o r )  - .. - --- - o - --- 
2 b d  bOO 0 . ? 4 1  5 3 9 . 5  O . O Q !  - - -  1 5  - 9 0  2 . 9 6  7 . 5 4 9  -..- --- --- --- 

( 1 )  Src i ' l y r r  ) fo r  d o . * c t l p t l O n .  
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=------- A T  C a o e c  LOCATION ------- 

T Q A C C ~  R U T  
wrss ncrcntrcct 1 1 )  CONCCN- T E S T  

VELOCIT~ T a A c c a  ~ a n e c  o a t r t c r  T ~ A T I O N  SLCTIOM 
P M S -  n 10-6 COMCCN- --LOCATION-- I L ~ U  PQCISU~C QUALITY 14 o u r ~ l r y  Q U A L I T Y  
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- 
( I )  Sac P l g u n  S for doncrlptlon. 
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:ABLE 3 (Continued) 

S I M U L A T O R  - H O R I Z O N T A L  T U R E S  
P R O M  - RON-OF-HOI.FS 

. B U L K  FLOW C O N D I T I O N S  
. ----TI-- A T  PROBE LOCATION ------- 

T R A C E R  
(1) CONCEN- 

P R O B E  O R I F I C E  X S 2  T R A T I O N  
- - L O C A T I O N - -  FLOW P R E S S U R E  Q U A L I T Y  I N  

R A T E  DROP OF  S A M P L E  
I N S E R T  A N G L E  ( L B / H R )  ( P S I )  S A M P L E  ( P P B )  

K B T  
T E S T  

S E C T I O N  
Q U A L I T Y  

V I A  
TRACER 

M A S S  R E F E R E N C E  
V E L O C I T Y  T R A C E R  

P R E S -  X  10-6 . CONCEN- 
S U R E  ( L B / H R -  E N T H A L P Y  X 8  T R A T I O N  

( P S I A )  F T S O l  ( B T U l L B )  B U A L I T I  (PPB)  

Q U A L I T Y  
D I F F E R E N C E  
( X B T  - X B )  

3 3 6  6 0 0  00221 709.4 
337  6 0 0  0.221 709.4 
3 3 8  6 0 0  01221  709.4 
3 3 9  ,600 0 1 2 2 1  709.4 
340  6 0 0  0.221 709.4 
3 4 1  6 0 0  0.220 709.8 

3 4 2  6 0 0  0.236 692.3 
3 4 3  6 0 0  0.236 692.3 
3 4 4  6 0 0  0.236 692.3 
3 4 5  6 0 0  0.236 692.3 
3 4 6  6 0 0  0.236 692.3 
347  6 0 0  0.231 698.1 

3 4 8  6 0 0  0.230 700.0 
3 4 9  6 0 0  0.230 700.0 
350  6 0 0  0.230 700.0 
3 5 1  6 0 0  0.230 700.0 
3 5 2  6 0 0  0.230 700.0 
3 5 3  6 0 0  0.230 699.2 

- 
(1) See Figure 5 for description. 



TABLE 3 (continued) 

SIMULATOR - HORIZONTAL TURES 
PROBE --- RON-OF-HOLE'S 

RLLK FLOW COhDITIONS: -----__---- PROBE SAMPLING CONDITIONS---------.--- -------- AT PRORE La:CATION ------- 
TRACER XBT 

MASS REFERENCE (1) cONCEN- TEST 
VELOCITY TRACER PROBE O R I F I C E  >.52 TRATION SECTION 

PRES- X 1 0 - 6  CONCEN- --LOCILTION-- FLOW PRESSURE QUAL ITY  I N  QUAL ITY  QUAL ITY  
RUN SURE (LB/HR-  ENTiHALPy XB TRA' r IDN RATE DROP OF SAMPLE V I A  DIFFERENCE 
NO. (PSIA) FTSQ)  (BT,U/LR) ~UALITY (PPR)  I N S E R T  ANGLE ILB /HR)  ( P S I )  SkMPLE I P P B )  TRACER f x 8 T  - XB)  

(1) See Figure 5 for description. 



TABLE 3 (continued) 

SIMULATOR - HORIZONTAL TUBES 
PROBE - ROH-OF-HOLES 

BULK FLOW CONDITIONS 
--ow---- AT PROBE LOCATION ------- 

MASS . REFERENCE 

VELOCITY 
PRES- X 10 -6  

TRACFR 
CONCEN- 

RUN SURE (LB/HR- ENTHALPY XB TRATION 
No. ( P S I A )  FTSQl  (BTU/LR) Q U A L I T Y  (PPR) 

TRACER X0T 
cONCEN- TEST 

PRORE ORIF ICE XS2 TRATION SECTION 
--LOCATION-- FLOW PRESSURE QUALITY I N  QUALITY QUALITY 

RATL DROP OF SAMPLE V I A  DIFFERENCE 

INSERT ANGLE (LB /HR)  ( P S T )  SAMPLE (PPB) TRACER ( x a T  - XB)  

- 
(1)  See Figure 5 f o r  descr ip t ion .  



TABLE 3 (Continued) 

SIMULATOR HORIZONTAL TUBES 
PROBE - SINTERED METAL 

BULK FLOW CONDITIONS 
0------- AT PROBE LOCATION ------- 

(1) 
TRACER 
CONCEN- 

PROBE O R I F I C E  XS2 TRATION 

XBT 
TEST 

SECTION 
MASS REFERENCE 

VELOCITY TRPCER 
PRES- X 10 -6  CObCEN- 

RUN SURE (LB/HR- ENTIHALPY XB T R A I I O N  
NO. ( P S I A )  FTSQ) (BTlU/LB) O U A L I T Y  (PFB)  

--LOCATICN-- FLOW PRESSURE QUkL ITY  I N  
RATE W D P  OF SAMPLE 

QUALITY 
V I A  

TRACER 

QUALITY 
0 I f  FERENCE 

INSERT AhGLE (LB /HR l  ( P S I )  W H P L E  (PPB)  

3 9 1  6 0 0  0.050 78i.O 0.427 140. 

392 6 0 0  0.050 867.2 0.540 145. 

- 
(1) See Figure 5 for'description. 



TABLE 4 .  Summary of Qua l i ty  P'robe T e s t  R e s u l t s  - 
V e r t i c a l  Tube S imula to r  and Row-of-Holes Probe 

Average 
Bulk-Flow Condi t ions  

a t  600 p s i a  

Probe- . 

~ n d i ' c a t e d  . 
Value o f  

B U ~ ~ - F ~ O W ' S  

Q u a l i t y  
XTR 

P r o b e ' s  
Reference  

I n s e r t  
P o s i t i o n  

Mass 
Actual  

V e l o c i t y  
Q u a l i t y  

x 10-6, XB 

Sample 's  
Q u a l i t y  

XS 

Q u a l i t y  
D i f f e r e n c e  

(XTR-XB) 
Run 
No. 



TABLE 4 (Continued) 

Average 
Bulk-Flow Conditions Probe- 

Indicated 
Value of 

Bulk-Flow ?s  
Qual i ty  

XTR 

a t  600 ps i a  
Mass Probe ' s  

Actual . Reference 
Veloc i ty  

Qual i ty  I n s e r t  
x XB P o s i t i o n  

Sample's 
Quality 

XS 

Quali ty  
Difference 

(XTR-XB) 
Run 
No. 



TABLE 5. Summary of Q u a l i t y  Probe T e s t  R e s u l t s  - 
H o r i z o n t a l  Tube S imula to r  and Row-of-Holes Probe 

Average 
Bulk-Flow Condi t ions  

a t  600 p s i a  

Probe- 
I n d i c a t e d  
Value o f  

B U ~ ~ - F ~ O W ' S  

Q u a l i t y  
XT R 

Probe ' s  
Reference 

I n s e r t  
P o s i t  i o n  

Mass 
V e l o c i t y  Actual  

- 6 Qua l i ty  
x 10 ,, XB 

Sample ' s 
Q u a l i t y  

XS 

Qua1 it y 
D i f f e r e n c e  

(XT,R- XB ) 
Run 
No. 



TABLE 5 (Continued) 

Ave rage  
Bulk-Flow Condi t ions  

Probe- 
I n d i c a t e d  
Value of  

Bulk-Flow's 
Q u a l i t y  

XTR 

r_-r at fi 
MaSS 

Actua l  
V e l o c i t y  

Qua l i ty  
x XB 

Probe 's 
Reference  Sample 's  

I n s e r t  Q u a l i t y  
P o s i t i o n  XS 

Q u a l i t y  
D i f f e r e n c e  

(XTR-XB) 
Run 
No 0.  

( l b l h r - f  t L )  



TABLE 6. Summary of Q u a l i t y  Probe Test  Resul ts  - 
Horizontal  Tube Simulator and Sin tered  Metal. Probe 

Average , 

Bulk-Flow Conditions Probe- 

a t  600 p s i a  Indicated 
Probe's 

Mass Value of  
Actual Reference Sample's ~ulk-  low's Qual i ty  

Veloci ty 
Run Quality I n s e r t  Quality Quality Difference 
No x XB P o s i t i o n  xs XTR (XTR-XB) 



FIGURE I .  SCHEMATIC DIAGRAM OF HIGH PRESSURE LOOP FOR 
V E R T I C A L  T U B E  SIMULATOR Q U A L I T Y  PROBE T E S T S  

b A 
COOLING 
WATER 

CONDENSER 
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MECHANIS W 

HEAT 
EXCHANGERS 

CONCENTRATE 
SUPPLY 
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BOTTLE 
SAMPLE C I I  l r  

HEATER )WP.TERT SAMPLE CI 
PUMP 

ABSORBT ION 
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b 

A - 

d il 
DMA 
GAS 

ON-LINE 
SODIUM- ION 
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- 
ANALYZER 
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FIGURE 2.  SCHEMATIC DIAGRAM OF  HIGH PRESSURE LOOP 
FOR HORIZONTAL TUBE SIMULATOR QUALITY PROBE T E S T S  

A 
COOLING 

- WATER 

I 

CONDENSER 
PROBE - 

TRAVERSE HEAT 

4 ,  HORIZONTAL MECHANISM EXCHANGER 
PRESSURIZER TUBE 

ADIABATIC . ROTOMETER 
s IMUL.ATOR 7 

BOTTLE 
CONCENTRATE SAMPLER CII 

SUPPLY 
BEAKER 

INJECTION 
PUMP 

F lVE 
HEATED 

TUBES 

HEAT A L  BOTTLE 
LOOP EXCHANGER SAMPLER C I  

ORIFICES - - - 
r 

PUMP 



FIGURE 3. SCHEMATIC DIAGRAM OF TEST SECTION 
SIMULATING A VERTICAL TUBE HEAT EXCHANGER 

PROBE HEAD 
2-112" SCH 80 PIPE 

SSURE TAP a 
ER THERMOCOUPLE 

PRESSURE TAP 

ESSURE TAP 8 
ER THERMOCOUPLE 

PRESSURE PRESSURE TAP 

FLOW DISTRIBUTION 

SIDE VIEW 

"u" 

1/2" 

SHAPED FILLER BAR 

% 

ROD 

SECTION A-A 



FIGURE 4. SKETCH OF VERTICAL TUBE SIMULATOR 
AND PROBE LOCATION DETAILS 

/ F I L L E R  BAR 

PROBE 

TYPICAL PROBE POSITION, 
CENTER OF PROBE'S ROW 

0.50" DIA RODS OF H O L E S  
ON 0.75" P I T C H  I D I M . ~ ~ L ~ ~ J  

SKETCH OF TEST SECTION CROSS SECTION 

PROBE'S I N S E R T  LOCATIONS 

S Y M B O L  USED DIMENSION "L" 

IN  TABLE 2 ( INCHES) 

0 . 5  0.875 

2 . 5  0 . 7 5 0  
5 . 5  0 . 5 6 3  
8 . 5  0.3.7 5 

1 2 . 5  0. 1 2 5  
1 4 . 5  0.000 

PROBE ANGLES 

ANGLE ORIENTATION OF  
(DEGREES) ROW-OF-  HOLES 

9 0  UP, AWAY F R O M  
A P P R O A C H I N G  FLOW 

4 5 U'P, 45O  O F F  V E R T I C A L  

0 HORIZONTAL ,  TOWARD 
C E N T E R  R O D .  

B O W N , 4 5 O  O F F  V E R T I C A L  

2 0 . 5  - 0 . 3 7 5  - 9 0  DOWN, O P E N  T O  

2 6 . 5  - 0.750 A P P R O A C H I N G  FLOW 

2 8 . 5  - 0 . 8 7 5  



FIGURE 5. SKETCH OF HORIZONTAL TUBE SIMULATOR 
AND PROBE LOCATION DETAILS 

-I r DIMENSION "L" 

PRESSURE TAP 
PRESS. TAP 8 WATER 

VIEWING WINDOW 
PRESSURE TAP 

c 
PRESSURE TAP 

PRESSURE' TAP 

0.563" DIA RODS 
ON 0.844" PITCH 

PRESSURE TAP 

FLOW 
DISTRIBUTION PRESS. TAP 8 WATER 
PLATE -. 

PRESSURE TAP 

I t I N L E T  

S K E T C H  - OF TEST S E C T I O N  

PROBE'S INSERT LOCATIONS 

S Y M B O L  USED DIMENSION "L" 
I N  T A B L E  3 ( INCHES) 

2 .0  1.281 

9.0 0.844 
15.5 0 . 4 3 8  
22.5 0.000 
29 .5  YO. 438 
36.0 -0.844 

43.0 1.281 

THERMOCOUPLE 

THERMOCOUPLE 

PROBE ANGLES 

ANGLE ORIENTATION OF 
(DEGREES) ROW-OF- HOLES 

90 UP, AWAY FROM 
APPROACHING FLOW 

4 5  UP, 4 5 O  OFF VERTICAL 

0 HORIZONTAL, AWAY FROM 
VIEWING WINDOW 

- 4 5  DOWN, 45O OFF VERTICAL 

- 90 DOWN, OPEN TO 
APPROACH1 NG FLOW 
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+ 
SAMPLE 

FLOW 

FIGURE 9. CROSS -SECTICNAL SKETCH OF " ROW-OF-HOLES" QUALITY PROBE 

ANNULUS FOR UPSTREAM 
PRESSURE -AP i 

CENTER OF PROBE'S 
ROW OF HOLES 
(SEE FIGURES 4 81 5 )  

8- 0 . 0 2 5 "  DIA HOLES 
I 

LANNULUS FOR 
DOWNSTREAM 
PRESSURE TAP 

PROBE -ORIFICE BLOCK 



FIGURE 10. Photograph of Cross.Section and Components of a 
Row-of-IIolcd Quality Probe 

Negative No. 51678-3 



FIGURE I I .  CROSS-SECTIONAL SKETCH OF "SINTERED METAL" QUALITY PROBE 

SAMPLE 
FLOW 
.c- 

ANNULUS FOR UPSTREAM PRESSURE TAP 

\ 

AXIAL CENTER O F  PROBE 
HEAD USED FOR INSERT 

I REF. (SEE FIGURE 5 ) 

\ I 
13.134" 0.D. TUBE I r (40 

DOWNSTREAM 
PRESSURE TAP 

1 PROBE ORIFICE BLOCK 
/ 
-PROBE HEAD 

0.125" 0.0. 

MICRON) 

.SEALED END 

I 



FIGURE 12. Photograph of Cross Section and Components of a 
Sintered Metal Quality Probe 

. 
Negative No. 51678-2 



' .  
/- FIGURE 13. Photograph of Traversing Mechanism 

Negative No. 50340-8 



FIGURE 14. INDICATED QUALITY VS A C T U A L  QUALITY-  

SIMULATOR-VERTICAL TUBES 
PROBE - ROW OF HOLES 
PRESSURE - 600 PS l A 

NOMINAL 
MASS VELOCITY 

SYMBOL (LB/HR-FT~) 

' 50:000 
0 100,000 
A 190,000 
0 310,000 

0 0.1 . 0 . 2  0 . 3  0 . 4  0 . 5  0.6 0.7 
ACTUAL QUALITY (XB) 



FIGURE 15. Q U A L I T Y  ERROR V S  MASS VELOCITY  FOR V E R T I C A L  
T U B E  S I M U L A T O R  WITH ROW-OF-HOLES PROBE 
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FIGURE 16. QUALITY PROFILE NO. I 

Sl.MULATOR -VERTICAL TUBES 
PROBE -ROW-OF-HOLES 
PRESSURE - 600 PSIA 
MASS VELOCITY - 5 0 , 0 0 0  L B / H R - F T ~  
NOMINAL QUALITY- 0.157 
RUNS (TABLE 4)-121,127,133,140,147,153,159,165,17l 

- -, - 

SKETCH OF 
SAMPLING 
LOCATIONS 
(BULK-FLOW IS 
UP-OUT OF PAPER)- 

0.28 

0.26 

0.24 

0.22 
INDICATED 

0.20 - QUALITY - 

K O . 1 8  
- 

- 
J 2 

a 
3 0.1 6 
0 

AVERAGE 
- ACTUAL QUALITY 

- 

0.10 - - 

0 . 0 2  - - 

O L  I I 1 I 

-1.5 -1.0 -0.5 0 0.5 1.8 I .  5 

DISTANCE FROM CENTERLINE -- INCHES 

I 1 

- 
- 
- 

I 1 

AVERAGE QUALITIES:- 
ACTUAL =0.157 
INDICATED = 0:1 6 I 

- 

- 



FIGURE 11 QUALITY PROFILE NO. 2 

SIMULATOR -VERTICAL TUBES ' 
PROBE - ROW-OF-HOLES 
PRESSURE - 6 0 0  PS lA  
MASS VELOCITY - 190,000 L B / H R - F T ~  
NOMINAL QUALITY- 0.191 
RUNS (TABLE 4 ) -342 ,  336,  330, 3 4 8 , 3 5 4  

PROBE, -+-+- 

SKETCH OF a 

LOCATIONS 
, (BULK FLOW I S  

UP-OUT OF PAPER) 

1 I I I I I 

- - 
- - 
- INDICATED - 

QUALITY I 
- - 
- - 

7 

BULK-FLOW'S 
AVERAGE - 
ACTUAL QUALITY 

- . .- 

- 

- 
4 

- 

I I I 

AVERAGE QUALITIES : 
ACTUAL =0.191 
INDICATED =0.215 - 

- 
- 

I 1 1 

2.0 -1.5 - 1 .O -0 .5  0 ' 0.5 1 .O 1.5 2.0 
DISTANCE FROM CENTERLINE - INCHES 
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FIGURE 18. INDICATED QUALITY VS ACTUAL QUALlf Y 

SIMULATOR - HORIZONTAL TUBES 
/ 

PROBE - ROW-OF-HOLES.. 
PRESSURE - 600 PSlA  

NOMINAL 
MASS VELOCITY 

S Y M B O L  ( L B / H R - F T ~ )  

5 0 , 0 0 0  
0 1 5 0 , 0 0 0  
A 2 4 0 , 0 0 0  

340,000 
0 SUSPECT DATA 

WITH C < 5 0  p p b  

0 0. I 0 . 2  0.3 0 . 4  0.5 . 0.6 0.7 0.8 
ACTUAL QUALITY ( X B )  



FIGURE 19. QUALITY ERROR V S  M A S S  V E L O C I T Y  FOR 
HORIZONTAL TUBE SlhlULATO.3 W I T H  ROW-OF- H O L E S  PROBE 

(0 SUSPECT DATA WITH CONCENTRATION < 50  p p b )  

- . I  6 
0 50 I0 0 150 200 250 300 350 400 

I > 
MASS VELOCITY 10'~ ( L B / H R - F T ~ )  
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FIGURE 20. QUALITY PROFILE NO. 3 

SIMULATOR - HORIZONTAL TUBES 
PROBE - ROW-OF-HOLES 
,PRESSURE - 6 0 0  PSlA 
MASS VELOCITY - 50,000 LB/HR -FT 
NOMINAL QUALITY - 0.528 . . 

RUNS (TABLE 5 )  - 71,77 83,89,95,.101,107 

-- -----.- 

0 . 5 2  - 

- 

- 

- 

- 

- 

- 

- 
AVERAGE QUALITIES: 

4, 

- 
ACTUAL QUALITY ACTUAL = 0.528 - 

0 . 0 2  - INDICATED =0 .425  - 

0 I .- . I I 1 I - .. -. 
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FIGURE 2 1 . QUALITY PROFILE NO. 4 

SIMULATOR -HORIZONTAL TUBES 
PROBE - ROW-OF-HOLES 
PRESSURE -600 PSIA 
MASS VELOCITY - 150,000 L B I H R - F T  * 
NOMINAL QUALITY - 0.426 
RUNS (TABLE 5 )  - 209,215,221,227,233,239,245 
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FIGURE 22. QUALITY PROFILE N0.5 

SIMULATOR -HORIZONTAL TUBES 
PROBE - ROW-OF-HOLES 
PRESSURE -600 PSlA 
MASS VELOCITY -240,000 LB/HR-FT* 
NOMINAL QUALITY - 0.221 
RUNS (TABLE 5 )  -275, 281, 287, 293, 299, 305,31 -. I 

-.  
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FIGURE 23. INDICATED QUALITY VS ACTUAL QUALITY 

SIMULATOR-HORIZONTAL TUBES 
PROBE-SINTERED METAL 
PRESSURE-600 PSlA 

NOMINAL 
MASS VELOCITY 

SYMBOL (LB/HR-FT~) 

• 50,000 
0 150,000 
A 240,OO 0 
0 340,000 

IN Dl CATED QUALITIES 
ABOVE 0 . 4 0  SHOW 

0 0.1 0 . 2  0.3 0.4 0.5 0.6 0 . 7  
ACTUAL QUALITY (XB) 
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DATA REDUCT I O N  

1. Actual Q u a l i t y  of Bulk-Flow Stream 

The a c t u a l  q u a l i t y  of the  bulk-flow was eva lua ted  by performing an  
energy balance on a  c o n t r o l  volume. This  c o n t r o l  volume enveloped the  
f i v e  heated tubes and the  unheated s imula tor  up t o - t h e  l e v e l ' o f  the  
q u a l i t y  probe. This balance was expressed a s  

where 

W = bulk flow r a t e  ( l b l h r )  

H = entha lpy  a t  i n l e t  t o  t he  f i v e  heated tubes a s  eva lua ted  
i n  a t  the  ope r a t i n g  p re s su re  and the thermocouple-measured 

in l e t -wa te r  temperature (Btu l lb)  

QEin = t o t a l  power input  from the  f i v e  e l e c t r i c a l l y  hea ted  
tubes (Btu lhr )  

I-$ = average en tha lpy  of t h e  bulk-flow a t  t h e  probe l e v e l  
w i t h i n  the  t e s t  s e c t i o n  (B tu l lb )  . 

QL = t o t a l  hea t  l o s s  a long  the  f i v e  heated tubes and along the  
s imu la to r  up t o  the  probe l e v e l  (Btulhr)  

S ing le  phase runs wi th  subcooled e x i t  water  condi t ions  were made t o  
eva lua t e  t he  hea t  l o s ses .  These runs included heated and unheated 
cond i t i ons ,  i .e.  wi th  and without  app l i ed  e l e c t r i c a l  power a t  the  f i v e  
heated tubes. 

For t e s t s  wi th  the  v e r t i c a l  tube s imu la to r ,  t h e  h e a t  l o s s e s  were 
estimated by the  express inn  

Q L ~ ~ ~ ~  
= 5 1 . 2 ( ~ ~  - TA) 9 4.31(TC - TA) 

where 

TB = average watcr  temperature along the  f i v e  heated tubes  (OF) 

TC = average water  temperature along the  s e c t i o n  from' t he  e x i t  of 
t he  f i v e  heated tubes t o  t he  probe l e v e l  (OF) 

0 
TA = ambient room temperature ( F) 



For t e s t s  wi th  the ho r i zon ta l  tube s imulator ,  the hea t  l o s ses  were 
es t imated  by the expression 

53.8(TD - TA) 

where 

TD = average of t he  f i v e  w a l l  thermocouples used f o r  
CHF de tec t ion  on the  f i v e  heated tubes (OF) 

The es t imated  hea t  l o s ses  were t y p i c a l l y  low, below 25,000 Btu/hr,  and 
corresponded t o  co r r ec t ions  i n  the bu lk ' s  a c t u a l  q u a l i t y  of 0.04 and below. 

The bulks q u a l i t y  was expressed by the e q u i l i ~ r i u m  model of 

where 

% = bulk-flow stream's  a c t u a l  qua l i t y  

Hf = 
enthalpy of s a tu ra t ed  l i q u i d  a t  the  opera t ing  pressure  (Btul lb)  

H = l a t e n t  hea t  o f  vapor iza t ion  a t  the  operat ing pressure  (Btu l lh)  
f g  

Combining Equations (A-1) and (A-3) gives t he  f i n a l  expression 

which was used Lo evalua te  the  bulk-flow's actual  tquality, When the  t e s t  
s e c t i o n  water  is  subcooled, Equation (A-4) g ives  a negative value of qua l i t y  
( e . g  s e e  Table 2 ,  Column 5,  Run No. 7) .  

The accuracy of  the a c t u a l  q u a l i t y  given in exproooion (A-4)  was esLimated 
t o  be b e t t e r  than k0.01 qua l i t y .  This value was based on an  e r r o r  ana lys i s  
wi th  55 p s i  ope ra t ing  pressure  ( s a t u r a t i o n  enthalpy terms), 5 2 " ~  i n l e t  
temperature ( i n l e t  e n t h a l p . ~ ) ,  20.5 pe r  cen t  e r r o r  i n  f l n w  rate ( W ) ,  5.5 p c r  
cent  e r r o r  i n  t he  supp l i ed  power (QE),' and 220 per  cent  e r r o r  i n  the -11 . . 
h e a t  l o s s  term (QL). 

2 Exp rass ion f o r  Relat ing Quality t o  Tracer  Concentration 

An express ion  f o r  r e l a t i n g  t h e  q u a l i t i e s  t o  t r a c e r  concentrat ions i s  der ived 
by w r i t i n g  spec i e s  mass balances f o r  the t r a c e r  and the water. The assumptions 
f o r  t h i s  a n a l y s i s  a r e :  

1. s t eady- s t a t e ;  s teady  flow 
2, no chemical reac t ions  
3. the t r a c e r  substance i s  p re sen t  only i n  the  l iquid-phase 

of a liquid-vapor mixture 
4. one-dimensional flow i n  the s imulator ;  t r a c e r  is  uniformly 

d i s t r i b u t e d  wi th in  the l i q u i d  of  t he  l iquid-vapor mixture 
a t  m y  cross  sec t ion ,  

A-2 



The following terms a p p l y  t o  t h i s  ana lys i s :  

C I  - t r a c e r  concentrat ion i n  the bulk-flow while the bulk-flow 
i s  a l l  s i n g l e  phase l i q u i d ;  i .e.  upstream of hea t ing  such 
a s  the ' f ive heated tubes; a  constant  by assumptions no. 1 
and 4. 

C I I  - t r a c e r  concentrat ion i n  an ex t r ac t ed  sample a f t e r  complete 
condensation of any vapor ex t rac ted  with the sample 

CB - t r a c e r  concentrat ion i n  the l iquid-phase of a  two-phase 
mixture e x i s t i n g  i n  t h e  bulk-flow downstream of hea t ing ;  
a  constant  by assumptions 1 and 4 .  

WBV 
XB - flowing q u a l i t y  of t he  two-phase bulk-flow stream; defined a s  - 

WB 

XS - flowing qua l i t y  of the  two-phase mixture en t e r ing  the  probe a t  
the  point  of sampling; defined a s =  ' 

WS 

WB - mass flow r a t e  of the  bulk-f luid from which a  sample is  ex t r ac t ed  

WBL - mass flow r a t e  of l i q u i d  i n  t he  bulk-flow stream 

WBV - mass flow r a t e  of vapor i n  the bulk-flow stream 

WBT - mass flow r a t e  of t r a c e r  i n  the bulk-flow stream 

WS - mass flow r a t e  of the condensed sample 

WSL - mass flow r a t e  of l i q u i d  i n  the sample l i n e  a t  the  
poin t  of sample ex t r ac t ion  

wsv - mass flow r a t e  of vapor i n  the sample l i n e  a t  t he  
poin t  of sample ex t r ac t ion  

WST - mass flow r a t e  of t r a c e r  i n  the sample l i n e  

The qual i ty-concentrat ion expression i s  der ived from the following 
spec ies  mass balances 

bulk-flow stream 

water : 

t r a c e r  : WBTin 

WBLout +' WBV 
out  

From the d e f i n i t i o n  of concentrat ion and q u a l i t y ?  

WBTin = (CI)(WBin) 

WBTout 
= (CB) (WBL ), o r  

out  

(A- 5 ); 

(A-6)  



WBT 
ou t  

Combining Equations (A-5) through (A-9) gives  the r e l a t i o n  

sample flow l i n e  

water:  WSout 
= WS = WSLin + WSVin 

i n  

tracer: WSTin = WSTout 

From the  d e t i n i t i o n  of concent ra t ion  and q u a l i t y ,  

WSTout = (CII)  (WSout) 

WSTin = (CB) C W S L ~ ~ I ,  or 

WSTin = (CB) [(wsin) ( 1  - XS) 1 

Combining Equations (A-11) through (A-15) gives the  r e l a t i o n  

(A- 10) 

(A- 11) 

(A-12) 

(A- 13) 

(A-14) 

(A- 15) 

(A- 16) 

Combining Equations (A- 10) and (A-16) t o  eliminaf e the concentratio11 t e  r111 CB 
g ives  t h e  r e l a t i o n  

C I XB = 1 - (=)(I - XS) (A-'1 7) 

The bu lk ' s  qua l i t y ,  XB, given i n  Equation (A-17) was i n t e r p r e t e d  a s  being the 
probe-indicated va lue  of q u a l i t y  i n  the  bulk-flow stream. T t  i s  n n t ~ d  th.at 
Equarion (A-l/j is  v a l i d  f o r  any va lue  of the sample's qua l i t y ,  XS.. Correspondingly, 
Equation (A-17) can be used t o  eva lua te  t he  probe's ind ica ted  q u a l i t y  of the 
bulk-flow stream provided t h a t  the sampleis  q u a l i t y  can be experimental ly  
evaluated with reasonable accuracy. 

3. sample's Qual i ty  by 0 r i f i c e . C h a r a c t e r i s t i c s  

The s l i p  model f o r  two-phase flow was expressed a s  

(A- 18) 



where 

XS = q u a l i t y  of the  flowing mixture; e.g. the  samples 
q u a l i t y  f o r  t h i s  s tudy -- dimensionless 

y = s l i p  r a t i o ;  ve loc i ty  r a t i o  of vapor t o  l i q u i d  - dimensionless 

a: = vapor f r a c t i o n  - dimensionless : 

p f , P g  = s a t u r a t i o n  d e n s i t i e s  of l i q u i d  and vapor r e spec t ive ly  - l b / f t  
3 

The e f f e c t i v e  dens i ty  of the flowing two-phase mixture was expressed a s  

where 
- 
p :ts the e f f e c t i v e  dens i ty  of the  flowing two-phase mixture 

Rearranging Equation (A-19) gives the expressian 

P - P  1 - a  
1 = 0 

f  
- 

This r e l a t i o n  implies  t h a t  i f  the e f f e c t i v e  dens i ty ,  p ,  can be evaluated and 
a  s u i t a b l e  value of s l i p - r a t i o  is  s e l e c t e d ,  then Equation (A-18) may be used 
t o  approximate the  q u a l i t y  of an ex t r ac t ed  sample. 

- 
The e f f e c t i v e  dens i ty ,  p ,  was estimated using the pressure  drop c h a r a c t e r i s t i c s  
of the o r i f i c e  b u i l t  i n t o  the  probe head. The o r i f i c e  equat ion 

Id DP = - 
P 

(A-21) 

DP = pressure  drop - p s i  

p = dens i ty  of f l u i d  flowing through the o r i f i c e  - l b / f t  
3 

3 
K = o r i f i c e  constant  - (p s i )  ( l b / f t  ) / ( l b / h r )  

2  

An o r i f i c e  cons tan t ,  KC, i s  evaluated as the  cons tan t  K from Equation (A-21) 
from s ing le  phase c a l i b r a t i o n  t e s t s  with s l i g h t l y  subcooled l i qu id  i n  the 
bulk-flow stream. The o r i f i c e  flow was t y p i c a l l y  turbulen t  flow with the 
o r i f i c e  cons tan t  independent of Reynolds number. However, per iodic  s i n g l e  
phase t e s t s  did show v a r i a t i o n s  i n  the o r i f i c e  cons tan t  with time. This 
time v a r i a t i o n  was in t e rp re t ed  a s  caused by chemistry e f f e c t s  from opera t ing  



with  a nominally neu t r a l  pH. The o r i f i c e  constant  denoted a s  KC represents  
t he  va lue  i n t e r p o l a t e d  from a p l o t  of o r i f i c e  constant  K vs: time. These 
p l o t s  a r e  shown i n  Figures  A-1 and A-2. 

For a two-phase mixture,  the o r i f i c e  c h a r a c t e r i s t i c s  were then approximated 
,by the expression:  

KC W 
DPTP = 4 

(7) (Y 1 

where : 

DPTP = measured pressure  drop during two-phase flow - p s i  

KC = o r i f i c e  cons tan t  evaluated from a l l  l i q u i d  c a l i b r a t i o n  
runs , ( p s i )  ( l b / f t 3 )  / ' ( l b ~ h r ) ~  

W = £ 1 0 ~  r a t e  o t  the  condensed sample ( lb /h r )  

- 
p = e f f e c t i v e  dens i ty  of t h e  flowing two-phase mixture - l b / f t  

3 

Y = expansion f a c t o r  f o r  the  vapor - dimensionless 

The expansion f a c t o r  f o r  two-phase mixtures was approximated by the  expression 

(DPTP) 
Y = 1.0 - (0.4219) 

(1.27) (P) 

T h i s  expression i s  based on Equation (7-16), page 191 of Reference 6. The 
f a c t o r  0.4219 i s  based on an o r i f i c e  diameter r a t i o  (p)  of 0.013/0,047. 
The f a c t o r  1.27 is  the r a t i o  of s p e c i f i c  hea ts  ( C  /Cv) f o r  vapor and the  
pressure  (P) i s  the  operat ing absolute. pressure.   he c~rpansion f a c t o r  
was evaluated a s  1.0 f o r  l i q u i d  only  flnwi.vg through thc  o r i f i c e .  This 
method of using an expansion f a c t o r  f o r  two-phase mixtures i s  s i m i l a r  
t o  t h a t  reported i n  the l i t e r a t u r e ,  i.e. Reference 7 .  

Rearranging Equation (A-22) g ives  the r e l a t i o n  

S u b s t i t u t i o n  of Equation (A-20) i n t o  Equation (A-18) givec thc  r e l a t i o n  

The s l i p  r a t i o ,  7 ,  used i n  t h i s  s tudy was assumed t o  be a constant  given by 



F i n a l l y ,  using the s l i p  r a t i o  given i n  Equation (A-26) and the es t imate  of 
the  e f f e c t i v e  mixture dens i ty  evaluated using Equation (A-24), Equation (A-25) 
was used t o  est imate the sample's qua l i ty .  

This  technique f o r  evaluat ing the  sample's q u a l i t y  was not  considered t o  be 
rigorous. However, it  was judged t o  be s u i t a b l e  f o r  the low q u a l i t y  samples 

. . achieved by the  qua l i t y  probe. The values of q u a l i t y  determined by using 
Equation (A-25) werd checked by comparing es t imates  from a technique using 
a hea t  balance along the sample l i n e  and a previously published c o r r e l a t i o n  
f o r  two-phase flow o r i f i c e  c h a r a c t e r i s t i c s .  

A t yp ica l  comparison of these techniques is a s  follows: 

t e s t  - hor i zon ta l  s imulator  and row-of-holes probe 

run - run no. 209, given i n  Table 3 

mass v e l o c i t y  - 144,000 l b / h r - f t  
2 

a c t u a l  bulk q u a l i t y  (XB) - ' 0.387 

term - 
sample q u a l i t y  (XS) 

probe-indicated value of bulk 
qua1 i t y (XTR) 

Method of Evaluating sample's Qua l i t y  
Equation (A-25) Heat James* 

y = 2.0 Balance Cor re l a t ion  

q u a l i t y  d i f  ference (XTR-XB) -6.025 -0.031 -0.010 

9~ James Cor re l a t ion ,  Reference 7, uses Equation (A-24) wi th  the  expression 



FIGURE A-I. ORIFICE CONSTANT VS TIME 
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FIGURE A-2. ORIFICE CONSTANT VS TIME, 
SIMULATOR-HORIZONTAL TUBES 
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