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ABSTRACT 

A c a p i l l a r y  t h r e e  tube viscometer has been designed which a l lows  

t h e  measurement of rheo log ica l  p rope r t i e s  of t i m e  dependent non-Newtonian 

f l u i d s  i n  laminar f low a t  high temperature and pressure.  

of t h i s  i nves t iga t ion  is  t o  determine t h e  temperature s t a b i l i t y  of c lay-  

water suspensions conta in ing  var ious  d r i l l i n g  f l u i d  add i t ives ;  

The ob jec t ive  

The 

add i t ives  s tud ied  cons is ted  of v i s c o s i f i e r s ,  f i l t r a t e  reducers,  and 

chemical th inners .  

t o  550 degrees Fahrenheit;  

above the  vapor Bressure.  

The temperature range s tudied is  from room temperature 

The system pressure  i s  consistentfly maintained 

The Bentonite and water s tandardized base mud used is  equiva len t  

t o  a 25 PPB f l u i d .  

s teady s ta te  laminar flow condi t ions  and t o  obta in  r e l i a b l e  temperature 

thinning e f f e c t s  wi th  each temperature i n t e r v a l  under inves t iga t ion .  

S t a b i l i z a t i o n  of t h e  base mud i s  necessary t o  o b t a i n  

Generally t h e  temperature l e v e l s  are maintained €or one hour u n t i l  550°F 

i s  a t t a ined .  

degradation occurs.  

The last  i n t e r v a l  is  then maintained u n t i l  system f l u i d  

Rheological measurements are obtained from d i f f e r e n t i a l  p re s su re  

t ransducers  l oca t ed  i n  a t h r e e  diameter tube tes t  sec t ion  and e x t e r n a l l y  

a t  ambient condi t ions  from a Baroid Rota t iona l  Viscometer. 

l a w  model f o r  'non-Newtonian f l u i d s  is used t o  c o r r e l a t e  t he  da ta .  

0 

* The power 

L 
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INTRODUCTION 

The cu r ren t  t rend  of geothermal w e l l  d r i L i n g  has prompted t h e  

Department of Energy t o  embark on a research  program t o  determine t h e  

a v a i l a b i l i t y  of f l u i d s  which can t o l e r a t e  t he  high temperatures and 

pressures  encountered. 

of primary concern because of t h e  c o s t s  involved i n  maintaining w e l l -  

Temperature degradation of f l u i d s  is considered 

bore hydraul ics ,  ho le  s t a b i l i t y  and reducing r e se rvo i r  damage. 

Previous i n v e s t i g a t i o n s  i n t o  t h e  the rha l  s t a b i l i t y  of d r i l l i n g  

f l u i d s  have been concerned wi th  c l a y  p rope r t i e s  such as v i s c o s i t y ,  g e l  

s t r eng th  and f loccu la t ion .  

modified r o t a t i o n a l  viscometers  t o  analyze 'clay water suspensions i n  

Rogers35, Annis2 , and Hi1lerl7, u t i l i z e d  

the  250 t o  350 degree Fahrenhei t  range. 

t h e  s t a b i l i t y  of t h e  f l u i d  is  dependent on the  temperature, time of 

exposure and the  degree of hydra t ion  of t he  c l ay  platelets .  Annis 

f u r t h e r  emphasized t h a t  var ious  e l e c t r o l y t e s  and c e r t a i n  molecules 

d i r e c t l y  inf luence  t h e  f l u i d  behavior a t  high temperature. 

These s tud ie s  ind ica ted  t h a t  

Recent s t u d i e s  have developed flow networks which apply high and 

low shear  rates t o  f u r t h e r  analyze f l u i d  behavior. 

viscometers w e r e  used by P r i t cha rd  

c l ay  water suspensions. P r i t cha rd  s tudied  l ignosul fona te  chemical 

behavior u t i l i z i n g  t h e  aging c e l l  method t o  expose t h e  chemical t o  

temperature. 

Capi l la ry  tube  

and K r ~ e g e r ~ ~  t o  eva lua te  c e r t a i n  
b 

The aged l i gnosu l fona te  w a s  then added t o  t h e  base f l u i d  

1 
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and evaluated i n  t h e  c a p i l l a r y  tube viscometer.  Krueger used a pipe 

viscometer t o  shear  age h i s  f l u i d s  and pressure  drop d a t a  w a s  obtained 

f o r  c o r r e l a t i n g  t h e  shear  h i s t o r y  of t he  tes t  f l u i d .  These apparatus 

r e l y  on w a l l  shear  and g ive  va lues  of v i s c o s i t y  wi th  known shear  rates. 

These des igns  w e r e  p r imar i ly  concerned with s imulat ing down ho le  con- 

d i t i o n s .  

The p resen t  conf igura t ion  has the  c a p a b i l i t y  of measuring pres- 

s u r e  drop from f l u i d  flow under extreme condi t ions.  

range attainable is l imi ted  t o  550°F. 

The temperature 

The pressure  may be maintained 

from atmospheric to 3,000 ps i .  The flow loop conta ins  shear  va lves  

which s imula te  b i t  j e t  shear  rates o f ,  10,000 sec'' t o  50,000 sec-', 

and are ad jus t ab le .  

t o  1,400 s&". 

t o  2 . I  p s i ,  wi th  50 p s i  maximum. 

The s t a b i l i z a t i o n  of t h e  test f l u i d  is of primary importance 

The test sec t ion  shear  rates range from 20 sec-l 

The d i f f e r e n t i a l  pl-essure measurements are accura te  

i n  a t t a i n i n g  s teady  s ta te  condi t ions f o r  t e s t i n g .  

e f f e c t s  t h e  f l u i d  consis tency and i s  time dependent. 

proper hydra t ion  per iod is  necessary t o  s t a b i l i z e  all c lay  suspensions. 

Chemical r e a c t i o n  rates a l s o  are time dependent. 

must be maintained cons tan t  o r  minimized t o  such a po in t  as t o  elimi- 

n a t e  t h e i r  e f f e c t s .  The steady flow condi t ions  al lows c l a s s i f i c a t i o n  

of t h e  test f l u i d ,  eva lua t ion  of shear  h i s t o r y ,  and an understanding of 

temperature th inning  o r  thickening tendencies.  

c l a s s i f i c a t i o n  methods w i l l  be discussed f i r s t .  

procedure is  then  presented.  

t i o n  techniques are  included. 

a t i o n  of t h e  flow tests are presented. - 

Clay hydrat ion 

Therefore a 

These condi t ions  

Some nowNewtonian f l u i d  

The equipmeGt and tes t  
I 

Fluid prepara t ion  and va r ious  s t a b i l i z a -  

Fina-lly t h e  labora tory  r e s u l t s  and evalu- 

L d .  
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THREE TUBE VISCOMETER TESTS 

FLUID CLASSIFICATION 

Current c l a s s i f i c a t i o n  schemes d iv ide  f l u i d s  i n t o  two major 

ca tegor ies ,  Newtonian and non-Newtonian. 

response c h a r a c t e r i s t i c s  noted under a range of shear  stresses. 

shear  stress w i l l  equal  some funct ion  of t h e  shear  rate. 

Grovier”  i n d i c a t e  as many as eleven d i f f e r e n t  parameters may e f f e c t  

f l u i d  c h a r a c t e r i s t i c s .  

a l s o  depend on o the r  parameters. 

This d i s t i n c t i o n  is based on 

The 

Aziz and 

They a l s o  - ind ica te  t h a t  each parameter may 

Most of t h e  parameters involve 

macromolecules and p a r t i c l e s  which compose t h e . f l u i d .  They f u r t h e r  

s t a t e  t h a t  f l u i d s  are c l a s s i f i e d  i n t o  var ious rheologica l  types on t h e  

b a s i s  of graphica l  ana lys i s .  

Newtonian f l u i d s  are i d e n t i f i e d  on Cartesian coordinates  wi th  

an  arithmetic p l o t  of shear  stress vs shear rate. 

l i n e a r  through t h e  o r i g i n  f o r  a given temperature and pressure.  

s lope‘of  t h e  rheogram w i l l  be  t h e  v i scos i ty .  

constant  f o r  an  inc rease  o r  decrease i n  shear  rate. 

The.data w i l l ‘ b e  

The 

The v i s c o s i t y  w i l l  be  

Non-Newtonian f l u i d s  do not  e x h i b i t  a constant  p ropor t iona l i t y  

between shear  stress and shear  ra te  a t  constant  temperature and pres- * 

sure .  The r a t i o  of shear  stress 

v i scos i ty .  

t o  shear  rate is termed apparent 
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The power l a w  model f i t s  many 

mediate, shear  rate ranges b u t  f a i l s  

rate ranges. The f l u i d  w i l l  usua l ly  

non-Newtonian f l u i d s  a t  i n t e r -  

t both low and very high shear  

exh ib i t  Newtonian c h a r a c t e r i s t i c s ,  

a t  t h e  h igh  and low shear  rates. 

The power l a w  behavior index, n ,  i nd ica t e s  var iance  from 

Newtonian behavior.  Therefore the  f a r t h e r  from un i ty  t h e  more non- 

Newtonian t h e  f l u i d  has become. 

The power l a w  cons tan t ,  K, i s  a consis tency index. Both parame- 

ters are r e l a t e d  t o  t h e  f l u i d  macromolecules and o ther  so l id- l iqu id  

in t e rac t ions .  

i s  equated t o  t h e  consis tency index. 

value,  K, t h e  more viscous t h e  f l u i d .  

* 
On a logri thmic p l o t  t he  i n t e r c e p t  a t  u n i t y  shear  ra te  

The g r e a t e r  t h e  consis tency index 
c 

I f  t h e  apparent  v i s c o s i t y  should decrease with increas ing  shear  

This is  provided t h e  f l u i d  is rate t h e  f l u i d  is termed pseudoplastic.  

i n  a s t a b l e  condi t ion  and the  proper shear  ranges are obtained.  

The power l a w  model i s  widely used i n  indus t ry  t o  analyze d r i l l i n g  

f l u i d s .  Mathematically i t  can be wr i t t en  as: 

n 

du where T is shear  stress and - i s  shear  rate. Yx dY 
D i l a t a n t  f l u i d s  e x h i b i t  i a n  increase  i n  apparent  v i s c o s i t y  wi th  

increased shear  rates.  These type f l u i d s  may e x i s t  only i n  c e r t a i n  

concent ra t ion  ranges. Th-e degree of d i l a t ancy  is  d i r e c t l y  r e l a t e d  t o  

f l u i d  i n t e r a c t i o n  wi th  t h e  p a r t i c l e s .  The l i m i t i n g  concentraclon range 

depends on t h e  p a r t i c l e  concentrat ion ranges and phys ica l  c h a r a c t e r i s t i c s  



u 
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- t  

of the  f l u i d .  Generally f l u i d s  become pseudoplast ic  when concentrat ion 

ranges are lower o r  higher  than the  l imi t ing  concentrat ion.  

The major i ty  of c l ay  suspensions exh ib i t  a y i e l d  stress. There 

are b a s i c a l l y  t h r e e  f l u i d  types i n  t h i s  category, Bingham plastic,  y i e l d  

.pseudoplastic and y i e l d  d i l a t a n t .  These f l u i d s  r equ i r e  a f i n i t e  shear  

stress i n  excess of t h e  y i e l d  stress t o  i n i t i a t e  flow. The rheo log ica l  

equation takes t h e  form: 

. 
This i s  o f t e n  r e f e r r e d  t o  as the  Herschel-Bulkley Model. 

Bingham f l u i d s  e x h i b i t  a l i n e a r  r e l a t ionsh ip  between shear  stress 

and shear  rate a f t e r  overcoming t h e  y i e l d  stress. Parameters f o r  Bingham 

f l u i d s  may be obtained from t h e  s lope  and i n t e r c e p t  of a s t r a i g h t  l i n e  

r e l a t i o n s h i p  between shear  stress and shear  rate.  The y i e l d  poin t  is 
I 

- -- 

equated t o  t h e  i n t e r c e p t  at zero  shear  rate and t h e  p l a s t i c  v i s f o s i t y  

equals  t h e  s lope  of t h e  s t r a i g h t  l i n e .  

reasonable  f i t  i n  t h e  laminar flow range, expec ia l ly  a t  low shear rates. 

Clay water suspensions f i t  wi th in  a range of f l u i d  concentrat ions.  

Usually the  model provides a 

Yield pseudoplas t ics  vary  from pseudoplast ics  i n  y i e l d  stress 

requirements only. The stress curve e x h i b i t s  a convex appearance. Many 

c l ay  water suspensions behave as y i e l d  pseudoplast ics  e spec ia l ly  a t  

intermediate  l e v e l s  of concentrat ion.  
0 

Yield d i l a t a n t  f l u i d s  are similar t o  d i l a t a n t  f l u i d s  except f o r  

t h e  y i e ld  stress. The concave character of t he  shear  curve is  i d e n t i c a l  
s 

i n  na ture  t o  t h e  d i l a t a n t  f l u i d s .  
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T i m e  dependent f l u i d s  are defined as f l u i d s  which undergo a 

thickening o r  t h inn ing  wi th  time when held a t  a cons tan t  shear  stress. 

This  i n v e s t i g a t i o n  has  considered all f l u i d s  as power l a w .  

The tes t  procedure allows a per iod of t i m e  t o  shear  age t h e  f l u i d .  

t i m e  dependent characteristics are eliminated. 

is  neglected o t h e r  than i n  rheometer data .  

Many 

Yield stress a n a l y s i s  

EXPERIMENTAL EQUIPMENT 

A diagram of t h e  flow loop used i n  t h i s  study i s  i l l u s t r a t e d  i n  

The flow loop has  t h e  c a p a b i l i t y  of shear ing t h e  tes t  f l u i d s  Figure 1. 

i n  a similar range t o  t h a t  recorded i n  an a c t u a l  wel lbore .  

The test  s e c t i o n  i s  designed t o  e l imina te  entrance e f f e c t s  and 

reduce turbulence formation a t  the  p re s su re  taps.  The cu r ren t  configu- 

r a t i o n  of t h e  test  s e c t i o n  measures da t a  i n  the  20 sec-’ t o  1,400 sec-’ 

range. 

is  insu la t ed  t o  maintain t h e  t es t  temperature. 

placed i n  t h e  l i n e s  t o  f a c i l i t a t e  i n s t a l l i n g  pressure  taps .  

The test s e c t i o n  c o n s i s t s  of 3 s t a i n l e s s  s t e e l  tubes.  Each tube  

S t a i n l e s s  steel tees are 

The pressure  

t aps  c o n s i s t  of s t a i n l e s s  steel f i t t i n g s  and a c a p i l l a r y  l i n e  lead ing  t o  

each pressure  t ransducer .  

hea t  t o  ambient even a t  t h e  550°F test temperature. 

s ions  a re  recorded i n  Table 1. 

The c a p i l l a r y  l i n e s  are used t o  d i s s i p a t e  

Test s ec t ion  dimen- 

System p res su re  i s  maintained a t  3,000 p s i  with spr ing  loaded 

shear  va lves  suppl ied by Dresser Magcobar. The shear  va lves  produce 

s u f f i c i e n t  backpressure t o  prevent  vapor iza t ion  i n  t h e  test sec t ion .  The 
* 

’ valves  shear  t h e  f l u i d s  i n  t h e  10,000 sec-’ t o  50,000 sec-’ range. 

diagram of t h e  shear  valve i s  included i n  Figure 2.. 

A 
* 
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13.25' 

TASLE 1. 

TEST SECTION DIME3SIONS 

Calculated , 
Calming 
Length 

Sudden en1 arge- 
nen t between &I' 

K .035" and 3/4" 
K .065" tube 

Sudden con trac- 
tion between 3/4" 
x .065" and 3/8" 
K . o w  tube 

S udden con trac- 
tion between 3/8" 
x .049" and 1/4" 
x .035" tube 

Sharp edged 

9. I" 

Diameter Res i s  tance Equi vat ent 
Ra ti o Coefficient Entrance 

Length 

0.84 1.68 b. 29 

0.45 0.35 0.70 

0.65 0.25 0.50 

5.8  'I 

2.7" 

Actual 
Cal m i  ng 
Length 

24" 

24" 

2 4" 

---- 

Actual 
Tap 
D i  stance 

4.33' 

3 . 2 5 '  
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FIGURE 2 

SBEAR VALVE 

I I ceramic. 
NOTE: The ball and seat in A are made of 

4 1 &13/32 HOLE 

TLAT 
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i The flow loop temperature i s  obtained by t h e  use  of e lectr ical  

tubular  h e a t e r s  a t tached  t o  the  k inch  flow tubing. The tubu la r s  are 
k 

r a t e d  a t  2 KW each and are 90 inches long. 

i n  t h e  flow loop. 

There are 9 tubular  hea te r s  

Three temperature c o n t r o l l e r s  monitor and maintain 

f l u i d  temperature  i n  t h e  loop. The system i s  capable  of a t t a i n i n g  550°F. 

Flow is  maintained with a Wallace and Tiernan metering pump. 

The pump is a p o s i t i v e  displacement pump without suc t ion .  Therefore a 

feed pump and v a r i a b l e  speed e lectr ical  d r ive  motor were requi red  t o  

maintain flow from t h e  r e s e r v o i r  t o  the  metering pump l i q u i d  ends. The 

feed pump included a bypass loop and va lve  t o  r e t u r n  f l u i d  t o  t h e  reser- 

v o i r ,  t h i s  allowed p res su re  con t ro l  t o  t h e  metering pump. 

network a l s o  allows extra mud mixing c a p a b i l i t i e s .  

The bypass 

FLUID PREPARATION 

Two s tandard  base  muds were prepared. -The base  f l u i d s  cons is ted  

of a 25 I b / b b l  Bentoni te  suspension and a 25 l b / b b l  Bentoni te  suspension 

with 20,000 ppm sodium chlor ide .  These base f l u i d s  were prepared i n  the  

flow 100~ t o  reduce a e r a t i o n  and to allow an even consis tency by exposing _ _  -r 

t h e  f l u i d  t o  similar shear  h i s t o r i e s .  The pH was cons tan t ly  monitored, 

i n  the  r e s e r v o i r ,  and maintained a t  10 2 0.5 pH with a sodium hydroxide 

,e= --.?---'I - ._ - -_ - .  so lu t ion .  

The mixing per iod is n o t  s u f f i c i e n t  t o  age t h e  f l u i d  f o r  t e s t i n g .  

was s u f f i c i e n t  t o  evenly d i s t r i b u t e  the  c l a y s  and chemicals throughout 

The flow loop i s  a b l e  t o  shear  age t h e  fluid q u l t e  errecLiveAy. 

It 

z t he  l i q u i d  phase,  

The mixing procedure requi res  

The system hours a t  room temperature.  

0 

shear  aging the  f l u i d  f o r  four  

pressure  w a s  maintained a t  1,500 p s i .  
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c The pressure  drops were monitored as an ind ica t ion  of consis tency.  The 

c l ays  and chemicals were added to  t h e  reservoir and cons tan t ly  a g i t a t e d  

wi th  a-mechanical stirrer as w e l l  as by the  feed pump bypass. 

mixing procedures a t  times produced f l u i d s  which var ied  i n  consistency. 

This condi t ion  was reduced by determining t h e  loop cyc le  t i m e .  -The  c l ays  

and chemicals were added evenly by d iv id ing  add i t ions  i n  por t ions  of 50 

grams. 

t u r e  of t h e  test f l u i d .  

f 

Fluid  

Two t o  f ive  cyc le s  were necessary depending on t h e  v iscous  na- 

The base  f l u i d s  were o r i g i n a l l y  allowed t o  

hydrate  p r i o r  t o  add i t ions  of any chemicals, t he  hydration per iod allowed 

t h e  c lays  s u f f i c i e n t  t i m e  t o  d isperse .  

t h e  second day of t e s t i n g ,  t h e  f l u i d s  a t  times were not  homogeneous and 

required a d d i t i o n a l  shear  aging o r  exposure t o  hea t  before  proper s t a b i -  

l i z a t i o n  w a s  obtained. 

displaced from t h e  flow loop and s to red  i n  a i r  t i g h t  conta iners  f o r  16 

t o  20 hours. 

I f  t h e  chemicals were added on 

A t  t h e  end of t h e  mixing per iod t h e  f l u i d  w a s  

. 

The hydra t ion  per iod is pr imar i ly  f o r  l iqu id-so l id  adsorp t ion  

The c l a y s  are s e n s i t i v e  t o  l i q u i d  con tac t  and o r  chemical d i spers ion .  

d i spe r se  wi th  t i m e .  

so luble .  

during t h i s  period. 

t he  simultaneous aging of t h e  c l ay  and addi t ive .  

The chemicals m tend t o  adsorb water o r  may be  

It is  a l s o  apparent  t h a t  t h e  chemical may react with t h e  c l a y s  

Reduction i n  d ispers ion  of t h e  c l ays  r e s u l t e d  from 

I 

The pres su re  t ransducer  c a p i l l a r i e s  were s e n s i t i v e  t o  plugging. 

Once t h e  test f l u i d  w a s  d i sp laced  t h e  c a p i l l a r y  l i n e s  were f lushed  wi th  

f r e s h  water and a c a l i b r a t i o n  check was performed. The pump w a s  a l s o  

serv iced  during t h i s  per iod,  t h i s  maintenance w a s  necessary t o  reduce 

the  p o s s i b i l i t y  of pump leakage or  check valve f a i l u r e .  

. 

I f  t h e  c l a y  

\ 

w .  
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L d  
suspension were allowed t o  remain i n  t h e  system the  check va lve  e f f i -  

c iency  of t h e  metering pumps was reduced. 

-+ 

The loop was then f lushed f o r  
Q 

one hour a t  250°F with  a 10 t o  12 pH c a u s t i c  so lu t ion .  The c a u s t i c  solu- 

t i o n  was not  r ec i r cu la t ed  bu t  dumped a f t e r  per iodic  checks f o r  impur i t ies .  

The follow& day the  f i l t r a t i o n  ce l l s  were i n s t a l l e d  and the  

The cor ros ion  coupons were weighed and placed i n  t h e  cor ros ion  cells. 

test f l u i d  is used t o  d i sp l ace  the  c a u s t i c  so lu t ion .  

c i r c u l a t e d  at room temperature f o r  t h i r t y  minutes. 

speed rheometer i s  k e d  t o  measure the  rheology a t  120°F. 

were then compared wi th  the  flow loop d i f f e r e n t i a l  Pressure drop across 

The f l u i d  was then 

The Baroid v a r i a b l e  

These da ta  
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TEST PROCEDURE 
~ 

Test ing w a s  i n i t i a t e d  once the  mixing and hydrat ion per iods 

The were complete and f l u i d  rheology had been checked and recorded. 

temperature intervals w e r e  250°F, 350°F, 450°F, and 550°F. The temper- 

a t u r e  i n t e r v a l s  are  maintained f o r  one hour. 

s t a b l e  a f t e r  one hour of 550°F t he  test was continued u n t i l  system f a i l -  

u r e  o r  f l u i d  degradation occurs. 

I f  t he  f l u i d  remains 

Occasionally the  Wallace and Tiernan t r i p l e x  metering pump, 

l imi t ed  t h e  t e s t i n g  period. 

plungers  and packing such t h a t  leakage occured. 

check va lves  a l s o  can produce a time l i m i t a t i o n  on the  test. 

The s l u r r i e s  t e s t e d ,  a t  times, scoured the  

The pump l i q u i d  end 

The f l u i d s  

v i s c o s i t y  and s o l i d s  content  a f f e c t e d  t h e  performance of t h e  b a l l  check 
i 

valve.  The valves tend t o  s t i c k  e i t h e r  open o r  closed. Once a check 

va lve  became inopera t ive  the  flow rate varied requ i r ing  repair of the 

s tuck  check va lve  and reeva lua t ion  of t h e  volumetr ic  flow rate. 

/ 

Absolute pressure  da t a  was recorded every 15 minutes. The 

abso lu te  p re s su re  was considered excessive i f  i t  exceeded 3,000 p s i .  

Pumping p res su re  is maintained wi th  t h e  shear  valves .  The requi red  

tens ion  t o  ob ta in  t h e  test pressure  of 1,500 p s i  f o r  t h e  f l u i d  had t o  
e 

be monitored because of temperature th inning  e f f e c t s .  

exhib i ted  temperature thinning and t h e  pump pressure  reduct ion w a s  below 

I f  t he  f l u i d  . 

. tes t  p re s su re  t h e  shear  va lve  tens ion  was increased.  The shear  va lves  
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u 
were only ad jus ted  when t h e  loop temperature was below 350°F. 

any temperature thinning e f f e c t s  a t  450 F and 550°F and subsequent 

Therefore 
* 

0 

1 
5 

pressure  reduct ion were not  corrected.  This is due mainly t o  s a f e t y  

requirements. Normally test f l u i d  r eac t ions  above 350°F would cause a 

. v i s c o s i t y  inc rease  (pressure increase)  due t o  c l a y  f loccu la t ion  o r  

chemical reac t ions .  

chemical f l o c c u l a t i o n  condi t ion.  

Therefore over pressur ing  w a s  considered as a 

The f l u i d s  are then considered t o  

have degraded due t o  t h e  tes t  temperature. 

a l s o  used t o  c o r r e l a t e  t he  d i f f e r e a t i a l  p ressure  da ta .  

hundred p s i  f l u c t u a t i g n s  could occur a t  the  higher  temperatures (350OF - 
550'F). 

The absolu te  pressure w a s  

Two t o  t h r e e  

D i f f e r e n t i a l  p ressure  drops were recorded every 15 minutes along 

wi th  t h e  abso lu te  pressure.  

t he  d i f f e r e n t i a l  p ressure  d a t a  r e f l e c t s  u n r e l i a b l e  data .  

is el iminated where i t  is due p o s i t i v e l y  t o  c a p i l l a r y  tube plugging. 

In c e r t a i n  cases of c a p i l l a r y  tube plugging . 

Therefore da t a ,  

E f fec t s  of f l u i d  vapor iza t ion  problems due t o  f l u i d  f l a sh ing  w a s  

considered a t  h igh  temperature. 

e f f i c i e n c y  de te r io ra t ed .  .The vapor pressure  of water a t  550'F is  1,050 

p s i .  

p a r t i a l l y  vaporized and t h i s  reduces the  r e l i a b i l i t y  of t h e  test data .  

The f l u i d  may depos i t  s o l i d s  on t h e  tube  w a l l s  r e s t r i c t i n g  flow and in- 

c r eas ing  t h e  pressure  drops a t t a ined .  

assumption of no s l ippage  a t  the  tube w a l l s  due t o  t h e  v e l o c i t y  grad ien t  

of t h e  vapor phase. Erratic pressure  f l u c t u a t i o n s  are the  r e s u l t  of t h e  

increased v e l o c i t y  of t h e  vapor phase and concurrent f low of t he  remaining 

Vaporization developed whenever pump 

When pump p res su re  is reduced below t h i s  v a l u e ,  the  l i q u i d  is 
I 

The vapor phase el iminates  the  

0 

P 

s l u r r y .  Whenever vapor iza t ion  became excessive t h e  t e s t  was terminated. 

W 
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Rheological da t a  w a s  recorded every 30 minutes. The Baroid 0. 

.. v a r i a b l e  speed rheometer measurements obtained included a range of RPM 

va lues  inc luding  i n i t i a l  and t e n  minute g e l  s t r eng th  readings.  

d a t a  w a s  obtained a t  120 F. 

The rheometer 

0 This d a t a  w a s  used t o  ob ta in  t h e  p l a s t i c  

v i s c o s i t y ,  y i e l d  poin t  and apparent v i s c o s i t y  values .  

information a l s o  served as an  ind ica t ion  of f l u i d  s t a b i l i t y .  

The g e l  s t r eng th  

Fluid pH w a s  recorded every 15 minutes. The r e tu rn ing  f l u i d  

pH is recorded and the  input  f l u i d  pH is  maintained a t  10 2 0.5 pH. 
1. 

When c a u s t i c  add i t ions  became excessive,  due t o  high temperature reac- 

t ions ,  dry c a u s t i c  w a s  added t o  t h e  r e s e r v o i r  i n  gram increments. 

a t  t h e  5S0°F test i n t e r v a l  c a u s t i c  add i t ions  w e r e  t qmfna ted  because of 

F ina l ly ,  

t h e  excessive add i t ions  required.  
~ -. 

FILTRATE REDUCERS, VISCOSIFIERS, ILW CHEMICAL THINNERS 

Five f i l t r a t e  reducers  were t e s t ed .  The tests were made under 

t h e  same condi t ions  as t h e  companion tests performed by Magcobar serv ices .  

The f l u i d s  t e s t e d  cons is ted  of a gum, a s t a r c h ,  and 3 c e l l u l o s e  products,  

CMC, HEC, and polyanionic ce l lu lose .  These f l u i d s  are pr imar i ly  f i l t r a t e  

reducers  b u t  also act  as v i s c o s i f i e r s .  

a l s o  func t ion  as s h a l e  c o n t r o l  i n h i b i t o r s .  

The CMC and polyanionic c e l l u l o s e  

D r i l l i n g  f l u i d s  conta in ing  guar gum are usua l ly  f r e s h  water low 

s o l i d s  f l u i d s .  Guar gum a l s o  works b e t t e r  a t  low pEI and low s a l i n i t y .  

Gypsum and calcium reduce i t s  ef fec t iveness .  

an  ac id  nucleus coupled with sugars.  

tidal chemicals t o  r e t a r d  fermentation. 

Gums chemically c o n s i s t  of 

The sugar molecules r equ i r e  bac te r i -  

These f l u i d s  form viscous col-  
, 

!S 
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derived from organic materials. 

degradat ion a t  low va lues  of approximately 250°F. (Rogers35). Although 

Guar gum is less effective i n  high s a l i n i t y  water it has been used i n  

these  environments q u i t e  e f f ec t ive ly .  

a l s o  good i n  areas where high hardness water exists. 

They are suscep t ib l e  t o  temperature 
u 
I 

% 

These Guar gum t r ea t ed  f l u i d s  are 

The modified polysaccar ide is  a prege la t in ized  s t a r c h  with a 

Its primary funct ion 

This reduces t h e  

. 

bioc ide  blended i n t o  it t o  r e t a r d  fermentation. 

is a f i l t r a t e  reducer.  Most s t a r c h e s  absorb water. 

f r e e  water a v a i l a b l e  i n  t h e  f l u i d  and the  molecules tend t o  lodge i n  

f i l t r a t e  pores t o  reduce the  f l u i d  lo s s .  

be used i n  a l l  low s o l i d s  d r i l l i n g  f l u i d s .  

Modified polysaccaride may 

They are  not suscep t ib l e  t o  

s a l i n i t y  o r  pH l imi t a t ions .  

The c e l l u l o s e  products t e s t ed  are a l t e r e d  n a t u r a l l y  occuring 

products. They are genera l ly  long cha in  molecules which have been 

polymerized. The th ree  forms t e s t e d  cons is ted  of carboxymethyl c e l l u l o s e ,  

hydroxethyl ce l lu lose ,  and polyanionic ce l lu lose .  They may lower f l u i d  

l o s s  by plugging pores ,  o r  f i lming  c l a y  p a r t i c l e s .  The c e l l u l o s e  is 

inso luble  i n  w a t e r  bu t  when treated with alkaline materials forms 

viscous c o l l o i d a l  mixtures.  

OfC comes i n  t h r e e  grades de f inab le  by v i s c o s i t y  e f f ec t s .  Our 

tests u t i l i z e d ,  r egu la r  v i s c o s i t y  grade CMC. 

reducer and v i s c o s i f i e r ' b u t  a l s o  acts as a sha le  con t ro l  i n h i b i t o r .  

i s  s e n s i t i v e  t o  high s a l i n i t y .  

CMC is pr imar i ly  a f i l t r a t e  

It 

Generally,  less than 30,000 ppm sodium 

ch lo r ide  is  desired.  

The amount of s a l i n i t y  and ions  present  i n  t h e  f l u i d  inf luence the  amount 

of t reatment  required t o  ob ta in  des i r ed  f l u i d  l o s s  and v i s c o s i t y  e f f e c t s .  

CMC f l u i d s  are not  s&sitive t o  t h e  pH range used. 
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Normally, c a u s t i c  soda and a chemical th inner  are added t o  achieve v i s -  * 

c o s i t y ,  g e l  s t r e n g t h  and pH cont ro l .  

cause contamination and 'reduce the  e f f ec t iveness  of t h e  treatment.  

has low fermenta t ion  degradat ion and may not  r e q u i r e  bac te r i c ides .  

Gypsum, calcium and formation shales - . 
CMC 

Hydroxyethyl c e l l u l o s e ,  HEC, is  similar t o  CMC bu t  s e v e r a l  d i s -  

t i n c  t i ons  e x i s t  . High pH i s  not  d e s i r a b l e  when using HEC. It is  gener- 

a l l y  used as a v i s c o s i f i e r  b u t  is an exce l l an t  f i l t r a t e  reducer.  It i s  

not  s e n s i t i v e  t o  s a l i n i t y  and can be used i n  s a t u r a t e d  salt  water solu- 

t ions .  Gypsum, and calcium reduce t h e  treatment e f f ec t iveness .  

Polyanionic  c e l l u l o s e ,  is a m u l t i  low s o l i d s  d r i l l i n g  

f l u i d  add i t ive .  It acts  as a f i l t r a t e  reducer,  s h a l e  c o n t r o l  i n h i b i t o r  

and a v i s c o s i f i e r .  

calcium condi t ions .  

It i s  not  s e n s i t i v e  t o  s a l i n i t y ,  pH, gypsum, o r  

Previous i n v e s t i g a t i o n s  have ind ica ted  t h a t  most organic  f i l t r a t e  

They reducers  are no t  e f f e c t i v e  above 250°F f o r  extended per iods  of time. 

a l s o  must b e  monitored f o r  t reatment  concentrat ion because they are vis- 

c o s i f i e r s  and overtreatment  changes v i s c o s i t y  d r a s t i c a l l y .  

c e l l u l o s e  and HFiC are s i m i l a r l y  problematic because excessive shear ing  

Po1yanioni.c 

causes a dramatic  v i s c o s i t y  change. 

LIGNOSULFONATES AND LIGNITES 

Two l i gnosu l fona te s  and two commercially a v a i l a b l e  l i g n i t i c  

materials were t e s t ed .  These f l u i d s  a r e  pr imar i ly  chemical t h inne r s  bu t  

have o the r  b e n e f i c i a l  q u a l i t i e s .  They genera l ly  r e a c t  b e t t e r  at,pH values 

above 9.5 pH bu t  are e f f i c i e n t  a t  any range of pH. 

Ferrochrome l ignosul fona tes  are exce l l en t  t h inne r s ,  s h a l e  
I 

-... u 
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i n h i b i t o r s  and f l u i d  f i l t r a t e  reducers .  Gel s t r e n g t h  is  considerably 

reduced and con t ro l l ed  by these  add i t ives .  

u 
* 

. 
The l ignosu l fona te s  act on c l a y s  by reducing i o n i c  a t t r a c t i v e  

forces .  Therefore,  they e f f e c t i v e l y  reduce t h e  f l o c c u l a t i o n  tendencies 

of b e n t o n i t i c  c l a y s  and are known t o  raise t h e  thermal f l o c c u l a t i o n  
\ 

' s t a b i l i t y .  

The l ign i t e - l i gnosu l fona te  f r e s h  water muds t e s t e d  are con- 

s idered  t o  be e s p e c i a l l y  economic. 

p rope r t i e s  of l igni te  t o  reduce f i l t r a t e  l o s s  and l i gnosu l fona te  t o  

act  as a chemical th inner .  

They are dependent on t h e  combined 

P a r t i a l l y  r e f ined  l i g n i t e s  are genera l ly  recommended f o r  high 

Hardness ions  reduce base  exchange capac i ty  of temperature s t a b i l i t y .  

l i g n i t e s  thereby reducing t h e i r  e f fec t iveness .  Salt concept ra t ion  a l s o  

reduces e f f i c i e n c y  by reducing s o l u b i l i t y  and causing a f l o c c u l a t i o n  

e f f e c t .  

TEST RESULTS 

Three phases of f l u i d  t e s t i n g w e r e  required t o  determine temp-  

e r a t u r e  degradat ion c h a r a c t e r i s t i c s  of common d r i l l i n g  f h i d  add i t ives .  

The f i r s t  phase cons is ted  of a h igh  temperature test on a water mineral  

o i l  mix t o  e s t a b l i s h  flow loop r e l i a b i l i t y .  The second phase cons is ted  

of t e s t i n g  a ben ton i t e  suspension f o r  f l o c c u l a t i o n  tendencies  a t  high 
\ 

temperature. The t h i r d  phase involved t e s t i n g  of t h e  va r ious  v i s c o s i f i e r s ,  

f i l t r a t e  reduceks, and chemical thinners .  
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Phase I 

The pure water v i s c o s i t y  range w a s  below t h e  accuracy of t h e  

d i f f e r e n t i a l  t randucers .  The f l u i d  as t e s t e d  contained mineral  o i l .  

The o i l  r a i s e d  t h e  v i s c o s i t y  s u f f i c i e n t l y  t o  o b t a i n  r e l i a b l e  data .  

Phase 11 

The c l a y  water suspension t e s t ed  w a s  mixed i n  t h e  loop and 

t e s t e d  i n  one day. Clay hydrat ion was minimized t o  reduce t h e  v i s c o s i t y  

and allow a more pumpable f lu id .  

The Bentoni te  s l u r r y  v i scos i ty  increased with each temperature 

i n t e r v a l .  The tube  viscometer and the  Baroid rheometer d a t a  cor re la ted .  . 

The rheology d a t a d i d  not  react as expected Gi th  increased  temperature. 

P l a s t i c  v i s c o s i t y  increased  with increased temperature. 

increased t o  a peak, and gradual ly  leveled o f f .  

i nc rease  and y i e l d  poin t  c h a r a c t e r i s t i c s  could be  a t t r i b u t e d  t o  a re- 

The y i e l d  po in t  

The p l a s t i c  v i s c o s i t y  

duct ion in t h e  l i q u i d  concentrat ion caused by pump leakage. 

F a i l u r e  of t h e  system occured between 400 - 4S0°F when t h e  

high temperature shear  valve plugged. Actual f l o c c u l a t i o n  temperature 

of t h e  ben ton i t e  s l u r r y  is  questionable.  F a i l u r e  of t h e  shear  valve w a s  

a t t r i b u t e d  t o  a rubber seal being i n s t a l l e d  when a v i t o n  seal w a s  re- 

quired.  The seal is in contac t  with a moving rod which a p p l i e s  sp r ing  

pressure  t o  t h e  b a l l  and seat. 

pressure  l i f ts  t h e  b a l l  off  of t he  seat. 

and r e i n s t a l l e d  on t h e  i n l e t  s i d e  of t he  w a t e r  cooler .  

duced t h e  exposure temperature of t he  shear  va lve  as much as 200°F. 

f u r t h e r  f a i l u r e s  were a t t r i b u t a b l e  t o  t h i s  seal. 

The rod is requ i r ed  t o  p u l s a t e  as f l u i d  

The shear  valve was r epa i r ed  
0 

mis loca t ion  re- 

No 

pressure  t o  t h e  b a l l  and seat. 

pressure  l i f ts  t h e  b a l l  o f f  of t he  seat. 

The rod is requ i r ed  t o  p u l s a t e  as f l u i d  

The shear  valve was r epa i r ed  
0 

and r e i n s t a l l e d  on t h e  i n l e t  s i d e  of t he  w a t e r  cooler .  

duced t h e  exposure temperature of t he  shear  va lve  as much as 200°F. 

mis loca t ion  re- 

No 

f u r t h e r  f a i l u r e s  were a t t r i b u t a b l e  t o  t h i s  seal. 



20 

..- 

Pump check valve e f f i c i ency  and plunger packing leakage a l t e r e d  

t h e  flow ve loc i ty .  The complication of a l t e r e d  l i qu id - so l id s  r a t i o  made 

consis tency determinat ion a va r i ab le .  

The test sec t ion  pressure  measurements were s u f f i c i e n t  i n  t h e  

114" O.D. and 3/8" O.D. tubes bu t  t h e  3/4" O.D. tube pressure  drops were 

c o n s i s t e n t l y  high. 

i n  t h e  laminar - f low regime. 

test f l u i d  w a s  occuring i n  t h e  3/4" tube. 

by t h e  s e t t l i n g  tendency of t h e  f l u i d  caused t h e  high pressure  drops.  

Reynolds number ca l cu la t ions  i n d i c a t e  the  f l u i d  w a s  

It w a s  concluded t h a t  channeling of t h e  

The reduced diameter caused 
~ 

This  condi t ion  was observed i n  a l l  tests involving c l ay  s l u r r i e s .  

Phase I11 

The f i r s t  chemical test consis ted of a carboxymethyl c e l l u l o s e  

s l u r r y .  The base  f l u i d  w a s  no t  prehydrated but ,was  sheared f o r  2 hours 

i n  t h e  flow loop. 

s l i g h t l y  between loop and rheometer measurements. 

Test r e s u l t s  ind ica ted  t h e  f l u i d  v i s c o s i t y  va r i ed  

The rheometer da ta  

ind ica ted  a reduct ion  i n  p l a s t i c  v i s c o s i t y  and a similar decrease i n  

y i e l d  point .  Tube viscometer data i n d i c a t e  a stable f l u i d  up t o  550°F, 

t h a t  i s ' n o  h igh  v i s c o s i t y .  

f l u i d  exh ib i t ed  a decreasing v i scos i ty .  

by pressure  reduct ions  below t h e  vapor pressure  r e s u l t i n g  in high  d i f f e r -  

e n t i a l  p re s su re  f luc tua t ions .  

t o  a brown gray. 

i n t e r v a l .  

hour of exposure t o  550 F. 

d i t i o n  except when vapor iza t ion  problems and c a u s t i c  add i t ions  were no t  

Once t h e  temperature w a s  r a i sed  t o  5S0°F t h e  

Cer ta in  per iods were a f f e c t e d  

The f l u i d  w a s  d i sco lored  from l i g h t  gray 

Caustic add i t ions  were excessive a t  t h e  450°F and 550°F 

G e l  s t r e n g t h  d a t a  i n d i c a t e s  a s i g n i f i c a n t  decrease a f t e r  one 

0 There w a s  no ind ica t ion  of a f loccu la t ion  con- 
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maintained. The pump continued t o  cause problems wi th  leakage and no 
\ 

f l u i d  w a s  added t o  t h e  r e s e r v o i r  o the r  than c a u s t i c  so lu t ion .  

test  was terminated when vapor iza t ion  problems p e r s i s t e d  due t o  gradual  

pump f a i l u r e .  

The 

Polyanionic  Ce l lu lose  

P r i o r  t o  i n i t i a t i n g  the  test t h e  f l u i d  w a s  heated t o  250°F f o r  

one hour. 

r o t a t i o n a l  viscometer.  

hours a t  550'F. 

This  reduced t h e  rheology d a t a  enough f o r  measurement on t h e  

The f l u i d  remained s t a b l e  a f t e r  one and a ha l f  

Caus t ic  add i t ions  w e r e  similar t o  t h e  CMC tes t  bu t ,  

c a u s t i c  a d d i t i o n s  were no t  discontinued during t h i s  tes t .  

v i s c o s i t y  decreased wi th  temperature i n t e r v a l  u n t i l  550°F. The rheometer 

d a t a  showed a decreasing p l a s t i c  v i s c o s i t y  and a f l u c t u a t i n g  y i e l d  point .  

Flow loop 

Tube plugging i n  t h e  3/8" O.D. s ec t ion  c a p i l l a r y  reduced r e l i -  

a b i l i t y  of d i f f e r e n t i a l  p ressure  measurements a f t e r  15 minutes a t  550°F. 

A t  t h i s  p o i n t  t h e  pump a l s o  caused vapor iza t ion  and pump leakage became 

excessive.  The test w a s  terminated when a thermocouple malfunctioned. 

HEC - 
This test was terminated during t h e  mixing period. Excessive 

v i s c o s i t i e s  were encountered a f t e r  0.5 l b l b b l  HEC w a s  added and exceeded 

v i s c o s i t y  l i m i t a t i o n s  a f t e r  one lb lbb l .  The f l u i d  had been exposed t o  

250°F f o r  two hours and 45 minutes in an attempt t o  reduce the  consis tency 

and s t a b i l i z e  t h e  f l u i d .  Once t h e  system plugged c i r c u l a t i o n  could not  

be  regained. 
L 
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- Guar Gum 

This  test is  t h e  f i r s t  two day test, i n i t i a t e d  t o  allow pump 
* 

per iod ic  maintenance. The pump leakage genera l ly  developed after a 

certain time interval, approximately 4.0 hours. Since 4 hours could be 

used t o  mix and a minimum of 4 hours is  requi red  t o  test ,  t h e  tes t  pro- 

cedure w a s  a l t e r e d .  The f i n a l  test per iod l a s t e d  f o r  six hours i n  t h i s  

experiment, some problems were experienced because of t h e  check va lve  

s t i c k i n g ,  bu t  t h e  pump leakage d id  n o t  become severe u n t i l  a f t e r  5 hours. 

Some vapor pressure  problems r e s u l t e d  from t h e  check valves  and f i n a l l y  

caused terminat ion of t h i s  test. 

This f l u i d  exhib i ted  good thermal s t a b i l i t y .  Some unexplainable 

rheologica l  d a t a  were exhibi ted probably due t o  t h e  v a r i a t i o n s  i n  pump 

pressure  and flow ve loc i ty .  The pH va lue  w a s  low a f t e r  450°F and ' re -  

qu i red  excessive amounts of c a u s t i c  t o  r ega in  r e s e r v o i r  condi t ions t o  

10 + 0.5 pH. The re turn ing  pH va lues  recorded i n d i c a t e  the  v a r i a t i o n  

and concentrat ion absorbed by t h e  system. G e l  s t r eng ths  appear t o  in-  

crease but  a t  t h e  higher  temperatures they decrease.  The r o t a t i o n a l  

viscometer d a t a  are s i g n i f i c a n t l y  a f f e c t e d  by t h e  c a u s t i c  consumption. 

The 600 RPM value  a f t e r  15 minutes of exposure t o  450°F exhibi ted an 

' increase i n  v i s c o s i t y ,  y i e l d  po in t  and 10 minute g e l  s t rength .  The 

pH va lue  was reduced from approximately 10 5 1.0 t o  8.9 pH and va r i ed  

from 7.6 t o  8.9 pH. 

interval and t h e  f i r s t  450°F measurement. 

The p l a s t i c  v i s c o s i t y  f l u c t u a t e s  between t h e  250°F 

Also t h e  y i e l d  poin t  increased 
0 

J from 30 l b l l 0 0  sq. f t .  t o  39 lb/100 sq. f t .  and then decreases  t o  20 and 

21  lb/100 sq. f t .  wi th  r e tu rn ing  pH s t i l l  10 2 0 .5  a t  350°F. The 450°F 
2 

. i n t e r v a l  causes a y i e l d  po in t  i nc rease  t o  43 lb/100 sq.  f t .  wi th  r e tu rn ing  

pH of 8.9. 
4 v '  
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The pH decreases f u r t h e r  when exposed t o  510°F. P l a s t i c  

v i s c o s i t y  became un i ty  wi th  a y i e l d  po in t  of 4 lb/100 sq. f t .  pH con- 

s i s t e n t l y  re turned  between 6.4 and 7.7/pH. I n i t i a l  and 10 minute g e l  

s t r e n g t h s  decreased t o  1.5 lb/100 sq. f t .  

Modified Polysaccaride 

This f l u i d  w a s  d i f f i c u l t  t o  m i x  without causing severe check 

valve problems. 

and t h e  1/4" c a p i l l a r y  tube  t o  t h e  AP t ransducers  w a s  l a t e r  found plugged. 

The pump check valves were e a s i l y  plugged by t h i s  f l u i d  

This r e s u l t e d  i n  errat+ f l u c t u a t i o n s  i n  d i f f e r e n t i a l  pressure.  

s e c t i o n  d i f f e r e n t i a l  p re s su res  f l u c t u a t e d  as much as 15.0 p s i .  The 

flow rate  va r i ed  from 7.0 ml/sec t o  16.0 ml/sec. Pump pressures  va r i ed  

Test 

from 500 p s i  t o  1,300 ps i .  The mixing period l a s t e d  3.5 hours. The 

hydra t ion  period was 20 hours. 

s t a b l e  i n  t h e  3/8" O.D. tube. The f l u i d  v i s u a l l y  exhib i ted  a e r a t i o n  

The f l u i d  f low appears t o  have been 

c h a r a c t e r i s t i c s  a f t e r  30 minutes a t  450°F of exposure. 

as t o  t h e  composition of t h e  gaseous space could b e  ascer ta ined .  

f l u i d  became a f r o t h  plugging t h e  system and te rmina t ing  t h e  tes t .  

No determination 

The 

The 450°F test  i n t e r v a l  aga in  r e f l e c t s  an important charac te r -  

i s t i c  of pH v a r i a t i o n ,  a f t e r  15 minutes of 450°F temperatures, t h e  pH 

had dropped from 9 . 5  down t o  6.4 t o  6.8 pH. 

The f l u i d  remains f a i r l y  s t a b l e  through t h e  350°F test interval. 

P l a s t i c  v i s c o s i t y  remained cons tan t  a t  7 cp. t h e  y i e l d  poin t  va r i ed  

Q l i g h t l y  from 7 t o  16 lb/100 sq. f t .  

again. 

This  may be  a t t r i b u t e d  t o  t h e  pH 

This f l u i d  exhib i ted  a capac i ty  f o r  more c a u s t i c  than previous 

f l u i d s  t e s t ed .  
- . 
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Ferrochrome Lignosulfonate  
kd 

4 

This  test ind ica ted  t h a t  l ignosul fona tes  degrade r ap id ly  a f t e r  - ... 
exposure t o  450°F. 

530°F. 

"Fluid Preparation",  produced i n i t i a l  v i s c o s i t i e s  i n  t h e  6 . 5  cp range. 

This f l u i d  plugged the  system a f t e r  45 minutes a t  

The p a r t i c u l a r  mixing procedure followed, as discussed under 

Higher i n i t i a l  v i s c o s i t i e s  were obtained i n  prel iminary tes ts  where 

t h e  ben ton i t e  was completely hydrated before  t h e  a d d i t i o n  of t h e  l igno- 

su l fona tes .  

It should be noted t h a t  once t h e  s l u r r y  is exposed t o  e leva ted  

temperatures t h e  performance of l ignosul fona tes  i s  t h e  same (an increase  

i n  v i s c o s i t y )  r ega rd le s s  of t he  i n i t i a l  mixing sequence, 

- The rheologica l  da t a  from t h e  r e tu rn ing  f l u i d  i n d i c a t e s  i n s t a -  

b i l i t y  of t h e  ferrochrome l ignosul fona te  a f t e r  exposure t o  450°F. 

pressure  i n d i c a t i o n s  from t h e  loop s i g n i f i e d  t h e  f l u i d s  were temperature 

s e n s i t i v e  immediately a f t e r  exposure t o  450°F. 

w a s  q u i t e  s i g n i f i c a n t .  

The 

The v i s c o s i t y  inc rease  

The d i f f e rence  between t h e  two measurements, 

rhebmeter and flow loop, i nd ica t e s  t h e  need of dynamic measurements. 

The 10 minute g e l  s t r eng th  has s i g n i f i c a h t l y  increased  from 2 lb/100 

sq. f t .  @ 450°F af te r  30 minutes exposure t o  4 0  lb/100 sq. f t .  @ 450°F 

a f t e z  one hour. 

a f t e r  30 minutes of 530°F exposure t o  13 and 108 lb/100 sq. f t .  respec- 

t i v e l y .  

increased t o  6 lb/100 sq. f t .  The 5S0°F temperature i n t e r v a l  developed 

The i n i t i a l  and 10 minute g e l  s t r e n g t h  increased dramat ica l ly  

The y i e l d  poin t  remained constant  u n t i l  4S0°F when it gradual ly  

0 

., a 22.4  lb/lOO sq. f t .  y i e l d  point .  pH condi t ions  were v i r t u a l l y  uncon- 
0 

t r o l l a b l e  a f t e r  exposure t o  350 F temperature. 
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. P l a s t j c  v i s c o s i t y  remained r e l a t i v e l y  s t a b l e  u n t i l  450°F was 

a t t a ined .  

t h e  hour of exposure t o  450 F temperature. 

decreased when exposed t o  530°F interval when c a p i l l a r y  l i n e s  experienced 

plugging and f i n a l l y  t h e  shear  va lve  plugged. 

crease was noted G e d i a t e l y  upon exposure t o  450°F. 

t o  29 cp wi th in  7 minutes on t h e  1/4" O.D. tube.  

exposure the  1/4" O.D., tube v i s c o s i t y  was approximately 52 cp. 

45 minutes of exposure t h e  v i s c o s i t y  had r i s e n  t o  121 cp. 

A s l i g h t  increase i n  t h e  p l a s t i c  v i s c o s i t y  is  indica ted  during 

0 The p l a s t i c  v i s c o s i t y  then 

A flow loop v i s c o s i t y  in- 

The v i s c o s i t y  rose  

With 30 minutes of 

Af t e r  

Chrome Lignosulfonate  

Pump check va lves  were modifi-ed p r i o r  t o  i n i t i a t i n g  t h i s  test .  

It was determined t h a t  rep lac ing  t h e  check valves p r i o r  t o  t e s t i n g  would 

inc rease  t e s t  time. 

tendency f o r  t h i s  test. 

This p a r t i a l l y  reduced t h e  check va lve  s t i c k i n g  

Rheology d a t a  r e f l e c t  a cons i s t en t  f l u i d  u n t i l  t h e  f i n a l  check 

a t  450°F. 

2 lb/100 sq. ft. t o  24 lb/100 sq. f t .  No s i g n i f i c a n t  p l a s t i c  v i s c o s i t y  - 
decrease  occured and only a s l i g h t  i nc rease  i n  y i e l d  poin t  developed. 

Flow loop v i s c o s i t y  increased a f t e r  45 minutes of exposure t o  450°F heat .  

The dramatic increase experienced by t h e  ferrochrome l ignosul fona te  

Ten minute g e l  s t r eng th  increased in t h i s  i n t e r v a l  from 

experiment w a s  less pronounced f o r  chrome l ignosul fona te .  

This experiment was terminated due t o  a high degree of pressure  

The 3/8" O.D. tube  c a p i l l a r y  l i n e  plugged and - f l u c t u a t i o n  i n  a l l  tubes.  

t h e  1/4" O.D. d i f f e r e n t i a l  p ressure  f l u c t u a t e d  excessively.  
2 .  

The pH c'onsumption appeared minimal i n  r e l a t i o n  t o  t h e  ferrochrome 
kp" 

l ignosul fona te .  
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L 4  
c Chrome Lignosulfonate  With Modified L ign i t e  A 

- Random plugging of t h e  check valves reduced t h e  e f f i c i e n c y  of 

d a t a  co l lec ted .  Monitoring of abso lu t e  pressure and flow rate enabled 

d a t a  t o  be co l l ec t ed .  This  f l u i d  responded s i m i l a r l y  t o  t h e  chrome 

l ignosul fona te  wi th  modified l i g n i t e  B f l u i d  except when exposed t o  

450°F temperature. This  test w a s  -terminated due t o  f l u i d  th ickness  

and excessive p re s su re  f luc tua t ion .  

No i n d i c a t i o n  of f l u i d  degradation may be a sce r t a ined  from t h e  

rheometer. 

point  d a t a  a c t u a l l y  decreased. 

v i s c o s i t y  f o r  each temperature i n t e r v a l  similar t o  previous tests. No 

rheometer d a t a  w a s  obtained a f t e r  t h e  v i s c o s i t y  i n c r e a s e  noted i n  t h e  

tube viscometer a t  4S0°F. 

minutes a f t e r  exposure t o  450'F. 

P l a s t i c  v i s c o s i t y  and pH remain f a i r l y  cons tan t  and y i e l d  

Rheometer da ta  ind ica ted  a reduced 

Returning f l u i d  developed a f r o t h  wi th in  15 

Chrome Lignosulfonate  With Modified L ign i t e  B 

This test  was similar t o  t h e  l ignosul fona tes  but  t h e  f l u i d  

caused a v a r i e t y  of system malfunctions.  

check valve plugging reduced t h e  r e l i a b i l i t y  of t h e  da ta .  

The pump f l u c t u a t i o n s  due t o  

Flow v e l o c i t y  

a t  times approached a stat ic  condi t ion ,  bu t  vapor iza t ion  was n o t  con- 

s idered  a problem because t h e  pressure  remained above t h e  f l a s h  poin t .  

The test w a s  terminated a t  450°F after 30 minutes when t h e  pump check 

valves plugged and c i r c u l a t i o n  could not  be regained. 
e 

The rheology d a t a  i n d i c a t e  a reduced v i s c o s i t y  wi th  each temp- 

e r a t u r e  increment. 

t o  250°F heat  f o r  one hour, bu t  no f u r t h e r  increase  is  noted during t h e  

350°F i n t  erval. 

The g e l  s t r e n g t h  is s l i g h t l y  increased after exposure - 
W 
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LJ 
. The y ie ld  point does not r e f l e c t  the v i scos i ty  increase attained 

0 
i n  the tube viscometer. The pH decreases upon exposure t o  350 F. 

/ 

4 

0 
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TABLE 2 

BAROID RHEOMETER DATA 

25 PPB BENTONITE @ 120° SR = 511 sec" 

pa PV YP 
After Temperature Apparent P las t i c  Y i e l d  I n i t i a l  Gel 10 Minute 

Exposure v i scos i ty  v i s c o s i t y  Point Gel 
('Fahrenheit) (Centipoise) (Centipoise) (lb/100 s q . f t . )  (lb1100 sq.ft .1 ( lb / l00  sq.ft.1 



TABLE 3 

t 

Temperature PI1 AP Shear Stress ve Effective Power Law Coefficients 
(OFahrenheit) (PSI) (dyne/cm2 ) viscosity n k’ 

(Centipoise) 

200 9 .5  2.6 206 14 0 .569 2 . 9 8  

3 50 9 .5  7.0 555 38 0.077 2 84 

445 --- 18.0 1,427 99 0 .046  939 

, 

1 / 4 ”  TUBE VISCOMETER DATA 
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TABLE 4 

BAROID RHEOMETER DATA 

2 PPB CMC @ 120°F SR = 511 sec-' 

- 
PV YP 

After Temperature Apparent Plastic Yield Initial G e l  10 Minute 
Exposure viscosity viscosity Point Gel 

ua 

(OFahr enheit) (Centipoise) (Centipoise) (lb/100 sq.ft.) (lb/100 sq.ft.1 (lbj100 sq.ft.) 

75. 14 

' 120 36 

2 50 23 

4 50 10 

4 

18 

11  

10 

5 

14 

12 

3 

5 .  

~ 

20 30 

15 41 

5 28 

2 12 

3 2 

550 8 2 6 10 15 

550 * 4  1 3 2 2 
0 

33 
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TABLE 5 

1 /4” TUBE VISCOMETER DATA 

2 PPB CMC SR (* 820 Sec” 

pe Effective 

(Centipoise) n 
Ppwer Law Coefficients Shear Stress Viscosity 

k 
AP Temperature PH 

(OFahrenheit) (Psi) (dyne/cm2) 

222 27 0.731 1.547 75 9.9 2.8 

250 

350 

9.5 

9.5 

1.7 

2.0 

134 

158 

16 

19 

0.246 

0.154 

22.470 

49.370 

142 17 0.123 55.120 

0.042 

450 8.7 1.8 

550 8.2 0.6 47 5 1.046 

34 
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TABLE 6 

BAROID RHEOMETER DATA 

2 PPB POLYANIONIC CELLULOSE @ 120°F SR = 511 Sec" 

PV YP 
After Temperature Apparent Plast ic  Y i e l d  I n i t i a l  Gel 10 Minute pa 

Point G e l  Exposure v i scos i ty  v i scos i ty  
(OFahrenhei t ) (Centipoise) (Centipoise) (lb/100 s q . f t . )  (lb/100 s q . f t . )  (lb/100 sq.ft .1 

2 3 .  47 155 2 30 350 70 

450 

550 

34 1 33 40 

7 3 4 8 

85 

18 

39 



TABLE 7 

1/4" TUBE VISCOMETER DATA 

2 PPB POLYANIONIC CELLULOSE SR = 1,147 Sec'' 

pe Effective 
Temperature PH AP Shear Stress viscosity ' Power Law Coefficients 
('Fahrenheit) (Psi) (dyne/ cm2 ) (Centipoise) n k 

75 

250 

4 50  

8.7 4.5 356 

9.6 14.0 1,110 

7.5 1.8 143 

31  

97 

12 

0.407 17.800 

0.223 200.600 

0.200 30.410 

5 50 7.6 1.6 127 11 0.561 2.206 

40 
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TABLE 8 

BAROID RHEOMETER DATA 

2 PPB GUAR GUM @ 120°F SR = 511 Sec’’ 

Pa PV YP 
10 Minute 

G e l  
After Temperature Apparent Plast ic  Yield I n i t i a l  Gel 

Exposure v i scos i ty  v i scos i ty  Point 
(OPahrenheit ) (Centipoise) (Centipoise) (lb/100 s q . f t . )  (lb/100 s q . f t . )  (lb/100 sq . f t . 1  

. I  

11 30 17 22 75 41 

250 50 11 39 17 30 

3 21 23 65 350 24 

450 21.5 

510 5 

5 16.5 11 11 

1 4 3 3.5 

\ 

44 



TABLE 9 

1 /4"  TUBE VISCOMETER DATA 

2 PPB GUAR GUM SR = 1,224 Sec-' 

pe Effecitve 
Temperature PI1 AP Shear Stress  v i scos i ty  Power Law Coefficient 8 

(OFahrenhei t ) (Psi) (dyne/cm2) (Centipoise) n k 

75 9.7 4 . 8  380 31 0 .670  2.99 

250 ' 10.6 3 . 4  270 22 0 .075  142.5  

350 10.4 3 .2  

450 7.7 0 . 6  

510 6 .5  2 . 0  

254 20 

47 

158 

4 

12 

0.486 

0.583 
t 

7 .15  

45 
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TABLE 10 

BAROID RHEOMETER DATA 

5 PPR Mod. Polysaccaride @ 120°F SR 511 Sec-’ 

PV YP 
After Temperature Apparent Plastic Yield Initial Gel 10 Minute 

Exposure viscosity Viscosity Point Gel 

pa 

(OFahrenheit) (Centipoise) (Centipoise) (lb/100 sq.ft.) (lb/100 sq.ft.) (lb/100 sq.ft.1 

75 

2 50 

89 

17 

12 

8 

77 

9 

41 

5.5 

66 

50 

350 14 

450 48 

7 

4 

7 

44 

6 

25 

62 

20 

49 



1 

I 

67 0.221 ' 102.2 75 9.7 7.0 555 

380 46 0.265 51.4 250 9 . 5  4 . 8  

. 

I 

67 0.221 ' 102.2 75 9.7 7.0 555 

380 46 0.265 51.4 250 9 . 5  4 . 8  

TABLE 11 

3/8" TUBE VISCOMETER DATA 

----- 6.8 2.0 159 19 450 I 
i 

5 PPB Mod. Polysaccaride SR 820 SeC" 

1 
we Effective 
viscosity Power Law Coefficients 
(Centipoise) n 

Shear Stress 
k 

AP Temperature PH 
('Fahrenheit (Psi) (dyne/ cm2 1 

. 

50 
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TABLE 12 

BAROID RHEOMETER DATA 

6 PPB FERROCHROME LIGNOSULFONATE @ 120°F SR = 511 Sec-' 

PV YP * 

After Temperature Apparent Plastic Yield Initial Gel 10 Minute 
Exposure Viscosity viscosity Point Gel 

pa 

('Fahrenheit) (Centipoise) (Centipoise) (lb/100 sq.ft.) (lb/100 sq.ft.) (lb/100 sq.ft.1 

75 6 5 1 1 1 

250 6.5 4.5 2 1 1 

1 

1.5 

350 

450 

5 

6.5 

1.5 

6 

6.5 

12.6 

530 25.5 3.0 22.5 13 108 

1 

40 

53 



TABLE 13 

1/4" TUBE VISCOMETER DATA 

6 PPB FERROCBROME LIGNOSULFONATE SR = 1,210 Sec-' 

ve Effective 
(dyne/cm2) (Centipoise) 

Power Law Coefficients 
n k 

AP Shear Stress viscosity Temperature PH 
('Fahrenheit ) (Psi) 

. 
3 50 

450 

8.8 

7.0 

0.25 

8.5 

19.8 

674.0 

1.6 

56.0 --- 
I 

* 

, 

54 
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TABLE 14 

BAROID RHEOMETER DATA 

6 PPB CHROME LIGNOSULFONATE @ 120°F SR = 511 Sec’’ 
~ 

, 
PV YP 

10 Minute After Temperature Apparent Plastic Yield Initial Gel pa 
Exposure viscosity viscosity Point Gel 

(‘Fahrenheit) (Centipoise) (Cent i poise) (lb/100 sq.ft.) (lb/100’ sq.ft.) (lb/100 sq.ft.1 

75 12.5 9.5 3 1 1 

250 13.0 8 5 1 1.5 

350 11.0 7 4 1.5 1.5 

450 14.5 6.5 8 3 24 
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@ 120°F SR ". 511 See'' 

TABLE 16 

BAROID RHEOMETER DATA 

6 PPB CHROME LIGNOSULFONATE 

6 PPB MODIFIED LIGNITE A 

PV 'IP 
10 Minute 

pa 
After Temperature Apparent Plast ic  Y i e l d  I n i t i a l  Gel 

Exposure v iscos i ty  v i scos i ty  Point G e l  
(OFahrenhei t ) (Centipoise) (Centipoise) ( lb / l00  s q . f t . )  (lb/100 s q . f t . )  (lb/100 s q . f t . )  

75 42.5 26 16.5 4.5 14 

250 38.5 30 18.5 3 3 

350 35 29.5 5.5 3.5 3.5 

450 27 20.5 6.5 3 3 

60 
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TABLE 17 

I ' d  

1/4" TUBE VISCOMETER DATA 

6 PPB CHROME LIGNOSULFONATE SR = 760 Sec-' 

6 PPB MODIFIED LIGNITE A 

)Ie Effective 
Temperature PH AP Shear Stress viscosity Power Law Coefficients 

k (0Fahrenhe.i.t) (Psi) . ( dyne/cm2 ) (Centipoise) n 

75 9 .6  5.4 428 56 0.761 2.59 

250 9.8 

350 9 . 1  

1.5 

0.8 

118 

60 

15 

8 

0.143 

0.172 

40.08 

16.73 

450 *F- 4.0  317 42 0.734 2.28 

61 
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/ 

c -  * 

After  Temperature Apparent P l a s t i c  Yield I n i t i a l  Gel 10 Minute 
Exposure Viscosity v i s c o s i t y  Poinx G e l  

(OFahr enhei t ) (Centipoise) (Centipoise) (lb/100 s q . f t . )  (lb/100 sq . f t . )  (lb/100 sq . f t .1  

75 12.5 10 2.5 1.0 1 .o 

250 13.0 8.5 4.5 1.0 2.5 

350 8.0 5.5 2.5 1.0 2.5 
I 

TABLE 18 

BAROID RHEOMETER DATA 

6 PPB CHROME LIGNOSULFONATE @ 120°F SR = 511 Sec’’ 

6 PPB MODIFIED LIGNITE B 

. 

65 



c -  b 

3.1 245.0 32.0 0.083 126.540 350 7.5 - 

' d  

TABLE 19 

1/4" TUBE VISCOMETER DATA 

6 PPB CHROME LIGNOSULFONATE 

6 PPB MODIFIED LIGNITE B 

SR = 760 Sec-' 

I 1 
we Effective 

(dyne/cm*) (Centipoise) 
Coefficients AP Shear Stress viscosity Power Law 

n k 
Temperature PI1 
(OFahrenheit ) (Psi) 

0.64 50.7 6.5 0.575 1.113 250 9 .8  

66 
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MUD VISCOSITY DATA TO 400°F USING MAGCOBAR FLOW LOOP 

In order  t o  ob ta in  experience wi th  flow loops and some e a r l y  

d a t a  it w a s  decided t o  use  t h e  400' flow loop owned by Magcobar (Houston). 

These tests were c a r r i e d  out  while t h e  O.U. flow loop was being b u i l t ,  

HIGH TEMPERATURE DATA 

The v i s c o s i t y  of n ine  muds were measured a t  200-400°F using a 

modified Magcobar flow loop and at 115'F using t h e  Fann theomete?. The 

d a t a  shown i n  Figures 36 th rough44  and Tables 20 through 28 suggest 

t h a t  (a) Lignosulfonates experience thickening a t  about 325'F, (b) Poly- 

an ion ic  c e l l u l o s e  and modified polysaccaride become thickened a.t about 

275'F, (c) S tarch  experiences a gradual thickening wi th  temperature, 

(d) HEC, Guar gum, and Xanthum gum experience a gradual thinning wi th  

temperature increases, and (e) CMC becomes thickened u n t i l  250'F is 

reached, then t h i n s  back with temperature increases.. Although 29 flow 

loop tests w e r e  run, only 9 tests produced adequate data.  Problems due 

t o  tube  plugging and pump f a i l u r e s  made t h e  o t h e r  20 sets of test da t a  

questionable.  

LOW TEMTEXATL. DATA 

1 

The llS°F apparent v i s c o s i t y  measured on t h e  mud as i t  returned 

from t h e  flow loop displayed t h e  same viscosity-temperature t rends  as d i d  
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the flow loop for the chrome lignosulfonates, polyanionic cellulose, HEC, 

starch, modified polysaccaride, guar gum, and xanthum gum, but opposite 

effects were observed for CMC and ferrochrome lignosulfonates. 

attached data summary sheets describe the muds tested and test observa- 

- 
The 

tions. 

EQUIPMENT USED 

Figure 35 is a diagram of the modified Magcobar flow loop. 

Modifications consisted of installing pressure taps across a 10 inch 

section of the high temperature part of the flow loop. 

cosities (pes, were calculated using the pressure drop across this section, 

Effective vis- 

AP in psi, the flow rate through the section, Q in ml/sec, and the equa- 

tion, 

at average shear rate 8VID where, 

8U DAP 
D 4VeL 
-P- 

After the mud was heated and tested at a given temperature it was cooled 

back to 115'F and its apparent viscosity (I.!,) measured using the Fann 

rheometer and the equation, 

, 

, 

YP pa = PV + 5.42  --* CP 
Q *  

This equation allows the calculation of the mud viscosity at approximately 

the same shear rate as the mud experienced in the flow loop test section. 

h-d 
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DATA SUMMARY SHEET 

- TEST NO. - 1 

CONDITIONS OF TEST: 

/ 

Base Mud 

Test Chemical Added, Quantity 6 PPB Ferrochrome Lignosulfonate 

Dionized Water + 25 PPB Bentonite 

Shear Rate Range, Sec" 1,035 t o  1,302 

OBSERVATIONS : 

When the test temperature reached 325'F the v i scos i ty  started in- 

creasing rapidly, as shown i n  Test No. 1 ,  the Fann'rheometer data 

d i d  not display the' thickening above 325'F. 
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DATA SUMNARY SHEET 

c TEST NO. - 2 

CONDITIONS OF TEST: 

Base Mud Dionized Water + 25 PPB Bentonite 

Test Chemical Added, Quantity 6 PPB Chrome Lignosulfonate 

Shear Rate Range, Sec" 1,017 to 1,348 

OBSERVATIONS: 

As with ferrochrome lignosulfonate the viscosity started increasing 

when the temperature rekched 325'F, however the mud did not have as 

excessive thickening at 375'F. 
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DATA SUMMARY SHEET 

- TEST NO. - 3 

CONDITIONS OF TEST: 

Dionized Water + 11.5 PPB NaCl + 
25 PPB Bentonite 

Base Mud 

Test Chemical Added, Quantity 2 PPB Polyanionic Cellulose 

Shear Rate Range, Sec-' 781 to 1,905 

OBSERVATIONS: 

The flow loop and the Fann rheometer showed viscosity increases at 

250°F and 275'F respectively. The flow loop shows a maximum vis- 
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DATA SUMMARY SHEET 

TEST NO. 4 - 
CONDITIONS OF TEST: 

Base Mud Dionized Water + 11.5 PPB NaCl + 
25 PPB Bentonite 

Test Chemical Added, Quantity 6 PPB Modified Polysaccaride 

Shear Rate Range, Sec-' 896 to 1,558 

OBSERVATIONS: 

This chemical shows a viscosity reduction at 275'F with no excessive 

thickening up to 375'F. 
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DATA SUM?lARY SHEET 

TEST NO. 5 
CONDITIONS OF TEST: 

Base Mud Dionized Water + 11.5 PPB Salt + 
25 PPB Bentonite 

Test Chemical Added, Quantity 6 PPB Starch 

Shear Rate Range, Sec" 1,177 t o  2,012 

OBSERVATIONS: 

As temperature increases, the viscosity of.the system goes up 

gradually. 



v 
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TEST NO.  5 
. TEMPERATURE DATA FOR: 

DIONIZED WATER 
! 

125 i. . . 11 .5  P P B  SALT , 

I i ! 25 P P B  BENTONITE 
6 PPB STARCH ,: 

i I 
DATA MEASURED IN FANN RHEOMETER AFTER HEATINCtfN FLOW 

DATA MEASURED AT TEMPERATURE I N  FLOW LOOP INDICATED 

1 @ % ! I 
. - ..-. 

* 1 0 0 : -  
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TEST NO. 6 
CONDITIONS OF TEST: 

/ 

82  

DATA SlJMYARY SHEET 

Base Mud 

Test Chemical Added, Quantity 

Shear Rate Range, Sec'' 

OBSERVATIONS: 

Dionized Water 

Increase in temperature produces a reduction in viscosity in both 

the flow tube data and the Fann rheometer data. 
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. DATA SUMMARY SHEET 

CONDITIONS OF TEST: 

Base Mud Dioniz ed Water 

Test Chemical Added, Quantity 2.3 PPB Guar Gum 

' Shear Rate Range, See"' 811 to 1,675 

OBSERVATIONS : 

As with HEC the viscosity of Guar gum decreases with temperature. 
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DATA SUMMARY SHEET 

TEST NO. 8 
CONDITONS OF TEST: 

Ease Mud Dionized Water 

Test Chemical Added, Quantity 

Shear Rate Range, Sec" 

2 . 3  PPB Xanthum Gum 

811 to  1,398 

OBSERVATIONS: 

The v i s c o s i t y  of Xanthum gum - water solution decreases with temp- 

erature. A t  about 250°F the v i scos i ty  s t a b i l i z e s .  
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DATA SUMMARY SHEET 

TEST NO. 9 
CONDITIONS OF TEST: 

Bas e 

Test 

Mud Dionized Water + 11.5 PPB N a C l  + 
25 PPB Bentonite 

Chemical Added, Quantity 2 PPB CMC 

Shear Rate Range, Sec” . 235 t o  1,605 

OBSERVATIONS: 

CMC i n  a sa l t  water mud thickens u n t i l  250-275’F i s  reached, then 

it  t h i n s  back. The Fann rheometer da t a  shows a very d i f f e r e n t  re- 

sponse than t h e  flow loop. 



h 

1513 

TEST NO. 9 

TEMPERATURE DATA FOR: 
DIONIZED WATER 125 

11.4 PPR N a C l  
2 PPB CMC 

\ 

DATA MEASURED I N  FANN RHEOMETER AFTER HEATING I N  FLOW LOOP 115OF 

DATA MEASURED AT TEMPERATURE I N  FLOW LOOP INDICATED 

pa 
100 

Y e  

VISCOS Irn 
CENTIPOISE 

O100 200 300 

0 TEMPERATURE, F 

400 
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SYSTEM DESIGN FOR HIGH TEMPERATURE TESTING AND STABILIZATION 

OF DRILLING FLUIDS 

CHAPTER I 

INTRODUCTION 

The effects of high temperature on drilling fluid properties 

become very serious as deep wells or geothermal wells are drilled. 

drilling fluid compounds such as phosphates and tannin become thermally 

unstable and degrade at relatively low temperature, approximately 200 F. 

Even the more temperature-resistant and widely used thinners such as 

chrome lignosulfonate can show instability after prolonged exposure to 

temperatures much beyond 300°F. 

decomposition, increasing corrosivity, flocculation, which in turn re- 

Some 

0 

Generally, mud degradation indicates 

sults in filtrate loss, or a combination of these. 

realize at what temperatures mud chemicals start to  loose their function 

and how serious the adverse effects are, in order to reduce drilling 

costs and to prevent the potential hazards of pressure surges. 

It is important to 

In the 

search for temperature-stable materials, much effort has been made to 

establish adequate laboratory procedures for determining thermal stabil- 

ities of drilling fluids although no standardized procedure or apparatus 

has been widely accepted. 

e 

91 
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There are two genera l  approaches t o  t h i s  problem: the  aging 

cel l  method and c i r c u l a t i o n  method. To age o r  s t a b i l i z e  the  mud, t h e  

former r equ i r e s  time-consuming manipulation i n  t h e  labora tory  whi le  t h e  

l a t t e r  takes  much s h o r t e r  t i m e  and less e f f o r t  t o  ob ta in  properly aged 

muds. 

continuous monitoring of mud p r o p e r t i e s  and labora tory  simulation of t h e  

Other advantages of t h e  la t ter  method are t h e  c a p a b i l i t i e s  of 

muds produced during f i e l d  d r i l l i n g .  

I n  t h i s  study a c i r c u l a t i o n  system is designed f o r  studying such 

mud p rope r t i e s  as v i s c o s i t y ,  f i l t r a t i o n  and corrosion up t o  550°F. 

mud sample is pumped through a flow loop cons i s t ing  of hea t ing ,  t e s t  and 

cooling sec t ions .  The f l u i d  is sub jec t  t o  in t ens ive  shearing by spring- 

The 

I 
' 

loaded va lves  t o  promote mud aging and maintain a s u f f i c i e n t  pressure  t o  r e t a r d  

boi l ing .  

The cool advancing mud is heated by t h e  hot r e tu rn ins  mud i n  a mud-to-mud, 

hea t  exchanger of pa ra l l e l ed  tubes. 

a molten sal t  hea t  exchanger. 

flowing i n  t h e  annulus of a double p i p e  hea t  exchanger. 

* The cyc le  i s  repea ted  about once i n  two minutes depending on flow rate.  

E l e c t r i c  hea te r  elements and i n  

The ho t  mud is cooled by water which i s  

Pressure  drops 

between t aps  along t h e  l eng ths  of t h r e e  d i f f e r e n t  s ized  tubes are measured 

i n  g test s e c t i o n  t o  determine rheo log ica l  parameters a t  e leva ted  temp- 

e r a t u r e s  f o r  non-Newtonian d r i l l i n g  f l u i d s .  

In  a similar Magcobat system, only one pressure  drop measure- 

ment i s  made t o  determine t h e  e f f e c t i v e  v i s c o s i t y  of tes t  f l u i d s .  Vis- 

c o s i t i e s  a t  two in te rmedia te  shear  rates and one low shear  ra te  are of 

concern i n  t h i s  system t o  ob ta in  a more complete p i c t u r e  of rheo log ica l  

proper t ies .  By using s t r i p  recorders ,  temperature and pressure recordings 

are made i n  a continuous manner so t h a t  (1) t h e  system temperatures can Ld  



be w e l l  monitored and con t ro l l ed ,  and (2) aging h i s t o r i e s  of d i f f e r e n t  

f l u i d s  can be compared d i r e c t l y  and analyzed. 

This Appendix w i l l  emphasize general  design considerat ions and 

design ca l cu la t ions  of hea t  t r a n s f e r  u n i t s  and tube viscometer s ec t ions .  

Thermal p rope r t i e s  of d r i l l i n g  f l u i d s  a t  e levated temperatures are 

estimated t e n t a t i v e l y  f o r  use  i n  hea t  t r ans fe r  ca lcu la t ions .  Brief 

discussions of fou l ing  problems and appl ica t ion  of non-Newtonian rheology 

t o  f loccu la t ion  c h a r a c t e r i s t i c s  are a l s o  included. 

. 



CHAPTER I1 

RELATED PROBLEMS 

Because of the complex interrelated effects of temperature and 

aging time on mud properties it is necessary to distinguish the individ- 

ual effects of: . 
1. temperature at which the test mud has been aged, 

2. 

3. 

time taken to stabilize the test mud, 

temperature at which the properties are measured after or 

during aging, 

4 .  the manner the test mud has been aged, and 

5 .  mud type, pH, concentration, electrolyte content and other 

mud characteristics. 

Drilling fluids usually show fairly well defined temperatures 

at which abrupt increases of yield points, excessive fluid losses and 

abnormal corrosion start to occur, but it is still difficult to define 

the maximum operating temperatures at which the fluids retain their use- 

fulness. As for rheological properties, the low shear rate Viscosity 

cannot be deduced from the knowledge of high shear rate viscosity at 

elevated temperatures. 

affected by the soaring yield point caused by flocculation, while the 

low shear rate viscosity is controlled predominantly by it, (Chapter IV). 

High shear rate viscosity may be only slightly 

94 
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Therefore, it seems necessary to refer the  temperature limits of drilling 

fluids to particular shear rates. 



CHAPTER I11 

. 

PRELIMINARY DESIGN CDNSIDERATIONS 

There are a wide variety of drilling fluids to be tested wi h 

this system. It is important to design a flexible and really capable 

system to meet the requirements of all types of test fluids with con- 

siderably different viscosities, mud weights and other characteristics. 

It is also possible that circulation rate or pressure may be varied in 

the experiments. However, the maximum achievable temperature of the 

system, or the maximum heat transfer rates of the heating and cooling 

sections, depends on the mud properties. 

. 

For example, the viscous energy 

answer. 

96 
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Another problem wi th  d r i l l i n g  f l u i d s  is i t s  foul ing  and probable 

cor ros ive  c h a r a c t e r i s t i c s .  

changer design: 

Spec ia l  a t t e n t i o n  is needed i n  the  hea t  ex- 
* 

1. Test f l u i d s  should be i n  t h e  "tube" s i d e  of heat  exchangers, 

no t  t h e  s h e l l  s ide .  

For maintenance convenience, mud tubes should be r e l a t i v e l y  

s t r a i g h t .  

- 
2. 

3. Provis ion should be made t o  keep t h e  temperature d i s t r ibu -  

t i o n s  around t h e  mud tubes as even as poss ib le ,  due t o  t h e  

high hea t  f l u x  d e n s i t i e s  generated by e l e c t r i c a l  hea t e r  

elements connected t o  t h e  tubes.  
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CHAPTER I V  

BEHAVICR OF DRILLING FLUIDS AT ELEVATED TEMPERATURES 

The rheo log ica l  and f i l t r a t i o n  proper t ies  of d r i l l i n g  f l u i d s  

are c lose ly  a s soc ia t ed  wi th  f loccula t ion .  

temperatures,  t he re fo re ,  make v i s c o s i t y  and f i l t r a t i o n  t h e  most prominent 

parameters t o  be a f f e c t e d  by temperature. Viscosi ty  usua l ly  shows a 

marked v a r i a t i o n  wi th  temperature. 

Flocculat ion a t  e leva ted  

Yield point ,  may ‘also vary e r r a t i c a l l y  

before  reaching a c r i t i ca l  temperature. Beyond t h i s  po in t ,  mud particles 

react v i o l e n t l y  and t h e  y i e l d  poin t  can rise considerably. 

Figure 47 shows some examples of temperature dependent d r i l l i n g  

f l u i d s  i n  terms of flow behavior index n. The d i v e r s i t y  of t h e  parameter 

introduces d i f f i c u l t i e s  i n  t h e  s i z i n g  of heat  t r a n s f e r  u n i t s .  

Apparent v i s c o s i t i e s  at high and l o w  shear rates r evea l  very  

d i f f e r e n t  c h a r a c t e r i s t i c s  w i t  arying temperature. Low shear  rate v i s -  

r e f l e c t  t h e  abrupt  i n c r  d point  approaching t h e  

temperature. The hi rate, the  less t h e  f loc-  

f l u f d s  exh ib i t  

power l a w  f l u i d .  

po in t ,  consequently t h i s  ca lcu la ted  YP is only a conienience. 

A power l a w  f l u i d  by d e f i n i t i o n  does no t  have any y i e l d  . 

LJ 
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are : 

The advantages of using n from the  power law model, 

1. It is dimensiohless and can be compared d i r e c t l y  among 

samples, 

It 's magnitude ind ica t e s  t he  r e l a t i v e  inf luence  of t he  2. 

high  and low shear  rate v i s c o s i t i e s ,  s i n c e  apparent v i s -  

c o s i t y  f o r  a power l a w  f l u i d  is  

-5: It w i l l  r evea l  t he  ex ten t  of depar ture  from Newtonian 

c h a r a c t e r i s t i c s .  

As f o r  t h e  temperature e f f e c t s  on f i l t r a t i o n  p rope r t i e s  of 

d r i l l i n g  f l u i d s ,  t h e  API f l u i d  lo s ses  usua l ly  show increases  a f t e r  aging 

a t  e leva ted  temperatures.  

t r e n d ,  a t  l ea s t  i n  the  tenperature  ranges i n  which previous s tud ie s  

Dynamic f i l t r a t i o n  a l s o  r evea l s  a similar 

have been done. Theore t ica l ly ,  dynamic f l u i d  l o s s  is approximately 

p ropor t iona l  t o  t h e  shear  stress a t  t h e  su r face  of a f i l t e r  cake and 

i n  inve r se  propor t ion  t o  t h e  f i l t r a t e  v i s c o s i t y .  

creases, f i l t r a t e  v i s c o s i t y  w i l l  usual1 

t o  inc rease  t h e  f i l t t  t h e  o the r  hand, shear  stresses may 

inc rease  or decrease  with temper 

dynamic f i l t r a t i o n  tends t o  increase  with t e  

of cases, although theoretically there are some possibi l i t ies  of the 

temperature in- 

reversed t rend.  -. . 



. 

Serious corrosion problems arise with increased temperatures. 

While deteriorating at elevated temperatures, lignosulfonates can re- 

lease hydrogen sulfide and cause steel embrittlement. 
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CHAPTER V 

SELECTION OF HEAT TRANSFER UNITS 

There are many a l t e r n a t i v e s  t o  achieve t h e  required temperature 

f o r  t h e  system. A choice among steam, ex te rna l  e l e c t r i c a l  hea t ing ,  i n t e r -  

n a l  e l e c t r i c a l  hea t ing  and h e a t  t r a n s f e r  l i q u i d s  were considered. 

following shows advantages and disadvantages of each u n i t :  

The 

1. Steam 

High p res su re  superheated steam is a v a i l a b l e  a t  temp-  

e r a t u r e  of 700°F and 400 p s i  pressure.  

is  usua l ly  d e s i r a b l e  i n  h e a t  t r a n s f e r  opera t ions  i f  i t  is 

s a t u r a t e d .  However, t h i s  steam 'MS excessive superheat  

High pressure  s t e a m  

which r equ i r e s  extended su r faces  such as long i tud ina l  f i n s  

i n  a double p i p e  t o  improve h e a t  t r a n s f e r  performance. The 

men t . E l e c t r i c  hea t ing  w a s  f i r s t  used by Magcobar t o  h e a t  
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d r i l l i n g  mud samples ,  it has  t h e  fo l lowizg  advantages:  

a. It is h i g h l y  e f f i c i e n t  as f a r  a s  t h e  t S e m d y n a m i c a 1  

effectiveness is concerned. A h o s t  a l l  t h e  heat 

energy genera ted  i n  t h e  r e s i s t a n c e   re is absorbed 

by the f l u i d ,  provided t h e  systen  is i n s u l a t e d .  

b. The c o n t r o l  of  h e a t  f l u x  and t h e r e f o r e ,  of the mxfmum 

systea tempera ture  is r e l a t i v e l y  simple.  

c. V e r y  h i g h  h e a t  f l u x  d e n s i t y  is ob ta inzb le .  

d. It 's lmdular  nature provides  f l e x i b i l i t y  and makes 

f u r t h e r  ex tens ion  of the u n i t  r e l a t i v e l y  easy. 

FIGURE 39 

POSSULE .ARRX?GEXEST OF HEAT= ELEEITI: JWl T I B I N G  IN C20SS SECTION TO 

EXUNCE HEAT T M S F E R  BY XATl&lL CONVECTION 
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A drawback a s soc ia t ed  with e x t e r n a l  h e a t i n g  is t h e  

uneven temperature  d i s t r i b u t i o n  around t h e  tube  per iphery ,  

due t o  excessive h e a t  f l u x  dens i ty  near  t h e  tube  w a l l  

.) a d j a c e n t  t o  t h e  h e a t e r  element. It h a s  caused s e r i o u s  

f o u l i n g  o r  'plugging'  i n  the  tube. Frequent t ube  reaming 

is necessary  i f  plugging cannot b e  avoided. 

wall tub ing  l i k e  5/16" x .064" (0.1845" I D )  and t h e  arrange- 

ment as shown in Figure 48, may help  ease t h e  problem. Natural  

Adoption of t h i c k  

convect ion caused by a l a r g e  temperature d i f f e r e n c e  around 

t h e  tube  could a i d  t h e  forced convection by t h i s  arrangement 

and oppose i t  by. pos i t i on ing  the  tube below t h e  h e a t e r  element. 

Although t h i c k e r  tube w a l l s  provide h ighe r  conduct ion resis- 

tance,  t h e  c o n t r o l l i n g  f a c t o r  in h e a t  t r a n s f e r  rates is 

determined by t h e  f l u i d  ins tead  of t h e  metal w a l l s .  

3. I n t e r n a l  Electric Reatinn 

The problem of t h e  uneven t enpe ra tu re  d i s t r i b u t i o n s  may 

be  so lved  by t h e  fol lowing zrrangement. 

c u r r e n t  is appl ied  d i r e c t l y  ac ross  t h e  p a r t  of t h e  t u b e  t o  

be  heated.  

steel tub ing  which acts  as a r e s i s t a n c e  element. 

t h e  heat'ing section, t h e  lower the amperage and t h e  h ighe r  

t h e  vo l t age .  

copper blocks as s The copper blocks 

on bo th  ends are connected t o  t h e  cu e n t  source.  The rest 

i n s u l a t e d  a t  

A l a r g e  electrical 

\ 

The electric power is d i s s i p a t e d  in t h e  stainless 

T h e l o n g e r  

Both ends of t h e  tubing are s i lve r - so lde red  t o  

in Rre i th  e t  a1 23 

a 

is pro tec ted  and e l  

t h e  two connections t o  t h e  hea t ing  sec s p e c i a l  insu la-  

LJ *- 

t i o n  washers. 



105 

D r i l l i n g  f l u i d s  are  more or less e l e c t r o l y t i c  l i q u i d s .  

Their electrical  res is t ivi t ies  a r e  probably of t h e  sane 

o r d e r  as sea water, 1.e. 2 1  ohm-cm, compared t o  74 x 

o b c m  o f  stainless steel .  The extreme d i f f e r e n c e  i n d i c a t e s  

most of  the cu r ren t  would be c a r r i e d  by t h e  metal, not by t h e  

e l e c t r o l y t e .  It is, t h e r e f o r e ,  f e a s i b l e  t o  adopt t h i s  s e tup ,  

e s p e c i a l l y  f o r  s h o r t e r  h e a t i n g  l e n g t h s  such as 10  fee t  f o r  

p r o t e c t i o n  and c o n t r o l  reasons.  

. 

Longer l eng ths  are a p p l i c a b l e  only when t h e  j o i n t s  . 
between tubes  are w e l l  so ldered ,  t o  permit  good electrical  

conduct ion between them. 

adopted because of d i f f i c u l t i e s  i n  apply ing  it t o  longer  

This arrangement has  not  been 

h e a t i n g  length .  

4. Heat Trans fe r  Liquids  

The u s e  of h e a t  t r a n s f e r  l i q u i d  has  t h e  advantage of 

p rov id ing  a uniform temperature  d i s t r i b u t i o n  f o r  t h e  mud t o  

be heated. Its disadvantage  is t h e  a d d i t i o n a l  complicat ions 

o f  the, c i r k u i t  f o r  t h e  h e a t  t r a n s f e r  l i q u i d .  

A cho ice  among h e a t  t r a n s f e r  l i q u i d s  such as l i q u i d  

o rgan ic  and ino rgan ic  salts w a s  considered,  An - 
i n o r g a n i c  s a l t  mixture  c a l l e d  Hi (e.i. Pant De Nemours & 

Co. Inc.) was s e l e c t e d  f o r  th i s  a p p l i c a t i o n  because of the 

following merits: 

a, Negl ig ib l e  vapor  p r e  u r e  a t  o p e r a t i n g  temperature,  which 

pe rmi t s  i t s  u s e  i n  a atmospheric  system o r  open bath.  

b. Super io r  thermal  p r o p e r t i e s  f o r  h e a t  t r a n s f e r .  
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I 

c. 

d. 

S t ab le  and nontoxic a t  high temperatures. 

Low corrosion t o  s t e e l  and many o the r  popular metals. 

A problem assoc ia t ed  with Hitec is caused by its 

r e l a t i v e l y  high melt ing po in t  (288'F i n  pure state). 

covered i n s u l a t i o n  should b e  provided t o  prevent  i t  from 

being so l id i zed .  

Ful ly  

Exposure t o  th.e ambient temperature and 

t h e  presence of j o i n t s  and f i t t i n g s ,  which are t h e  causes  of 

l o c a l  h o t  spo t s  and p o t e n t i a l  l eak ing ,  can b e  reduced by 

adopt ing  t h e  least-exposed s h e l l  of a s i n g l e  large-diameter 

cy l inde r  f o r  salt accommodation: A ver t ical  arrangement of 

t h e  cy l inde r  is h e l p f u l  i n  improving n a t u r a l  convection i n  

t h e  sa l t  s i d e  of  t h e  heat exchanger and i n  s impl i fy ing  

f a b r i c a t i o n .  Natural  convect ion i n  such a closed-end 

enc losure  has  been s tud ied  ex tens ive ly  i n  t h e m s y p h o n  

systems. l9 30 The n a t u r a l  convect ion which p lays  a n  important  

r o l e  i n  h e a t  t r a n s f e r  due t o  e x c e l l e n t  thermal p rope r t i e s ,  

could b e  aided by t h e  e x t e r n a l  f o r c e s  provided by e i t h e r  of 

the fo l lowing  m e t  

a, Circulation e c y l i n d e r  is imparted by a gear  

pump which is i n s t a l l e d  a 

l e d  from t h e  d ischarge  en 

where a manif 

flow. Circu la t  ia l - f low a g i t a t o r  

a t t ached  t o  a motor s h a f t  wh es t h e  pump a t  t h e  

bottom. The i n t e r n a l  c i r c u l a t i o n  removes t h e  h e a t  from 

t h e  e lectr ical  elernents l oca t ed  around t h e  i n s i d e  

A Y' tube  is 

ump t o  t h e  salt bath,  

channel iz ing of t h e  

'(sll 
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circumference of t h e  c y l i n d e r  and t ransrzi ts  i t  t o  t h e  

tube  bundle  near  t h e  cen te r .  Some u n c e r t a i n t i e s  . 
a s s o c i a t e d  wi th  t h i s  arrangement are: 

1. The fo rced  convec t ion  may no t  a i d  b u t  oppose t h e  

n a t u r a l  convect ion,  because t h e  l a t te r  i s  a complex 

phenomenom inf luenced  by several parameters,  as 

discussed  i n  Chapter  IX. 

2 .  a a n n e l i z i n g  of t h e  c i r c u l a t i o n  cannot be  el imi-  

na ted  and it reduces  e f f i c i e n c y  of t h e  downward 

flow i n  t h e  c e n t r a l  co re ,  ( F i g . 5 0 ) .  

3 -  The p r e s s u r e  c r e a t e d  by t h e  a g i t a t o r  is usuz l ly  

l i m i t e d  t o  a f e w  p s i ,  which is no t  s u f f i c i e n t  t o  

overcome t h e  h i g h  p r e s s u r e  drop a c r o s s  the t u b e  

bundle. 

manifold would become t o o  low. The turbulence  

0 

The l o c a l  v e l o c i t y  f a r  away from t h e  

produced by i t s  motion m y  a l s o  des t roy  t h e  

d e l i c a t e  p a t t e r n  of  t h e  n a t u r a l  convection. 

The c i r c u l a t i o n  is e s s e n t i a l l y  p a r a l l e l  t o  t h e  

boundary layer nea r  t h e  t u b e  walls. 

r a d i a l  convect ion restricts t h e  e f f i c i e n c y  of 

4. 

Lack' of. 

ome improvements can b e  made by t h e  fo l lowing  

a 

e er c y l i n d e r  such as a 2" p i p e  wi th  both ends 

. s e a l e d  is placed  i vertical cy l inde r .  A few 

tubes along with t e number of immersion heating 

. elements are i n s t a l l e d  a l t e r n a t e l y  around t h e  inne r  LJ 
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. 
cy l inde r  i n  a c i rc le  wi th  a small c learance  from i ts  

su r face .  As shown i n  Figure 51, a ve loc i ty  f i e l d  is  

generated by t h e  r o t a t i o n  of t h e  cy l inde r  which is 

d r i v e n  by a f r a c t i o n a l  horsepower motor a t  the  top of t h e  

s t a t i o n a r y  sleeve. The c ross  flow t o  t h e  mud tubes  

and h e a t e r  elements g r e a t l y  enhances h e a t  t r a n s f e r .  

This  arrangement shows t h e  advantages i n  s i m p l i c i t y  

and e f f i c i e n c y .  Attachment of a few "low" f i n s  on t h e  

cy l inde r  s u r f  ace f u r t h e r  promotes t h e  convection, wi th  

an i n c r e a s e  i n  motor r a t i n g .  

Among t h e  above arrangements, only t h e  external electric 

h e a t i n g  and t h e  r o t a t i n g  cy l inde r  u n i t s  are considered,  a long  

wi th  t h e  mud-to-mud h e a t  exchanger. 

in more d e t a i l  later and be  compared i n  Table 22.  

They w i l l  b e  d iscussed  



CHAPTER VI 

EVALUATION OF THEfiplAL PARAMETERS OF DRILLING FLUIDS 

Beat c a p a c i t y  and thermal conduc t i s i t y  are  two major thermal 

parameters i n  h e a t  t r a n s f e r .  

r e l a t i v e l y  i n s i g n i f i c a n t  i n  t h e  design ca l cu la t ions .  Data on tgle thermal 

p rope r t i e s  of d r i l l i n g  f l u i d s  is  lacking  i n  the  l i t e r a t u r e .  Some assump- 

t i o n s  need t o  b e  made f o r  e s t ima t ion  of these  parameters used i n  t h e  h e a t  

Thei r  v a r i a t i o n s  wi th  temperature are 

transfer c a l c u l a t i o n s .  Sone es t ab l i shed  c o r r e l a t i o n s  f o r  suspensions of 

h a c  t i v e  “pa r t  ic les  are a v a i l a b l e  : 

1. Heat capac i ty  of a suspension l i q u i d  is t h e  weighted 

29 39 average of t h e  va lues  f o r  t h e  ind iv idua l  c o q o n e n t s -  

Th i s  s ta tement  f i t s  b e t t e r  f o r  t h e  suspensions c o n s i s t i n g  of 

components w i th  nea r ly  equal  h e a t  c a p a c i t i e s  or n e g l i g i b l e  

amounts of t h e  otherwise diss imilar-valued components. For 

example, h e a t s c a p a c i t i e s  of water, b a r i t e  and b e n t o n i t e  are 

1,004, O.fl3, and 0.224 BTU/lb°F r e spec t ive ly .  

b a s e  mud wi th  4X ben ton i t e  y i e l d s  a va lue  of 0.646 BTU/lb°F. 

Other examples f o r  d i f f e r e n t  mud weights  are compared i n  

The 12 ppg 

21, Thermal parameters of t h e  major c o n s t i t u e n t s  i n  
a 

d r i l l i n g  muds are shown in Table 20. The c o n t r i b u t i o n s  

made by other  a d d i t i v e s  i n  t h e  r e s u l t s  a r e  small 

due t o  n e g l i g i b l e  amounts i n  t h e  muds. 

109 
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Reat Caps c i t y  
Constituent BTU/lb F 

Barite ' 

Bent m i t e  0.224 

Water 1.004 @ 200°F (24) 

o . i n  @ 2080~ ( 5 )  

(3)  

TABLE 20 

THEIZMAL PARAMETERS OF MAJOR CONSTITUENTS I N  DRILLING FLUIDS 

Thermal Conductivity 
BTU/hf t°F 

0.872 @ 212 F 0 (11) 

-_------------ 
(24) . 0.393 @ 200°F 

TABLE 21 

COMPARISON OF CALCULATED THERMAL PARIUILF;TERS OF DRILLIHG FLUIDS. 

BASED ON MUD WEIGHT (For 20 gph F l o w  Rate) 
8 

Mud Weight 
W 
PP g 

18 

Heat Capacity 

0.914 

0.646 I 

0.485 

0.377 

w x cp x 20 

BTU/h°F 

164 .5  

155.0 

145.5 

113.1 

Thermal Conductivity 

0.401 

0.544 
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2. T h e m 1  conduc t iv i ty  of a b inary  suspension of i n a c t i v e  

par t ic les  i s  expressed below: 29 

2k1 + k - 2 xv(k l  - kD) 
'1 2kl + kp + xv(kl - kp) ks 

P 

where ks, k1, kp, are t h e  thermal  c o n d u c t i v i t i e s  of t h e  

suspension, l i q u i d  phzse and suspended particles r e s p e c t i v e l y  

and xv is the volume f r a c t i o n  of s o l i d  i n  t h e  suspension. 

3. Thermal expansion p lays  a s i g n i f i c a n t  r o l e  i n  n a t u r a l  

convect ion problems. 

of suspens ions  of inactive p a r t i c l e s  can be  approximately 

der ived  from those  of base  l i q u i d s  by assuming n e g l i g i b l e  

changes i n  t h e  volume of s o l i d  p a r t i c l e s  wi th  tecpera ture :  

The c o e f f i c i e n t s  of thermal expansion 

where B and B are t h e  c o e f f i t i e n t s  of t h e r n a l  expansion of 

t h e  mud and water r e s p e c t i v e l y ,  xv is t h e  volume f r a c t i o n  of 

s o l i d  p a r t i c l e s  i n  t h e  mud. 

m W 

Capacity rate is t h e  product of h e a t  capac i ty  and mass 

A s  shown in Table 21, capacity rate3  of weighted f l a w  rate. 

muds dec rease  wi th  mud weight.  Therefore,  t h e  des ign  

c a l c u l a t i o n s  w i l l  b e  based on lower mud weight of 9 ppg. 

The above t h e o r e t i c a l  r e l a t i o n s  €o r  i n e r t  suspensions are n o t  

n e c e s s a r i l y  v a l i d  f o r  d r i l l i n g  f l u i d  

should be  conducted i f  ectual thermal  parane t  need to be  kn0W-a. 

a 



112 

lo l ten  S a l t  Water 1 
Exchanger Cooler 

b t a t i n g  Annular 
:yl inder  w i th  water 
nolten sa l t  j a c k e t  
Ln t h e  
innulus 

375-550 365-115 

TABLE 22 

Electrical 
Heat e t  

COMPARISON OF HEAT TRAKSFER UNITS EMPLOYED 

Tubes s i l v e r  
s o l d e r  ed w i t h  
e l e c t r i c a l  
t u b u l a r  
elements 

Mud- to-Mud 1 Exchanger . 

j ---- 

u n i t  
Arrangement 

I 

2 p a r a l l e l  
tubes  s i l v e r  
so lde red  s idc  
by s i d e  

I 64 * 

'erminal Temp. 

Convective 

28,875 

1500 

41,125 

--- 

300-550 

41,250 

aoo . 
( i n s u l a t e d )  

42,050 

Electrical 
t u b u l a r  
e lements  

About 650 

101 

Hitec Y 

133** 7 7 *  

* Based on 75% of the  maximum wattage ** 
*** Assuming fouling f a c t o r  of 0.001 hft°F/BTU 

Based on a flow r a t e  of 6 gpm 



S I Z I N G  OF TEE MUD-TO-MUD HEAT EXCEWNGER 

The system r e q u i r e s  h e a t i n g  and cool ing  of t h e  test  f l u i d  re- 

p e t i t i v e l y .  

mud t o  h e a t  t h e  coo l  advancing mud, i n  t h e  v i e w  poin t  of power consumption. 

Both s t reams have nea r ly  equal  capac i ty  r a t e s .  

p r a c t i c e  t o  have both capac i ty  rates equal  i f  they a r e  not  too s a l 1  t o  

The optimum des ign  is t o  t ake  advantage of t h e  heated r e t u r n i n g  

It is gene ra l ly  a good 

r e t a r d  t h e  h e a t  t r a n s f e r .  I n  t h e  NTU (Number of Transfer  Units)  method of 

h e a t  exchanger design, e f f e c t i v e n e s s ,  which is the r a t i o  of a c t u a l  h e a t  

t r a n s f e r  rate t o  the thermodynamically maximum p o s s i b l e  hea t  t r a n s f e r  rate, 

shows 50% f o r  u n i t y  NTU. 21 To determine t h e  o u t l e t  temperature of the'mud- 

to-mud exchanger, it is reasonable  t o  assume 50% e f f e c t i v e n e s s ,  beyond which 

t h e  e f f e c t i v e n e s s  curve starts t o  approach a n  a s p r o t i c a l  l i m i t .  That means 
I 

an a d d i t i o n a l  l eng th  

pumping pressure.  To shor t en  t r t u p  time, i t  is  a l s o  d e s i r a b l e  t o  

l i m i t  t h e  l eng th  of this s e c t i o  

f t r a n s f e r  u n i t s  has less e f f i c i ency  and increas ing  

m t h e  h e a t  balance: 

? 

w c ( t2 - q) t w - t- ) ---I-------------- (2) 
P 

0 t 

The inlet temperatures  tl, t l  , of t h e  two stream are known to.  be 110 F and 

5 5 0 ' ~  r e s p e c t i v e l y ,  

of 330'F i n  bo th  streams. 

me e f f e c t i v e n e s s  50% epres e n t s  out  l e t  t ezpe ra tu res  
4 

Next, t o  f i n d  convect ive f i l m  c o e f f i c i e n t s  of d r i l l i n g  f l u i d s ,  
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Oliver and Jenson 's  empi r i ca l  c o r r e l a t i o n  f o r  power l a w  f l u i d s  i n  h o r i z o n t a l  

tubes is used: 36 
L J .  

- 
0.14 

= 1.75 + .0083 ( 1 ( -  yb I 
C IJ Bgp2d3At 0.7) - 1: k ua2 YW 

h d  

k 

where ?;d/k is t h e  mean Nusse l t  number, WC /kL t h e  Graetz nunber, C p /k 

t h e  P rand t l  number, Bgp2d3At/pa2 t h e  Grashof n u d e r  and t h e  f l u i d  cons is tency  
P P a  

Kl 
y K (A. 3n + '). 8n-1.15 The f i r s t  term on t h e  right-hand s i d e  r e p r e s e n t s  4n 

forced convection, wh i l e  t h e  second term n a t u r a l  convection. The r a t i o  

yb/yw allows c o r r e c t i o n  f o r  t h e  v a r i a t i o n  of v i s c o s i t y  with temperature.  

Natura l  convect ion usua l ly  p lays  a s i g n i f i c a n t  r o l e  i n  f low at  

Large temperature  d i f f e rences  and l a r g e  u n i t  r e l a t i v e l y  low v e l o c i t i e s .  

dinensions are ind ica ted  by t h e  Grashof number. It i s  necessary t o  eva lua te  

t h e  r e l a t i v e  magnitudes of t h e  two convections f o r  d i f f e r e n t  f low rates, 

v i s c o s i t i e s  and mud weights.  

Stokes equation, t h e  r a t i o  of G r / R e z  ( G r  is t h e  Grashof number, R e  t h e  

From t h e  dimensional 'analysis  of t h e  Navier- 

Reynolds nunber) is found t o  be  a q u a l i t a t i v e  i n d i c a t o r  of t h e  s i g n i f i c a n c e  

of t h e  buoyancy f o r c e  i n  h e a t  t r a n s f e r  

[(ir2/16 gc) * (Bgds 

play no r o l e s  i n  d e  i n i n g  t h e  relat  

The diameter and flow rates have prof 

13 . The r a t i o  Gr /Rez  is equal  t o  

'>I from which it  shows tha t  v i s c o s i t y  and mud t;eight 

cance df t h e  two convect ions.  

ce on t h e  c o n t r i b u t i o n  of 

, i nd ica t e s  neg l ig ib l e  n a t u r a l  convection in t h e  

of forced  convect ion except  f o r  t h e  c es of low flow rates and 

a t u r e  d i f f e r e n c e s  between t h e  f l u i d  and t h e  w a l l  according t o  

of t h e  o r d e r  of on Precaut ion should be  taken f o r  t h e  

probable  high l o c a l  t e s p e r a t u r e  on t h e  tube w a l l  c l o s e  t o  t h e  connected 

e lectr ical  hea te r  element. Omission of buoyancy fo rces  w Y l l  l e ad  t o  

b i d  
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overes t imat ion  and y i e l d  more conserva t ive  r e s u l t s .  

convection, t h e  equat ion  becomes: 

Ignoring t h e  n a t u r a l  
I 

where A 1 / 3  is a cons tan t  depending on flow behavior  index n, as given i n  

Skelland?6 There are t h r e e  unknowns i n  t h i s  equat ion,  t h e  average f i l m  

c o e f f i c i e n t  x, t o t a l  heated l eng th  L, and w a l l  temperature tw a t  which yw 

is given. So lu t ion  of t h e s e  unknowns cal ls  f o r  t r i a l  and e r r o r .  For t h e  

mud-to-mud exchanger, tw is approximated by t h e  average of t h e  temperatures 

of both streams because of t h e  symmetfic geometry and equal  capac i ty  rates. 

One r e s t r i c t i o n  of  us ing  Equation 3 is t h e  cond i t ion  of  a uniform temp-  

e r a t u r e  a long  t h e  t u b e  w a l l .  

mud exchanger r e q u i r e s  an i t e r a t i o n  scheme accomplished by us ing  d i g i t a l  

The varying w a l l  temperature i n  t h e  mud-to- 

computer : 

(1) Divide t h e  requi red  hea t  f l u x  q and t h e  range between t h e  

o u t l e t  and i n l e t  t enpera tures  t 2  - t l  i n t o  n segments i n  

each of  which teroperature is Considered uniform, and Eq. (3) 

becomes app l i cab le .  

Assume a t o t a l  l eng th  L of t h e  h e a t  exchanger. (2) 

(3) L e t  L" = 0 

emperatures of both streams and a t  t h e  

t u b e  w a l l  i n  each temperature segment by s t a r t i n g  from t h e  

t h e  inlet  temperature  of t h e  co ld  stream and t h e  o u t l e t  temp- 

erature o f  t h e  h o t  stream. 
- I t  

Calcu la t e  yb /yv 

are i n t e r p o l a t e d  by cubic  s p l i n e .  

( 6 )  Calcu la t e  t h e  Graetz number W C /kL. * 

( 5 )  from t h e  power law parameters K and n which 

W P 
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I 

(7) C a l c u l a t e  t h e  f i l m  c o e f f i c i e n t s  h and h by Eq. (3).  

(8) Ca lcu la t e  t h e  o v e r a l l  f i l m  c o e f f i c i e n t  U by: 

c 

where Rf is t h e  therinal r e s i s t a n c e  produced by fou l ing  

(Chapter VIII). 

(9) Determine t h e  logar i thmic  mean teraperature d i f f e r e n c e  (LWD) 

by : 

' I 

with  t l ,  t2, t l  , t2 , replaced by t h e  terninal temperatures  

of t h e  temperature  segment. For t h e  mud-to-mud exchanger, ... 
I 

LXCD i s  just tp - tl .  
(10) C a l c u l a t e  t h e  required length L f o r  t h e  temperature segment 

(11) L e t :  

L'  = L' + L 

Lt = L' n / i  

h e r e  i is i t e r a t i o n  numbe the i t h  temperature  segment. 

(12) Replace t h e  L i n  S tep  (2) by (L + Lt) /2  and r e p e a t  t h e  

7 c a l c u l a t i o n  loop  s t a r t i n g  from Step (6)  u n t i l  t h e  d i f f e r e n c e  

L - Lt is s u f f i c i e n t l y  small. 

(13) L e t  L" = L ' .  
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50°F 
(8CP) 

20 gph 6 x 10 -3 

-2  8 gph 4 x 10 

(14) Proceed t o  t h e  next temperature segment and repeat t h e  

c a l c u l a t i o n  from S t e p  (2) with L obta ined  from Step (12) 

i n  t h e  las t  i t e r a t i o n .  

200°F 
( ~ C P )  

-2 3 x 10 

-1 1.6 x 10 

. 

(15) P r i n t  L" which is t h e  f i n a l  r e s u l t . a f t e r  a l l  temperature 

segments are ca l cu la t ed .  

The flow c h a r t  of the above scheme i s  shown i n  Appendix A. 

TABLE 23 

SIGVIFICANCE OF NATURAL CONVECTION BASED UPON THE GRIRE~ RATIO 

Table 5 shows t h e  r e s u l t s  f o r  a p a r t i c u l a r  mud da ta .  

parameters  and c i r c u l a t i o n  r a t e s  on t h e  h e a t  t r a n s f e r  rate and t h e  requi red  

The e f f e c t s  of mud 

h e a t i n g  l eng th  were inves t iga t ed .  

ranges from 53 t o  250 BTU/h f t 2  ?3 and t h e  t h e o r e t i c a l  Sength requirements 

scatter from 58 f t  t o  43 f t .  

claimed t o  b e  about  15X, s a f e t y  f a c t o r  15X may b e  added t o  y i e l d  56 f t .  

The c a l c u l a t e d  f i l m  c o e f f i c i e n t  h 

Because t h e  s ndard d e v i a t i o n  of Eq. (3) w a s  

The r a t i o  of wall th ickness  t o  t h e  m n wall a r e a  xw/A, i n  Eq. (4) 

needs t o  b e  es t imated  f o r  t h e  geometry of two brazed tubes i n  

mud exchanger. 

f t o  F) is cons iderably  higher than t h a t  of stai 

0 

Since  t h e  thermal conduc t iv i ty  of s i l v e r  s o l d e r  (210 BTU/h 

t h e  a c t u a l  geometry can be approximated by a simple model -. . of f l a t  s u r f a c e  
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with th ickness  equal  t o  twice t h e  tube w a l l  th ickness  and width equal  t o  

t h e  width of si lver s o l d e r  between t h e  contac t ing  tubes,  assuming i n f i n i t e  

. thermal conduct iv i ty  of silver s o l d e r  (F igure  49). More exact so lu t ion  for 

t h e  Conduction resistance of the actual geometry can be  obtained by the 

f i n i t e  d i f f e r e n c e  meth0d.l 

s imp l i f i ed  model is  no t  s e r i o u s  because t h e  o v e r a l l  h e a t  t r a n s f e r  rate is 

con t ro l l ed  by the convec t ive  f i l m ' i n s t e a d  of t h e  conduction r e s i s t ance .  

The model i n d i c a t e s  t h a t  i nc reas ing  s o l d e r i n g  th ickness  w i l l  h e l p  con- 

duc t ion  somewhat. 

a l s o  enhance conduction and reduce excess ive  l o c a l  hea t  f l u x  d e n s i t y  t o  

some ex ten t .  However, cons iderable  improvements may not  be  expected by 

such changgs . 

The probable  e r r o r  caused by adopt ing t h e  

Wrapping t h e  two brazed tubes by copper f o i l s  may 

As shown i n  Figure 49 with an inc l ined  arrangement as i n  Figure &8(c) 

each s t ream is heated o r  cooled from one s i d e  cf t h e  tube. The h o t t e r  

l a y e r s  near the w a l l  become less dense than  t h e  bulk f l u i d  and tend . t o  rise, 

thereby,  d i s t o r t i n g  t h e  flow p a t t e r n  and a f f e c t i n g  t h e  hea t  t r a n s f e r .  

r e l a t i v e l y  coo le r  l a y e r s  i n  another  tube  show i d e n t i c a l  bu t  oppos i t e  flow 

pa t t e rn .  

The 

This conf igura t ion  t akes  advantage of the buoyant farces. 

J The f o u l i n g  fac Rf i n  Eq. (41, is an unknown f o r  d r i l l i n g  f l u i d s  

because it depends on f l  

etc. A n  empi r i cz l  v a l u e  

t h e  ca lcu la t ions .  l2 

of 0.001 h f t 2  'FIBTU may be used in s t ead .  

e l o c i t y ,  w a l l  temperature and f l u i d  conpos i t ion  

0.003 h f t g  'F/BTU f o r  muddy water w a s  considered 

t e n  dur ing  opera t ions ,  a va lue  If t h e  tubes are reamed 

. a 
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bi FIGURE 40 

SEGLIFIED XODEL OF TRE B U Z E D  PARALLEL-TL’BES 

T 
Y 



CHAPTER VI11 

SIZING OF THE ELECTRICAL HEATING SECTION 

From t h e  energy balance,  t h e  h e a t  generated by t h e  e lectr ic  

cu r ren t  through t h e  r e s i s t a n c e  wire should t ransmi t  t o  t h e  mud i n  t h e  

para l le l -brazed  tube,  assuming n e g l i g i b l e  h e a t  l o s s  through i n s u l a t i o n  

and viscous d i s s i p a t i o n  energy of t he  mud. We have: 

(7) -= w c ( 4  - 9 )  ................................. 
qe  P 

The h e a t  f l u x  r equ i r ed  t o  h e a t  t h e  mcd from t 1 =  330'F t o  t 2 = 550°F 

is equiva len t  t o  10 kw and 8 kw f o r  flow rates 20 gph and 15 gph r e spec t ive ly .  

The s u r f a c e  tempera ture  of t h e  electrical  h e a t e r  should be  known f o r  estimat- 

ing  hea t  l o s s e s  from t h e  in su la t ed  tubes.  From t h e  fol lowing equat ion:  - 
(8)  

the temperature  d i f f e r e n c e  t 

c o e f f i c i e n t  h of  104 BW/h f t  '-F. 

is (330 + 550)/2 o r  440'F. 

p a i r  is the re fo re ,  about  500°F.4 The h e a t  l o s s  per u n i t  area is found from 

t h e  heat: transfer equat ion  f o r  c y l i n d r i c a l  surfaces:  

- 5, is estimated t o  be about  120°F for film 
W 

The av ge temperature of  t h e  mud tube  

The o v e r a l l  mean temperature of t h e  so ldered  

( 9 )  r 41 r f 
P -----------.-----------------.---- 

0 0 
+ Ra ki 'i 

I n  - - 

W 
i, to, r where t r are t h e  temperatures and r a d i i  of t h e  i n s i d e  and i' 0' 
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o u t s i d e  s u r f a c e  of t h e  i n s u l a t i o n  r e spec t ive ly ,  k thermal conduct iv i ty  

of t h e  i n s u l a t i o n  and R 

fol lowing da ta :  

i 
* 

I 

convect ive r e s i s t a n c e  of t h e  a i r .  Using t h e  a 

d 

r = .42", r = 1.98'' (for lk" nominal th ickness  of  i n s u l a t i o n )  . .i 0 

= .52.BTU/h f t 2  'F/inch ( f o r  calcium s i l i ca t e  a t  500°F) 
1 

ki 

R = .55 h ft2.OF/BTU (McAdans,27 p. 179) a 

t h e  h e a t  l o s s  pe r  u n i t  area is found t o  be  15.1 BTU/h f t 2 .  To ta l  h e a t  

l o s s  f o r  t h e  SO-fOOt l eng th  of hea t ing  s e c t i o n  is est imated t o  be 3375 

BTU/h o r  1.0 kw. 

f o r  flow rates 20 gph and 15 gph r e spec t ive ly .  

e i g h t  h e a t e r  elements, t h e  l a t t e r  j u s t  six. 

. The o v e r a l l  wattage requirements are 8.5 and 6.7 kw . 
The former r equ i r e s  

The average h e a t  flux dens i ty  c rea ted  by t h e  h e a t e r  e l e a e n t  on 

the  so ldered  s i d e  of t h e  tube  per iphery is est imated approximately according 

t o  F igure  4 5 .  The h e a t e r  elements have t h e  fol lowing spec i f ica t ions : .  

Wattage = 1965 watts 

Heated l eng th  L = 89.5" 

Diameter = 0.246" 

If t h e  so ldered  width y is 95% of the element diameter ,  i.e. 0.234",  t h e  

heated area on t h e  o u t s i d e  boun sin-l (y/d) 0 27.1 

sq. in. Eeat f l u x  

Comparing k i t h  55. 

t h e  tub ing  is 

72.5 wat ts / sq .  in. 

ere is an  improvement 

n h e a t  exchanger 
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bi s u r f a c e s  which inc reases  r e s i s t a n c e  t o  hea t  t ransmission.  

f o u l i n g  mechanisms most f requent ly  occured - c r y s t a l l i z a t i o n ,  sedimentation, 

There are a f e w  

. 
37 coking and o the r s .  D r i l l i n g  f l u i d s  are usua l ly  suspensions contairi ing a - 

r a t h e r  h igh  concen t r a t ion  of a l a r g e  v a r i e t y  of salts. 

s o l u b i l i t y  cha rac t e r ,  e x h i b i t i n g  decreas ing  s a t u r a t i o n  concent ra t ion  with 

temperature  beyond certain temperature,  are o f t e n  blamed f o r  f o u l i n g  due 

t o  t h e i r  c r y s t a l l i z a t i o n  (such as CaSO4,  CaCO$. I n  suspensions,  sedircent- 

a t i o n  of suspended p a r t i c l e s  accounts  f o r  many f o u l i n g  problems, e s p e c i a l l y  

i n  t h e  cases of low flow v e l o c i t i e s .  

s u s c e p t i b l e  t o  f o u l i n g  p a r t i c u l a r i l y  i n  t h e  case of h igh  h e a t  f l u x  dens i ty ,  

under w h i c h c r y s t a l l i z a t i o n  of sa l t s  may becomi excessive. 

S a l t s  of i nve r se  

Therefore ,  d r i l l i n g  f l u i d s  are very  

As shown i n  

Chapter XII, t h e  mud p res su re  i n  the  electrical hea t ing  sec t ion ,  due t o  

l a r g e  pressure  drop i n  t h e  tube,  may becone i n s u f f i c i e n t  t o  prevent b o i l i n g  

a t  l eas t  in t h e  l o c a l i z e d  area near t h e  high-f lux boundary. Local bo i l i ng ,  

superimposed by t h e  above mentioned c r y s t a l l i z a t i o n  and sedimentat ion,  can 

make f o u l i n g  o r  plugging a s e r i o u s  problem. 

There are some precaut ions  which may he lp  l e s s e n  t h e  plugging 

problem somewhat, i n  a d d i t i o  mentioned i n  enapt= v: 
(1) Cover t h  en the tubing and 

wi th  silver w h i l e  so lder ing .  

I n s t a l l  twis ted  tapes  i n  the tube  bo re  t o  produce swi r l ing  

flow i n  t h e  tube  12and t o  h e l p  remove h e a t  from t h e  h o t  spo t s .  

Overdesign t h e  requi red  l eng th  and, dur ing  opera t ions ,  t u r n  

d m  t h e  hea t& 

(2) 

(3) 

(4) Adopt t r i a n  a r  h e a t e r  e l  

because more su r face  area per u n i t  volume of t h e  r e fac to ry  



1 2 4  

ki around t h e  r e s i s t a n c e  w i r e  is a v a i l a b l e  and can provide more 

welding su r faces .  

( 5 )  

( 6 )  

Maintain high flow v e l o c i t y  and h igh  pump pressure.  

Install such turbulence  promotors i n  t h e  tube  bore  as s p i r a l  

wires, tw i s t ed  s t r i p s  or w a v y  rods34  t o  reduce t h e  thermal 

boundary l a y e r  a t  t h e  tube  w a l l  which is t h e  major r e s i s t a n c e  

t o  h e a t  t r a n s f e r  and, i n  t u r n ,  t h e  probable cause of plugging 

c 



CHAPTER I X  

S I Z I N G  OF THE MOLTEN SALT HEAT EXCHANGER 

The h e a t  t r a n s f e r  i n  a v e r t i c a l  s a l t  bath without ex te rna l  

mechanical fo rces  is an " i n t e r n a l  flow" problem of n a t u r a l  convection. 

The type of flow i n  t h i s  case depends on t h e  height-radius r a t i o  l / r  

f o r  f ixed  P rand t l  number P r  and Crashof number. The Rayleigh number 

is  R + GT x Pr. For r e l a t i v e l y  l a r g e  l / r ,  the  upvard boundry l a y e r  

flow around t h e  i n s i d e  w a l l  of t h e  cy l inder  is  coupled by t h e  down- 

ward flow of t he  c e n t r a l  core  (Figure 23) .  Large value of (Ra) 

( r / l )  genera l ly  i n d i c a t e s  l a r g e  h e a t  t r a n s f e r  between t h e  cy l inder  

w a l l  and t h e  cold tube s u r f a c e s ,  by means of t he  boundary layer 

flow, 

cons tan t  a long t h e  axial  d i r e c t i o n  except  near  borh ends. 

t h e  s i g n i f i c a n c e  of n a t u r a l  convect ion,  t h e  Grashof nunber and t h e  Rayleigh 

number R a  should be  known first. The term At' i n  t h e  Grashof nunber is 

a 

... 

The t h i ckness  of t h e  r e l a t i v e l y  t h i n  boundary l a y e r  tends  t o  keep 

To e v a l u a t e  

s t ima ted  by t r i a  and e r ro r .  .From Table 5 ,  which 

eters of t h e  mol t en . sa l t ,  /At' is found t o  be  
26 19 

6" pipe.  Martin and Jap iksa  c o r r e l a t e d  exper imenta l  

hennosyphons. The i r  c o n c l u s i  

Nu app l i ed  to our  case will be  c 

c o e f f i c i e n t  h of around 40 BTU/h 

e t o  46, T t  c o r r e  

. 
f mechanical a i d  t o  e ransfer.  S i z ing  of t h e  r o t a t i o n a l  

. arrangenent  mentioned i n  Chapter IV is attempted as follows. 
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The v e l o c i t y  f i e l d  produced by t h e  r o t a t i n g  cy l inde r  can be  

42 obta ined  by so lv ing  t h e  Navfer-Stokes equat ion f o r  t h e  laminar flow. 

The r e s u l t  is expressed as: 

--u_----------------_______ (10) 

where v is t h e  tangen$iz l  v e l o c i t y  a t  r ad ius  r. 

t h e  r o t a t i o n  is given by: 35 

The raqui red  torque  of 

R l 2  R 2 2  

B2' - R 1 2  
r = 1.823 x 1 0 - 6 ~ ~  ----I----_------------- (11) 

The t h e o r e t i c a l  horsepower requirement is: 

~p .: Tw/550  -------------------...--------------------- (12) 

Combinining Equations ( l o ) ,  (ll), and (12) y ie lds :  ~ ._ 

(13) 

Cross flow v e l o c i t y  and convection can be increased by adopt ing  a 
I 

l a r g e r  r o t a t i n g  c y l i n d e r  and by al lowing smaller c learance  R2 - R1 as indica ted  

in Equation (13). Table 26 compares the  r e s u l t s  f o r  d i f f e r e n t  combinations 

eometry and horsepower requi rene  

secutive tube  and h e a t e r  elements determines whether t h e  downstream tube 

is a f f e c t e d  b 
,-- 

e wake of the upstream one. 

ow shell-end-tube h e a t  exchangers i n d i c a t e s  t h a t  

bundle promotes t u r b u l  

ly small va lues  of x/d i n  Table 25 ,  i n d i c a t e  . 

urbu len t  wakes, lo a1 though t he  even smaller r a t i o  

The experience 

d h e a t  t r a n s f e r  con- 
a . 

f o r  c o m e r c i a l  h e a t  exchangers are  usua l ly  not  l a r g e r  than 3.0. Conservat ive W 



128 

e s t ima t ion  of t h e  f i l m  c o e f f i c i e n t  can be  made by us ing  Z u k u s k a r ' s  

c o r r e l a t i o n  of t h e  c ros s  flow t o  a s i n g l e  tube: . 4 3  

do p v  0.6 C LI 0.37 
(14) --------------------I_ = 0.26 (- I (+-I 0 

h d  - 
k lJ 

for 1000~Re~100 ,000 ,  where v is t h e  main stream v e l o c i t y  f a r  away from 

t h e  tubes and r e p r e s e n t s  t h e  v e l o c i t y  produced by t h e  r o t a t i n g  cy l inder .  

The f i l m  c o e f f i c i e n t s  are ca l cu la t ed  and shown i n  Table26. 

same c a l c u l a t i o n  procedure as f o r  t h e  mud-to4uud h e a t  exchanger, t h e  o v e r a l l  

f i lm  c o e f f i c h n t  U is found t o  be 73 BTL'/h f t 2  OF and t h e  required length 

of tube is  39 f t .  f o r  motor horse power of 1/50 HP. 

values  of v e l o c i t i e s  in Table 26 r e s u l t  from t h e  low v i s c o s i t y  of Hitec and 

the  smooth s u r f a c e s  of cy l inders .  A few b lades  of f i n s  can b e  a t t ached  on 

t h e  c y l i n d e r  s u r f a c e  t o  promote turbulence and reduce t h e ,  required r i t a t i n g  

Following t h e  

The considerably high 

S O E  PARAMETERS OF XOLTEEJ S U T  AT 600'F 
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L, 

0.818 

0.818 

0.949 

0.949' 

0.949 

A s  f o r  t he  mechanical se tup ,  i t  is  simple i n  f ab r i ca t ion  and 

easy f o r  maintenance. The cyl inder  is  dr iven by a motor with a con- 

30.6 3.3 3.6 x lo4 3770 
34.2 3.3 4.0  x lo4 4016 

22.0 3.8 2.57 x lo4 3080 
24.2 3.8 2.82 x lo4 3256 
27 .O 3.8 3.15 x l o4  3480 

veyor b e l t .  

as support  t o  t h e  r o t a t i n g  ax is .  

cy l inder  is  almost balanced by t h e  buoyancy fo rce  of t he  l i q u i d  sal t ,  

A b a l l  bearing a t  the  bottom of t h e  s t a t i o n a r y  s leeve  serves 

The weight of t h e  sea led  empty, inner  

1.1875 

1.1875 

1.4375 

1.4375 

1.4375 

which reduces t h e  bottom support  load. 

TABLE 26 

CALCULATED FILM COEFFICIENT OK THE SHELL SIDE OF THE MOLTEN SALT HEAT EXCHANGER 

FOR DIFFEZENT DLA~IENSIONS AND HORSEPOWER RATINGS 

1/50 

1/40 

1/60 

1/50 

1/40 

(BASED ON L = 5.5 IT, R2 3.03 INCHES) 

1.1875 

HP 

1/60 

4475 

5003 

3229 

3537 

3955 

r 

~~ 

1.5625 

1.5625 

1.5625 
~~ - 

1.8125 

1.8125 

1.8125 

' I  I 1 I 

W i n d u s t r y  us ing  t h e  sa l t ,  a f ew-sa fe ty  cons ide ra t ions  should be made: 
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1. 

2.  

A mixtimum number of f i t t i n g s  and va lves  a r e  t o  be  used. 

Temperature measurement should b e  taken by means of  remote 

i n d i c a t i n g  instruments  

The u n i t  is b e s t  pos i t ioned  a t  a l o c a t i o n  i s o l a t e d  from the 

ope ra t ing  floor area. 

Foreign materials which may contaminate o r  corrode a t  high 

temperatures  are t o  be  removed be fo re  s t a r t u p .  Since Hitec 

is a s t rong  ox id iz ing  agen t ,  a l l  wood, paper o r  organic  

materials m u s t  b e  kept  away from t h e  salt .  Only inorganic  

i n s u l a t i o a  is s u i t a b l e .  

- 

3. 

4. 

-. . 

* 
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is t o  be  adequate ly  i n s u l a t e d ;  otherwise,  t h e  salt  w i l l  

f r e e z e  in t h i n  f i lms  on the  surface.  

9. An over-temperature c u t o f f  is i n s t a l l e d  near  t h e  top and 

c l o s e  t o  the immersion h e a t e r s  t o  s h u t  off  the  u n i t  when- 

ever t h e  temperature  exceeds an  a r b i t a r i l y  set m a x i m u m  

ope ra t ing  temperature. 

10. An i n s u l a t i o n  j o i n t  between t h e  r o t a t i n g  c y l i n d e r  and t h e  

motor is used t o  keep t h e  l a t t e r  from being 'overheated.  

11. The sleeve of schedule  40 carbon s t e e l  p i p e  must be care- 

fully checked t o  see i f  i t  has s u f f i c i e n t  s t r e n g t h  t o  with- 

s t and  p res su re  surges of 1000 p s i  caused by any a c c i d e n t a l  

tube l e a k s .  

0 

- 

W 



CIFAPTER X 

SIZING OF THE WATEZ COOLEX 

Beat t r a n s f e r  from t h e  water flowing i n  the  annular  space  between 

the  2" p ipe  and k" t ube  i n  laminar  flow is est imated roughly by: 

1 

where d 

Grashof number a l lowing  c o r r e c t i o n  f o r  t h e  n a t u r a l  convect ion i n  low v e l o c i t y  

flows.27 The above equa t ion  f i t s  b e t t e r  f o r  small d l /do .  In our 'case, 

d /d 

equiva len t  diameter  d 

is equ iva len t  diameter  of t h e  annulus equal t o  d - do, G r  is the e 

1 

is as l a r g e  2s 8.3. There a r e  e r r o r s  introduced i n  e s t ima t ing  t h e  
0 

and applying t h e  above equation. The above equat ion e 
I s  used, however, i n  the absence of empir ica l  c o r r e l a t i o n s  f o r  l a r g e  annu l i  

The f i l m  c o e f f i c i e n t  h t  i s  367 BTU/h f t 2  OF, based on t h e  flow ra te  of 6.0 

gpm and the Grashof number 1 x lo7 f o r  A t  

trial and error. The o v e r a l l  f i l m  coeff  

ca l cu la t ed  by t h e  same procedure as discussed i n  Chapter VII, w i t h  h 

der ived  from Equ . The results a r e  shown i n  Table 22 f o r  t h e  

above flow rate. 

from t h e  small flow and t h e  i n  

67'F, 24 which is obta ined  by 

ent and requi red  l eng th  are 
9 

i d e r a b l y  l a r g e  requirement of hea ted  l e n g t h  results 

c i e n t  f i l m  c o e f f i c  e n t  on t h e  rmtd s i d e  

. of t h e  wate 

The a v a i l a b l e  2" o u t s i d e  pipe i s  somewhat overs ized .  Water becomes 

co r ros ive  t o  f e r r o u s  materials when i ts  s u r f a c e  temperature is h igh  and 

132, 



and dissolved a ir  is present.22 The use of cooling water at velocities 

- less that 3 f t / s ec  is  usually avoided and an outlet temperature above 

120°F is also undesirable. 

serious problem and greatly retard the heat transfer. In our case, water 

velocity is as low as 0.58 ft /sec.  (Related fouling problem was discussed 

The fouling in low velocity f lows becomes a - 
' 

in Chapter VIII.) 



CHAPTER XI 

3 TUBE VISCOMETER 

Rheological p rope r t i e s  of test f l u i d s  are determined by measuring 

pressure drops across  t h r e e  in- l ine  tubes of d i f f e r e n t  diameters based on 

the  following r e l a t i o n s .  

(16) 8V n' 
a- sa K' (D) ----_-----------_---__c_ ----_---- - _-_-_- 

fw 4L 

For t he  3 d i f f e r e n t  tubes t h e  following da ta  must be obtained.  

1. 

2. Tube i n s i d e  diameter D (Inch) 

3. Tube length  L (inch) 

4. 

5 .  Pressure drop AP ( p f / f t 2 )  

Density of t he  f l u i d  a t  temperature p ( s lug / in3 )  

Mass flow rate W ( s lug lh r )  

This da t a  is next  converted i n t o  a  versus 8V/D plo t .  

(17) 

w be written as 

(18) 
* 
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me above equat ions are v a l i d  only f o r  laminar flow. Laminar 

flow w i l l  exis t  i n  the  tube provided the  Reynolds No. is less than 2,100. 

DVP 
Reynolds No. - 12Ue \ 

To ob ta in  n! we must vary tube diameter and fix t he  flow r a t e  o r  vary 

flow rate wi th  a s i n g l e  f ixed  diameter tube. 

chosen t h e  former approach, 

For t h i s  p ro jec t  w e  have 

The parameter n' is obtained from t h e  Rabinowitsch-Mooney 

equat ion f o r  stead? laminar flow with no s l i p  a t  t h e  w a l l .  

n' 

Take n' from t h e  l o g ,  log p l o t .  For r e l a t i v e l y  l i n e a r  p l o t s  

of T versus  8V/D t h e  parameter n '  can be equated t o  n, t he  flow behavior 
W .  

index f o r  power l a w  f l u i d s .  
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. 
1. 

2. 

Some k i n e t i c  energy is  l o s t  while  flowing through expansions 

o r  cont rac t ions .  

t ance  away from each expansion o r  cont rac t ion  w i l l  al low 

Tapping t h e  pressure  tranducer some d i s -  

t h e  v e l o c i t y  d i s t r i b u t i o n  t o  become f u l l y  developed. This 

"calming" d i s t ance  w i l l  depend somewhat on the  en t ry  con- 

d i t i o n s .  

When suspensions l i k e  d r i l l i n g  f l u i d s  flow through a narrow 

tube, t h e  d ispersed  phase may tend t o  migrate. This e r r o r  

becowes more se r ious  when the  mud f loccu la t e s  and the  tube 

bore has scale deposi ted on t h e  w a l l .  

required co r rec t ion  is  of t h e  order  of t h e  r a t i o  of p a r t i c l e  

diameter t o  t h e  tube diameter. It is usua l ly  neg l ig ib l e  

f o r  p a r t i c l e s  of c l ay  s i z e ,  and more s i g n i f i c a n t  f o r  l a r g e r  

The magnitude of t h e  

p a r t i c l e  s i zes .  

f o r  Newtonian f l u i d s ,  bu t  i t  is d i f f i c u l t  t o  apply t o  non- 

Newtonian f l u i d s .  I 

The i r r e g u l a r i t i e s  of tube  bore due t o  t h e  attachments of 

The r e l a t i o n  f o r  its cor rec t ion  is  a v a i l a b l e  

3 .  
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The accuracy of viscometr ic  measurements is determined by the  

following f ac to r s :  1 .  
1. Prec i s ion  of t h e  p re s su re  t ransducers  and recording i n s t r u -  

ments is + 0.85%, o r  equ iva len t ly  2 0.09 cp f o r  each 10  cp  - 
(0.5% f o r  t h e  t ransducers ,  0.3% f o r  t h e  recorder  and 0.05% 

f o r  t h e  m i l l i v o l t  potent iometer) .  

Tolerance of t h e  tube  diameter is + 0.002 inch  o r  + 1.5% 

for k" tubes.  

is 0.15 cp f o r  every 10 cp. 

Accuracy of t h e  flow rate measurement is 5 0 . S  i d e a l l y ,  

based on a 15-second reading us ing  a graduated cy l inde r .  

2. - - 
The p r e c i s i o n  of t t e  corresponding v i s c o s i t y  

3. 

Tota l  accuracy amounts t o  3.3% approximately, f .e. ,  2 0.65 cp f o r  

every 20 cp. The p r e c i s i o n  of t h e  temperature measurement by us ing  i ron-  

cons t an tan  thermocouples is about  2 0.5 OF, i f  properly pre-ca l ibra ted  . I 
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THE SYSTEM 

Figure 52, shows t h e  schematic diagram of t h e  planned flow loop. 

The e n t i r e  loop conta ins  about 260 f t .  of %'I x 0.035" s t a i n l e s s  steel tubing. 

A t  a c i r c u l a t i o n  ra te  of  20 gph, it takes  a f l u i d  volume approximately 

one minute t o  complete a cycle of hea t ing ,  cool ing,  i n t e n s i v e  shear ing  and 

r e tu rn ing  t o  t h e  r e s e r v o i r  tank.  The hea t ing  u n i t s  are designed based on 

t h e  c i r c u l a t i o n  rate of 20 gph and h igher  maximum system temperatures  can 

be achieved by reducing c i r c u l a t i o n  rate. The pressure  drop p e r  u n i t  l eng th  

of t h e  tube  varies cons iderably  with mud composition, temperature,  f loccula-  

t i o n  cond i t ion  and plugging. According t o  Magcobar's experience wi th  t h e i r  

t h e  p re s su re  drop per  u n i t  l ength  may range from 0.2 p s i / f t  w i t h  

4 1  added th inne r s  be ing  e f f e c t i v e  

Since t h e  vapor p re s su re  of watersat  55 

allowed p res su r  drop up t o  t h e  'ho t '  s 

950 p s l ,  if t h e  ump p res su re  is maintained a t  2000 p s i .  

average p res su re  drop is about  4 p s i / f t .  

if t h e  f l o c c u l a t i o n  occuring i n  t h e  'ho t '  s e c t i o n  causes  excess ive  p re s su re  

0 12 P S i / f t  i n  f h c c u l a t e d  condi t ions .  

is 1050 P s i %  t h e  uw&nlm 

That means t h e  

Higher pump p res su re  is needed 

f u r t h e r  developmenf of t h e  s tern t o  achieve  700°FY t h e  vapor 

p re s su re  of water un fo r tuna te ly  rises s u f f i c i e n t l y  i n  t h i s  temperature 

range (up t o  3100 p s i a )  t h a t  t h e  requi red  h igh  p res su re  in t h e  flow loop 

kr' may become a problem. 

138 
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LJ The p r e s s u r e  head i n  t h e  system i s  produced by a t r i p l e x  meter ing 

pump c i t h  a k EIP motor, and i s  maintained by ene o r  more shear  valves .  

spring-loaded shear valve w i t h  tungs ten  c a r b i d e  seat and b a l l  can wi ths tand  

a p r e s s u r e  d f f f e r e n c e  of about  250 p s i  f o r  a prolonged l i f e  i n  normal condi- 

t i o n ~ ~ ~  (Figure  C-2). It w e a r s  f a s t e r  i n  t h e  cases of high c i r c u l a t i o n  rate 

and h igh  s o l i d s c o n t e n t .  Ceramic-ball  s h e a r  v a l v e s  a l low h ighe r  p r e s s u r e  

d i f f e r e n c e s  a c r o s s  them. If t h e  average p r e s s u r e  drop  a long  t h e  tube  i s  

1 p s i j f t  o r  6 p s i / f t ,  f o r  i n s t a n c e ,  t h e  p r e s s u r e  on t h e  upstream s i d e  of 

t h e  h igh  tempera ture  s h e a r  v a l v e  would b e  about  1840 p s i  2nd 1040 p s i  

r e s p g c t i v e l y  f o r  pump p r e s s u r e  of  2000 p s i .  Any shear va lve  i n  t h e  ' h o t '  

s e c t i o n  is  n o t  a b l e  t o  keep  the tes t  mud from b o i l i n g  f o r  t h e  l a t t e r  case, 

wh i l e  i n  t h e  f i r s t  case i t  may need t h r e e  550 ps i s - capac i ty  va lves  t o t a l l y .  

A 

. 

MEASURING AND RECORDING INSTRUXENTS 
, 

Temperature is  measured by pre-ca l ibra ted  iron-constantan thermg- 

couple wires a t t ached  t o  t h e  o u t e r  su r f aces  of tubing.  Each.couple i s  w i r e  

wrapped around t h e  tub ing  t i g h t l y  and i n s u l a t e d  i n  o rde r  t o  reduce  t h e  con- 

duction error. To avoid a temperature  g rad ien t  c l o s e  t o  the measuring junc- 

' t i o n ,  t e f l o n  i n s u l a t i o n  is provided along t h e  l e n g t h  of lead  wire. Thermo- 

couple j u n c t i o n s  o s i t i o n e d  on 

por t ion  of mud t u  a b  the  su r face  temperature  i s  representa-  

f t h e  thermocouples are recorded 

on a se l f -ba lanc ing  "Speedomax" s t  
I 

erence j u n c t i o n  is c a l i b r a t e d  by a Leeds & Northrup 8686 m i l l i v o l t  

potentiometer.  The spur ious  emf developed i n  t h e  thermocouple c i r c u i t  by 



14 1 

i nduc t ive  effects of unshielded ac power l eads  are diminished by a f i l t e r  

mechanism i n s i d e  t h e  recorder .  

couples and ex tens ion  leads ,  each c i r c u i t  i s  checked f o r  poor c o a t a c t s  by 

measuring its o v e r a l l  e lectr ical  r e s i s t a n c e  us ing  an ohmmeter which should 

w 
Upon completing t h e  i n s t a l l a t i o n  of thenno- 

show a c o n s i s t e n t  reading.  

The fol lowing l o c a t i o n s  are chosen t o  a t t a c h  thermocouples: 

1. Between t h e  mud-to-mud exchanger and t h e  e lec t r ic  hea t ing  

s e c t i o n  in o r d e r  t o  understand t h e  performance of t h e  former 

f o r  f u r t h e r  development. The e f f i c i e n c y  of t h e  i n s u l a t i o n  

around t h e  electric hea t ing  s e c t i o n  and t h e  mud-to-mud 

'exchanger  can also be  d e t e m i n e d  from t h i s  temperature  

reading. 

2. J u s t  be fo re  the v iscometr ic  test s e c t i o n  i n  o rde r  t o  know t h e  

system temperature a t  which mud p rope r t i e s  are aeasured.  

J u s t b e f o r e  t h e  sampling valve i n  o rde r  t o  c o n t r o l  t h e  w a t e r  

f low ra te  t o  coo l  t h e  r e t u r n i n g  mud t o  t h e  f i x e d  temperature  

of 115 F at which low temperature  p r o p e r t i e s  are measured. 

3. 

0 

The temperature of the salt ba th  is t o  be known hence, a t h e m c o u p l e  well 

is i n s t a l l e d  t o  g ive  an avera o r  t he  s t ra t i f ied temperature 

d i s t r i b u t i o n  in t h  

Pressure drops are measured by Validyne v a r i a b l e  re luc tance  

transducers.  

The f e a s i b i l i t y  of mud f i l l e d  c i r c u i t s  f o r  t he  t ransducers  was 

examined. A transduc 

bentoni te  s l u r r y  of pH 10 at d i f f e r e n t  temperatures f o r  one week. No se r ious  

corrosion w a s  observed. Hence i t  was .  decided t o  adopt mud f i l l e d  c i r c u i t s  i n  

diaphragm of s t a i n l e s s  steel 304 was immersed i n  a 
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which the transducer diaphragms are cleaned frequently such as once 

a week. 

A carrier demodulator connecting the transducer and recorder 

converts inductance ratio of the two coils in each transducer to dc 

output voltage which is in turn picked up by the Speedomax recorder. 

Transducer indicators with built-in carrier demodulators can also be 

used for this purpose. Calibration is made by a portable millivolt 

potentiometer. 

unit length as mentioned before, the operating range of the transducers 

can be selected as 50 psia. 

According to the maximum possible pressure drop per 

. 

OTHER TEST APPARATUS 

The properties of dynamic filtration and corrosivity of test 

fluids are measured at high and low temperatures by the in-line apparatus 

as shown in Figures 53 and 5 5 .  The dynamic fluid loss tube consists of 

a 18"-long, porous, sintered, stainless steel tube which is jacketed by 

a stainless steel casing. A differential pressure of 100 psi across the 

filter tube is usually maintained by regulating nitrogen pressure in the 

annulus. The amount of filtrate collected in the annulus is measured 

* intermitten through a samp 

ivities of tes 

coupons in the holder slots m 

e determined by inserting sample 

side pipe wall (Figure 5 5 ) .  

sses of the coupons are examined to study the corrosion con- 

t different temperatures. 



CHAPTER XI11 

TEST CONTROLS 

As mentioned before ,  both temperature and time in f luence  the 

rheo log ica l  and f i l t r a t i o n  p r o p e r t i e s  of d r i l l i n g  f l u i d s .  

f u l l y  aged muds, the mud p r o p e r t i e s  change with t i m e  a t  a certain temperad 

ture level. 

con t ro l l ed  t e s t p r o c e d u t e s :  

I. Prel iminary tests: 

(I) 

Except f o r  t-.e 

Proper  i n t e r p r e t a t i o n  of experimental  d a t a  calls f o r  w e l l -  

C a l i b r a t e  the temperature  recorder  with a m i l l o v o l t  po ten t io-  

meter, and calibrate t h e  p re s su re  recorder  and t ransducer  

i n d i c a t o r s  ' o r  carrier demodulators by a U-tube nanometer. 

Check t h e  p re s su re  pu l sa t ion  of t h e  pump d ischarge  and 

c i r c u l a t i o n  rate t o  dec ide  t h e  n e c e s s i t y  of a p u l s a t i o n  

(2) 



ti 

144 

d e n s i t i r s  based on t h e  accumulation o f  scale on t h e  w i r e  o r  

t h e  increased  pressure  drop a c r a s s  t h e  sec t ion .  

e r imen ta l  tes t ing: .  
’ 11. Exp 0 

The t e s t i n g  procedures depend on whether temperature o r  time effects 

a s soc ia t ed  w i t h  t h e  aging problem is of concern. The temperature and chemical 

t rea tments  should be con t ro l l ed  proper ly  t o  y i e l d  i n t e r p r e t a b l e  data:  

(I) I n v e s t i g a t i o n  o f  t h e  time requ i r ed  t o  s t a b i l i z e  mud samples: 

Constant ternperatures need t o  b e  maintained. It is advan- 

tageous t o  use s t r i p  r eco rde r s  f o r  a c q u i s i t i o n  of temperature . 
and pressure  da t a .  

l o w  temperature t es t  s e c t i o n s  w i l l  reveal a b e t t e r  p i c t u r e  of 

t h e  p rope r t i e s  during heatgng and after heat ing.  

v i sc -os i t i e s  of d r i l l i n g  f l u i d s  depend on shear  ra te ,  i t  is 

pre fe rab le  t o  maintain a cons tan t  c i r c u l a t i o n  ra te  throughout 

each run with a c o n t r o l  valve i f  t h e  flow ra te  pu l sa t e s  ex- 

ces s ive ly .  To s tudy  temperature  e f f e c t s  on t h e  aging t h e ,  

t h e  same procedure is repea ted  b u t  a t  h igher  temperature  levels 

In t eg ra t ed  infor inat ion from t h e  h igh  and 

Since apparent  

‘ u n t i l  f l o c c u l a t i o n  o r  t h e  system capacity is 

could b e  checked by decreas ing  

t h e  temperature lev maximum achieved t emp- 

e ra tu re .  If t h e r e  c t  present ,  i t  means 

t h e  mud s t a b i l i z a t i  i s t o r y  as does 

t h e  shear ing h i s t o r y  of t h i x o t  It is important 

t h a t  no new ch 

operat ion.  

Inves t iga t ion  of temperature e f f e c t  w i th  n e g l i g i b l e  t i n e  

t e s t i n g  f l u i d  dur ing  

(2) 
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inf luence:  By a d j u s t i n g  t h e  wattmeter properly,  t h e  mud 

temperature can  be  increased  smoothly, as displayed on t h e  

temperature s t r i p  recorder .  

e r a t u r e  is pre fe rab ly  comparable t o  t h e  c i r c u l a t i o n  c y c l e  of 

about  twominutes ,  so t h a t  t h e  time f a c t o r  can be ignored 

The rate  of i nc rease  of t a p -  

.The  r e s u l t i n g  d a t a  can be  compared t o  those  obtained by 

means of ba tch  t e s t i n g  such as  Hiller's h igh  temperature 

r o t a t i o n a l  viscometer>7 i n  which no t i m e  f a c t o r  is involved. 

If f u l l y  aged muds are t e s t e d  by t h i s  method, t h e  experimental  d a t a  

should b e  reproducible .  

times, t h e  results will i n d i c a t e  t h e  t r ends  of thermal s t a b i l i z i n g ,  a l though 

t h e  r o u t e s  approaching s t a b i l i z e d  condi t ions  are by no means unique but  

dependent on t h e  previous ag ing  h i s t o r y .  

When i n s u f f i c i e n t l y  aged muds are t e s t e d  a t  d i f f e r e n t  
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FIGURE 44 

FILTRATION TEST WIT 

4.6574 

-t I 

NOTE: Both tube ends 
to be identical. 
t h e  o t h e r  end 
is not shown. 

silver soldered f i t t i n g  

37- 34 6 
1 

I 
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FIGURE 45 
SHEAR VALVE 

NOTE: The bal l  and seat  i n  A are mde of 
ceramic, I 

I 
? 
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FIGURE 46 

CORROSION COUFOH MOLDCII 

1/16" 

3ECTION A-A' 

. 

, 

fH)TE: Ilolders lo  b r  made of  corrosion-free 
rlloy nlth 41/64' maximum d l r n s l o n  10 
thi t  rrrhy n l l l  s l l p  Into 0.652" ID 
riw t a e .  
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A,A' 

B 

CP 

G r  

Gz 

h,h '  

HP 

k 

K 

K' 

Pr 

PV 

Q 

2 Heat t r a n s f e r  area, €t 

Coef f i c i en t  of thermal expansion, OF-' 

Heat capac i ty ,  BTU/LB°F 

Tube diameter ,  f t .  

Grad ta t i o n a l  a c c e l e r a t i o n ,  32.174 f t /sec2 

Mass flow rate per u n i t  area, LB/h f t 2  

Grashof number gS p2d3At/p2, dimensionless 

Graetz number W C / k L, dimensionless 

Film c o e f f i c i e n t ,  BTU/h ft2 O F  

P 

Motor horsepower 

Themal conduc t iv i iy ,  BTU/h f t 2  OF/ft  

F lu id  consis tency index of power l a w  model pf seen' €e-* 

Power l a w  flow parameter, pf seen' ft-2 
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Subscripts or Superscripts 

1 Refer to in le t  condition 

2 Refer to outlet condition 

u 
c 

? Prime: refer t o  she l l  side of heat transfer 

b Refer to fluid bulk 

e Refer t 0 .  equivalent d iame t e r 

i Refer to inside surface, or insulation 

0 Refer to outside surface 

W Refer to wall 
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9 

r 

R1 'R2 

Ra 

Ra' 

R e  

t, t '  

U 

V 

W 

X 

Y 

YP 

Y 

6 

A 

Heat flow rate, BTU/h 

Radius a t  any poin t ,  of concern i n  t h e  molten s a l t  hea t  exchanger, in. 

Outside r ad ius  o f  t h e  r o t a t i n g  cy l inde r ,  i n s i d e  r ad ius  of t h e  

s t a t i o n a r y  sleeve re spec t ive ly  i n  t h e  molten salt h e a t  exhcanger, i n .  

Rayleigh number Pr  x Gr, dimensionless  

Convective r e s i s t a n c e  of a i r ,  h f t 2  OF/BTU 

Reynolds number d P V ~ I J ,  d imensionless  

Temperature, F 

Overall convect ive f i l m  c o e f f i c i e n t ,  BTU/h f t 2  OF 

Veloci ty ,  f t / s e c  

0 

YASS flow rate, pmlh 

Wall' th ickness  o r  spacing between tubu la r s ,  inch  

Solder ing  width,  inch  

Yield po in t  of gingham p l a s t i c  model LBf/l00 f t  

Shear rate, sec'l 
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INTRODUCTION 

The need f o r  chemical process app l i ca t ions  requi r ing  temperatures 

above 450°F has speeded deyelopment of new chemicals f o r  such use. me 

development of Dow-therm A i n  1932 f o r  heating app l i ca t ions  r a i s e d  t h e  

operating temperature l e v e l v t o  700 F. 

o f fe red  i n  1937 €or temperatures above 700°F. 

with melting po in t  of 288'F, and i t  is s u i t a b l e  f o r  u s e  up t o  1,000 F. 

. 
0 Then HTS (heat t r a n s f e r  salts) w a s  

Present ly  Hitec i s  a v a i l a b l e  

0 

~ -. 

TECHNICAL APPROACH 

The molten sa l t  apparatus c o n s i s t s  of t h e  following: 

1. Heat exchanger s h e l l ,  

bid e leva ted  temperatures. 
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The f langes  are c i r c u l a r  f l a t  machined, 12" diameter, 1.3" 

th ickness  wi th  12 b o l t  holes .  

6" ID, 1/8" thickness .  

is hot .  

tubes and one inch diameter ho le  f o r  t h e  1" pipe,  used as open pipe 

The gasket  is  a b ras s  asbes tos  0 r ing ,  

Bolting process should be made when the  s h e l l  

The top  f lange  has two 1/4" holes  f o r  output and input  f l u i d  

relief i n  case of tube leakage. The f i r s t  s i d e  f lange  (S-l) ,  has 3 - 
0.315" ho le s  f o r  t h e  2 hea ters .  The second s i d e  f lange  (S-2), has only 

one 1/2" ho le  f o r  t he  temperature c o n t r o l l e r  3/8" OD mercury bulb which 

is connected t o  t h e  c o n t r o l l e r  by a 1/8" s t a i n l e s s  s t e e l  cap i l l a ry .  The 

bulb and t h e  c a p i l l a r y  f i t  i n s i d e  t h e  molten salt  hea t  exchanger s h e l l .  

The bottom f l ange  (S-3), has 5 - 0.475" holes  threaded about 3/8" depth 

i n  t h e  f l ange  t o  f a s t e n  hea ters .  A 1/2" d ra in  p ipe  comes from the  

bottom t o  t h e  d r a i n  tank. 

2. D r i l l i n g  F lu id  Tubes: 

About 30 f e e t  of seamless s t a i n l e s s  s teel  1/4" OD tubes are used. 

The tube system c o n s i s t s  of s ix  l i n e s  connected i n  series configured on 

a c y l i n d r i c a l  cur face  i n s i d e  t h e  s h e l l ,  as shown i n  Figure 5 6 ,  f l a r i n g  

tu6e type of f i t t i n g s  ar Output and input  l i n e s  are connected used. 

two-way valves. The tubes were s t a t i c  t e s t e d  t o  12,000 

p s i  p ressure  without  leaks. 

The d r a i n  system c o n s i s t s  o f :  

a. Drain tank of s ize  27" x 12" x 12" made from 1/16" s teel  

> 

designed t o  be a b l e  t o  f i x  4 s t r i p  hea t e r s  on th ree  s i d e s  
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of t h e  tank  t o  keep i t  heated t o  about 300°F j u s t  above 

melting poin t  of t h e  s a l t .  

Drain tank  is connected a l s o  with two pipe lines.. b. The 

f i r s t ,  comes from t h e  hea t  exchanger s h e l l  i n  a L shape 

and it is heated wi th  3 hea te r s  routed around t h e  one inch 

p ipe  to -keep  t h e  p ipe  heated above 300°F. This prevents 

salt  plugging. The second is a hor i zon ta l  1/2" p ipe  t o  

act as a d r a i n  from the hea t  exchanger t o  t h e  tank. 

va lve  is placed in  t h e  l i n e .  

A 

The tank has a cover wi th  

fou r  3/8" b o l t s  t o  keep i t  sea led  when t h e  test is  running. 

4 .  Heating Elements: 

a. I n s i d e  t h e  Shel l :  

Two h e a t e r s ,  UTU type,  3 / 8 "  cross sec t ion ,  high w a t t  d e n s i t y  

(40-9/16" t o t a l  l ength ,  38-5/16" heated length ,  240 V ,  

3.6 KW). Tubular h e a t e r  - t r i a n g u l a r  c ross  sec t ion .  One 

hea te r ,  TRI 0.315" dia.  Incoloy sheath,  round c ross  sec t ion .  

(78", 71-1/4", 240 V. 2350 w a t t ) .  One hea te r ,  TRI type  

1 0.246" d ia . ,  Incoloy shea th ,  (52", 47-1/2", 240 Volt ,  1045 

Watt). 

b. Outside the S h e l l :  

Two band type  h e a t e r s  

t a in  t h e  temperature 

bot  f t h e  sal t .  (Type €I3 1-1/2" wide, 7" b a r r e l  diameter, 

1000 w a t t ,  240 Vo l t ) .  

t h e  top of t h e  s h e l l  t o  main- 

r i b u t i o n  uniform at t h e  t o p  and 
0 



157 

c. The Drain System: 

Drain Tank: 

Two strip heaters, Type PT 1%'' wide, two bolt terminals 

at right angles, *25%" long, 240 V. 750 Watts). One 

'(same type) (6" long, 14'' wide, 240 V. 1045 Watt). 

Connected drain pipes: 

Two tubular heaters, round cross section, type TRI 

0.264" diameter Incoloy sheath (52 total length, 47%" 

heated length, 240 V. 1045 Matt). One (same type) (94", 

89?$', 240 V. 1965 Watts). 

5. Temperature Controllers 

Two temperature controllers have been used to monitor and adjust 

the temperature in molten salt and drain tank. 

l,OOO°F indicating). 

mounted or wall-mounted. Both 

of them are connected with 30 amps contactor relay to be able to give 

(KZ2 type - ranges to 
Mercury filled bulb and capillary can be flush 

(208 Volt, 2 amps, 2.7" bulb length). 

the power required for the system. 

osition of Hirec is 55% sodium nitrate, 45% sodium 

nitrite. 

a. The freezing point 

288'F. However, t alt is hygros ic when granular. The 

absorbed moisture reduces the melting PO 

when the same salt (sample) is used more than one time. 
i 



' .  
b. 

J 

C. 

d. 

e. 

Heat Capacity. The hea t  capaci ty  emphasizes t h e  exce l l en t  

thermal capac i ty  of Hitec on a volume b a s i s  of 0.73 ca l . / ( cc . )  

( O c )  a t  300°F, and 0.62 ca l / ( cc )  (Oc) a t  1,OOOOF. 

Viscos i ty .  

capac i ty  f o r  c i r cu la t ed  molten salt .  

low v i s c o s i t y  of 8 cp a t  400°F and 2 cp a t  1,00O0F. 

Thermal Conductivity. 

from s e v e r a l  sources ranges from a high of 0.66 repor ted  by 

Gambill12 t o  a low i n  t h e  range i n  0.17 t o  0.24 by Neimark 

Vargaf t ik  et al. 

0.35 be  used because i t  successfu l ly  c o r r e l a t e s  with o the r  

hea t - t r ans fe r  data .  

Chemical S t a b i l i t y .  

850°F 

goes a slow thermal decomposition t o  NaNO, and Pa20 wi th  

Viscos i ty  i s  important t o  determine t h e  pumpipg 

Hitec has a r e l a t i v e l y  

Thermal conduct ivi ty  va lues  f o r  Hitec 

41  . It i s  recommended t h a t  t h e  va lue  of 

Hitec i s  chemically very  s t a b l e  t o  
0 

from 850 t o  l,lOO°F t h e  n i t r a t e  i n  t h e  mixture under- 

evolu t ion  of N2 .  

r e a c t i o n  increases so t h a t  a t  1,500°F ni t rogen  evolu t ion  is  

so r ap id  t h a t  t h  ass appears t o  be bo i l ing .  When 

Hitec is i n  contac 

types of r e a c t i o  e t o  a l imi t ed  ex ten t .  The 

As t h e  temperature rises, the  r a t e  of 

a i r  above 850°F rh fee  add i t iona l  

on of t h e  n i t r i t e  t o  n i t r a t e .  

he absorpt ion of Co, t o  

form carbonates  , and of t o  produce hydroxides. 

. 
7. Insu la t ion :  

* 
The i n s u l a t i o n  material ( f iber -g lass  $ c y l i n d i c a l  s h e l l  p ieces  



t o  be unsa t i s f ac to ry  i n  t h a t  t he  cement permitted seapage of water and 

d isso lved  Hitec out  of t h e  system. 

leakage, s p e c i a l  seals were fab r i ca t ed  i n  t h e  Universi ty-of  Oklahoma 

To Frovide an absolu te  seal  aga ins t  
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a r e  used t o  cover t h e  hea t  exchanger s h e l l ,  p iping and t h e  d ra in  tank. 

8.  Performance of t h e  Hitec System: 

During t h e  per iod of t h i s  cont rac t  i t  w a s  no t  poss ib le  t o  run 

t h e  Hitec systern t o  f u l l  temperature. This was due t o  repeated f a i l u r e  

of t h e  i n s i d e  s h e l l  electrical  hea ters .  ‘This  f a l u r e  w a s  due t o  a manu- 

f ac tu r ing  de fec t .  

In e a r l y  tests an e l e c t r i c a l l y  r e s i s t i v e  type cement was used 

t o  seal  t h e  h e a t e r  elements and tubing t o  t h e  end f langes .  This proved 





ELECTRICAL CIRCUITRY FOR THREE TUBE VISCOMETER 

1. Electrical Ci rcu i t ry :  

The electrical  aspec t  of t h e  flow loop cons i s t s  of two main 

d iv i s ions .  

t r a t e d  i n  Figure 57. 

The f i r s t  i s  power d i s t r i b u t i o n  and cont ro l ;  t h i s  is  i l l u s -  

The second d iv i s ion  is  e l e c t r i c a l  measurements of 

t h e  flow loop dynamic va r i ab le s ;  t hese  are temperatures and pressures  and 

are i l l u s t r a t e d  i n  Figures  58A and 58B. 

Referr ing t o  Figure 57,  59, and 60, i t  can be seen t h a t  t he  

power c o n t r o l  and d i s t r i b u t i o n  system provides f o r  the  manual and auto- 

matic aspects of loop cont ro l .  Manual opera t ions  encompass t h e  th ree  

main power systems of t h e  flow loop t h a t  i s ,  pump power, tes t  sec t ion  

h e a t e r s ,  and sa l t  sec t ion  hea te r s .  Manual, On-Off, con t ro l  of these  

func t ions  i s  obtained through t h e  use of push button-latching relay-  

contac tor  arrzngements. 

safe"; it w i l l  no t  reapply power t o  t h e  loop i f  t h e  main power i s  

in t e r rup ted .  Th-e system a l s o  r e a d i l y  adapts  t o  t 

The system has t h e  advantage t h a t  i t  is  " f a i l  

ine lus ion  of a 

ut ton" t o  shu t  d o n  t h e  loop i n  case of an emergency. Panic 

but ton opera t ion  is  implemented i n  t h i s  system both as a manual push 

but tog  and as a pressure  l i m i t  switch.  

Three channels of temperature cont  01 a r e  provided i n  t h e  flow 

loop test section. Each channel has i ts  own thermocouple and temperature 

161 
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controller. Power switching to the test section heaters is done using 

contactors. 

using liquid filled probes and electromechanical controllers operating 

contactors. 

Temperature control in the salt section is accomplished 

The,pressure recording system for the flow loop is shown in 

Figure 58A. 

points. 

the remaining transducers and readouts are Validyne B. 

transducers are of fhe variable reluctance type. 

the pressure readout units are channeled through gain control amplifiers 

and connected to a multichannel strip chart recorder. 

amplifiers allow recorder calibration in engineering units. 

A total of seven transducers measure loop pressure at five 

The quartz transducers and charge amplifiers are Kistler A while' 

The Validyne 

The output signals from 

The gain control 

The temperature recording system for the flow loop is shown in 

Figure 58B. This system consists simply of iron-constantan thermocouples 

connected to a multichannel strip chart recorder equipped with thermo- 

couple amplifiers. 

Model 5001 charge amplifier and model 6005 quartz transducer 

Model DP15 differential pr sure transducers and models CD12 

and CD223-A demodulators a 

C.'The strip chart recorders are Lee and Northrup 12 channel 

SpeedA4ax recorders. 

data was obscured by high frequency (about 1HZ and greater) noise arising 

from pump pressure pulses and random sources. This noise was especially 
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bothersome when attempting to obtain r e a l  time da ta  from the  d i g i t a l  p re s -  

s u r e  readouts.  

f i l t e rs  were i n s t a l l e d  i n  a l l  of t h e  Validyne equipment. 

c i r c u i t  is shown i n  Figure 61. 

of t h e  c i r c u i t  SO i ts  e f f e c t  on t h e  pressure  d a t a  can be in t e rp re t ed  in 

real t i m e .  

suppressed t h e  n o i s e  without degrading t h e  des i r ed  da ta .  

As an a i d  t o  da t a  reduction and i n t e r p r e t a t i o n  low p a s s  

The f i l t e r  

The f i l t e r  can be switched i n  and out 

It w a s  determined experimentally t h a t  a 1 /3  Hz f i l t e r  adequately 

It was found t h a t  t h e  Kistler p i e z o e l e c t r i c  transducers were 

unsu i t ab le  f o r  the type of pressure  measurement needed i n  t h e  flow loop. 

The problem arises because t h e  pkezoelec t r ic  transducer responds only 

t o  changes i n  pressure.  Thus t h e  Kistler transducer would r e g i s t e r  t h e  

i n i t i a l  p re s su re  change when f i r s t  s t a r t i n g  t h e  pump but  e lectr ical  leak- 

age i n  t h e  charge ampl i f i e r  d ra ins  of f  t h e  i n i t i a l  charge induced i n  

i n i t i a l  p re s su re  change when f i r s t  s t a r t i n g  t h e  pump but  e lectr ical  leak- 

age i n  t h e  charge ampl i f i e r  d ra ins  of f  t h e  i n i t i a l  charge induced i n  

t h e  t ransducer  by t h e  app l i ca t ion  of pressure.  Thus t h e  output of t h e  

t ransducer  slowly decreases u n t i l  t h e  readout only i n d i c a t e s  t r a n s i e n t  

p re s su re  f l u c t u a t i o n s ,  The performance of t h e  Validyne v a r i a b l e  re luc tance  

t r ansduce r s  w a s  found t o  be  s a t i s f a c t o r y  when using t h e  previously de- 
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FILTRATE TESTS 

A system t o  study dynamic f i l t r a t i o n  w a s  included i n  t h e  flow 

loop. 

The r e s u l t s  of s p e c i f i c  tests are discussed here.  

The major f e a t u r e s  of t h e  system are discussed i n  Appendix A. 

A. Determination of f i l t r a t e  loss of a clay-water s l u r r y  con- 

' t a in ing  6.PPB chrome l ignosul fona te .  

The tes t  u t i l i z e d  a dynamic f i l t r a t i o n  c e l l  designed by Reese 

Wyant of DresserNa&cobar. 

550°F and 3,000 p s i .  

Figure 63 and a diagram of t h e  flow' loop network pe r t inen t  t o  t h e  

opera t ion  of t h e  f i l t r a t e  c e l l  is included i n  Figure 64. 

The test c e l l  is capable of operat ing a t  

A diagram of the  f i l t r a t e  ce l l  is included as 

The tes t  procedure, r e s u l t s  and conclusions are presented f o r  

t h e  chrome l ignosul fona te  s l u r r y ,  t h e  test temperature was 450°F and 

system pressure  is maintained above 1,500 p s i  whenever poss ib l e  

Test Procedure 

The test procedure dep 

Id be  t e s t e d  i n  lamin 

f l u i d  should h 

kept t o  a minimum Y 

L 

Once t h e  f l u i d  has a t t a i n e d  a s t a b l e  condi t ion the  t es t  may be  

i n i t i a t e d .  The t i m e  of tes t  begins immediate 

w 
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L: 
t o  flow through t h e  f i l t r a t e  cel l .  

i n i t i a l l y  c losed and va lve  one is  open. 

l e f t  open u n t i l  valves  2 and 3 are opened. 

Valves 2, 3,  4 ,  5 ,  6 (Figure 6 4 )  are 

When t h e  tes t  begins va lve  1 is 
Q 

At c e r t a i n  time i n t e r v a l s ,  5 minutes, t h e  co l l ec t ed  f i l t r a t e  is 

drawn from t h e  f i l t r a t e  cell  by opening va lve  5 .  

from va lve  5 is looped in an i c e b a t h  t o  cool  t h e  f l u i d .  

input  pressure  is then adjusted t o  approximately SO0 p s i  above the  flowing 

pressure.  

t o  c o l l e c t  i n  a graduated cyl inder .  

as w e l l  as the  time t h e  sample was taken. 

The tubing leading 

Theni t rogen 

Valve 4 and Valve 6 are opened gradual ly  allowing the  f i l t r a t e  

The volume accumulated is recorded 

This  procedure i s  continued 

u n t i l  termination. 

RESULTS 
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FIGURE 55 

F U T M T I O N  TEST UNIT 
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TABLE 27 

FILTRATE TEST RESULTS OF CHROME LIGNOSULFONATES 

Fil trare Cumulative 
Volume Filtrate cc cc 

t 
time F minutes) 

5 2 .24  21.0 21 .o 

. 10 3 . 1 6  2 7 . 0  4 8 . 0  

15 

2 0  

25 

30 

3 .87  

4 .47  

5 . 0  

5 . 5  . 

11.2 

7 . 6  

5 . 2  

4 . 4  

5 9 . 2  

6 6 . 8  

72 .0  

7 6 . 4  

8C 

70 

50 

50 

40 

30 

!O 

10 

0 

OTII-E PLOT 
0 SQUARE ROOT TIME PLOT 
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2. CORROSION TESTS . 
Corrosion tests made wi th  t h e  flow loop are of t h e  weight l o s s  

type. 

coupons used are a mild s teel  i n  a rec tangular  f l a t  shape approximately 

(0.4" x 1.95" x 0.043"). The coupons are weighed before  and a f t e r  exposure 

The cor ros ion  c e l l  is i l l u s t r a t e d  as Figure 55 of Appendix A. The 

t o  t h e  mud i n  t h e  flow loop. 

The cor ros ion  rate can be  ca l cu la t ed  by t h e  following equation 

i n 3  1 gran. w t .  l o s s  
Corrosion rate ( -1 y r  A(inL) T(hrs) (.005) ( 2 . 9 )  

3 1  
C.R. (mdd) =($ -) (1901) Y r  

C.R. (mils per year) = (mdd) (0.1826) 

Tests were run using two d i f f e r e n t  types  of experimental d r i l l i n g  

f l u i d s  t o  e s t a b l i s h  accuracy of t h e  t es t  technique. 

The same mate r i a l  coupons were u s e d - i n  both tests. 
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TABLE 28 

CORROSION TEST #I 

SAMPLE 11 AREA (in2) . WT. LOSS (gram) C.R. (mpy) TMP. OF 

1. 2.025 0.013 2.95 1 OO'F 

2 2.076 0.009 2.06 100°F 

3 

4 

2.072 

1.99 

0.022 

0.023 

4.95 

5.38 

300'F 

300'F 

CORROSION TEST #2 

I 

WT. LOSS (gram) C.R. (mpy) TMP. OF 

5 2.08 0.01 5.12 300'F 

6 1.89 0.01 5.57 300'F 
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FIGURE 57 

EXPERIMENTAL DRILLING FLUID TESTS 

EXPER'DIENTAL DRILL1,NC FLUID 
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A s  can be seen from the bargraphs Figure 65 a substantial d i f -  

ference i n  corrosion i s  noted between high and low temperature. Also the 

Type B dr i l l ing  f l u i d  has a s l i g h t l y  greater corrosion e f f e c t  a t  elevated 

temperatures that the Type A. 

approximately 0 .3  m i l l s  per year for  th i s  data. 

The average scatter i n  measurement is 
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