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SUMMARY

A digital computer program was developed to reduce significantly time and costs
incurred in the reduction and presentation of the high-pressure capillary viscometer (HPCV) data.
A savings of approximately 40 man-hours per experiment has already been achieved. Further
benefits include greater accuracy and clearer and more precise graphics. Perhaps the most
beneficial factor. however, is that erroneous data can be identified and corrected more rapidly
than with the manual data reduction process. This is an important aspect because many test
fluids deteriorate in storage and, if experiments are to be repeated, the test fluids may no longer
be representative of the test series.
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COMPUTER PROGRAM FOR REDUCTION AND PRESENTATION OF
HIGH-PRESSURE CAPILLARY VISCOMETER DATA

l. INTRODUCTION.

This report describes a digital computer program for reduction of rheological data
acquired trom the high-pressure capillary viscometer (HPCV) and presentation of that reduced data
by preparation of graphs of the prime rheological parameters.

The program is written for the Edgewood Arsenal Univac 1108 computer in
FORTRAN V language. Double-logarithmic plots of the reduced data are drawn by the California

Computer Products CALCOMP plotter.

11 THEORY AND APPLICATIONS.'

The HPCV is used in the investigation of the rheological behavior of viscoelastic fiuids.
It is designed to permit calculation of rheological variables (refer to glossary) from geometric
parameters combined with pressure, mass flow, and time data. The HPCV provides a steady-state
unidirectional laminar flow of the test fluid by generating a constant stress at controlled pressure
levels.

The nucleus of the HPCV is the removable precision-bore capillary tube which is
inserted between two 100-ml test fluid reservoirs. The capillary tube and reservoir assembly,
including lead-in lines and connecting tubes, are constructed of stainless steel. To insure complete
temperature control of the test sample, the fluid reservoir assembly is placed into a temperature
bath. In operation, pressurized gas, controlled by a network of valves and regulators and monitored
by a bank of precision gages, forces test fluid from one reservoir through the capillary tube to the
second reservoir. This action forces gas from the second reservoir to impinge on a low-viscosity
fluid, such as n-hexane, driving it through a burette at the same flow rate being experienced by the
test fluid.

Volumetric flow-time relationships are determined from the burette readings. Pressure
gradients of 1073 to 103 psig can be applied with the HPCV resulting in an operating shear rate
range of 10-3 to 106 seconds~!.

Table 1 presents a listing of the capillary tube sets and their dimensions.

Two basic experiments are performed with the HPCV. The short-series experiment
involves volume flow-rate measurements performed with the longest capillary tube of each group.
These data permit shear stress, shear rate, and apparent viscosity to be calculated.

The calculated data can then be used to generate shear stress versus shear rate and
viscosity versus 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
liquids.

! Gaskins, Frederick H. EATR 4472. Characterization of Thickened Aluminum Alkyl Fuels. Il. Steady-State
Flow Properties of Concentrated Solutions of Polyisobutylene in Triethylaluminum. Janaury 1971.
UNCLASSIFIED Report.




Table 1. Capillary Viscometer Parameters
[ Group Tr::c Length Nominal diameter R L/R
F
in cm in cm cm
A [ 1 2.0020 5.0851 0.205 0.52 0.26 19.6 |
J
B 7 1.9914 5.0582 0.127 0.322 0.161 31.4 :
10 0.4485 1.1392 0.127 0.322 0.161 7.08
C 5 1.9985 5.0759 0.0646 0.164 0.0820 61.9
8 0.6502 1.6515 0.0646 0.164 0.0820 20.1 ‘
15 0.1839 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 0.0619 0.0310 48.8 "
14 0.1534 0.3896 0.0244 0.0619 0.0310 12.6 '
E 3 1.5082 3.8308 0.0146 0.0370 0.018S5 207.0 ‘1
|
4 0.3318 0.8428 0.0146 0.0370 0.0185 45.6 |
13 0.0859 0.2182 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 0.0103 57.9
| 12 0.317 0.0805 0.00807 0.0205 0.0103 7.82
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More information is needed to describe the flow of high-polymer or other viscoelastic
solutions. This is accomplished by the use of all the capillary tubes in a long-series experiment.
These additional data permit calculation of recoverable shear, shear modulus, relaxation time, and
normal stress, parameters necded to describe the fluid’s elasticity.

The HPCV is limited by the shear-rate range in which it can operate. For lower shear
rates, less than 1073 seconds™ !, the rotational viscometer or the Weissenberg rheogoniometer is
used to acquire needed data. The Weissenberg rheogoniometer also is more accurate since it
measures elasticity directly as compared to the HPCV where elasticity is a computed function of
physical and rheological factors.

1. COMPUTER-PROGRAM DESCRIPTION.

The computer program matches the basic experiments performed with the HPCV
i.c.. the first phase provides data reduction and graphic interpretation for the short-series
experiments and the second phase provides data reduction and graphic interpretation for the
long-series experiments

A series Phase.
1ix A contains the flow chart and the program listing.
I'he first section establishes arrays and procedures for data input. Volume-time data,
i.e.. the flow rates through the capillary tubes, for each pressure level are fed into the computer.
Appendix A contains sample input. A slope and y-intercept are calculated at each pressure level

from the volume-time coordinates.

Values for shear rate and shear stress are then calculated by using capillary tube
dimensions and the following rheological relationships:

Y = 48/mr3 (1)
o=rAP/2¢ (2)
where
¥m = shear rate, sec™ |
r = capillary tube radius, cm
S = slope or volumetric flow rate, cc/sec
o = shear stress, dynes/cm?2

AP = pressure, dynes/cm?
¢ = capillary tube length, cm

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

e : RN LRt L , b ) .l
R i —— L ~ =
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The reduced data are printed in tabular form. Appendix A contains sample output.

Two double-logarithmic plots of the reduced data are drawn by the CALCOMP plotter.
One plot is a graph of shear rate versus shear stress; the other plot presents apparent viscosity versus
shear rate. On each graph, a best fit curve is drawn through the data points. This curve is computed
using E. Wilbur's program for fitting 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-1 and A-2).

B. Long-Series Phase.

Appendix B contains a flow chart and the program listing.

The input is basically the same as for a short series, except that an extra card is used to
read in the number of groups of capillary tubes and their designations. Appendix B contains sample
input. 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
capillary used. A sample plot of these basic intermediate curves for one capillary group is contained
in appendix B (figure B-1).

Values for 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 recognizing 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 (refer to glossary), is calculated. The
total shear stress then permits the applied pressure to be computed:

04 = (¥ - BT)/S, 3)

Al’=(2§l/r)ot (4)
where
0y = total shear stress, dynes/cm?2

Tms = selected shear rate, sec™!

BT = y-intercept of shear rate versus shear stress curve
S = slope of shear rate versus shear stress curve
AP = applied pressure, dynes/cm?
¢ = length of capillary tube, cm

r = radius of capillary tube, cm
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Analyzing the applied pressure versus /1 ratios of the capillary tubes by groups, values
for corrected shear stress and recoverable shear are computed. The corrected shear stress equals the
slope of the applied pressure versus the /r ratio curve divided by two. Recoverable shear equals the
X-axis intercept multiplied by a negative two. More detailed explanations are contained in the
vlossary and table 2.

Table 2. Matrix for the Capillary Experiment*
{
Function X-intercept Y-intercept Slope f
o, = £ (1/2) | (r“Q)”(__)O: —2/7R (0)g—r00= 0 ‘ o.(YR/2)
1 i
Py = 1(r) i (("Hp‘—,(,:-h{ﬂ Pilgso =% " TR ’ 20, ,

‘ |
| |
* . o . ) 1 A -
According to Philippoff and Gaskins. Note that the original matrix in the reference (page 269) has been
modified by deletion of the Couette correction, *n”. This simplification is based on the rationale that “n”

which is an entrance correction, is constant for various capillary tubes with the same radius, and the computer
program sequence presented in this report evaluates elasticity from data for groups of tubes of the same radius
at constant shear rates.

Additional rheological parameters, including apparent and effective viscosity, shear
modulus, relaxation time, and normal stress, are calculated as follows:

M = 0¢/Yms ()

Ne = N1 +7R) (6)

(Q=(JC/")‘R &

> ks 7R/7'ms (8)
Ny =0 7R (9)

where

n, = apparent viscosity, poise

n = effective viscosity, poise (empirical relationship)
ey

0. = corrected shear stress, dynes/cm=

2Philippnﬂ'. W., and Gaskins, F. H. The Capillary Experiment in Rheology. Transactions of the Society of
Rheology //, 263-284 (1958).




v = celecte v ate ena=l
Y = selected shear rate, sec

N )
G = shear modulus, dynes/cm<

TR~ recoverable shear, dimensionless

-
I

= relaxation time, seconds

,
N; = normal stress, dynes/cm=

Five double logarithmic plots of the computed viscoelastic properties are drawn.

Plot one. the flow curve, is selected shear rate versus corrected shear stress. The inverse
slope at any point is the apparent viscosity.

Plot two, the viscosity-rate curve, shows the apparent viscosity vessus the selected shear

rate.

Plot three, the deformation curve, is recoverable shear versus the corrected shear stress.
The inverse slope at any point is the shear modulus.

Plot four, the deformation-rate curve, shows recoverable shear versus selected shear
rates. The slope at any point equals the relaxation time.

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

Appendix B also contains sampies of these five plots for a viscoelastic fluid combining ;
all the capillary groups (figure B-2).

IV.  OPERATING INSTRUCTIONS.

A deck of Hollerith 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

1 EXEC VI control language. The number and format of control cards may vary somewhat in
different computer installations; therefore, they are not considered in this report. Consult your
computer information directorate for appropriate control cards. A

V. CONCLUSIONS.

This computer program reduces significantly the time and costs for data reduction and
evaluation for experiments conducted with the HPCV. Sixteen man-hours are saved for each
short-series experiment and approximately 40 man-hours are saved for each long-series experiment. /]
‘ A step-to-step procedure for manual data reduction is presented in appendix C.

Additional benefits are greater accuracy and minimization of errors inherent in manual
data reduction. The curve-fitting technique further reduces errors or distortions caused by visual
evaluation and manual attempts to fit curves to data points. The program provides an equation of

\
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the best-fit curve which permits further information to be predicted accurately. Finally, clearer and
more precise graphics, ready-made for inclusion in reports, are produced.

Probably the most important benefit is that erroneous data can be identified rapidly
and a test-series experiment can be repeated immediately. This is an important aspect because many
test fluids deteriorate in storage and are not representative of the test series if repeat experiments
are delayed as was usually the case when manual data reduction was necessary.

i
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GLOSSARY

l. Shear rate, 7‘"]. sec™!: The deformation rate developed across the stress field; also, the
irreversible shear flow ot the fluid.

“ 2 X - . . .
2, Shear stress, 0. dynes/cm<:  The tangential force per unit area exerted on the fluid causing
deformattion, orientation, or flow.

a. Total shear stress, oy: Calculated value based on the tube geometry and the
total pressure gradient which includes the pressure utilized in reversible elastic deformation
(see equation 3 in text).

b. Cortected shear stress, 0.0 Reduced value based only on portion of pressure
utilized in irreversible viscous flow.

B Recoverable shear, yR, dimensionless:  The reversible elastic shear strain developed in the
fluid under shear that may be recovered in real time after cessation of flow or removal of
stress.

4. Viscosity, n=0/4 .. in poise or dynes-sec/cm?2: The resistance to flow offered by the fluid

f’ under shear.

m®

a. Apparent viscosity, 1, Variable function of shear rate.

o . < . 95 RS 3 .2y
b. Effective viscosity, 7, dynes/cm<: An empirical term relating a fluid’s
viscous and elastic components — 1, = n,(1 +yR). Note also relaxation time definition.

5 Normal stress, NI = 0 ¥R dyncs/cmz: The first normal stress functions: force
perpendicular to direction of flow.

6. Shear modulus, G = n/'yR, dynes/cmlz The modulus of elasticity measured in shear
(equivalent to Hooke’s law).

i Relaxation time, t=n/G=yR/v, sec: The time required for a strained or sheared material
to recover after stress removal (also called retardation time).

K. Newtonian fluid:  Viscosity is a constant, independent of shear rate.

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

10. Viscoelastic fluid: Material under shear demonstrates viscous response (irreversible flow)
and elastic response (reversible storage).

e

11. Inelastic fluid: Material under shear demonstrates no elastic response.

i PRECEDING PAGE BLANK~NOT ¥]LMED
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1. GROUP
2 ED
3. TR
4. TK
S. DK
6. 1G
7. IGN
8 ITorl
9. ITUBorl
10. NP
11. PRESS
12. KOUNT
13. VOL
4. T
15. SIGMA
16. B
17. TAU
18. D
19. VIS
20. DM
21. DMX
22. DN
23. DMN
24. R
25. PM

PROGRAM VARIABLES

21

A B.C, D EF
Tube lengths
Tube radii
Constant ratio (2 2/r)

4
Constant (—7)

\ T 1

Number of groups
Group number
Number of tubes
Tube number
Number of pressure readings
Pressure readings
Number of volume readings
Volume levels recorded
Time
Slope of VOL versus T readings
Y-intercept of VOL versus T data
Shear stress
Shear rate
Viscosity
Maximum D for each tube
Minimum maximum D for each group
Minimum D for each tube
Maximum minimum D for each group
Maximum D minus minimum D

Midpoint of R
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26.

27,

28.

29,

35.

36.

37.

38.

39,

40.

41.

43.

44,

45.

46.

47.

48.

49,

50.
Sl
e

VARIABLE

SD
SIGMAT
TAUT
DP

TKS
TAUC
RSC
VISA

G

RT

BC

NN

BT

NM

PN

D2 or DS
VIS2 or VISS
TAU2 or TAUS
SD2
TAUC2
VISA2
RSC1
PN2
XPAGE
YPAGE
FPR

EV

Selected D

Slope of D versus TAU data
Shear stress for each SD
Pressure for each TAUT
TK/2

Slope DP versus £/r data
Recoverable shear
Apparent viscosity

Shear modulus

Relaxation time
Y-intercept of DP versus TKS
Pressure number (NP)
Y-intercept of D versus TAU
Tube number (IT)

Normal stress

D values for plot

VIS values for plot

TAU values for plot

SD values for plot

TAUC values for plot

VISA values for plot

RSC values for plot

PN values for plot

X-values for plot

Y-values for plot

Predicted Y-axis values

Effective viscosity

M
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FLOW CHART FOR SHORT-SERIES PHASE
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KOUNT,
YOL, T

M = M+l
Slope,

Y-Intercept
TAU, D, VIS

J, PRESS,
SIGMA, TAU,
D, VIS
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Appendix A

CALCOMP

Software &

Subroutine
FITCUR

.‘

STOP
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B e

THG5316J065212,RFSFAR 2,100

LARRYW.

6=-02/04-

FRYW.

RYW.

12:37

ISCAP»VISCAP
2/04/77=12:137:42

OGRAM

USED:

L RFFEREMCFS

PLOTS
PLOT
FACTOR
LGAXS
LGLIM
SYMROL
FITCUR
SMOO0T
NINTRS
NRDUS
MIOLS
N102¢%
NwNUE
ALOG10
HSTOPS

ASSICNMF YT

n15361
nonon7e
noo476
nooz2u’
noo712
007607
015336
nN153u4
015357
no6s705
015351
nonopoo
niso012

1»
2

SAMPLE LISTING FOR SHORT SERIES

(eN)
CONF (1) 00n7253 DATA(D) 0155343 BLANMK COMMONM(2) 0NNONO
(BLOCK» MAMF)
(BLOCK e TYPE,» RELATIVF LACATINM, NAMF)
1F nnoo N15364 100F nnnn N1S416 1N4F nnn1t nnno13 1
1426 0101 nnn113 1566 nnnn N18342 2F nony nnnyg"2 2¢
2n2L 0no1 nons11 203L nnoy nNANK1LS 2NYy|. npni nnNnp»3 2
2216 0000 n15363 3F nnoy nnne22 3NNL nnn1 nNNEAL ¢
303L 0001 nonN716 304l nnny nNNNuE SI. non nNN2N7 S¢
2} 0000 R N11413 N nAon R nNONSS NK nNONN R N13524 Nc
1 noon 1 N1s360 ID anon T NannTed o nonn 1 NIs38l o n
KO'NT 0000 I N15340 L nnNon I NIS343 M nooNn I N1s3uS M
rea nooo I N13217 NN anon T NIS3u2 NP nnNnn 1 NISIRAR
SIGMA nN000 R N15346 ST nnon R N1S3u7 STS nonn R NIKTRD €
SVS onoo R NN3751 7T nnon R N1NS11 TAU nonNA R N132%6 Ty
TL 0000 R N15354 Tm nnon R NNNO17 TR nonn R NIK3IES T\
VISS 0000 R 001015 VoL nNNN R NI1USKA XPAGF nonNn R N1SOR2 Vv¢
OIMENSION TLOISIeTROIS) ,TK(IS) oK (185) e J(15) e PRECG(1R¢3IN),¥N (N8N
CleT(30050)vSTIGMATLIS5,30) yRI15,I0) o TAICIS,T0) eD(ISeINN2VTIS(LISs3IN) o NN
Appendix A 26
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i COIS) e TAUS(122) NS (1R2) W VTSS(1R2) ,FPR(182)

U DIMFNSION XPAGE(180)YPAGE (18N)

ae DATA TL/2.579UsN.5959+3,830R 1N, AU28+1S.0759¢1.513815.N582,1,A515,5,
Hhe CNBS3+1.1392+15.0R5190N805¢0,21R2¢N,2AQK, N UAT1/

7# DATA TR/0.0103¢0.0103:0,N188¢N,0185:N0R20¢NeNZIN,N,161N,N,NRD2N,N,
as COX1NeN1610:N.260Ne0.N1NB»0,N1RE, N, NT1N,N,NR2N/

as DATA TK/138.9597 01670751 0055U,0702.01NQ85,2171N4,20Q,5,4R7N,,17AN
'0. ('-o‘“‘lﬂ.72920.'27‘00.'6”50./

11 DATA NDK/1e1T7F 460101 7F+46,2.01F45,2.01745,2,3F+3, U ,0AF 44, NEF4D,2, %
109 CE4304,26E4+U 13 05F 42,7 20F41,1.17F 4612, NI1F45)4 ,2AF4U 2,704/

13 REAND(Se1) Te(J(K)eK=1,1)

1ue 1 FORMAT( )

15¢ L=l

le* o JK= (L)

17+ REAN(S¢2) MNP, (PRFSS(JUKwk) e K=10oMP)

1pe 2 FORuAT( )

10 Mz
N S5 REAN(Se3) KOrtMT e (VOL (Map)) o T(MeM) oM=1 2 KOIINT)
o1 e 3 FORMAT( )
e 30 ST=N.
PR T SES=EN,
Sue Sv=n.
o5+ SvS=n.
Jie STV=n.
ST DO 10 NK=1rwnlINT
28 * ST=ST4+T(MeNK)
2O STS=STS+T(MeNK ) %x*2,

3 SVZSV+VOL (MerK)

31+ SVSZSVSHVOL (MyNK) #%2, ;
15w STV=GTV4HT (M) #VOL (Mot )
S 10 CONTTINUF

e SIGUA(L e M) (STY=((ST#SV)/KOIMT) ) /(STC=(ST*%2,) /KOUNT)

S5 TM=ST/KOUNT

A TV=SV/KOUNT

ST B(LeM)ZTV=STAMA(L I M)*TM

e TAUCLeM)ZPRECS (JK o M) #TK (JK)

tas DILsMIZSIGMA (L »M) 2DK (JK)

jo) 4n+ VIS(LsMISTAI(LeM)/D(L e M)
41+ IF(M,FQ.NP) GO TO 22
4ow M=M4+1
L1s GO Tn S
By 22 NN(JUK)=NP
e IF(L.FQ.TI) n T 8N
Yes L=L+1
47 GO T0O 6
haw S0 WRITF(6+,100)
4o 100 FOR*“AT(*1%, CAPTILLARY PrFCS pF <LNPF CHFAR GTRprecqg CHEAR
S0 CRATF VISCAGTITY /¢ rMAF P (a8 ¢ ce/cec NYMEG/rvD
S1 C 1/SEC POTGF ')
52# NXY=1
Hs DO 1N2 K=1»1
Su* JK=J(K)
S5 MP=NMNIJK)
6 DO 103 NM=1,pP
S7# WRITE(6,104) J(K) osPPFSS(JIK o rM) o CTOMA (K oMY o TAIICK g NMY oDV o MM) ,VTE (K
Sas CoeNM)
Hoe 104 FORMATI(EX v I2 ) AXIF T2 0UX ,FS530UX,FO,216XsFQs203¥yFQ,.u)
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oN*

ole DS I(NXY) =D (KenM)
02 VISSINXY)=VIG(KsMNM)
63 NXY=NXY+1
Fye 1n3 CONTINUF
ne 102 CONTIMNUF
(SIS0 NXY=NXY=1
67+ SN0 CALL PLOTS(IN.INeR)
(S:8 4 CALL PLOT(O0,Ni1="6.0,=3)
LA CALL PLOT(0.Ne2eNe=3)
70 CALL FACTORI(N.T7S)
T TAUSIHMXY4+1) 1.0
T2+ TAUS (NXY4+2)=,50n
T3+ DS(MXY+1)=1.0
Ty DS{MXY+2) =50
75+ CALL LGAXS (NN N4Np29HGHFAR STRFSS=NYNFS/CM=SQIIARFN1=20,12,N0yN,N,
Te* C1.00.%0)
77+ CALL  LGAXS(N.0+1NeNy20HCHFAP PATF=RFCTPROCAL SECONNSe20,12,N00N,N,
Ta* Cl1.0,.50)
7a% CALL LGLIN(TAUSINSINXYr1e=1011,0)
Ap* CALL. SYMBOL(3.0¢12.00421927HSHFAR RATF VS, SHFAP STPFSS,0,N¢27)
Hd1# CALL FITCURITAUSIDSINXY,FPR)
B FPR(NXY+1)=1,N
83 FPRI(MNXY+2)=,58N
Sy CALL LGLIMITAUSFPRyMYY  1e=1¢2s0)
a5 N=1
Be* 200 XPAGE(N)=(ALOGIN(TAUS(N)))/TALIS(NXY+2)
B7 YPAGE (N)=(ALOGI0O(FPR(N))) /DS (NXY+2)
AR IF(N.FGe1) GO TO 201
Hae IF(MFQ.MXY) GO TO 202
ine CALL SMOOT(XPAGF (N) s YPARF (N) »r=2)
Gy GO TO 203
Qo# 2n1 CALL SMOOT(XPAGF (M) s YPAGF (N)»N)
PRE GO TN 203
Gy 2n2 CALL SMOOT(YPAGF (N)»YPAGF(N) 1=24)
a5 GO TO 204
Upe 2N3 N=N4+1
a7 GO TO 200
Gae 204 CALL PLOT(0.0¢r1HheNe=2)
Qas VISSINXY+1)=,01
One VISS(NXY+2)=,50
01+ CALL LGAXSIN.DsN.0,20HCHFAR PATF=ReCTIPROCAL SEFONNC»=20,12,N,0,N,
N2s Cl1,0,,50)
N3s CALL LGAXS(N«0r 0400 15HYTISCOASTTY=POTSF115¢12¢0400,0¢4014,5")
Oly» CALL LGLIN(NS»VISS NXYe1r=1,11,0)
5% CALL SYMAOL(340012:00¢21¢24uVTSCOSITY VGe SHFAR RATF0.Ny24)
e CALL FITCURI(NSsVISSIMXY,FPR)Y
n7s FPR(MXY+1)=.n1
(s FPR(NXY4+2)=,5N0
uns CALL LGLIN(NSFPRINXYr1,=1020N)
10* N=1
11# AN XPAGE(N)I=(ALOALININS(NY )Y /DS (MNXY42)
12+ YPAGFANI=Z((ALODGID(FPRIN)))/VISS(NYY+2)) +4,
13 IF(M.FQe1) GO TO 301
1u4* IF(r,FOLHMXY) GO TO 302
15#* CALL SMOOT(XPAGF (N) s YPAGF (N)»=2)
16* Go To 3n3
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17 ani

1a»
19# 3n2
2N
Sl in3
<2
3¢ Ing
2y 60

CALL SMOOT(XPAGF (N) » YPAGF (N)N)

GO TO 303

CALL SMOOT(XPAGF (N) »YPAGF (N) r=24)

GO TO 304

Nz=N+1

Go Tn 300

CALL PLOT(0.Nn»0.N¢93qQQ)

END

OF cOMPI| ATION:

TCUR» «FTCHIR
2/04/77=12:372

NSFN: CONF (1)

4R (.N)

0026563

OF COMPILATION:

NO

NO

71=3 02/04/77 12:37:58

IN TPF%,
LIR MISD*PLO

#171S 201000 023250
0uNnonN 065537

DNRFSS 022324

SEGMENT $MA

“ e 25
-r3
E?
Ix
-r?
L2
sl
-r 2

Ve

IND

$(1)
$(1)
$(1)
(1)
$(1)
$(1)
$(1)
(1)

(1)
$(1)
(1)
$(1)
$(1)
$(1)
$(1)
$(1)
$(1)
$(1)
(1)

Appendix A

n3a8
111048 DRANK

nnLnon n23x2n

001000
on1ng3x
001107
nNo1*1%5
001446
001731
001754
002176

0p24134
002umk1
002516
002552
002664
003n62
003357
005073
005*15
0055%2
007163

DATA(OD)

NTAGNOSTICS.

NTAGNOSTICS.

nN1022
nnNi1ne
nN1314
nniuus
n0173n
nn17sx
nn217s
nn2u3x

0N246n
n0251%
nN2551
nNN2663%
003061
nN3356
nnNsN72
n05314
nN5581
0N7162
010045

NN2615;

$(2)
%(2)
$(2)
$(2)

$(2)
$(2)
$(2)

$(?)
$(2)
F(2)
$(2)
$(2)
$(2)
$(2)

RLAMY cOMMANI(D)

TRAMK WORNS NeCTMAL
WORNS NFCIMA|

nunnon
ounnyo
0uNN3>
ouNn11Nn

nnntpu
oun»21
nuna47

nu?47%
nu>s47
annsgy
NU2RKR1&
nu276%
Nu2764
ousngy

nnnnnn

ngnnnnN Ness537

o4nn1g
ounnzy
ouniny
oun123

oun2sn
o4n2ue
N42474

042546
042552
042614
nus764
042765
043021
043076

~
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INPUT

Card |

Card 2

Card 3

SHORT SERIES

I - Number of capillaries

J - Capillary number

NP Number of pressures

PRESS  Pressure levels, psi

KOUNT  Number of volume-time data points
VOL  Volume, cm’

T — Time, sec

OUTPUT

J — Capilfary number

PRESS

Pressure, psi

SIGMA - Slope of volumetric rate curve

TAU

D — Shear rate, sec”

VIS

A
Shear stress, dynes/cm~

Viscosity, poise

30




CAPTLEARY
M R

1
1
1
1
1
1
]
1
]
1
1
1

PRESSIHIDS

Pal
14,90
PRTH
SN, 5N
700N
Q7 +50
136 « 70V
189,00
1('](". |vn
437 00N
fUs NN
TN 0
a33.0n
4§, n0N
72N
13.720
21 .00
2P+75
BAE.NN
65600
AR NN
Yig<an
Tur, . an
19n0.0N
285,00
ul1s,n0
cQag,nn
75N0.0N
Q15,00
e 50
4.n0n
He O
a.nNn
13.00
19.00
24 .50
29,00
“()0')“
AN NN
20, NN
115,00
132.00
154,00
182.00
750.00
+ I
« 3R
30
e 75
1.00
1.10
2¢'10
.00
450
AeNIN
8.00N

Ssllaniie
cc/src

«NN1
«NN2
o+ MO
«NNU
« NNA
«NNA
«Niyo
«N19
«N2p
«N2R
sNhAQ
«NAN
NN
02
«NNR
«NNS
«NN7
L.012
.N10
w27
«N37
o« NS
.NE0
C‘p?
<1577
« 231
« ANA
« 30N
.NN3
«NNY
« NNF
.N1N
o V17
N2/
«N35
«NY2
« NRO
«10N
oI 1D
«22F
« 260
« 206
o { -
«HNAN
.NNAO
«N13
«N1Q
+N27
«N3A
«N5A
«NAN
l‘%n
21N
«3N7
P e e

LA s

SAMPLE OUTPUT
SUrAR

NDYMFS/CM2

2NS6H«2N
106750
A9, 00N
QRN NN
13455.00
17240.00
26N82.NN
u2n9N.NN
AN2NF NN
AN . NN
1naagn.nn
127504 .NN
ARALNN
1202.40
2287.70
20700
uaN1 <25
PERA2 0N
1NeSS 9N
14362.NN
1R7N4 NN
2u491%,.0N
2173n.0N
u7596,NN
Qs NN
canRRA. NN
12828n0.N1
152aN5.0N
52%,75
33R,0N
1297.0N
1885450
2T23+50
308N.50
513275
ANTS SN
9A37.00
12570.0N
1676N.NN
2una2,.5N
27AS5L.00
320(%. NN
A120.0N
£2375.N0
131,850
207.75
277.0N
41%5.50
554400
n31.00
1108.00
1AK2NN
2u93.N0N
33204.00N
uu32.0n

4

P

| K
BE>

'TDrCﬁ

ISR LE.

SHEAD PATF

1/55¢C
1324,19
195n0,NN
20u1,72
ut2n,0n0
U740 ,00
234 . NG
1u120,14
202A8 .72
32900, AFf
yuans 72
SETR]L .72
7N3684,.NN
268,00
2N . AL
704,79
1ORR, N7
1454 ,23
a2u08,14
rao2n, 0]
eran 71
3 C Ny, NN
10104 ,RA
11n1p.7g
21522,01
31487 .12
4AT13,U6
61402 3T
7~2an,NN
110,76
150,04
PARU LD
u2p0,RYy
WA L
1Naa, nNRA
1470,6/4
1707,72
20%Q U1
ua2un,o04
FNRALD2
0R72,.84
11091 12
12n16.67
18A20,00N
212NN, 00
21 «59
N, A1
up,nl
BlsNS
AT ¢S5
132,89
1a3,01
208,28
np2,n?
INT7.04
oay, 27

viall }:‘i“:
A

e —— gy

VIGCOSITY

POYISF
1,402
2.0k
?.3A9N
22,1858
2.N7P7%
1.°428
1.R46AN
1 .RRRY
1 .5"1
1 .,RRQ2
1.,R477
1.R%0N
2.,40925
3.750N
3,306
T, INA]
33711
X, N75)
2,a4Nnq
?2.AR52
2,402
2.5 T5D
?.2762
2.2114
2+2011
2.1470
2,N3AA
2.NNNAK
§,72R7
6,201
y,7592
4,2aR7
3.A517%
3.6217
3,480
33796
3,278A
2.,9A/UN
2,720
2.5n37
P UDIY
2.478A
2.4u1n0
2,U880
U137 P
A.T7RAN i
A.4700
A 77US
Ao 2200
A 2NAR
6.N240
S.571a
S.1714 '
.M
NLus78

oY, |

I

por 2 i
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Figure A-].

————— . == 1o - & P p——E—=T Y.
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T Ly
HEK® LTRESS-DYNEL/CM-54URRED

Sample of Basic Flow Curve (Shear Rate Versus Shear Stress)
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VISCOSITY-POISE
ls‘sseo 4

VISCOSITY VS. SHERR RATE
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Appendix A

GHERR RATE-RECTPROCAL SLCINDS

Figure A-2. Sample of Basic Flow Curve (Viscosity Versus Shear Rate)
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APPENDIX B

FLOW CHART FOR LONG-SERIES PHASE

4__-

I = I+l _______‘Dl

.

35

: FT, 1TUB
' L
l M=1
!
| | : l
]
¢
‘ H
¢

et i— R .
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Appendix B

M= Ml pP—D
NP, PRESS
N = L
N = N+1 ——¢
? KOUNT
VOL, T
SIGMA, B
TAU, D, VIS

36
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SIGMAT, BT

!

Find
Max & Min
Shear Rate

NO

\/
Find
MaxMin& MinMax|
Shear Rate
For Group

Select
Six Shear
Rates (SD)

37
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K=1
TAUT, DP,
TAUC, RSC,

J o= J4l K = K+1 VISA,
PN, G, RT

!

| Appendix B
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GROUP, ITUB,
PRESS, STIGMA,
rAU, D, VIS

GROUP, SD, RT,
TAUT, DP, TAUC,
RSC, VISA, G
N, EV

CALCOMP
Software

RSC vs TAUG
RSC vs SD

PN vs SD

39




}"A2H12 TTKS nnonN R NA2374 Ty NN R NUAR71IS VTS 000N R NSKNNT
R ASTHRNZ V1S2 noon R NNAS31 VoL
SAMPLE LISTING FOR LONG SERIES
14 DIM=NSION TAUT(Rr15,K)
2e DIVMENSION GNP (AR) s TLILIS) v TR (15)yTKI1S) s TKS(18) DK (15) , TGN(R) »TTUR
T F(6215) v PRESS (A9 15e3M) e VNL(3NeSN) o T(2NsS50) s STOEMA(H,»15¢3N)»B(KAr 15,30
4 C)eRS(AP1Se 3N s TAU(Hs15e3N)oN(Ar1Se3N) e VTIS(A215,30)eNM(Re15) 9 NMX(6)
e CoDN(Ae15) e IVN(S) e R(B) 1PU(AR) 1SN(RIAR) 1 CTGUAT(AI1G) rNP (AP 1896) s TAL (S
* CeR) 1 RSC(BHeR) W VISA{AIR) 1G(EIR) P RT(50R)1BC(ARIE) b ANIN(1SIIBT(He18) NV (5K
i C)ePN(BPB) 1EV(RR)
i DIMENSION N2(50N) 2 VIS2(5NN) »TAUS(S0N) »SN2(9N) » TAUC2(90)»VISA2(AN),
Qe CRSC2(90),PN2(20)
1ne DATA TL/2:57949Ne5959¢3,B830R1NRU2AR15.0759¢1:51%8,5,0582,1,Kh515,5,
11+* rN8539111392:5.,0R5190.08N5¢0,218290,3R06,N, 4671/
12+ DATA TR/Z0.010300e010300.N1BE1NNIR51NNR2N¢NeN3I109sNe161+0.NR29N,03
13+ C100.1610062A91N,N1039NeN185¢N0N31+0,NQ2/
IUC DATA TK/13%. ";97001670 '751."‘“. 070’-'1n°50"71"'""0.‘0“8’".'1’60
l“‘ Co'“u‘,OO'29?”.027“”.'60500/
La* DATA TKS/2504¢57:¢91207,945.6161,0048,8931.4¢20,3016Uer27,0R¢19,6¢7.
17+ r82111.8112.695,7/
1% DATA NDK/1e17F 460101 7F4602.01F+592e01F+592,3F+3,U,26F+4,3,05F+292,%
10¢ CE+394.26E0‘“’3.0‘?*2172.2'1.1"*60?.”1F+Svu.96F+uo?.‘E+3/
2N+ DATA GROUP/'A?ytRY s 1CY Nt etFreFY/
21#* REAN(Sel) IG5, (IGM(J)ed=101G6)
20% 1 FORMAT( )
234 I=1
2u* A5 L=IaN(]D)
25% REAN(S»2) ITH(ITUZ(Led)pJ=1,IT)
2h% 2 FORWAT ( )
27 M=1
o 8 MM=TTUBI(L M)
204 READ(S5¢3) NO (PRFSS(LeMMeK) yK=1,NP)
3N 3 FORMUATI )
31+ N=1
304 6 REAN(Se4) KNAUMT o (VOLINIKK) o T(NoKK) pKK=1 o KOUNT)
31 4 FORMAT( )
Ju* 3T=0.
35% STS=0.
, 5% Sv=0.
| 37 STV=0.
| 310 DO 10 NK=1+KNOINT
| 394 ST=ST+T(N/NK)
4o STS=STS+T(NeNK) %x%2,
41 SVZSV+VOL (NrNK)
Wow STV=STV+T(NeNK) #VOL (NeNK)
43 10 CONTINUE
i Uiy* SIGUMA(L MMy M) = (STV=((ST#SV) /KNDUNT) ) /(STS=(STe%2,) /KOUNT)
' us* TM=ST/KOUNT
bh* TV=SV/KOUNT
474 B(LsMMIN)STVSTIAMA(L» MM, N) 2TM
Yo TAUIL s MMIN) =PRESS (L yMM, N) & TK (UV)
basx D(LeMMeN)=SIGMA(L e MM N) %DK (MM)
504 VIS(LeMMIN) STAU(L s MMeN) /DL oMMy N)
|
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L2
3%
Su+
Lee

T
tas

e

iy
S
H8*
R
A

[SERE
704
T
72%
73X
Tus
T %
T6%
77+
Ta*
T79%*
AN*
1#*
0%
A3
Ky
5%
HAE¥
“7%
ERE
BRA¥
90*
B E J
0%
G3r
94 *
ag s
Ui *
97
9a*
gas
100*
101=*
102#
103+
104#*
105%
1u6*
107=
108+*

TS

21

20

23

24

26
25

55

IF(M.FEQeNP) 6N TO S

N=N+1

GO TO 6

NN (VM) =NP

SS=n,

STA =0,

STA)S=0,

SDTAU:U.

No 21 NX=1evp
SS=GS+D (L oMYy NX)
STAIZSTAU+TA(LeYMeNY)
STANSZSTAUSH+TAJ(L oMMy NX) % %2 |
SOTAUZSDTAUD (L oMMeNX) «TAU (L » MM, NX)
CONTINUE

SIGUMATI(L »MM)Z(SNTAN=((SSESTA) /NP) )/ (STALIS=(STALX%2,) /NP)

TTA J=STAU/NP

TD=5S/NP

BT »MM)=TN=GTGUAT (L s MM) *TTAl)

DML ruMm) =0,

DO 20 J=1.NP

IF(A(L e MM J) (AT NUILIMM) ) DML eMM)ZNIL p MY, )
DN(LeMM)=1000000.

Do 22 J=1.8°

IF(ALeMMe ) (LT ONILeMM) ) DAL eMM) =N (L oMV, )
IF(V,EQ.IT) GO 1O 7

M=M+1

GO 7D 8

NM(L)=IT

DMX(L)=1000NNN,

DO 28 U117

MMIITUB(LeJ)

IF(AMIL o MM) o LT AMX(L)) DMX () =nu(Lyum)
DMN(L)=0.

00 24 J=1.,1T

MMZTTUB(L e J)

TF(ANILeMM) o 3T AUMNCL)) DMN(L)=NN(L e Y
R(LY=NMX(L)=nUN(L)

PM(L)=RI(L)/2,

SO(Le1)=DMNI(L)

SO(LP2)=DUNIL) +,2%R (L)
SO(Le3)=DUN(L) ¢, xR (L)
SOULsBIZDMNIL) +,A%R ()
SO(LeS)ZDMN(L) +.,A*R (L)

SDO(Les)=DMX (L)

DO 25 J=1,1T7

MMZTTUB(LeJ)

ND 26 K=1+6h

TAUT(L e MMeK)Z(SNILeK)=BTILsuM) ) /STIGUAT (L2 MM)
DP(LoMMIK) =2, «TKS(MM) *TAUT (| +MM,K)
CONTINUE

CONTINUE

K=1

STKS=N.

STKSS=0.

SDP=0,

STKSDP=0.

DO 31 J=1.1IT
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eSS

111+
1100
117
1140
115

117

1

110
1204
121
1 0%
13
174
1c 54
1244
1<7%
120%
120%
120#
131»
130
133
134+
135%
126
127+
1304
139%
14n=
1641+
1u2#
143#
144 %
145%
14n*
147#
14n%
149
150#
151+#
152»
153+
154+
155%
156%
157%
158%*
159
160%*
161%
162%
163*
164%
165%

1

50

A0
100

101

72
71
70

102

MMZTTHE(LeJ)

STKG=STKS+TKG ()

STKSS=STKSS+TLS (My) x%2,

SDP=SNP+NP (L s M, K)

STKSIPZGTKSND+TU S (M) #NP (L g2t My k)

CONTINUE

TAUC (LK) ((STKGNP=( (STKS*SNP) /T1T) )/ (CTKSS=(STKR%x2,)/TT)) /2.

TTKS=GTKS/IT

TNP=6NP/1IT

BC(LeK)ZTDP=(TAIIC(LIK)*TTKS) %2,

RSC(LeK)IZRC LK) /TAUCIL I K)

VISA(Le®K)ZTA S (LeK) /SN (LK)

PN(LeXK)ZTAUC(Lo%) *RSC (LK)

G(LyK)=TAUC(LeK)/RSC(Lo)

RT(LeK)=RSC(LX)/SN(LPK)

EVILsK)SVISA(Lek) *(1,4RSC(L,K))

IF(K.FQs6) AN TN 8N

K=K+1

GO YO 5%

IF(T.FQ.IG) GN TN A0

I=1+1

GO TO 65

WRITE(601N0) )

FORMAT(*1* * G5ROIP ~APTLLARY pPOFSGIIRE SLOPF SHFAR C€TRFSS
C SHEAR RATF VISCOSITY' /" NUMRBER 2159 ¢ CC/SEC
(s NYNES/CM?2 1/SeC POISF ')

NXY=1

DO 70 I=1,16G

L=IsN(]D)

Tr=MM(L)

DO 71 J=1.1T7

MMZTITUB(L»J)

NP NN (MM)

DO 72 K=1NP

WRITE(60101) ARNIP(L)I e ITUR(L 0 J) yPRESS(L oy MMoK) 9 STGMA(L oMMy K) o TALI(L »
FMe ) pD(L oMV, K )y VIS(LeUMIK)

FORMAT(UX e AL »RX eI 20 7YX rF 7 e30UXIFSe3rUXrF9e20BXeFQelr3IXeFA,4)

D2(NXY)=D(LeMMyK)

TAU2 (NXY)=TAU(Ls MMrK)

VIS2(NXY)=VIS(LsMMeK)

NXY=NXY+1

CONTINUE

CONTINUE

CONTINUE

WRITE(6,102)

FORMAT('1*»* GRNOUP SHEAR TOoTAL APPLIED CORRECTED R
CECOVERARBLFE APDARENT SHeE AR RFLAXATION NORMAL EFFECTTVF
cr/e RATE SHEAR PRFSSURE SHEAR SHFAR
[ VISCOSITY MODULUS TIME STRESS VISCOSITY*/?

C STRESS STRESGS* /" 1/SEC
C DYNES/CM2 NYNFS/CM2 DYNES/CM2 POISF NYNFS/
CCM2 SECONDS NDYNES/Cu?2 POISE")

NYZ=1

DO 110 I=1.15

L=IsN(I)

IT=NM(L)

DO 111 J=1,1T
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191 %
100+
1GTs
190 %

1 +,¢
197+
1“0
1o
2000
2.1
2(10%
- 20 5¢
204
D25
2line
2017
2iimne
2U9%
21ns
211%
212%
213»
21u*
215%
216
217»
210»
2109
22n*
221+
222%

113

11
1
110

SNy

MAZTTHR(L e J)

NN 11?2 K=1.4

NRITE(He113Y ANIP(L) oSN (Law) o TAUT (1 pmaMpK) o AP (L o MMe ), TAYC (L #¥) ,RE
COCLaX) o VISACL oK) o3 (Lo ) o T o4)yPN(Le¥),TVI(LIK)

FORUAT (UX o AT 92X 0FQe202XsFQe1 03X pFA Ny XX yFO290 1Y pF0, 29DV FA,Us 1Y, FN
Ca20 1Y ) FA,5,UY,FANIlXeFQ,S)

SN2(NY2)=SO(LeK)

TANT2(NYZ)=TAUC (L oK)

VISA2(NYZ)=VTIRA(LK)

RSCA(MYZ) =R (LK)

P2 (NYZ)ZPAN(LeK)

NYZ=NYZ+1)

COMTINUE

CONTINUF

CONTINUF

NXY =YY =1

CALL PLNTS(TNsINeQq)

CALL PLOT(NeNs=3AeN,=2)

CALL PLOT(0.0¢2eN9~=3)

CALL FACTORI(N.7S)

N2(\XY+1)=1.0n

D2(NXY+2)=.50

TAU2(MXY+1)=1.0

TAU2 (NXY+2)=,50

CALL LGAXS(N,NpNeNe2O0HSHFAR STRFQS=NYMES/C=CNJARED s =204 12.NsN,No 1
’00'.50)

CALL LGAXS(N,NyNeNr2Q4SHEAR RATF=REFTPRACAL SFCNANDS»29,12.0,9N0,00 1
Coelr .'50)

CALL LGLIM(TAII2,"N2pM¥Y910=1,119N)

CALL SYVANL(3,0r124Nr o221 92 7HAHFAD RATE VS, GQHEAR GTPEGE,0,Ns27)
CALL PLOT(0Nr1FAeNe=3)

VIS2(MXY+1)=,N1

VIS2(MXY4+2)=,.50

CALL LGAXS(N,NyNeNs2aHSHEAR RATF=RENTPRNCAL SECONDSe=2a012.000,N0 1
Ce0roSN)

CALL LGAXS(N Ny NN 1SHVTIGCODETTY=PATIC 15012, 000N0reN1,.50)

CALL LGLIN(D2»VIS2sNXYr1re=1,11¢0)

CALL SYMBOL(3,0¢12.00421+24HVTISAOSTITY VS. SHFAR RATE»0,Ny24)
NYZ=NYZ=1

ARITE(62500) *"Y7

FORMAT(///2Y,'NY? = ¢,13)

CALL PLOT(15,Nr=16Aenr=3)

TAUZ2(NYZ#1) =1 ,0

TAUC2(NYZ+2)=1.0

SND2(NYZ+1)=1n.0

Sp2(YZ+2)=1,.N0

CALL LGAXS(N.NypNeNr2O0HSHEAR STRFSSZNYMEG/CHM=SAIARFNI=2%96NeN.N0vl,
rn'l.n)

CALL LGAXS(N,NsNeNr2OHSHEAR RATE=RECTPROCAL SFCONDS»29+K,0020,0010
CeDr1,0)

CALL LGLIN(TAIIC2rSD2sNYZ0r1r=1011+0)

CALL SYVMROL(1400ReNpellyTTHSHFAR RATE VS, CNRREFTFN SHFAR STRFSSeN
“eDr37)

CALL SYMBOL(145¢5¢h9¢N73OHTNYFRSE SLLAPF EQIALS APPARENT VISCOSTTY
Cer0eNe39) )

CALL PLOT(0«NeBNy=3)

VISA2(NYZ+1)=,.001
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N4 VISA2(NYZ+2)=1,N

24 CALL LGAXS(N,NyNeN1POHSHFAR PATE=RECTPRNCAL SECANNS=2006,NsN Ny 1N
2004 Celel D)
2 . CALL LGAXS(NeNsNaNe 1SHVISCORTTY =PI 1 1506:N120.,Np N0 1,0)
2 g CALL LGLIN(SD?)VISA2,MYZ019=1011¢0)
SR CALL SYMBOL(1409FheNp o1l 3ZHAPDADRFENT VTIGANGTTY Y&, GHFAD RATE,N N,*
2 e "‘)
23N » CALL PLOT(N.Ny],Np=3)
251 RSC2(MNYZ+1)=,10
P20 RSC2(NYZ+2)=1.0
PR CALL LGAXS(NNyN.Nr29HSHFAR STNECSNYNEQ/YU=CALIARFN =200 K,NpN, Ny 1,
244 FNeleN)
2354 CALL LGAXS(P,N90eNe17HRFCOVFRARLFE SHTARY179¢ReNyO0,09e1Nn01.Nn)
2060 CALL LGLIM(TAUC2,RSC29MYZ01,=1011,0)
23T# CALL SYMBOL(1400AheNr 14, 3UHREAOVFRANI E GHEAR Vg, GHFAR STRFGS,N,N,
2399 c34)
204 CALL SYMROL(1.595¢h9sN7,UHTMNVFRGFE SI_NPE ENALS SHEAR “ADUL'IS, N, N,
D240 ~34)
241 CALL PLAT(0«N¢3.N9=3)
Py CALL LGAXS(N,NyN.Nr20HSHFAR RATF=REFTPRNCAL SFEANDS»=2296.NsN Ny 1N
24 CeOrl.N)
2Ly CALL LGAXS(N.NsNeNe17HRFCOVERARLF SHFARY170HAeNsO0NvelNelN)
2L CALL LGLIM(SN? RS2y NY2510=1011,0n)
2hne CALL SYMAI (140050914, I2HRECOYFRAQLE QHEAR VS, SHFAR RATC,N.N» 32
247 c)
24k CALL SYMBOL(145+5¢h1eNT7,28HSLAPE FQIIALS RELAXATTON TIME,0,"s2R)
240 CALL PLOT(1N,Ns=P4eNr=3)
2Lns PN2(NYZ+1)=10n.0
251 ¢ PN2(NYZ+2)=1,N
2.8 CALL 1LGAXS(N,NyNeNe2AHSHEAR RATE=REFTPRACAL SFEANDS»=2206,N9 N, N 1N
25 3¢ CeDrle)
254 % CALL LGAXS(N,NyNeNrINHYORMA|. STRFSG=NYNFS/FU=CnIJARFN»3Ns6.Ne AN N» 1
2559 f0.0¢1,0)
256 % CALL LGLINI(SN?,BMN2/NYZs19=1,112n)
25H7» CALL SYMBOL(1400heNeelly,2RHNNRMAL STRFGS yS, SHFAR PATE,0,.N,2R)
2Hn CALL PLOT(N.Nns0.N»390)
2La END
7 NF cAMPILATION: NO NTAGNOSTICS.
L71=3 C1/19/77 09:54:31

IN TPF%,

LIR MISH*PLNT,
IPEYS 001000 020157 7792 TRANK WORNE NECTVAI

040000 130117 22752 DRAMNK WORNS DECIMAL

ADHRESS 016306

SEGMENT $MAINS nnionp 020157 nynoon 130117
=R s 001n0n 0N1022
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Card 2

Card 3

Card 4

OUTPUT

Table 1

Table 2

Appendix B

LONG SERIES

IG ~ Number of groups

IGN  Group number

IT  Number of tubes for each group
ITUB -~ Tube number

NP  Number of pressure for each tube
PRESS -~ Pressure levels

KOUNT - Number of volume-time pairs
VOL — Volumes

T — Time

GROUP - Group name

ITUB - Tube number

PRESS — Pressure level, psi

SIGMA  Slope of volume-time curves
TAU - Shear stress, dyncs/cm:

D - Shear rate, sec™!

VIS - Viscosity, poise

GROUP ~ Group name

SD - Selected shear raie, sec™ !

TAUT - Total shear stress, dyncs/cm2

DP — Applied pressure, dynes/cm2

TAUC - Corrected shear stress, dynes/cm:

45
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Appendix B

OUTPUT

RSC - Recoverable shear

VISA — Apparent viscosity, poise
G — Shear modulus, dyncs/cm2
RT - Relaxation time, seconds
PN - Normal stress, dynes/cmz

EV — Effective viscosity, poise
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et i S e s s ot I s o

PrRESSUKL SLOPL
FSL CC/SEC
leceUUU 0uy
ZuU«UlU 0U7
Sue«ulU 0u8
SueulU .012
bueul00 «0c2
1€u«U00 . 034
1635.000 .048
2UL.u00 003
C:)UQUOU .062
oUued0uU 092
4UuesU0U « 153
bbueu0U ozd“
oULUL.U00 . 321
/UUeul0U 459
<eU00 «0u3
Veulu «0u?7
J.u0U «Uu9
lceu0U 011
2LeU0U .0l1le
SUeU0U 022
SuesuUluU 5053
TueuOu .050
Yu.u0U «075
12ceulu . 096
151000 o147
¢cueulU 02“3
SUueulu « 333
CYVIVERVIo 0] «511
lCUOU OOU“
ceu0uU «005
Yeul0 007
lueuOu «010
2Ueu0U 017
Jueulu «0co6
SUeu0U « 040
Bue«uluU <073
LeceU00 144
lo4.u0v «183
cwuesUUU « 335
SUueu0U 459

SAMPLE_OUTPUT

SHEAK STRESS

ULYNES /CM2
1(7'.)600U
270000
“1‘0(]003.]
o9un.0U

11040.00U
1°500.00
22494 .00
2829n.0U
3450000
uluun.OU
5520000
©90uUn«0u
828u0.00
966uQ«0U
2905'00
9373.0U
710“000
119“0000
17910.0u
2985000U
41790.0uU
53730« 00
7283“.0‘)
9U147.0uU

13134000

1791u0-OU

2388ups«0U
“Mln-OU
88ce0U
22050.0U
441ype0u
682000V
158700+0u
<205up.00

35280000

5380000

T723240.00

ek ak xRk

L3I e L 2
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SHEAR RATE

1/StEC
5257.1
78u0.0
945840
14040.0
25316.6
40357.1
56362.9
7410040
9590303
107553.2
178515.5
6194063
3757uv6.4
©36752.6
3744.0
T7¢2.0
1263640
18742.3
25896.0
39000.0
58032.0
87248.6
11276640
1722b61.6
<B8U4594.6
390000.0
598295.4
4498.0
59%ul.4
8112.0
117‘709
19812.0
30447.9
46644.0
85566.0
167951.6
214024.4
391406.2
536752.6

VISCOSaTyY

POISE
«3162
v 3558
4387
«4915
-“301
«41U5
« 3990
«3818
« 3594
« 3800
«3092
2604
2203
.1800
3189
03806
«5086
«5670
6371
«6916
« 7604
«7201
«6158
+6408
e52353
<4615
4592
« 3991
«9804

1.4795
2.7182
3.7603
4.4518
5.2142
4.7273
4.1231
3.2004
33792
245910
2.4648
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Appendix B

HERKX  RBTE VS - SHEAR STRESS

S9gT T 3 TR TV ISy F 5 f33WNg § 3 I LINWE Ty TN g
THEGR LTRESG-DYNES/CM-SQURRED

Figure B-1. Sample of Intermediate Flow Curve (Capillary Group F)
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Figure B-2. Continued

53




- 2
= NORMAL STRESS VS GHE R ‘R-*t
‘l
2 a
Fl
(@}
-
= Ko
= a .
b s
e

STRESS-OYNES/CH
ki

g
—_—

NORMG!
i g

10 1
CHEAR RATE-RECTPROCAL SECONCS

E

Figure B-2. Continued




P — A W—.

APPENDIX C

PROCEDURE FOR THE HIGH-PRESSURE CAPILLARY
VISCOMETER EXPERIMENT EVALUATION

| Construct deformation-recoil curve:
a. Plot A volume versus time rectilinearly for each applied pressure AP.
b. Graphically determine the slope of volume versus A time.
3 Calculate the shear rate, shear stress, and apparent viscosity.

1. Construct consistency curve:
a. Plot log shear rate versus log shear stress for each group.
b. For selected isoshear rates graphically determine total shear stresses.

; ¢ Calculate the total applied pressure for the associated total shear stress.

[11.  Construct pressure-dimension curve:
a. Plot total applied pressure versus €/r ratio for each tube by groups.

b. Graphically determine the corrected shear stress (equals the slope of each curve divided
by two) and the recoverable shear (equals the X-intercept value multiplied by a negative two).

! IV.  Construct curves of generalized viscoelastic functional parameters:

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

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

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

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

e. Plot log normal stress versus the log of the selected shear rate for each group.
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Attn. DRDAR-CLI-M 1
Attn DRDAR-CLI-P g A AT :
WASH, DC 20310
MUNITIONS DIVISION
Attn: DRDAR-CLN 1 US ARMY HEALTH SERVICE COMMAND
PHYSICAL PROTECTION DIVISION Superintendent
Attn: DRDAR-CLW-P 1 Academy of Health Sciences
US Army
RESEARCH DIVISION Attn: HSA-CDC 1
Attn: DRDAR-CLB 1 Attn: HSA-IHE 1
Attn: DRDAR-CLB-B 1 Fort Sam Houston, TX 78234
Attn: DRDAR-CLB-C 1
Attn: DRDAR-CLB-P 1 US ARMY MATERIEL DEVELOPMENT AND
Attn: DRDAR-CLB-R 1 READINESS COMMAND
Attn: DRDAR-CLB-T 1
I Commander
! SYSTEMS ASSESSMENTS OFFICE US Army Materiel Development and
E Attn: DRDAK-CLY-A 1 Readiness Command
| Attn: DRDAR-CLY-R 1 Attn: DRCDE-DM 1
| Attn: DRCLDC 1
i DEPARTMENT OF DEFENSE Attn: DRCMT 1
; Attn: DRCSF-S 1
Administrator 5001 Eisenhower Ave
Defense Documentation Center Alexandria, VA 22333
Attn: Accessions Division 12
Cameron Station Project Manager Smoke/Obscurance
Alexandria, VA 22314 Attn: DRCPM-SMK 1
Aberdeen Proving Ground, MD 21005
Director
Defense Intelligence Agency Commander
Attn: DB-4GI 1 US Army Foreign Science & Technology Center
Washington, DC 20301 Attn: DRXST-IS1 2
220 Seventh St., NE
DEPARTMENT OF THE ARMY Charlottesville, VA 22901
HQDA (DAMO-SSC) 1 Redstone Scientific Information Center
WASH DC 20310 Attn: Chief, Documents 1

US Army Missile Command
Redstone Arsenal, AL 35809
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Director

DARCOM held Satety Activity
Attn. DRXOS-C

Charlestown, IN 47111

Commander

DARCOM, STITEUR

weattn. DRXST-STI

Box 48, APO New York 09710

Commander

US Army Science & Technofogy
Center-Far East Office

APO San Francisco 96328

US ARMY ARMAMENT RESEARCH AND
DEVELOPMENT COMMAND

Commander

US Army Armament Research and
Development Command
Attn: DRDAR-TD
Attn: DRDAR-TSS

Dover, NJ 07801

CDR, APG
USA ARRADCOM
Attn: DRDAR-QAC-R
Attn: DRDAR-ACW
Aberdeen Proving Ground, MD 21010

US ARMY ARMAMENT MATERIEL READINESS COMMAND

Commander

US Army Armament Materiel Readiness Command
Attn: DRSAR-ASN
Attn: DRSAR-IMBC
Attn: DRSAR-SA

Rock Island, IL 61201

CDR, APG
USA ARRCOM
Attn: SARTE
Aberdeen Proving Ground. MD 21010

Commander

US Army Dugway Proving Ground
Attn: Technical Library, Docu Sect

Dugway, UT 84022

Commander

Rocky Mountain Arsenal
Attn: SARRM-QA

Commerce City, CO 80022

Commander

Pine Bluff Arsenal
Attn: SARPB-ETA

Pine Bluff, AR 71611
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Names
US ARMY TRAINING & DOCTRINE COMMAND

Commandant

US Army Infantry School
Attn: NBC Division

Fort Benning, GA 31905

Commandant

US Army Missile & Munitions Center & School
Attn: ATSK-CD-MD
Attn: ATSK-DT-MU-EOD

Redstone Arsenal, AL 35809

Commander

US Army Logistics Center
Attn: ATCL-MM

Fort Lee, VA 23801

Commandant

US Army Military Police School/Training Center
Attn: ATZN-CDM
Attn: ATZN-TDP-C
Attn: ATSJ-TD-CR

Fort McClellan, AL 36205

Commander

US Army Infantry Center
Attn: ATSH-CD-MS-C

Fort Benning, GA 31905

Commandant

US Army Ordnance & Chemical Center & School
Attn: ATSL-CL-NB
Attn: ATSL-CL-CD

Aberdeen Proving Ground, MD 21005

US ARMY TEST & EVALUATION COMMAND

Record Copy
CDR, APG

Attn: STEAP-AD-R/RHA
APG-Edgewood Area, Bldg ES179

CDR, APG
Attn: STEAP-TL
APG-Aberdeen Area

Commander

US Army Test & Evaluation Command
Attn: DRSTE-FA

APG-Aberdeen Area

Commander
US Army Tropic Test Center

Attn: STETC-MO-A (Tech Library)
APO New York 09827

Commander

Dugway Proving Ground
Attn: STEDP-PO

Dugway, UT 84022
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Names Copies Names

DEPARTMENT OF THE NAVY

Commander

Naval Explosive Ordnance Disposal Facility
Attn: Army Chemical Office

Indian Head, MD 20640

Commander

Naval Su - ce Weapons Center
Attn: Tech Lib & Info Svcs Br

White Oak Laboratory

Silver Spring, MD 20910

Commander
Naval Surface Weapons Center
Dahlgren Laboratory
Attn: DX-21
Dahlgren. VA 22448

Chief, Bureau of Medicine & Surgery
Department of the Navy

Attn: CODE 5
Washington, DC 20372

Commanding Officer
Naval Weapons Support Center

Attn: Code 5042/Dr. B. E. Douda
Crane, IN 47522

DEPARTMENT OF THE AIR FORCE

HQ Foreign Technology Division (AFSC)
Attn: PDRR
Wright-Patterson AFB, OH 45433

Commander

Aeronautical Systems Division
Attn: ASD/AELD

Wright-Patterson AFB, OH 45433
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HQ, USAF/SGPR
Forrestal Bldg
WASH DC 20314

HQ, Ogden ALC/MMWRA
Hill AFB, UT 84406

Commander

Armament Development & Test Center
Attn: DLOSL (Technical Library)

Eglin AFB, FL 32542

NORAD Combat Operations Center/DBN
Cheyenne Mtn Complex, CO 80914

OUTSIDE AGENCIES

Battelle, Columbus Laboratories
Attn: TACTEC

505 King Avenue

Columbus, OH 43201

Director of Toxicology
National Research Council
2101 Constitution Ave, NW
Washington, DC 20418
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