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I ,INTROD.$TION 

This is t h e   f i n a l  report on  our  research  conducted  under  the American 
Petroleum I n s t i t u t e ' s  PRAC Project 82-45 ent i t led  "Rheological   Character iza-  
t i o n  of Fracturing  Fluids".  The project was i n i t i a t e d  by the American Petroleum 
I n s t i t u t e  (-1) because: 1) the expense  of  hydraulic  fracturing makes it 
des i rab le   to   unders tand  the process fu l ly ,   inc luding  the rheology of t he   f r ac -  
t u r i n g   f l u i d ,  t o  ensure a successfu l   f rac tur ing   opera t ion ,  and 2 )  during a 
round-robin t e s t i n g  program by seve ra l   l abo ra to r i e s   t he   v i scos i t i e s  reported 
by t h e   p a r t i c i p a n t s   f o r   i d e n t i c a l   g e l   f o r m u l a t i o n s   v a r i e d  by 1000%. 

The purpose of t h i s  report to   t o  provide a working  guide t o  rheology of 
guar gels.  We first provide, i n   S e c t i o n  11, a summary of t h e   s i g n i f i c a n t  
r e s u l t s  and  conclusions from the f i r s t   y e a r  of t h i s   i nves t iga t ion .   In   Sec t ion  
I11 dynamic o s c i l l a t o r y  shear measurements,  which are used t o  study  guar 
rheology  and  guar  gel   structure,  are described. Dynamic o s c i l l a t o r y   s h e a r  
measurements  can be d i r e c t l y  related t o   t h e  number of network c ross l inks .  
These  measurements  and their i n t e r p r e t a t i o n  are d iscussed   in  detail ,  s ince   they  
are probably less f a m i l i a r  t o  r e s e a r c h e r   i n   t h e  o i l  production  research area 
than  are steady  shear  measurements.  In  Section I V  we describe the rheologi- 
cal  instruments  used i n  this study.   In   Sect ion V the   p repara t ion  of guar 
samples is de ta i led .  The composition  of  the model gua r   ge l   u sed   i n   t h i s   s tudy  
w a s  spec i f i ed  by the API S t e e r i n g  Committee. Our observations on the   f ac -  
tors  con t ro l l i ng  gel rheology,  including  chemical  effects,  sample prepara t ion  
e f f e c t s ,  and  f low  history effects  are p resen ted   i n   Sec t ion  VI. In Sect ion V I 1  a 
model t h a t   d e s c r i b e s   t h e  rheology o f   ge l l i ng   f l u ids  i s  described. The model is 
based on the temporary  network theories used t o  describe  the  rheology of 
polymer melts and so lu t ions .  To t h i s   t h e o r y  we have  incorporated  the  che- 
mica l   k ine t ics   o f  metal ion   adso rp t ion   on to  the guar polymer backbone  and 
subsequent polymer-polymer c ross l ink ing .   In   t he   f i na l   s ec t ions  recommendations 
for   rheologica l   ins t rumenta t ion   and   for   fu ture   research  are presented. 

A t  the quarter ly   meet ings  with  the A P I  Committee 
several   hundred  pages of experimental  data were 
d a t a  are no t   i nc luded   i n  this report. Rather the 
drawn  from those  data  are presented  a long  with 
support   those  conclusions.  The o r i g i n a l  data are on 
t ions  department and  can be obtained  through the API. 

I I. SUMMARY OF CONCLUSIONS - 
Dynamic osc i l l a to ry   and   s t eady   shea r  measurements 

overseeing  this  work 
d i s t r ibu ted .  A l l  of that 
important  conclusions 

the   r e l evan t   da t a  that  
f i l e  w i t h  t he  API publica-  

have  been  used t o  s tudy  
the  rheology of guar  gels.  Dynamic o s c i l l a t o r y  measurements  have  been  used t o  
s tudy   t he  slow hydration of guar polymer and t h e   e f f e c t s  of chemical composition 
and  mixing  on guar ge l   s t ruc tu re .   S t eady   shea r  measurements  have  been  used t o  
s imulate   process   condi t ions.  Major conclusions,   presented  in   the body of t h i s  
report, include  the  following: 

. Resul ts  from polymer k ine t ic   theory   can  be used t o  relate the measured 
storage modulus, G ' ,  t o  the   c ros s l ink   dens i ty   i n   t he   gua r  gel. 

Aged t i tana te   so lu t ions   p roduce   ge ls   wi th  iower values of G I ;  and 
therefore ,  dynamic o s c i l l a t o r y  measurements  can be used t o   q u a n t i f y  
t i t a n a t e   r e a c t i v i t y .  
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Adding d ike tone   ( t ha t  is, ace ty lace tone)  to modify the rate of r eac t ion  
does  not   just   s low down t he   r eac t ion ,   bu t  it also prevents   the gel from 
c ross l ink ing  t o  t h e  same e x t e n t  a t  room temperature as gels   without  
added acetylacetone. 

Mixing i s  shown to p lay  a crucial role i n   t h e  development of gel s t ruc -  
tu re .  Poor mixing appears t o  produce  microscopically inhomogeneous gel 
networks that have h igher   l eve ls  of e l a s t i c i t y   t h a n  homogeneous gels. 

To Produce  intimately  &xed  f luids we have  developed a novel  impingement 
mixing device. - 
Measurements  of the s t eady   shea r   v i scos i ty  of gels i n d i c a t e   t h a t  wall 
slip is occurring. However, convent ional   rheological   techniques  for  
c a l c u l a t i n g  wall s l ip  velocities have  given  contradictory  resul ts .  
There i s  a need f o r  direct measurements  of v e l o c i t y   f i e l d s   i n   s h e a r  
flow t o   c l a r i f y   t h e  mechanism of wall slip.  In   the  next year  we w i l l  
be conducting laser doppler measurements t o  address t h i s  problem. 

Under quiescent   condi t ions dynamic o s c i l l a t o r y  measurements show that 
the   guar   cont inues   to   c ross l ink   over  a time scale of about 15 minutes. 
The steady  shear  measurements show tha t   shea r   i nc reases  the rate of 
reac t ion .  

. A novel network theory  coupled  with  chemical  reaction  kinetics is 
proposed; material funct ions  can be expressed ana ly t i ca l ly .  This model 
provides  a framework for  modeling  and predic t ing   rheologica l   p roper t ies  
of reacting gels .  

111. RHEOLOGICAL MEASUREMENTS 

A. Dynamic Osc i l l a to ry  Measurements 

Dynamic osci l la tory  shear   experiments ,  which  measure the l i n e a r  visco- 
elastic response of materials, are acknowledged t o  be t he  most valuable  probes 
of g e l   o r  network s t ruc tu re .  Though s teady  shear  measurements are necessary t o  
d u p l i c a t e  process condi t ions,  the o s c i l l a t o r y  measurements  give more i n s i g h t  
i n t o  the properties of   the   ge l   than  do s teady  shear  measurements. When 
in t e rp re t ed   u s ing  classical network  theory,   l inear viscoelastic measurements  can 
be used to   de te rmine   the   k ine t ics  of gel   formation,   the   crossl ink  densi ty  of a 
gel, or the  shear   degradat ion  of   gel   s t ructure .  The ge la t ion  of polyvinyl  alco- 
h o l  and  gelat in   gels   has   been  s tudied by a number of researchers   (1 ,2 ,3) ,  and 
a t  Princeton we have  used  these  measurements t o  study  polyacrylamide  gels  used 
as permeab i l i t y   con t ro l   agen t s   i n  enhanced o i l   r e c o v e r y  ( 4 , s ) .  For  an  introduc- 
t i o n  t o  t h e   f i e l d  of l i n e a r   v i s c o e l a s t i c i t y   t h e  reader is  r e fe r r ed  t o  t h e   t e x t  
by  Ferry ( 6 )  . 

I n  a l i nea r   v i sco -e l a s t i c  measurement  an o s c i l l a t o r y  shear s t r a i n ,  
y ( t ) ,  is imposed on a sample, 
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where Yo is the  maximum value of t h e   s t r a i n .  

Experimentally this is accomplished by placing a sample i n  a cone  and p l a t e  
geometry, a parallel plate geometry, o r  between  concentric  cylinders i n  a 
Couette  geometry,  and  then  imposing a t o r s i o n a l   o s c i l l a t i o n  on one plate, cone, 
o r  cylinder. The r e s u l t i n g  stress on t h e   s t a t i o n a r y  plate, cone, o r   cy l inde r  
w i l l  oscillate with the imposed frequency w, b u t  will be ou t  of phase  with  the 
fo rc ing   o sc i l l a t ion .  The measured stress can be fac tored   in to  two components, 
one i n  phase  with  the  displacepent  and  one 90 degrees  out of phase  with  the 
displacement: 

The in-phase stress def ines  a s to rage  modulus GI  that  gives  information  about 
t h e   e l a s t i c i t y  and  network structure, whereas the  out-of-phase component def ines  
a loss modulus G" t h a t  gives information  about  the  viscous  or  dissipative  pro- 
p e r t i e s  of the   f lu id .  The frequency and s t ra in  dependence  of the  s torage and 
loss moduli, G I  and G" respectively,   provide  information  about  the s ta te  of the 
f l u i d .  For a n  uncrosslinked  guar  solution  both GI  and G" decrease with 
decreasing  frequency, w i t h  G" l y ing  above G I .  As a ge l   c ross l inks  G I  rises u n t i l  
it is horizontal--independent  of  frequency. As an example, th i s   p rogress ion  i s  
shown i n  Fig. 1 f o r   t h e   g e l a t i o n  of a polystyrene/carbon  disulf ide  solut ion as 
temperature is decreased. As we will show in   Sec t ion  V I ,  GI  can be monitored as 
the  amplitude of the  s t r a i n  deformation i s  increased.   I f   s t ra in   destroys  the 
network s t ruc ture ,   then  GI will decrease with increas ing   s t ra in .  

Classical network theory ( 7 )  shows t h a t  G ' ,  i n   t h e  low frequency  region 
where G I  is  independent  of  frequency, i s  propor t iona l   to   the  number dens i ty  of 
c r o s s l i n k s   i n   t h e   g e l :  

G' = gnkT + Ge ( 3 )  

where g is a constant of order  one, n is the  number density of c ross l inks ,  k is 
t h e  Boltzmann constant, T is the absolute  temperature, and Ge is a contribution 
t o  the modulus  fram molecular  entanglements.  For  aqueous gels G e  i s  very  small. 
It is poss ib le   to   fo l low the k i n e t i c s  of gel formation by taking  the time deri- 
v a t i v e  of Eq. 3: 

dn 1 dG'  
d t  kT d t  
c=-- 

Likewise, the  destruct ion  of  gel s t r u c t u r e  by shear can be monitored by 
measuring G I  a f t e r  exposure to steady  shear. The resu l t s   can  be i n t e rp re t ed  i n  
terms of t h e  breakdown i n   t h e  number of crossl ink  points .  
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Fig. 1 a. 
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Fig. 1 b. 

o rad/sec 
Fig. 1 c. Fig. 1 d. 

, Fig.1a-d. Storage ((3') and loss (G") moduli as a  function of frequency  of a 

: 8.5 wt. % polystyrene (900,000 molecular  weight) in carbon  disulfide  solution 

at temperature as indicated in each figure  and  run between parallel plates 

at 3% strain.(Clark,  et.al.,  Polym  Preprintrs 24,87( 1983)). 

. . -  - - 
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5. 

IV.  ,EQUIPMENT 

A. Rheometrics System I V  Rheometer: 

Most of the measurements  reported  here were conducted  on  our Rheo- 
metrics Inc. System I V  rheometer (Rheometrics, Inc.,  Piscataway, NJ). This 
state-of- the-ar t   ins t rument  shown i n  Fig. 2 has seve ra l  motor and  transducer 
options.  The instrument is f u l l y  automated  and a l l  data a c q u i s i t i o n  and manipu- 
l a t i o n  is under  computer  control. For measurements with the Fluids  Transducer 
a c i r c u l a t i n g  water bath is aiailable with a temperature  range from -2OOC t o  
8OoC . 

For most of the gua r   so lu t ion  measurements a Fluids  Transducer with a 
10  g-cm maximum torque and 100 g maximum normal force was used. This Flu ids  
Transducer allows steady shear measuremements of f l u i d   v i s c o s i t y ,  dynamic 
o s c i l l a t o r y   s h e a r  measurements,  and, with a some modification t o  t h e   d r i v e   u n i t ,  
s teady shear followed by o s c i l l a t o r y  shear. For polymer so lu t ions  and g e l s   t h e  
range of frequencies and shear rates over which  measurements  can be made i s  
usually  determined by t h e  minimum torque  range of the transducer   (about  1/1000 
t o  1/500 of the maximum torque).   Frequencies from 0.01 t o  100 rad/$ a r e  
accessible and s teady   shear  rates from 0.01 t o  10,000 s-l . The Fluids  
Transducers  can  be  run with cone-and-plate, parallel plate, or Couette 
geometries. 

For dynamic o s c i l l a t o r y  measurements on guar   gels   the  10 g-cm t r ans -  
ducer i s  ideal; however, the  torque  range of this t ransducer  is quickly  exceeded 
i f  s teady shear measurements are attempted on gels. Therefore, for the bulk of 
the  gel measurements a Fluids  Transducer  with a 100 g-cm torque  range was used. 

For our System I V  rheometer we have a high  temperature  and  pressure 
ce l l  that  allows measurement of f l u i d   v i s c o s i t y  and  dynamic  moduli  under . 

p r e s s u r e s   t o  450 p s i  and temperatures to  300'C. However we generally  found it 
more convenient  to  perform  high  temperature  measurements on a Rheometrics 
Pressure Rheometer, described below, rather then on our  System I V .  

B. Rheometrics  Inc.  Pressure Rheometer: 

Measurements of gel properties a t  elevated  temperatures were performed 
on a Rheometrics  Pressure Rheometer located a t  Rheometrics Inc. laboratories i n  
Piscataway, NJ. The instrument  has a unique sealed sample chamber with a Couette 
geometry.  Steady  shear  and dynamic o s c i l l a t o r y  shear measurements over the same 
range  of shear rates and  frequencies  spanned by the System I V  Fluids  Transducer 
are possible.  The t o r q u e   s e n s i t i v i t y  of the Pressure Rheometer corresponds ap- 
proximately to  tha t  of the 100 g-cm Fluids  Transducer. It is possible t o  seal 
and  pressurize the sample cell t o  run samples a t  temperatures above the normal 
b o i l i n g   p o i n t  of water. It is somewhat awkward to load and mount the sample cup -- the process takes 2-3 minutes.  Modifications t o  allow on-l ine  introduct ion 
of the sample t o  the cup have been  suggested  to  the manufacturer. 
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C . Impingement  Mixing Device: 

The homogeneity achieved during the mixing  of the guar  and t i t a n a t e  
so lu t ions  and s h e a r   h i s t o r y  of the f l u i d  as it crosslinks  determines the g e l  
properties. The recommended procedure of mixing the guar   so lu t ion   and   t i t ana te  
s o l u t i o n   i n  a blender  and then t r a n s f e r r i n g  the preformed gel to   the  viscometer  
y i e lds   i r r ep roduc ib le   r e su l t s .   Th i s  will be discussed below. To circumvent this 
problem, an  impingement mixing device  was f ab r i ca t ed   t ha t   i n t ima te ly  mixes the 
two streams and i n j e c t s  t h e m  d i r e c t l y   i n t o  the rheometer test  cel l  (Fig. 3 ) .  The 
device   cons is t s  of a s t a i n l e s s '  steel double acting  pneumatic  cylinder that is 
mechanically  coupled t o  a-microliter glass syringe. The pneumatic  cylinder is 
pressur ized  w i t h  n i t rogen  at 200 psi t o  fo rce   gua r   so lu t ion   i n  the cylinder  and 
t i t a n a t e   s o l u t i o n   i n  the syringe through  an impingement  mixing  head; the mixture 
then  flows  through a packed bed mixing  section. The packed bed cons i s t s  of th ree  
inches of a 1/4" OD s t a i n l e s s  steel tube packed  with 24-32 mesh (0.71 - 0.50 mm) 
sand.  During i n j e c t i o n  through the sand  pack the Reynolds number is about  one, 
based on a mean hydraul ic  radius f o r  the sand  pack  and the   v i scos i ty  of the  
uncrosslinked  guar. The connec t ions   i n  the device are made with 1/8" t e f l o n  
tubing. A three-way valve is used t o   d i v e r t   f l u i d  either to waste or to  the  
rheometer cell. The f l u i d  fhws d i r e c t l y   i n t o  the rheometer cel l  and the dynamic 
o s c i l l a t o r y  measurement can be i n i t i a t e d  e v e n   b e f o r e   t h e   f l u i d   f i l l s  the gap. 
The t o t a l  time between the i n i t i a l  contact ing of the  guar and metal ion  solu-  
t i o n s  and the  start of a dynamic osci l la tory  experiment  is on the  order of 5 t o  
10  seconds.  For a s teady  shear experiment the tube connecting the impingement 
mixer  and  the  rheometer cup must be disconnected so that time t o   i n i t i a t e   a n  
experiment is less than 1 minute. The schematic  and parts l i s t  for  the impinge- 
ment  mixer is g i v e n   i n  Appendix 8 .  

D. Capi l la ry  Viscometer: 

A prel iminary capillary viscometer has  been  designed  and assembled. The 
shear   his tory  dependence of these gels, as shown i n   S e c t i o n  VI, convinced  us 
t h a t   r a t h e r   t h a n  making a c i r c u l a t i n g  loop using a pump, a better des ign   for   our  
very small scale lab work would be a l o n g   c a p i l l a r y   i n  which the f l u i d  i s  pumped 
back  and f o r t h .   I n   t h i s  way the f l u i d  is under  constant  shear  (excluding the 
s h o r t  times needed t o  reverse t h e   d i r e c t i o n  of the  f low).  The viscometer is 
be ing   cont ro l led  by an IBM personal  computer  with a Tecmar Inc. A/D and D/A 
board. F u r t h e r   d e t a i l s  and r e s u l t s  on th i s   device  will be p resen ted   i n   fu tu re  
progress   repor t s   under   next   year ' s   research   pro jec t .  The schematic  of  the 
capi l lary  viscometer  i s  given i n  Appendix C. 

V. MATERIALS PREPARATION 

The exact   formulat ion of the guar g e l  was spec i f i ed  by the API Committee 
monitoring this project. Special lots  of  hydroxypropyl  guar  and  Tyzor AA t i t a -  
n a t e  were reserved   for  this s tudy  by Celanese  and DuPont, respec t ive ly .  The 
following  formulation was used t o  produce a 40 lb/Mgal gel :  

500 m l  d i s t i l l ed  water 

2.4 g hydroxypropyl guar (Celanese SCN 9574) 
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0.6 g sodium diacetate  buffer  (Celanese SCN 9744) 

10 g analytical   grade KCL (F isher   lo t  722797) 

0.1 25 m l  25% glutaraldehyde i n  water (Eastnan Kodak lo t  
E l  1 A )  

2 m l  of (9: l )   solut ion by volume isopropyl  alcohol 
( JT  Baker) and .Tyzor AA t i t ana te  (DuPont) 

The base guar (with& crosslinking  agent) is prepared  using  an  Osterizer 
blender set a t  low speed, A timer and variac are connected  with  the  blender i n  
series to   control  mixing t i m e  and  speed. The solution i s  prepared i n   t h e   f o l -  
lowing way. The blender, w i t h  500 m l  of water i n  the  pitcher,  is set  a t  a low 
speed t o  produce a shalluw  vortex. The hydroxypropyl  guar is sprinkled  slowly on 
the   f r ee   su r f ace   t o  produce a uniform  dispersion. The potassium  chloride, sodium 
diace ta te  and glutaraldehyde are quickly added. The t o t a l  mixing time is three 
minutes. The solution is  then transferred  to  another  container and allowed t o  
mix for  about 20 hours on a l o w  shear  tumbling mixer. 

To prepare  crosslinked  guars  'for  rheological studies two procedures were 
used.  During the   f i r s t   ha l f   yea r   t he   so lu t ions  were mixed  by hand, and i n  the 
l as t  half  year the impingement  mixing device was used. In mixing by hand, 10 m l  
of base guar  solution i s  placed i n  a beaker,  followed by a proportional amount 
of Tyzor AA (diluted wi th  isopropanol). The solution is  stirred vigorously  with 
a g l a s s   s t i r r i n g  rod for 30 seconds and t ransferred  into  the rheometer cup. The 
rheometer  stage is then  closed to  se t  the  proper gap and the test begins. This 
technique proved more reproducible  than mixing the  guar and t i t a n a t e   i n  a 
blender, The good reproducibi l i ty  of dynamic osc i l la tory  measurements f o r  
samples mixed  by hand is shown i n  Fig. 4. However, var ia t ion   in   the  hand mixing 
resulted  in  inadequate  homogenization and t i m e  delays which caused var ia t ions   in  
steady  shear measurements. This led t o  our  development of the impingement 
mixer.  Subsequent studies with the impingement  mixer  have shown t h a t  mixing 
also influences dynamic osc i l l a to ry  measurements (Section VI.B.la) . Because it '-- 

was not possible t o   g e t  the cross-sections of the  guar  cylinder and t i t a n a t e  
syringe i n  exactly  the correct ratios, extra  isopropanol was added to t h e   t i t a -  
nate   solut ions  to   obtain the correct t i t a n a t e  volume for  the  syringe. The added 
isopropanol did no t   a f f ec t  the gelation  kinetics  (Section V.A.5). In  a l l  cases 
the  Tyzor AA concentration i n  the f i n a l   g e l  corresonded t o   t h a t   s p e c i f i e d   i n   t h e  
recipe above. 

For  experiments  lasting more than  about  10 minutes, the   f ree   l iquid  surface 
is covered  with  mineral o i l  t o  prevent  evaporation. The mineral o i l  is 
immiscible in   the   guar   so lu t ion  and does not   affect  the torque  signals. Between 
runs  the  rheometer  tools are cleaned  with water, followed by alcohol. Thorough 
cleaning i s  required t o  remove o i l  films or the ge l  will prematurely s l i p  a t  the 
tool  surfaces  during measurement, 
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F i g 4  Test of reproducibility of gel mixing  and  formation at diffent times 

by  different operators. Samples were .48% HP guar (Gf K 3 N) mixed with 

Tyzor AA (.04%) by  hand. Tests 'began immediately after mixing at  l.rad/sec 

100% strain (runs 51983 3, 61083 4 8, 61583 1). 

Full document details: API Report 82-45-1984 scan

http://www.avadocuments.com/doc/api-report-82-45-1984-scan
http://www.avadocuments.com/doc/api-report-82-45-1984-scan


VI. ,MSULTS AND DISCUSSIOEJ - 
The properties of guar  gels depend  on the chemistry  chosen, the mixing of 

t h e  components, and shea r  history of the gel.   In this sec t ion  we present  the 
r e s u l t s  of   s tud ies  on these  effects. 

A summary of a l l  of the measurements  performed this year  and reported t o  
t h e  API Committee a t  quarterly  review  meetings  has  been prepared by Dr .  John 
Cameron, the Committee Vice-chairman  (Appendix D l .  The signif icant   conclusions 
are presented  here.  

A. 2aemical E f f e c t s  

1 . Hydration of HP-Guar 

HP-guar molecules are no t   p re sen t  as i s o l a t e d   e n t i t i e s   b u t  are 
rather conta ined   ins ide   an  intact  cell  about   ten  microns  in  diameter ( 8 ) .  The 
gua r   de r iva t i za t ion  is done in such a way t h a t  the ce l l  wall is not  disrupted. 
When t h e  =-guar i s  added to  vater, water penetrates  the '  cell  wall and begins t o  
hydra te  the guar .   During  hydrat ion  microcrystal l ine  cel lulose domains are 
dissolved, the  ce l l  swells, and f i n a l l y   t h e  cel l  wall rup tu res   r e l eas ing   t he  
guar. The rate a t  which this occurs depends on pH, temperature,  and the osmotic 
p re s su re   d i f f e rence  across the cell wall. An experiment was conducted t o  tes t  
how long it took to   fu l ly   hydra t e   t he   gua r .  A guar   so lu t ion  was prepared and 
mixed i n  the b lende r   fo r  30 minutes  under  strong  agitation.  Immediately  there- 
after dynamic o s c i l l a t o r y  laeasurements were run as a func t ion  of s t r a i n  ampli- 
tude. The r e s u l t s   i n  Fig. 5 show that GI  decreases as s t ra in   ampl i tude   in -  
creases. This i n d i c a t e s  that  there are th ree -d imens iona l   s t ruc tu res   i n   so lu t ion ,  
probably   a r i s ing  frm association of the unhydrated  guar  domains, t h a t  are 
e a s i l y  broken d m  by shear. This is not  observed i f  the guar is allowed t o  age 
20  hours  after the i n i t i a l  mixing. This same phenomenon is shown i n  Fig. 6 

. where, f o r   t h e   s o l u t i o n  mixed 30 minutes ,   the   s teady  shear   viscosi ty   increases  
a t e  shea r  rates, whereas for the   aged  solut ion the viscosi ty   reaches a 
Newtonian plateau.  This i n c r e a s e   i n  low shear   v i scos i ty   a l so   ind ica tes   aggrega-  
t i o n  and   s t ruc tu re   i n   so lu t ion .  It is impor t an t   t o   no te   t ha t  a t  higher   shear  
rates the  viscosities of t h e  t m  f l u i d s  are i d e n t i c a l   s i n c e  moderate shear  
f i e l d s   c a n   d i s r u p t  these weak aggregates.  We see t h a t  dynamic o s c i l l a t o r y  or 
low shear  rate measurements are sens i t ive   p robes  of s t r u c t u r e   i n   s o l u t i o n .  

2. Order  of  Addition 

We were surprised t o   f i n d   t h a t  the order of addi t ion  of ingre- 
d i e n t s  to t h e   o r i g i n a l  base gua r   so lu t ion  had  an e f f e c t  on the  gels t h a t  were 
u l t i m a t e l y  formed. Dr .  William S t i v e r s  of Celanese ( 8 )  has  suggested  that   th is  
might be related t o  the   hydra t ion  of the guar ,   the   osmotic   pressure  in   the  solu-  
t ion   dur ing   hydra t ion ,  and the number of cells t h a t   f a i l  to rupture.  The order  
of a d d i t i o n  of t h e  sodium diacetate buf fe r  (N), potassium chlor ide  (K), and guar 
(G)  was v a r i e d   i n  a series of tests. Though no d i f fe rences   in   the   rheology of 
the guar   so lu t ions  prepared us ing   d i f f e ren t   o rde r s  of addition  could be 
measured, c e r t a i n  orders of a d d i t i o n  led t o  gels with lower  levels of  network 
s t r u c t u r e  (i.e.,. lower G I  ) . me r e s u l t s  are shown i n  Fig. 7 f o r  d i f f e r e n t  
orders   of   addi t ion.  The d i f f e r e n c e s   i n  G' a re   qu i t e   no t i ceab le ,  though G" da ta  

Full document details: API Report 82-45-1984 scan

http://www.avadocuments.com/doc/api-report-82-45-1984-scan
http://www.avadocuments.com/doc/api-report-82-45-1984-scan


0 96 strain 300 

Fig. 5- Storage(G') and loss (G") moduli as a function  of strain of a .48% 

HP War solution '(30 minutes agitation) at  10 rad/sec : (run 21  783 2). 

Fig.6. Viscosity (Q) as a function of shear rate of .48% HP guar solutions 

at different  ages (runs 21683 and 21883 2). 
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Fig.7. Effect of  order of addition on GJ am  and G". of .48% I HP guar mixed 

with TYzor AA by hand. Measurements  began immediately after mixing 

at 1 radlsec and 100% strain (runs 61583 1, 61583 2, 61583 5 & 7683 2). 
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are similar f o r  a l l  runs. We ha7s  not a t  the time of this report dupl icated 
these runs with t h e  impingement  mixing  technique. For a l l  subsequent   s tudies  we 
used  the  mixing  order [G+K+N] . F x t h e r  work on t h i s  phenomenon is underway. 

3. Aging of  Tyzor AA Solut ions 

Wzor  AA so lu t ions  change color from l igh t   ye l low  to   o range  or 
brown over a period of time. D r .  Donald Putzig of DuPont has  suggested three 
mechanisms of  Tyzor  aging (9)  : . 

a. Photo-reduction of Titanium. This will give  a green/blue 
Color. Keeping s o l u t i o n s   i n  brown b o t t l e s   e l i m i n a t e s   t h i s  problem. 

b. Oxidation of Acetylacetone by Oxygen. This will give an orange 
color. However, D r .  Putzig d id  n o t   t h i n k   t h i s  would a f f e c t   t h e   c r o s s l i n k i n g  
reac t ion .  

C. Hydration of Titanium by Water from the Air. This will give a 
white   t i tanium  dioxide precipitate. 

D r .  James Steinmetz  of  Kay-Fries,  Inc.  has  suggested  that color 
change is related t o  acetic acid i m p u r i t i e s   p r e s e n t   i n  the ace ty lace tone   che la te  
(10) .  

We found t h a t   g e l s  made from Tyzor AA so lu t ions  that  had been 
opened many times over a s e v e r a l  month period made ge ls   wi th  lower values of 
GI. Figure 8 shows the s to rage  modulus of gels made from newly  opened bottles of 
Tyzor AA and  from bottles t h a t  had  been  used f o r   s e v e r a l  months. To e l imina te  
these problems t h e   l a r g e   p i n t  bottles of Tyzor AA were d i v i d e d   i n t o   s e v e r a l  , 

smaller v i a l s  and sealed.  Brown vials were used  and  molecular  seives (W.R. Grace 
3A) were added to t h e   v i a l  t o  scavenge water. This worked w e l l  and  gave repro- 
d u c i b l e   r e s u l t s   t h a t  did no t  show the e f f e c t s  of  aging over a per iod of months. 

4 . Dike tone  Addition 

The most s t ra ight forward  way of measuring  gelat ion  kinet ics  is to  
measure  the maximum slope i n   t h e   p l o t  of G' versus time and t o   a p p l y  4. 4, as 
we have done previous ly   in   our   s tudy   of   po lyacry lamide/Cr( I I I )   ge la t ion  ( 5 ) .  
However, as can be seen from Figs. 4, 7-9, and 13-14, t he   r eac t ion  rate of these 
g u a r / t i t a n a t e   g e l s  i s  so f a s t  that  t h e  maximum rate cannot be determined  with 
confidence -- it occurs a t  too s h o r t  a time. 

I t  has  been  suggested  that   diketones  can be used t o  slow the rate 
of c ross l ink ing  ( 1 1 ) .  Our resu l t s ,   t aken  a t  room temperature, show tha t   no t   on ly  
does the addi t ion  of   acetylacetone (a d ike tone)   s low  the   reac t ion  rate, but  it 
also preven t s   t he   ge l  from c ross l ink ing   fu l ly .  With the add i t ion  of diketone, 
as shown i n  Fig. 9, t h e   f i n a l   v a l u e  of the   s to rage  modulus is decreased. It has 
been  suggested  that   increasing  the  temperature  of these   so lu t ions   might   ac t iva te  
c ross l ink ing .  Further s t u d i e s  of  delayed  crosslinking are being  pursued. 
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Fig.8. Storage (G‘) and loss {G”I ,.moduli of HP guar gel (.48% guar 

(G + K +  N) and .04% Tyzor Aqmade from a newly opened bottle of Tyzor AA 

and from a bott1.e that had been used for several months.  Impingement device 

was used and tests began immediately after mixing at 10 rad/sec 100% strain 

(runs 121583 1 & 122983 31 
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Fig.9. Effect of diketone on G' and G" of HP guar gel (.48% guar 

(G -I .K+ N) and .04% Tyzor AA). Tests began  immediately after mixing by 

hand at I radisec and 100% strain (runs 52483 2, 52483  4 4% 6 1583' 1). 
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