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SUMMARY

A d i g i t a l  compute r  program was developed to reduce sign i l i cant ly  t ime and costs
IIh~LIrted i l l  t h e  reduct ion and p resentat ion of the h igh—pressure capillar y viscon ieter ( IIP CV ) data.

~t ‘~.I\ I I 1 ~~~ of a I ip f l ) X i f l l a t e ly  40 man-hours per experim ent  has already been achieved. Further
bene f i t s  include greater accur acy and clearer and more precise graphics. I’erhaps the most
h c i i e t i c i a l  f ac to r , h oweve r . k t h a t  erroneous data can he identified and corrected more rap id l y

f i L m  w i t h  t i l e  m a n u a l  data reduct ion process. This is an impor tant  aspect because many test
IluRk de te r io ra te  in storage .in d Hf exp erimen ts  are to be repeated , the test f luids may no longe r
be r ep r e s e n t a t I v e  of the te st  series.
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( OM PU TE R l’Ro ;RAM FOR REDUCTION AND I~RF SE NTATION 01
l I l G l l - P R I SSU R l ~ ( ‘AP I LLARY VISCOMETE R DATA

I N l R (  ) l )L (‘HON -

HUN report describes a digital  compu ter program for reduct ion of rheo logic a l data
acquired f rom the high-pressure capil lary viseo m eter (IIPCV) and presentation of that  reduced data
lI\ p r epar :I t  ion of graphs of the  prime rheo logica l parameters.

Ihe  program is wri t ten  for  the Edgewood Arsenal Univac 1108 computer  iii

F O R T R A N  V language . l) ouhl e - l og ari t hm ic plots of the reduced data are drawn by the California
o l l i p l i t e r  Product s  ( A l  .COM P p lo tter .

II i i  l i ( ) R Y  A N I )  A P P LI ( ATI ONS. I

The IIP ( V is used in the investigation of the rheologica l behavior of viscoelastic f lu ids.
I t  s designed to permit  calculat ion of rheo logica l variables (refe r to glossary ) from geometric
p . i r . m e t e i s  combined ~ it h p ressu re , mass flow , and time data. The FIPCV p rovides a steady-state
u n i d i r e c t i o nal l a m i n a r  flow of the test fluid by generating a constant stress at  contr o l led press ure
leve ls -

The nucleus of the IIPCV is the removable precision-bore capillary tuhe which is
ins erted het~s een two 1 00-m I test fluid reservoirs. The capillary tube and reservo ir assembly .
i n c l u d i n g  lead-in l in es and connect ing tubes , are constructed of stainless steel. To insure comp let e
te mperature  control of the test sample , t he flu id reservoi r assem bl y is placed in to  a tempera ture
bath .  In operation . pressur iied gas , controlled by a network of valves and regulators and monitor ed
by a bank of precision gages , forces test fluid from one reservoir through the capillar y tube to the
second rese rvoir. This action forces gas from the second reservoir to impinge on a low-viscos it~
f luid ,  such as n -hexane , driving it through a burette at the same flow rate being experienced h~ the
test f luid.

Volumetric flow-time relationships are determined from the buret te  readings. Pr . ssurc
gr ad ien t s  of l0~~ to I O 3 psig can be applied with the UPCV resulting in an operating shear rate
r ange of l0~~ to 106 seco n ds I

I able I presents a listing of the capillary tube sets and their dimensions.

Two basic experiments  are perfo rmed with  the I-I PCV . The short-series experin i ent
involves vo lume flow-rate measurements perfo rmed with the longest capillary tube of each group.
These data permit  shear stress , shear rate , and apparent viscosity to he calculated.

The calculated data can then he used to generate shear stress versus shear rate and
viscosity v ersus  shear rate plots. These generated plots are known as the basic flow curves and are
adequate to describe fully the rheological behavior of Newtonian or inelastic non-Newtonian
l iq u ids.

( ,askins , Frederick H FAIR 4472 Char act er i? ation of Thickened Alum inum Alk yl Fuels. II Steath -Sta te
I low Properties of ( onc entrated Solutions of Polyisobutylene in Tri ethyla luminun i . Janaury 197 1.

N( LASS IFIED Report.
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Table 1. Capil lary Viscometer Parameters

I Group 
Tub., 

in 

Length
_

cm 

Nominal diameter R L/R

A 11  2.0020 5.0851 0.205 0.52 0.26 19 .6

B 7 1. 99 14 5.0582 0 . 127 0.322 0 . 161 3 1. 4

- 

10 0.4485 1.1392 0. 1 27 0 .322 0.16 1 7.08

C - 5 1. 9985 5.0759 0.0646 0. 1 64 0.0820 61.9

8 0.6502 1.6515 0.0646 0. 164 0.0820 20.1

15 0. 1 839 0.4671 0.0646 0. 164 0.0820 5. 70

D 
- 

9 2.0021 5.0353 0.0244 0.0619 0.0310 164.0

6 0.5960 1.5138 0.0244 0.06l9 0.0310 48.8

14 0. 1 534 0.3896 0.0244 0.0619 0.0310 12.6

F 3 1,5082 3.8308 0.0146 0.0370 0.0185 207.0

4 0.3318 0.8428 0.0146 0.0370 0.0185 45.6

13 0.0859 0.2 182 0.0146 0.0370 0.0185 11.8

F. 1 1.0155 2.5794 0.00807 0.0205 0.0103 250.0

2 0.2346 0.5959 0.00807 0.0205 0.01..)3 57 .9

12 0.317 0.0805 0.00807 0.0205 0.0103 7.82

~~~~~~ ~~~~~~ - 
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\ lore i n f o r m a t i o n  is needed to describe the flow ot’ high-pol ymer or other v is cuc las t i~
solu t l u t i s . 1 Ii is 5 .ic~ omuplis l i ed h~ the use of all the capillary tubes in a long—serie s expe r imen t .

Ihe se addi t iona l  data permit  calcul a t ion of recoverable shear , shear modulus , relaxation t ime , and
normal stress. parame ters needed to describe the fluid ’s elasticit y.

Fhe IIP ( V is l imited by the shear-rate range in which it can operate. For lower shear
r a te s , less than  10 ~ sc :ond s , t he rotat ional  viscomete r or the Weisse nb erg rheo gon ioi i ie t er  is
used to acquire  need ed data.  The Weissenherg rh eogoniometer also is more accurate s in e .  it
r i i e . i s t i r e s  e l a s t i c i t y  d i rec t ly  as compared to the IIP(’V where e las t ic i ty  is a co mputed  t u n c t i o n  of
p h~ sical and rheological factors .

I l l .  CONIPU rE R -PROGRAM DESCRIPTION

The coi i iputer  program matches tu e basic experiments  performed with  th e  Hl ’( V
i .e.. the first  phase provides data reduction and graphic in terpr e ta t ion  for the ‘di’ H I -sefleS

e’.per iiiie n tS and the second phase provides data reduction and graphic interpretat ion for the
l ong—ser ies  cx per fli u~fl ts

A - - nes I ’hase.

.~x A contains the flow chart and the program listing.

I he f i r s t section establishes arrays and procedures for data input .  \‘olume- t mnie  data .
i .e . .  t he f low rates through the capillary t~ihes. , for each pressure level are ted in to  the computer .
\ r p cn d ix  A contains sample inpu t .  A slope and y-intercept are calculated at euch pressure level
r omu the volu me—ti me coordinat e s .

Values for shear rate and shear stress are then calculated by using capil lary tube
dimensions and the fo l lowing rheo logica l relationships:

( 1)

o = r ~~P / 2 t ~ ( 2 )

where

~nì = shear ra t e .  sec I

r = capillary tube radius , cm

S = slope or volumetric flow rate . cc/sec

a shear stress . dynes/ cm 2

= pressure , dynes/cm 2

Q = capillary tube lengt h , cm

The apparent viscosity at each pressure level is calculated as a functio n of the shear
stress divided by the shear rate.

I I  
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The reduced data are printe d in tabular form . Appendix A contains sample output .

Two double-logarithmic plots of ’ the reduced data are drawn by the CALCOMP plotter.
) mi e p lot is a graph o1 shear rate versus shear stress: the other plot presents apparent viscosit y versus

she ar ra t e .  On each graph, a best tit curv e is drawn throug h the data points. This curve is computed
u sing 1- . Wi lbur ’s program for  f ’i t t ing  a polynomial equation as high as the sixth degree to the data.

Appendix A contains a sample plot of the basic flow curves (figures A- I anti A-2 ).

B. E ong-Series I’hase.

A ppendix B contains a flow chart and the program listing.

The inpu t is basically the same ~~for a short series., except that an extra card is used to
iead in the numb e r of groups of capillary tubes and their designations. Appendix B contains samp le
i n p u t .  The same basic calculations are performed for shear rate , shear stress , and viscosity, and a
double logarithmic plot of shear rate versus shear stress is drawn. A curve is plotted for each
capil lary used. A sample p lot of these basic intermediate curves for one capilla ry group is contained
in appendix B (figure B-I ).

Values t’or shear rate and shear stress selected for this intermediate plot are then used
to predict certain viscoelastic properties of the material studied. Furthermore, by examining the
general slope of these curves and reco~ iizing those points that deviate from the norm , erroneous
data are located and immediately deleted.

For each group of capillary tubes , six isoshear rates are selected. For each selected
shear rate ,  a corresponding shear stress, the total shear stress (refe r to glossary), is calculated. The
total  shear stress then permits the applied pressure to be computed:

U t ’~ms~ BT)/St (3)

(4 )

where

= total shear stress , dynes/ cm 2

~‘ms = selected shear rate , sec I

B’I = y- intercept of shear rate versus shear stress curve

S~ = slope of shear rate versus shear stress curve

AP = applied pressure , dynes/cm 2

= length of capillary tube , cm

r = radius of capillary tube , cm

12 
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i i  Is / tug  t lie app lied pressure versus  ~/r rat ios of the  cap i l l a ry  tube s  by groups , values
or corrected shear  si ic ss and recovera b le shear are computed.  I h e  corrected shear stress equals  t i l e

slope of ’ the  app lied pressure er sus t he  ~/ r  r a t io  curve divided by tw o .  Recoverabl e shear equals the
\ — a \ i s  i n t e r cep t  m u l t i p l i e d  h~ a n e ga t ive  two .  More deta i led  exp l . i i i a t i o n s  are c u n t a m n e ( ’ in t h e
elossar ~ and tab le  2

I ab le 2. M a t i  i x  f o r  the  ( ap i l l ary  l x p e r i m c n t *

i - u  ne t  ion - in Ii reept Y- i n t crcept  Slope

( I .  i J t~~~o
Y R ~°t~~~~~~= ° c 

- 

~~L t
~~~i~ 

2

= t t ~~ r t  t~~ ri 1,~~ ~~~ 
2 

~~~~~~~~ 
= 

~ R 2
~ c

* - \~-~oi d i i i g  to I ’ ln l i pp I i  and ( , ; t s kj n s , 2 
~s , ie t ha t  the o i i g ina l  n o t i  iS  ill i l i c  t ’ i e i t c e  (p ar e ~~~ h .s  been

;ii ,~d it ie d  h~ de le t ion the ( , , u e i ie  eo r i ce t i o i i , ‘~n .  This si np l i f ic a i m on is h: isi -d on ih e a t , - ri ~~ t hat  ~‘n ’’.
\~- t i i c l i  is au e n t r a n c e  cor rec t ion , is cons t an t  fo r  v a i i o n s  capil lary tubes wi th  the same i ad ui ~ . ari d the • :un t pu ter
pro gra i l l  sequence pres ented in t Ins  report evaluates e las t ic i t y  from data for groups ot tubes of t h e  same rad ius
at c o n s t a n t  shea i i a l e s .

A d d i t i o n a l  rhe ologiea l p arameter s . inc lud ing  app arent  and el t e et  i s  . v i s c o s i t y , sh ear
inu du lu s . r e l axa t ion  ti me, arid normal  stre ss , are ca lculated as f o l h  iw s:

= °c~~ms

~ e h7 a~ ~~~~
(

_‘
)

t
~~~ R~~’ins

N 1 0c ”t’R t O )

where - -

= apparent viscosit y , poise

= eff ect ive viscosity, poise (empirical re l a t ionship )

= corrected shear stress , dynes/ em 2

Ph ili pp o ff . W . and Gaskins , I - II The Capillary Ex peri m ent in Rheology . Transact ions of the Society of
kheoio~ ’ II, 2ftL2M ( 1958).

13 
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= selected sh ea r ra te , sec

G = shear modulus , dyne s/c m 2

= recoverable shear , d imensionless

= r e l a x a t i on  t i m e , seconds

N 1 = normal  stress , ilv t i e s ‘cm 2

I t s  e double logar i thmic  plots  of the  computed viscoelastic properties are d rawn .

P lot one, the flow curve , is selected shear rate versus corrected shear stress . The invers e
slope it  any  p o in t  is the app arent viscosity.

Pl ot two , the v iscosity-rate curve , shows the apparent viscosity v~ ~ us t he selected shea r
it  e -

Plot three , the deform ation curve , is recoverable shear versus the corrected shear s t ress
The inverse slope at any point is the shear modulus.

Plot four , t he deformation-rate  curv e, shows recoverable shear versus selected shear
rate s . The slope at any p oint equals the re laxat ion t ime.

Plot five , the normal stress-rate curve , is the normal stress versus the selected rates.

Appendix B also contains samples of these t’ive plots for a viscoelastic fluid combin ing
all the cap i l l ar s  groups (figure B-2 )

IV . () P l - . RAT IN G INSTRUCT I ONS.

A deck of Holler ith cards containing all of the FORTRAN V statements  and control
cards  is necessary for operation of the program and assigning plot tapes. The Univac 1108 uses the
I XI - (  ~‘ I I I  control language . The number amid format of control cards may vary somewhat in
d i f f e r e n t  c om rm put e r  instal lat ions;  therefore , they are not considered in this report. Consult ~ our
compu te r  i n f o r m a t i o n  directorate for appropriate control cards.

V . (‘ON(’LUSIONS.

This computer  program reduces significantly the time and costs for data reduction and
evalua t ion  f o r  experiments conducted with the I-IPCV. Sixteen man-hours are saved for  each
short series experiment and approximately 40 man-hours are saved for each long-series experiment .
-\ st ep - t n - s t ep  procedure for manual data reduction is presented in appendix C.

Addit ional  benefits are gr eater accuracy and minimization of errors inherent in manual
da ta  reduction.  The cuivc-tltting technique further reduces errors or distortions caused by visual
eva lua t ion  and manual  a t tempts  to fit curves to data points. The program provides an equation of

14 
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t h e  b e s t—f i t  cu rs e which permits  fu r the r  i n f o r m a t i o n  to be predicted accuratel y.  Final ly ,  clearer and
inu re precise graphics.  read y—made for  inc l usi om i in reports , a re produced.

Pr~ b :iblv the m ost i m u p o r t a m i  I benef ’i t is I h at  errone ous data  can he ident i f ied  r ap it l l y
and a t e s i - s e m u i ’s e .xpe r imem i t e a m i he repeated m u i ~m ned i a t e ly .  This is an impor tan t  aspect bcc~u u i s ~ many
t i ’st f lu ids  d eter iora te  in s torage and are t iot representativ e of the test series i f repeat exper iments
a m e  de lay ed  as \~ as i lsu t  .il ly the ease whem i  m a n u a l  data reduction was necessary .

IS
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(;LOSSARY

I .  Shear rate. 
~~~~~~~ 

~~~~~ 
I :  The deformation rate developed across the stress field: also , the

irreve rsib le shear flow of ’ the fluid.

2. Shear stress , 0. d nes /cIn 2 : The tange m i t ia l  force per uni t  area e x e r t e d  on l i i - f lu id  caus ing
de t o r m i t a t c o t i .  o r iemi ta t iom i . or tiow.

a. ‘l’ota l shear stress , a t : (‘alcu la ted value based on the  t i t h e  gei i n e t  rv and t ime
t o t a l  pressure gradient  which includes  the pressure ut i l i ie d in reversi bl e e las t ic  deform at ion
see equa t ion  ~ iii t e x t ) .

hi . (‘ori ccted shear stress, o~ : Reduced valu e based only omi portion of pressure
t i t i l i i ed  in irreversible visco u s flow.

3 Recoverable shear , ‘YR ’ dimensionless : The reversib le elastic shear strain de~e1oped in th e
fluid t inder  sh ear t h a t  m it ay he recovered in real t ime after  ces sat ion of flow ( ‘ r e i m i n v a l  of
str ess .

4 \ ‘us c os i t y .  ~ = a/ ’~~~. in poise or dyn es-sec / cm—: The resistam -ice to flow offered ny the fluid
t inder  shear.

a. Apparent viscosity, ~a : Variable funct i on of shear rate.

b. E ffective viscosity, n.e. dynes / cm ’mv- : An empir ical  term relating a f luid ’s
iseo cs and elastic components - 

~e = 
~~ 

I + ‘
~~R~~

• Note also re lax a t iom i  ti m e def in i t ion .

~~ . Norma l  stress , N 1 = 
~~~ 

dymies/ cm 2 : The first normal stress functions:  force
perpendicular to direction of flow.

( Shear modulus ,  ( = a/’y~~, dynes/cm 2 The modu lus of elast ici ty measured in shear

(equ ivalent  to ilooke ’s law).

7. Relaxa t ion  t ime , t = ~/G = 
~ R ”~m’ ~~~~~~ The time required tor a strained or sheared mater ia l

to  recover a f t e r  stress removal (also called retardation t ime ) .

8. Newtonian  f luid : Viscosity is a constant , independent of ’ shear rate.

9. Non -Newtonian fluid : Viscosity is a variable function of shear rate.

10. Visco elastic fluid: Material tinder shear demonstrates viscous r esponse (irreversible f l ow I
and elastic response (reversible storage).

I I .  Inelastic fluid: Material under shear demonstrates flO elastic response.
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PRO (; RAM V A R I A B L I S

\ A R I A B I  I - DL S( ’RIP TI ON

I .  ( ROI P A , B, (‘, I) , I . I ’

2. I I Tube lengths

3. I K Tube rad ii

4. T1’~ Constant  ratio ( 2  ~/ r )

5. l)K (‘omlst a n t ( -T
~ir r-

(~ I (;  N u m b e r  of groups

7 R ; N ( ~‘o~ p nu m ber

8. IT o r I Number  of tubes

9. ITUB or J Tube num her

10. NP Numb er of pressure readings

I I .  PR E SS l’ressure readin g s

12. KOL NT Number  of volume re a dings

I 3 VOL Vol u m m e levels rec orded

14 1 Time

I S . S I ( ; MA Slope of ’ VOL versus I readings

I ~~ , B Y- inter cept of VOL. versus I da ta

17. l A t  Shear stress

18 . 1) Shear rate

19 VI S Viscosity

20. l M  Maxim um U t’or each tube

21.  l)M X Mim i i mumu m axim ~ uni I) t ’or each group

22 l )N Min imum D for each tube

23. DMN Maximum minim um 1) for each group

~~ 24. K Max imum I) minus minimum D

25. PM Midpoint of K
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V ..\ RIABL I- DES(’RIPTION

2~ SI) Selected 1)

27 SIGMAT Slope of ’ I) versu s  TAU data

28 . TAUT Shear stress t ’or each SD

29 . 1W Pressure for each TAUT

30. TKS TK/2

3 1. TAUC Slope DP versus ~,-‘r data

32 RSC Recoverable shear

33. VISA Apparent viscosity

34. (; Shear modulus

35. RI Relaxation time

36. BC’ Y-intercept of DP versus TKS

37 , NN Pressure number (NP)

38. BT Y-intercept of I) versus TAU

39. NM Tube number (IT)

40. PN Normal stress

41. D2 or DS D values for plot

42. V I S2 or VISS VIS values f ’or plot

43. TAU2 or TAUS TAU values for plot

44. SD2 SD values for plot

45. TAUC2 TAUC values for plot

46. VISA2 VISA values for plot

47. RSC I RSC values for plot

• 48. PN2 PN values for plot

49. XPAGE X-values for plot

50. YPAGE Y-values for plot

5 1.  FPR Predicted Y-axis values

52. EV Effective viscosity

I II. 22

____  - 
~~~~

--
~~~~

-
~~~~ --- .- 

~~
--- -.. 

~~~~iiT T T~~~~~iiT7 :



- 
- - _ _ _ _ _ _ _

APPEN [)IX A

FLOW (‘HART FOR SHORT-SERIES PHASE

START

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4
- 

L 1 \

LNP~ 
PRESS

~~~M =j

¶17
L)

t

I~ . 23
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A

r 
KOUNT ,
VOL , T

I ~~~~~~~~~

¶17
NO

M = NP

YES

B 
NO L = I

YES

J , PRESS ,
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ISCAP. .VISCA P
~‘ /0 u / 7 7 — I , : 17 : 4 2  ( . 0)  -~- \ M t ’ i E LISTING FOR SHORT SERIES

c’SF’ D: C” ” i F( l )  0 00 7 2 5 1  O A T A ( 0 )  01’~5”~~m ALa~IK cflMMt’~ t ( 2 )  0000 00

L P~~F f ~~~~~ V F ç  (RLOC1( , ~IAMF )

P L O T S
PLOT
rAC T O R
LGA X ~L C ’L P
SYM FI °L
cj TC u ’R
SMOOT
PIT ?~I T PS
.
~pptj,

‘ 102’
‘j~~fl t i~
A LOG1 0
‘~ST Oo%

AS S I .- !J~.. r - j T ( B L O C K .  TY pE . PEIAT IVF L o r A T T ~~ I, NIA M r)

nlS3f,1 iF 0000 fll536~4 100F noo n fl1~ L~j6 1fl4r f oo l  0nn013 l~000076 lL4 2~ 0~~01 f0011 3 j5~~ nflo n f l i~~167 ~F f f l f ~ f lnn4 ~~2 ,r
00oue76 2n2L OflOl 000511 2n3L f f 0 1  °f f ~~I~~ 2~~4I . nr) o1 r,nri~~’3
000241 ?21r 0000 f1S3F.~ IF °~~f l t  n’ 10622 3001 0001  00rI~~AL4 ‘

~~(

ff0 712 lr)3L 0001 000716 3n’~L fl
~ f1 r~r~n046 SI. flfl~~’ °0n2°7 ~~r

n07o07 u 0000 R nhl L e l 3  n noon R nnfln~ S r~s~ fl fl rmn r~ rm~~~5,L~ nc
n15336 I 0000 I 015360 10 flflfl~ T 000074 3 noon r ntci~ t i~
015344 KOI ’P~T 0000 1 fl15340 L flfl Ot’~ I 

fll~~1Lu 3 u noon t rilcius .u

0153c7 N - A  0000 1 011217 NPJ f l nf l n I f i c 1 u~~ ~IP 0000 7 01~~”~ 6 ~~~‘

006705 SIGMA 0000 P 015346 ST nnnn P 015147 515 n~ nn R nlc’*c2 - ‘

o15351 Si’S 0000 P 001757 T “non P 010511 TAU nnnn p ~~~~~~ ‘:
n00000 TL 0000 P fl7535~4 TM noon ~ fl rm flfl l 7 IR n~ nn R n 7 c~~c5 ‘N
014012 v Ics 0000 P 00 10 15 VOL 000f l  P 01L45M XPA GF 0000 p fl~~5fl~~ ~r

1’ OLMrNSION TI (15) .IR (15l ,TK (15) , n v(j 5 ) ,J ( 1 S) .PPF~~c ( t ~~ .3n 1,vnP . ( ’~n,cn
c),T (3n,5n),cTr,MA (15,3n).p(1c,1n).TAp(1s,~~o),r (1~~,3n,,vtc (1c.lni,Np~
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C t  I~
, 1. T A ( I S (  1° 7 )  . f lS (  1r~~ 

) • v T S S ( 1~~2 )  ,FpD (
f) IMr~J SION X P A G E ( 1 R O ) .Y P , t 6 F ( 1~~f l )
O A T A  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
DA T A  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Cf 11 f l , n .161O, f l . p~~0f ,f l .fl~~f 1,O ,n1pr ,fl ,f ’~1f l ,f l,f A 2 f /
D A T A  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,lf °S . .17~~n ,,~~nQ~~c ,4 i~7f 4 ,  r’~~ri

10’ C,  . 44 1 0 .  .2q2n . .2740 . ,6fl50./
11•  0A T ~ r9( / l .1” r+6,1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Cr,  3 , 4 . ? 6 E 4 4 . 1 . n~~r+ 7 , 7 . 2 2r + 1 . 1 . 1 7r 4 6 .~~~.n 1 v , s . 4 ,2~~F4t 4 . 7 , Tr -+1,

1~~’ P F A O ( ’,. 1 )  1. (3 ( 1< )  .K~~1 ‘I)
1 . ’ 1 F’ç~P Y A T (

L~~1
1l ~. c JK ‘(1)
17 ’  REA r ~(5 . 2)  n .( p p r S S ( J K ,v ) , K — 1 .~ Ir’~)
I~~. 2 Fof ~” A T (

/0’ ~ R~~A~~(’5
,
~~) V(’!I~’iT. (V0L (’$ ,p ),T (’ft .PI) , P I~~1 p V 0 i I’iT )

2 1 .  3 r~ .~’~A T (
2 2 ’  ~ ii ST~ f.
2 ’’ STS~ 0.
2.’  SV~~’.2’ - • SV ’~~ 0.

S T V ’ 0 .

~ 7. DO I i )  NK ~~ 1 , w f I P i T
ST ~çT+T I M .
STS~~S 1 S +T ( M . N 1 < )* * 2 .

~ * SVZcV+VOL (M ,Ii~ )
31* SVS~ SVS+V0L (Y,~Jl ()**2.‘ _ ) ‘5 STV ~~c T V + T ( M ,~~,v ) . V fL (~~ ,tw i
• ~s 10 CO N’rT NUF

TM~ cT/K0tJ NT
~ $ Tv:cv/ KOIJNT

il(L. U) TV —c1r ~~A ( L  ,M ) .T M
T A I ) ( L , c )~~Ppr c~~(J v , ~~)s T 1< ( , w )

— 
4 f l *  VIS(L,M )~~TA hI( L , ’fl /fl(I .M)
“ 1’ IF’(M .FQ.NP) (;f IC’ 22
‘ 4 2 $

4.4 * 22 ~J t j ( tK )~~~JP
- 4’ - . IF (L .FQ .T) IC’ 50

• L~ L.14 7 $  GO TO ~
SO WRIIF (6.lOfl)

‘4~~ s 1 0 0  F 0 7 ” A T ( ’ I ’ . ’ CA ~~T L L A P Y  pr ’r-~~c p r  ct_~~ r c,~rAp ‘ TprC~ç ~N4r’r~C r .  C P A T~ v x s r n s T r v ’ / ’  P i ’-~~~~~’ 
r~~~y rr,r~

-r ‘~ “rs’~~”
“l’ c l /5EC P0T r r ~

~ xY ~~i
DO 102 K~~1 .T

‘_
- ‘ 3 • JK~~J (K )

PJ p~~j P j (J K
00 10” NM~ 1.~j P

WR I T F ( 6 ,  1014 ) J ( v )  • P p r S S ( . J K , p ” ) , r T f ’ - M A ( W ,~~? 4 ’ )  • T f l h I ( 1 < ,Pj ” i • r ’ ) f v . P i ~~i , \ F , ~ ” ( i (  —p.
So, C . N’ 1)

1f l 4  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TA -
1$ DS(~ j X Y )~~D ( K , p ~j M)

• V ISS (~1XY )~~V TS (K , P IM )

‘- ‘‘5 N X Y ”~~Y + 1
103 C OPLTIP ~II)F
102 C- ’ ’j ”  T ’ ( (  ~ ‘

‘ - C , . NX Y” N YY— l
r~7* c~~0 CALL PLO T S (T r~,I0.q)

~~~ 1 CALL PLOT (0 .fl,— ’f,.0,—1)
CALL  P L C ’ T ( O . f l , ? .fl , — 3 )

Th’ CAL L rArTnP(f. 7r )
71’ T4 ‘ (‘Jx’ r 4 1  )

~~i .n

7 ; .  DS (~~~Y +1 )~~1 .0

CALL t (’ AY’ (O.f. f.l,’QHçHFAp cT~,FSS_ flVNrc/CM_cQI,Aprn,_ ’n , j~~,n 5fl~~f ,

~ l . 0. . 5 0)
“~1t C A L L  L ’AX. (f .0 •fl.fl•2’~HcHFAP P,VrF—PFrTPQOCAI cFr oNnc. 2n , 12. fl ,°n. f .

C 1 . 0 • . S P )
7 Q•  CALL L G L IN (TA 1 PS , ”S .NXY ,l .— 1 .1 1 .0)

CALL SYMHOL t 3.0.1? .fl,.2l ,27~4cl-IF’A P R A Tr VS . SHF AP S1’F~FSc,O.0.~~7)
M I s  CALL F I T C U R ( T A I , c . DS , NXY ,F PR )

- - ‘ ‘  FP P ( P J ~~Y 4 1)~~1. 0

C A L L  L G L P ( T A 1 m S . F P R , P I Y Y .  1 , — I  .~~~ , f l )
4 - .  N~~1

2n0 XpAr,F(N)~~(Ai fC,10 (TAuS (N)) )/TA~ c(wXy+’)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
IF(~~.F O . l )  C-() IC’ 211
T F ( ’ . r Q . r L XY ‘~O 10 202
CA L l  cY n f T ( Y P A r , F ( P J ) , Y P A~~~( N) ,~~2)
GO 10 203

2f~ CALL cMooT t wpAGF (’,),yPAr ,~~(tJ),o)
GO I’~ 203

202 CALL S M O O T ( Y P A C , r ( r J ) , y pA r ,c ( N , , — ? 4 )
“-‘ s GO T~~ 204

20 3 P1:0 ,1
‘s GO ILl 200

2014 CAL L P L C ’ T ( 0 . O , 1 6 . f l . — ” )
VTSc (NX Y+1 ) .fl
VI’Y’1o~~Y ‘ ~~~

) -  • ci~
0 1’  CAL L L r A y s ( n.n,n .l.2nHcI~FAo ~ A 1F—PrrT Pf l OCA L cvr0~J~ c ._,n , ~~~~~~~~~~C i . 0, .S O )

CALL L ( AxS (0.O.O .O ,15Hv TSCrt~~T1y—POTc F,15,1 2 .n, °n.fl,.Oi ..sn)
( 1 4 $ CAL L L G L ! N ( C ’ S . V T S S . M Y Y , 1 . — 1 , 1 1 , f l )

CALL S YMf lO L ( ~~. O, 1 2 . n . . P 1 , 2 4 o ~I Tc r 0 c T~r V vc. 6’4FAR PAr r.O,n ,24,
- ‘  CAL )  F I T C l J R( f l ” ,V T S S , P ’ X Y , ~~PR)

F P R ( ’ i X Y +j  ): . f l )
F P R ( P j Y Y + p ) : .5f

I, .). CALL LGLTN( nS •FPP.N~ V , 1, _ 1 .2. 11)
1 0’ P1:1
ii, ~fO Xp Ar,F(N):(AI O’~~0 (flS (pj)))/~ Sc ,Yy+~~)
12’
1’’ IFt ’ .rO .l) r,n TO 101
114* IF(’ .FO.? IXY ) C~O Tnt 302

CALL S M O O T ( Y PA G F ’ ( N )  .YP A ( ,F ( N )  ‘ — 2)

~~ Go 10 303
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1 7s 101 CAL l . SM OOT( YpA Gr (P.J ),Y PA( r (N),n)
Go TO 303

3n2 CALL c MflO T (~~p Pt G F ( N ) , y p 4r ,r ( t ~J ) , ~~p 4 )
‘- ‘ - ‘ S  GO 10 3 014
21 ’  ~~Cl3 ~t:04l

GO Tr’ 300
~04 CALL r~Lo T ( o .n.o ,n .qqo)

60 E~~ ’

“ r r”~P I LA T I ’ N :  !‘j C’ f l T A ~~PJ fSTTrc.

1C1’P . . FTC ILP
2/0o/77_12:17:40 (.0)

4- ” ’  C - ’~’~ (1) O 0~~
,’~

p
~ DA TA (0 ) 00p615 ;  Pt . P V  c~~’~”.” (2)  0fl~~0nr

~ C ’M P1 1 A T 1 f l~L: ‘
-
‘ DIAGNOSTICS.

i— ~ V/’~~/77 12:”7:5R
V
L I ’  M IS rl.PLC’T .

“ T I c  001000 021250 “3~~ TP A HK W Opr, c~. P~ CTM’ I
fl~~0fl O fl 065537 ;1 1 f ’~ DPAN1< .JLlRr~c n~ r7v 5l

- t
~~~ ’ , ” 072120

‘~F ’”F ’J T ¶ M ( TN~~ 001000 021250 040000 06cc37

— — , 2 ~~( i) 0 0 1 0 0 0  001022
—c~ $11 ) 001021 001106 ~~~2)  0~~~f l0f l  O4~~0h i

¶ ‘(l) 001107 001314 ~ (7) flU°0i2 0’4°~~”1
~~ I1 flO1~~~c 00 1’405 ¶, ( 2 1  fl001l2 04~~1f7

— r ’  S(1) 001446 001730 ~~~~ OUf ll ° 014f1’3
S (1) 001731 00175”

C D S (1) 0017514 0°2175 ‘p2) 0”f124 04fl220
— r~ S( I)  00217 6  002143 1 ~ ( 2 )  0~~~22i 040246

‘ E(2 )  f l 4074 7 f l14 24 74
%( 1t  0024 14 002460 

- ‘
— r ’ ~ (11 002’161 0fl2S1~
• $ 1 1 )  002~~16 00255 1

~~( 1 )  002552 002661
—r3 S( 1) 002664 00306 1  ~~

( -2 ) ou~~47S 04’546
— C 2 %(1 003fl6? 003356 ~ (2) ~ l~~547 047~ S2

SI!) 0O3”57 005077 ~~( 2)  0~I’~ S1 04~ 6t4
%(1 OOSfl7l 005314 5(7) 0~4’6 1~ 0~4”764
5 ( 1 )  U05” 1~ ( t 05S~~1 5 ( 2 )  0z4 ’~76c 04 2765
5 ( 1 )  005552 007167 5 ( 2 )  fl~~~76~ 04102j

1 5(1 ) 00716 1 01fl045 5 ( 2 )  04 1022 041076

I
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SI IOR 1’ SE R I E S

I N I’ ) I

( ,ti~~ I I I N i u n h 4 -’ r  I I I  ; ) l l t a rR’ (

‘ I I \ 1 1 1 1 1 1 1 her

(‘aid 2 NI’ ~s ij , n h e r  ot pressures

l’ R I ~S l’ res’o i ie levels . p si

aid 3 K( )t N I Niiiiih er of volume—time dali po in t s

\ U I \ o l u n i e .  cm~

I I inic . Sec

O i l  I’V I

J ( JplIlal\ number

PR I-SS Pressure , psi

S I ( M ,.\ Slope of v o l l i l i l e t r i e  ra te  curv e

TALJ Shear stress.  dyne s / c ni-

l) — Shear rate.  sec ’1

V I S  \ i ” ,cosit ~ ,
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• ~~~;ROUl’ , I TUB ,~
PRES S, SI GMA ,
AU , 1) , VI .

(;ROUP , SD, RT ,
TAUT , DP, TAUC ,
RSC , VISA , C

(

~~~~~~~~~~e (

S17
[ Plot

/ D vs TAU

/
VIS vs D

H ___
j3D vs TA1J~JIVISA vs SD /

IRSC vs TA
/ RSC vs SD

/ PN vs SD

CSTOP D
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“ - ‘ 7 ’ ,1 2 11<5 nOon ~ 057374 TV 0000 ~ ñI4A71c VYS 0000 R. flS6007 V T
7 r 7 C ,~~~~ V~ c” 0000 R 005511 VOL

SAMPLE LISTING FOR LONG SERIES

1 ’ JI ’~— ’4SIO’J TA I T ( 6 , l 5 , 5 )
2$  DI~~ ’ NSI~t ’J 5-’2 1 7 ( 6 ) , T L ( 1 5 ) , 1 7 ( 1 5 )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1$

e ) .~~S (5,15 ,3 ’4).TA0(6 ,1c ,3 0),D(6 .15 ,3nh.V TS (6.t5, 1t)),r)M(F ,,151 ,r)Ph4X (6)

c.6) .2SC (6.6) ‘“I~~~
(
~~.6~ tr,(6.s) .~~‘n6,4) 

.‘~i c ( 5 ’ 6) . s ’ ~I ( 1 5) . p 1 ( 6 . 1 c ) . N ’ -’ ( 6
~ ) • °~ (6 ’6 )  , E V( ” ,6 )
~IV~ sISIrN ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10. DATA 1L/2.5~ q4,0.S~ 59.3•R30R,fl.~~42FI.c.o75g,1 .5j1~ ,5.05A~ ,1~ 6c15,5.l i i
‘~flTA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I ‘$ C 1,0.161 ,O.26,0.01 ,0.0155.0.03l,0.O~ 7/
DATA TK/1 3i~•,c97.,t67.,751 .,ccI4.,7n,..IngS.,17 in..7nQ .c,4~~vn .,l’6o

1”’ r’ . , 4 14 10. , 29 2 0 . , 2 70 0 . , 6 0 5 0 . /
DAl I rxS/250.,57.q,7~ 7.,45,c,,5~ •q,4q.~~,1j.L4,2n •) .j614..7.OR,19.6,7.

1 -’’
10* DA lI DK/1.17~

’+6,1 . l 7r # 6 , 7 .oI~~#5 , , .o 1r+ 5,7 . 3F4 1.14 .26r+4.1.05~~4~,,, .1
10$ C E + 3 , 4 . 2 6 E + 4 , 3 . O ~~~# ? , 72 . 7 , i e t ’~ +5, ’.0 1 F + 5 ,4 .2 6 F + 4 , 7 . ’E+ 3/
2-i ’ D AT ’I  GR~~tJ 0/ ’ f i ’ . ‘0’ ,’C’,’D’ . ‘~~~ ‘ . ‘~~~‘/

71* REA ~~(5.1) I0,(j5~l(J) .J :t ,tG)
22 $ 1 FO~~MAT (

I~~l
“4’  55 L~ I’’J (I )

REA ”)(5.2) II, (ITI”lft’J) ,j:1.7T)
75’ 2 FO~ ”A127 *
[“ I S 8 MM~~TTUA (L ,W)
- -4 ’  RE A~~(5.3) No .(DorSS (L,Mv.K),(~~1,No)

3 FOR~A IT (
N~ 1

32* 6 REA ’ ) ( S.14 )  ~~IJ~,T , (V 0 L ( N , ) ,T (~1,KK) . iO(:t,K0ij~JT )
4 FO~ ’~A T (

3 ”  3T~ 0.
2.5* STS~~O .

SV~ ’).
37* SIV:0.
~ 0* 00 10 M~ =1.~~O N’r
30*  ST :ST+T (N,Ni ( )
40’ STS:STS+T (N.N~~)*’2.Sv~ SV+ V O L ( ” J . I~~STV :STV+ T ( SI, ~i~

() * VOL (N. ‘1K
‘43 ’ 10 CONTINUE
14 14 * ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
45* TM:c l/KOUNT
‘.5* TV SV/ KO UNT
14 7 $
4n$ 1 A u ( L . M v , N) ~~~~ Fs c ( L , wA ,N)*TK ( MM)
140*  D(L ,MM .N ) SI5MA (L , ’~4.SI)*!)l( (‘41U)
50* VI 5 ( L ,MM ,N)~ TAU ( L , MM , N) /O ( L ,MM. N)

Appendix B 40

~~~~~ . L  
- 

-- 

4



-_ -

‘ - ‘ 4- ,  I~~( ’ I . ~’~~.~ I D )  ~~0 TO 5
1*
1* GO TO S

‘ - 5 $  5 ~JN ( 4
~M)~~ SI~~

7$  ST A i~~r’i .
STA S~ 0.

• 1* SD TAU ~ 0.
* “

~~~ ~‘i ~ <~~j .~ ’r’
1$ SS~ SS +D (L .M” .”IX)

STA r~ c TAu +T~~- r ft ,v~~.~Jv)
ST Ii S ~ STA J S + l A J (L . 4-’1V.SI X )$*2.

‘- - 4 $  SDT~ iJ~ 5 DTA , i 4 D( L , ’ f t Y , S I X ) s l A U( L , M M . uX )
21 CO’ITT SI UE

- SIC A T (L ,M M )~~(S r1T4 J_ f(c S s STA IJ)/ p, J P )) / (cTA II S~~(STAt ,**2 . ) / ~,~~)
TTA l~ STAU/N0T~ :cS,’~ P

- ,
7 $

00 ‘0 J~ 1.SI~7 .  20 I F ( i ( L . M M , J )  .‘ T . ’)’A ( L” M))  DM ( L ,M. ~)~~0( L ,M M ,J )
71*  ~~~ L ,~1Ci )~~100nOOO.

~O ‘� J~~1’’V’
i’’ 77 IP ’ (0(L .~~M .J ) .LT.flSI (L ,MM )) DM (L ,MU)~~’~(L , M~~.j)7h $ I F ( ’.~.E ~Q . I T )  GO 111 7
77* M:~4 +j
70$ GO TO 8
70* 7 N~i (L):IT
4 -1- S fl M X( L )~~1000fl 00.0 1$ DO “3 J :1,TT

l~’l~~TT’Ji3 (L,J)
23 TF (1~lt L ,~~M).L1’.~1MX (L)) X(1 )~~0v (L, A~A )

“4$ 0’AN (L)~~0.
00 24 J~~1,I T

“6* ‘ 4 ’ 4 :T T 1J B ( L .J )
¶ “7 ’ 24 IF’ ( osj L ,~~M ) . r ,T ,o~ SI ( L ) )  DUSI (L)~~?)p~,(L,’~’~)

“ 1$  R ( L ) ~~D~4 X ( L ) — ’ V A S I ( L )
4 0*  P ,4 (L)~~R (L )/ 2.

SD (L ,1)~~0M SI (L )
01* S O ( L , 2 ) ~~D ’4 ” J i L )  + . 2* R ( L )
‘4 ? ’  ~~~~~~~~~~~~~~~~ + .‘~“~ (L ’)
03*
94* SD ( L , S ) ~~D M N ( L ) + .~~’R ( L )

SO (L ,5 ):0~iX( L )
45* DO 25 J :t .IT
97* MM~ TT U8 (L.J)

DO “5 K~~1.6
9(4- s

100* DP( L , MM , k )~~” . ‘TKS(’4 ’~j ) *TAJ T (L, ’4M,K )
101* 26 CoNTINUE
102* 25 CO NTIP~iUE
103’
104* c~ ST KS~ 0.105* STKSS:O.
106* S0P~ O.
107* STKSOP:0.
1OFI’ 00 31 J :1,IT
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I - .

l i p .  S1~ c~ c TK S+ T ~~c ’ ~ .1
l~ 1’ ST~ c5~ STKSS+TKS (~~-~),*’.1 1  - a  SD P~ SflP+0P (L . ’M.K)
1 1 ’ ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
11 I i  C0’1T pJJ~’i i . , .
1 1 - ’  TT.( S~ S T( S/ T T
I i , . TD~~~SoP/TT
1 1’ ’  F 3 c ( L , K ) : T J 1 ’ — ( ” A I I C ( L . 4 ( ) s T T K S i S 2.
i i ’ ’

1~~~1’ J ( L , K ) ~~T A 2 r ( L , ~~)s 7 s c ( L, K )
G(L,K )~~TA !JC (L,.O /0SC (L,1()

1 - 1 * ~T (L,’~~~RSC (L.’o/c0(L.K
124 ’ EV (L ,K )~~V 1S A (L, a’ )* (1.+~~SC (L,K))

I~’(~~.rO.s 00 10 511

1” ’
GO 10 55

50 IF (T.~~O .IG) C,’) 1’) 50
12’)’ 1:1+1
1.fl* GO TO 65

60 ~PIT! (6 ,1n0)
100 ~‘)0’l4T(~~j’ • ~ 90 ’J7 ~ A DT L L~~PY pDrS5IIP~ SLOP! cCWAR ~‘rDr cç

133’ 2 S~~~A~ RAT ~ V I S Co S I T Y ’ ! ’  ~SI ~‘ r/SEC
134$ C OYSIE S/CM2 i/SEC
1 35’ NXY~~t

DO 70 I:1,T(~117* L~~I’ ’j ( I)
1 ~~

- • tT: r4t L )

~~ 1* JO 7j  J~~1 , I T
140* ‘I~~~IT I J B ( L . J 1

“1P~~~W 1 (14 M)

1 4 -~~’ DO 72 (. 1 .SID
143k W R I I ! (6 . j n i )  O JD ( L~~, T T I J ~~ I .J ) ,PPFc5 ( L, MM, w ) , c T G M A ( L , MM,’O ,TAU ( L,
144 ’
145*  101 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1~4’,’ D2 ( NX Y ) : D ( L , M M ,.’ )
1’47* TA U~~( NX YF ~T A u ( L . V M, K )
14°s V I S ’ ( NX Y )~~V Ic( L , . ( )
14’)’ N X Y~ N XY + i
15~1* 72 CONTTNU ~
151* 71 CO” 4T ISIUE
15 2* 70 CON TINUE
153*  W R I T E( 6 , 1 0 2 )
154’ 102 F O R % q A T ( ’ l ’ . ’ GOOUD SHEAR TO TAL APPLIED CO~ RECTEt3 P
155* CECOVERABL E A DDAP ENT SHr~ O RrL AXA TION NOPM~L Er~ECT,VF
156’ (“ / ‘ PAT E S’ IEA O PRrSSUPE SHEA~ c” qFA~157’ C V I SCOSI T Y MO DULUS TIME STRESS vtscociiy ’i’

C STR EsS STR~ SS’ / ’ 1/SEC
159’ C OYNE S/CM2 “~YSI~’S/CM2 DYWE S/CM P ~Oisr t)VMi”S/
lt,0* Cc M2 SECONDS !DYNE5/C’A~ POISE’)
i s is
162* DO 110 I~~1.T5
1b 3’ L~ I5N( I)
164* T T : ” j M ( L )
165* 00 111 J:1.TT

Appendix B 42

- -  — — - ‘~~ ‘ .-—  -“~~~“' -~~~ -~~~~~-- .... - ...m— ‘ 
~~~~

-
~

4--’
~~~~~~~~~~ 

-‘- ‘ .—--_‘ 
- - - —‘-‘- 

~~~~~~~~~ ‘~~~~ :—



- —~- —

C ‘ 4 ’ ~~: Y I  I~~
( L , J )

I ‘‘ ‘20 11” (:l,
1 ~4 14 1T E ( 6 .  it ~ “~~~~“ft ) .“ ‘ ( L . ” )  , T A I I T ( t  , %i ,K) ‘00 (L ,V M , V )  ,“*‘ )C (I _ .”) •~~ r

1’ 1 *  12  ( L. <  ) ‘ ‘/ IS A  ( L .<  1 •S (L . ” I ,~~T (1 .~~ ) .~~SI( I ,i() ,rV ( L , v )
1 ’ ,’ 11~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I’ , ,

1’ ’ .
1 7 4 e

1 ’ - ’
1~~ , ’
1 ’ ’ .

• I ?  7~~ ’ r T ~~ ’~ J~
1 ~

‘ ‘ ‘  1 1 1  7 ’J T ~~~’
.j , J ~~

’

- 1  1 1 1 1  CO~J1T ’ I :1~’
1 • i X Y ~~’i~~Y — 1
1 1’~~LL D L O T S ( C 0 . l0 .0 )
I CI~~~~ , ~‘Lfl T ( f l . 1 ,— ” 6 .0 ,— 1)
1 ‘

1 - ’  CALL ~ACT’)0(0.7c)
1 - - , ’ “ ) 2 ( \ ! X Y + 1 ) ~~1 . 0
1 - ’ ’ f l 2 ( ’- I Y Y + 2 ) Z .~~0
I ’ ’  T4 P ’ ( ’ I X Y 4 ~l)~~1.0
1— - ’  14 I”(’ IX Y+ 2 )~~.cI1

CALL LGAXS (0 .(” ,0.0,20I-4S~1~’AR cTPFcS_ 0~’PtEc/C ’A_c’)JA P~~~.
_?0,j 2.11.n.0,1

1 ‘1’ “ .O..Sfl )
CALL LGAXS (0 .0,0.0,2q’-4c~f f A R  ~ A 1r_ P!~~toRorAL SrCONOS,79.12.O. Qn. n,1

1 - ’ 4- ’ ‘•‘ • O ’ .Sf l)
CAL L L G L P I ( ’ - R , O” ,~~Y ’1 , 1 . — l . 1 1 . 0 )

1 ” - ’  CALL  c Y v ’ 4 ’ ) L ( 3 . 0 , 1 -~.o,. 2 1,p7 Ic.w~~r p~~Tr \/~~ • c i-ir~ çT O rç r ,,Ø . r4, 27)

1 ’ ’  CALL~~~LOT (0.0.l”-.0 ,~~3)I ‘~~~~‘ V j S 2 ( l X Y # i ) ~~.nl
V IS’(~ IXY + P )~~.5fl

1 CALL LGAXc(0 .0,fl.0,2q”~s~ !AR qAT~-_R~ f’tt~~or4L Srr0Nr)c._2r~.i,.n.n .n,,
2 0 1  ‘ , () , •5 f l )

CAL L L G A Y S ( O .1,0 .0,15~4V T S r 0 r T TY_ P’ ) I I,~~,t ~~. 12 .f l .nn•o ,.n1, .50)
2 .  CALL LG L I N( D 2 ,V T c 2 , ’~s YY ,1. — 1, l 1 , n )

— 2 -  ~
$ CALL cY ~q A O L ( 3 . n , 1~~.0.. 2 1,2 L4H V T c OO Sp• Y vs .  ~~~~~~ q~ 1r ,9• n,~~l4 )

2 ‘
~~

$ ‘ JY 7~~NY Z — 1

~~ IT~~(b, 5 0 f l 4  ~~y 7

2 ’ -. ’ ‘c~~ ~1~~”AT( ///7Y ,~~’\IY” ‘.1 1)
“' ‘ 7 ’  CILL P L O T ( 1~~.f l , — 1 5 , f l ,— 3 )
2 - ~~~ - $  14 l C 2 ( ~~Y ? + 1 ) l .0
2 - 4 - *  TA V 2 ( I 9 Y Z + 2 ) ~~1. fl

SD7(’jYZ + 1)~~1 fl. fl
2 1 1 *
21’). C A LL L(”~ Xc (0.11,0.11 ,2fl~1S,~rAP SS- V S/C ’—S’~LpARF ’).-— 2’).6.fl,fl .fl,3.
2 1 ’ ’  r O . 1• 0 )

“I’’ CALL LC ’A X S ( P.f l ,0.O ,2~~HSH!AR PAT E_ R EC T D ROC AL  s c r f l S I f l S . 2 q , f , , O . Q O , O . 1 o
fl * r.o. i .n)
“ 16’ CA LL LG L IN(TA ~’C2 . S02 ,MY7.1 ,~~1,11,0)

~ i7 ’  CALL SY MROL l . 0,5 . n , . ,4 , 17HS~4 rAP R~~”~ VS. CORPFJr T FO SHraR cTr~~Sc.n
71 4 - 4 -S ‘ . f l . 1 7 )

CALL cy~ RoL (t.5,c.5,.n7,1QHT~Il!FRcE cL~’P~ EO? JA L S A POA RE .,,T VT SC OS’TY
2- -~)’ “.0.0,39)
221’ CALL ~LO T (O .fl ,~~.0,— 3)
222’ V I S A 2 ( NY Z + l ) z . O f l t
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—4-
-

. . V I~~C2 (’~YZ42)~~1 .n
2 

~ * C -4-
~
,..L LG AXS (0.n ,0.fl,704~4S~~~A 7 O A Tr_~ Ft TDPnrAL Srrrl~jr~S,~~2’).6.11,0.11,10

2 ’ 4 - .~~

‘4 . • CA,., L L~~AX~~( 1 1.11,0.0,15~’lVISCOcT1Y_ D0I~~~,15,6.n,’)fl.fl..001.1 .0)
CALL LGLI\ (co” ,VtS~~2.”Iy~~,1._ 1 ,1I ,n)

“4- “ C~~~L ~~~~ 
( I , q ,~’~.fl , , 14 , 3 rI~~r~A4 ’ F SIT \/T St O STTY vc . S~WA- , ~~~~~~~~~~~~~~~~

2 •
~~

C A L  ‘)L’)T (O.fl,q.fl,— l )
• ~~~~~~‘IY7 +1)~~.1~)2~~7•

‘ ‘• ~~ I ,~ ,l x c ( 0 .11.n .~~.7~~4s~1rA l S’r nr - cc_ ’~4y ..,!c/r ’~
_ ” ’) - IM~rf l ,_ ,- 4-.S. 0 ,0 ,11,1 .

‘4- ‘‘
~~ ‘ 2A._ ,., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SLI A P,17 ,c .0 ,00.O..1’),l.0 )

C -~~L LGLT ’~(”A lC2,0cC2. ’jY~~,1. — 1 , 1 1 , 0)
7” , “ A t ,, çY 2~~~~1, q , 6 .fl ,.1L. ,34  !o~,FPAnI~~~ c~wA o ‘/0 . Sl-4rAp cT~ rc0.n .0,
2 • 4 - •  _ 3 ’ _ 4 )
“ . 4 - s  T A _ ,,, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ !i0~~r ~ 1IA Lc SH~~~? ‘ • O f l O ’ I c . -” .o,

‘‘I’ CA L ,, 

0~ ’)T(fl •fl,q •0,_ 3)
‘ - 7 $  CA.. , _ L[ ~A X S ( 0 .0 , 1 1 . 0 , 2 ’) - 4S -WAR ~ A T r _ R E r ~~DP r)r AL S~~rr~S I0S ,—2~~,5. n.n .n,111
7 - 4 ’s  C . O . l .~~

)
CA _ L LGAX S (11.0,0.11,)7~ R F C O V~ 0IRLF S0rA~~,l7 .6.fl,QQ.fl,.i0.1.0)
C - ~— .. L~~L T ’ I ( c 0 ’ ) ,0 ”~~

4- ,NY ? . t , — 1 , 1 l , 0 )
7 - ’  C A , _ SY~ 1L(1.1, A • 1,. l14.1? 4 .47rCO V~~~A nq r c~~~~ -~ vs. c~4rA~ QAT ~ ,1 .0, 12

C” )

2- . -~’ C A L L  S Y V 9 O L ( 1 . 5 , S .4 , . fl 7, ’~~4c L’)~~r !Q’~~ LS P E L A Y A I T O S I  ~‘ TMr ,Ø~~11, )~~)
240* CALL °LOT (1fl.0.—24.0,—3)
?2 - *  PN2 (’JYZ+1)~~10.O
“ is
‘ ~ • C A L L  LG XSfl .0 ,~~.l. 2O4’4S4’IcAP O~~Tr_ PFrYn9r~

4- AL cr r.~~J Dc . _ ?0 .S. fl ,11.0. 1n
.O’1. 0)

2’ -. $ C A L L  LG A~~c(0 .O .fl.0.30~~’IO~ MA( cT”FcS_0Yl~Jrc/I~A~ S9IJAR~ 0,3’),6.0,Q0.fl, 1
20.0,1.0)

7 ’ ’  CALL LGLIN(co” ,~~~I2 ,N Y 7, 1,— 1 , l 1 ,n)
CALL  c Y M B O L ( 1 . I ) ,6 .0 , . I~4 . ’P~~~’)””,~L çT2rçç vS. S~4rAP 0ATr ,fl.0,7~~)
CAL .. ~L’)T (0.’4.0.0,qQ0)

7L. ~‘ E’J ’)

0 o~~ -o ’4~ IL AT r-”J : N’) D T f 1 r~ 1OcT I rc .

L 7 1— ’ 1/ii/77 09:54:31
TM TPF~~._ T c ~ ~ I S ” ) *D L ’) T •

1 110 001000 020157 ‘7Q” T~~A JK W0Q~~ “~‘r!~~~i
0140000 130117 2~~7S2 DRANK 4O~ r4-c t~~C T ’~A LA ’ o~~r ’c  0 16306

SEr,~~EMT SMAIN ~ 0O 10~~ 020157 0400 00 ) 3 O 1 i ~~

S ( 1 )  001 1100  001022
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LONC; SE RIE S

I\ l ’ t  I

( ‘ar d I l( N u m b e r  of’ groups

I ;N ( ;mup number

.ird 2 I I ’  N i i i i i b e r  of tubes f ’or each grOup

l’~UB Tube number

(‘ard 3 NP Number  of pressure for each tube

I 4 - R L SS Pressure levels

(‘ard 4 KOUNT Number  of volume-time pairs

VOL — Volumes

T - Time

OUTPUT

Table I GROUP Group name

ITUB Tube number

PRESS Pressure level , p~i

‘
4-’ SI( MA Slope of volume —time curves

I -\t 
- Shear ~1 res\ , d vnes:cm 2

I )  Slie.i r r i l e ,  sec~

\‘IS \ i ’sco”,it\  , ~‘4Oi’d~’

l’ahle 2 (il~~) t ’ P  (‘ir oup name

SI) Selec ted shear rate , ~ce

TAt IT Total shear stress, dyn e s cm 2

DP — Applied pres sure , dynes/cm 2

TAUC - Corrected shear stress, dynes/cm 2
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p
o ~rr pu~

RS(’ Recoverable shear

V ISA Apparent  viscosit y, poise

G Shear modulus ,  dy nes/ cni 2

RT Relaxation time , seconds

I~N Normal stress, dynes/cm 2

I-V l’ftec tive viscosity, poise

—~ 1 
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AI’PI N DI X (‘

PR( )( l - l ) t l  RI: IOR liii I1l(,Il- I’RE SSURE CAPILLARY
\ ‘ IS( ’OMI”l ’ I-R I-X l ’ F RIMI’ NT IVALLJA ’FION

I ( ‘on str uct cle I ~i nna ti  Cli— recoil  cu rv i,!

a . Plot A so l t i me  v er su s t ime rect i l inearly for each applied pressure AP,

t~ ( ;T ~i~lh ic~I IlV de te rmine  the slope iii volume versus A tim e.

C . (‘a lcui la i c  th e  sh i ’ .tr ra te, shear stress , and apparent v iscosity ,

• I I .  ( ‘on st rnc t  L’onSiStenL ’v curv e

a. Plot log slie ; ir r ate ver su s log shear stress for each group.

h I I~T sde eted isosh ear rates graphicall y determine total  shear stresses ,

c (‘alcul ate the total applied pressure for the associated total shear stress,

I l l  - ( ‘on stru ct  p re ssure — dimension curve :

a. I’lot total app lied pre ssure versus ~~r ratio for each tube by groups.

ii , Graphically determine the corrected shear stress (equals the slope of each curv e divided

— 
h~ tss o and the recoverable shear (equals the X-intercept value mult ipl ied liv a negative two).

l \ ’ , (‘onst ruc ’ curves of generalized viscoelastic t’unctiona l  parameters :

a, Plot the log ot ’ the selected shear rates versus the log of the corrected shear stress for all
of the groups. The inverse slope equals the apparent viscosity .

h. Plot log apparent viscosity versus the log of the selected shear rates for all groups.

c. Plot log recoverable shear versus the log of the corrected shear stress for each group.
The inverse slope equals the shear modulus ,

d. Plot log recoverable shear versus log shear rate for each group. The slope equals th e
relaxation time.

e• Plot log normal stress versus the log of the selected shear rate for each group.
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