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mE LABORATORY PROCEDURE FOR THE RHEOLOGICAL 
CHARACTERIZATION OF SLURRY SUSPENSIONS 

1.0 

2.0 

PURPOS E 

This. procedure provides rheology measurements that are more reliable and 
accurate than those described in the technical procedure PNL-(WTC-006-4). 
Methods are provided tQ measure the sweep rheogram and steady shear 
viscosity with concentric cylinders, to measure the yield stress directly with 
a shear vane, and to measure the sweep rheogram with parallel plates. 

APPLICABILITY 

This procedure provides the experimental methods for the rheological 
characterization of slurry suspensions. Before each test of the 
rheological properties of slurries, the weight percent solids, waste oxide 
loading (gWO/L), density and pH should be measured in accordance 
with PNL-(WTC-006-4). 

This procedure has been prepared in accordance with MA-70 Impact 
Level II requirements and will be used to measure the following 
rheological properties: 

3.0 

Taylor vortices effect 
wall slip effect 
yield stress 
plastic viscosity 
apparent viscosity 
thixotropy/rheopexy 
steady shear viscosity. 

Implementation of this procedure involves the-use of Haake 
viscometers with MV-type and FL-type sensors for rotational geometry. 
and Q-type sensor for torsional geometry or equivalent. 

DEFINITIONS 
_. 

Taylor vortices - A secondary flow that occurs as the inner 
cylinder of the concentric cylinder instruments rotates. The 



1 

PNL TECHNICAL PROCEDURE ' 

Procedure No.: ETC-001-001 Revision No.: 0, Effective Date: 5/16/95 Page 3 of 39 

fast-moving fluid near the inner cylinder moves outward. 
Since it cannot do this en masse, it circulates outward locally 
and thereby forms Taylor vortices; This type of turbulent flow 
usually causes sudden increase of shear stress in the sweep 
measurement. 

Wall slip effect - The occurrence of a relative velocity between 
the fluid at the wall and the wall itself. In concentrated 
suspensions, wall slip is considered to o c m  through an 
"apparent slip" mechanism. A thin stratum of liquid of lower 
viscosity forms adjacent to the wall and may be assumed to 
consist of the particle-free suspending medium. Wall slip 
effect usually results in a measured value of shear stress lower 
than that of true rheological behavior of a suspension. 

Yield stress - The minimum stress that must be overcome 
for flow to take place. 

Plastic viscosity - The slope of the shear stress versus shear 
rate flow curve in Bingham model. 

Apparent viscosity - Viscosity of a fluid defined as the shear 
stress divided by shear rate. Usually used for Non-Newtonian 
fluid whose viscosity is not a constant but depends on the 
shear rate. The apparent viscosity is reported for a specific 
shear rate. 

Thixotropy/rheopexy - A change of shear s.tress at constant shear 
rate due to changes in material structures. The change in material 
properties may be permanent, but often the change of viscosity is 
temporary; the material returns to its original condition during 
a sufficient time free from stress. A reversible time-dependent 
decrease of vis.cosity is termed thixotropy, and a reversible time- 
dependent increase in viscosity is called rheopexy or anti- 
thixotropy. 

Steady shear viscosity - Viscosity of a fluid measured as a 
constant shear rate is applied and after steady state is reached. 

Kinematic viscosity - Viscosity of a fluid divided by its mass 
density (mass per unit volume). 
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4.0 mPONSBLE STAFF ~ 

Staff responsible for implementing this procedure are 

Cognizant Scientist/Engineer 
Test Operator. 

- - 
5.0 HAZARDS ASSESS MENT 

Workplace Exposure Assessment (WEA) must be completed and on file with 
Laboratory Safety. 

Physical Agents: Temperature of 20° (Room) to 103OC (Boiling) used during 
experiments. 

For this technical procedure no specific hazardous chemicals are 
specified. However, for a specific material used in the 
measurement, associated hazardous chemicals should be 
listed. 

Chemicals: 

6.0 HAZAR D MITIG ATION ~ 

e 

Personnel shall read and be familiar with Workplace Exposure Assessment 
(WEA) before handling the materials. 
Personnel shall wear protection gloves when handling samples at high 
temperatures (for example, when pouring the measured materials into a 
beaker or a bottle). 
Personnel shall wear acid-resistant gloves for handling acids. Acid addition 
should be done in a vacuum hood. 

7.0 EMERG ENCY RESPO NSE 

A call list shall include the office and home phone numbers of the following 
staff members: Cognizant Scientist/Engineer, Lead Test Operator,' Laboratory 
Monitor, Building Manager, and Line Manager. The Hanford Site emergency 
number (375-2400) shall be included. 
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In the event of building audible alarms (e.g., fire or criticality), laboratory 
personnel shall follow building emergency response procedures. In the event of fire, 
injury, or accident, laboratory personnel shall call the PNL single-point contact at 
375-2400. In the event of loss of air flow into a hood, a staff member shall close the 
hood sash, leave the laboratory with proper survey, and immediately no* a 
Radiation Protection Technologist (RPT). For laboratory audible alarms 
[e.g., Continuous Air Monitor (CAM) or Area Radiation Monitor (ARM)], staff shall 
immediately leave the laboratory and contact an RPT. - - 

8.0 PREREOUIS ITES 

Before *e beginning a test or a series of tests, the following items must 
be addressed 

The TEST OPERATOR shall verrfy that all Measuring and Test 

are identified on the M&TE list for the project or activity 
are calibrated and have current calibration dates. 

equipment (M&TE) 

The TEST OPERATm shall read and be familiar with the following 
documents: 

this Technical Procedure 
the Haake viscometeie operation manual (see references) 
all applicable Safe Operating Procedures and Job Hazard Breakdowns 
all applicable Material Safety Data Sheets. 

The TEST OPERATOR shall ensure that a laboratory record book (LJXB) 
is available for documenting the appropriate information, which includes . 
instrument used, observations/comments, date, name of person performing 
test, and results (not including data acquired by data acquisition system). 

8.1 Training and Qualification 

The &p izant Scientist/EnPineer shall document training for all test 
operators for test apparatus operation. 
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8.2 Recording and Reporhg of Data 

All data, including figures of rheogram md data acquired by data 
acquisition systems, in *e process of carrying out this procedure shall be 
recorded in the LRB or kept in the associated project file. 

8.3 Disposition of Samples 

On completion of the test, the Test Operator shall label the slurry sample for 
other tests or archiving or dispose of the slurry according to approved safety and 
waste-management procedures. The Test Operator shall note disposition of the 
sample in the LRB. 

9.0 PRECAUTIO NSANDLIMITATIONS . 

9.1. Personal Protective Equipment 

Personnel shall wear safety glasses for routine laboratory work and use 
chemical splash goggles and/or face shield when using concentrated acids and bases. 
Laboratory coats and vinyl chemical resistant gloves shall be used for routine 
laboratory work. 

9.2. Material Safety Data Sheet (MSDS) 

MSDSs shall be maintained ii~ the laboratory and be accessible to the staff. 
Staff are required to read MSDSs before working with hazardous chemicals. 

10.0 Born MEN" DESCRIPTION 

The equipment used in this procedure are (1) a Haake rotational viscometer 
with a coaxial cylinder sensor system (MV sensors) and (2) a bladed vane (FL 
sensors) and a Haake torsional viscometer with a parallel plate sensor system (Q 
sensors). (See Figure 10.0.1.) The apparatus includes 

Rotovisco RV20 
measwing systems M (for MV and FL sensors) 
measuring systems CV20 (for Q sensors) 
temperature-controlled water bath 
data acquisition system 
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_-_ - 
Sensor System MV 

.. . 

. Sensor System. 

FL 

-. . .  . .  . . . -- 

Sensor System Q 

Figure 10.0.1 Different types of sensors used for the rheological measurement. 
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* 11.0 OTJ ALITY CONTROL 

Calibration checks shall be performed at least once every two months, or 
whenever the viscometer is moved. The operator performing the calibration should 
record the date, name, and a summary of the calibration results in the calibration 
notebook located in the laboratory. Every operator shall check the calibration 
notebook before doing the measurement. The calibration check consists of using a 
viscosity standard (for example, Cannon S-series standard oil) with known liquid 
- viscos_ity for the following measurement: 

Consult with cognizant scientist/engineer about the suitable type of 
sensor and viscosity standard for the measurement. 
Follow procedure 12.1A for Couette viscometer or 12.1D for parallel 
plate viscometer and calculate the viscosity (the slope of shear stress 
versus shear rate curve, see Figure 11.0.1). 
Compare the results between plastic viscosity and the given viscosity 
value from the viscosity standard. If the values are consistent (&5%), 
the calibration is done. Otherwise, consult with cognizant 
scientist/engineer for possible errors. 

. 

shear rate 

Figure 11.0.1 The viscosity of a Newtonian fluid is equal to the slope of 
its shear stress versus shear-rate curve. 
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12.0 JVOR K INSTRUCTIO NS 

The operator shall follow procedure WTC-006-4 to measure wt% solids, 
gWO/L, density, and pH and consult with cognizant scientist/engineer for the 
particle size distribution of the sample and test temperature before using this 
procedure for the rheological measurement. A flowsheet for the overall 
procedure is given in Figure 12.0.1. The methods of rheological measurement 
are detailed in 12.1A for sweep rheogram measurement with concentric 
cylinders, 12.1B for yield stress measurement with bladed v-me, 12.X for 
steady' shear measurement with concentric cylinders, 12.1D for sweep 
rheogram measurement with parallel plates, and 12.U for the application of 
laboratory-scale data to estimate the pressure drop in large-scale pipe flow. 

, 

Figure 12.0.1 

A single sample is given 

I 
Measure wt% solids, gWO/L, density, pH per Procedure 
WTC-006-4. Consult with cognizant scientist/sngineer 
for the particle size of the sample and test temperature. 

I 
112.1 Methods (rheological measurement) I 

A 

(concentric 
cylinders) 

B C D 

- .  

12.2 Applications 

A 
1 

Pressure drop (AP) estimation for pipe flow 
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12.1 Methods 

A. ‘Sweep rheogram (concentric cylinders) 

1. The yield stress, plastic viscosity, apparent viscosity, and qualitative 
thixotropic/rheopectic behavior of slurries can be measured with 
concentric cylinders (see Figure 12.1A on page 16). 

2. Select an appropriate sensor for measurement based on viscosity ranges 
and particle sizes. The measuring range for a specific MV-type sensor is 
shown in Figure 12.1A.1 and the gap size used should be 3 times larger 
than the maxiuium particle size. For example, use Haake MV2 sensor for 
slurry maximum particle size e 900 j.un, and plastic viscosity > 15 cp 
and e lo7 cp. 

If maximum particle size > 900 pm, use Haake MV3 sensor. 
If plastic viscosity < 15 cp, use Haake MV1 sensor. . 
If plastic viscosity > lo7 cp, use an alternative method, such as parallel 

plate geometry which may be used for highly viscous materials. 
If plastic viscosity e 15 cp and maximum particle size > 900 pm (materials 

with low viscosity and large particle sizes), methods development is 
needed. 

A trial and error approach may be required to determine which sensor is 
appropriate for use. 

3. Shake or stir the sample to make sure that it has been homogenized. Add 
sample to the appropriate level. For the Haake h4Y2 sensor this is the 
second lowest ring mark in the cup. Three samples are tobe used. 

4. Remove excess sample with a suitable syringe. (Note: if nqt enough sample 
is loaded, the measured shear stress value will be less than the correct 
value.) 

5. Avoid liquid loss during the experiment, which may cause an increase in 
measured shear stress, by adding a thin layer of mineral oil over the 
sample. Usually, this is necessary for measurements performed at high . 
temperature (the temperature depends on the composition of the slurries). 
However, after mineral oil is used, the sample should be disposed of 
and not be used again. 
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- 'Figure 12.lA.1 The me&uring range for a specific MV-type sensor. 
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6. Set sweep tinie: 

0 - 451s-' : 2 minutes, then 451 - Os" : 2 minutes. (Note: increasing the shear 
time for the period of 0 to 451s" can reduce the thixotropic/rheopectic 
phenomenon, however, the original material microstructure can also be 
disturbed during a longer preshear time.) Here, 451s" is themaximum 
shear rate range for MV2 sensor. Due to the sensitivity of the slurry to 
shear history, cony& with cognizant saentist/engineer if a longer period 
of shear time is required. 

7. Check if sensor size'is correct, i.e., if the values of shear stress for shear rate 
between 0 and 451s" are in the valid range as shown in Figure 12.1A.1. 

If no, consult with cognizant scientist/erigineer for a proper type of 
sensor. 

If yes, go to next step. 

8. Measure shear stress versus shear rate (three fresh samples total, use new 
sample after each measurement). (Note: fresh samples must be loaded for . 
each measurement because the slurries may be sensitive to the shear 
history.) 

9. Use both upper and lower curves (if thixotropy/rheopexy is observed) for 
analysis. The upper curve approximates the starting flow in pipe 
(where the fluid was initially undisturbed), while the lower curve 
approximates the sheared flow in pipe (where the fluid has, been deformed 
as the time progresses). 

10. Check if each upper and lower flow curve is repeitable (k 5%) for.three 
runs. 

. I  

If flow curves are not consistent, consult with cognizant 
scientist/engineer before continuing the work. 

I 

If flow Curves are consistent, go to next step. 

11. Check flow curves for Taylor vortices, i.e., a sudden shear-stress increase 
on the flow curve (see Figure 12.1.2). 
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shear stress 

shear rate corresponding to the 
I onset of Taylor vortices 

- 
- t- 

shear rate 

Figure 12.1.2 The sudden shear stress increase on the flow m e  indicates the 
existence of Taylor vortices. 

If no, go to next step. 

If yes, estimate shear rate where onset of Taylor vortices’is predicted. 

Taylor vortices are predicted at: 

Re > 41.3 {RJ(R2-Rl)}1’2, (12.1A.1) 

where: Re-= + (R,-R,) p /p. (12.1A.2) 

R, [m] and & [m] are the radius of inner and outer cylinder, respectively; 
+ [s-’1 is the shear rate; p [g/m3] is the density of fluid; and p [Pa*s] is the 
viscosity (or apparent viscosity for non-Newtonian fluids) obtained from 
the measurement. 

Compare the predicted value and the experimental value for consistency 
(* 10%). 

- 
If no, consult with cognizant saentist/engineer before continuing the 

work. 

If yes, discard data beyond the point where Taylor vortices OCCUT. 
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, (Note: use of an alternative sensor with smaller gap size may reduce 
Taylor vortices, but increase wdl-slip effect.) 

12. I d e n w  if wall-slip corrections aie required. Repeat steps 3-11 with a Haake . 
MY1 sensor (shear rate range.0-1160 s-'), q d  discard invalid data, if necessary, 
for Taylor vortices. (Note: the formulas that will be used to correct wall slip are 
o d y  valid for narrow gap sensors, i.e., RJR, should be larger than 0.8; therefore, 
MV3 sensor which has Ri/Rz =0.72 can not be used.) For MV1 and MV2 sensors, 
the values of R,/R,are 0.95 and 0.88, respectively. 

13. Check if wall-slip effect exists. (Note: if there is no wall slip, the flow 
curves using MV1 and MV2 sensors should be the sarrie [k 5%]) 

If no, go to next step. 

If yes, correct wall slip and obtain correct flow curve by use of the 
following formulas (Kiljmki 1989). 

Obtain the shear rate fd [sell and i', Is-'] from MVl and MY2 sensors 
for a specific shear stress z , [Pa] (recommend minimum of 10 z , values) 

'0 Caldate u [m/s] for each z, pa]  

(12.1A.3) 

where 

(12.1A.4) 

R, [m] and \ [m] are the radii of inher and outer cyhders. 

Calculate qd [s-'] for each z, [pa] 

(12.1A.5) 
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Plot out z, [pa] versus yd[s-l] 

14. Use curve-fitting software on corrected flow curve. 

15. Select best model based on regression for non-Newtonian FIuid 
(Bingham, H. Bulkley, Casson, etc.). If fluid is Newtonian, z = q y 
where z [Pa] is the shear stress, q [Paas] the Newtonian viscosity, and 
y Is-'] the shear rate. - - 

0 Bingham Model: z = 2; + q y where z [Pa] is the shear stress, 2; Fa] the 
Bingham yield stress, q [Pa.s] the plas.tic viscosity, and y [s-'] the shear rate. 

Herschel-Bulkley Model: z = z r  k kj" where z [Pa] is the shear stress, 7: pa] 
. the yield stress, k and n the parameters, and y[s-'] the shear rate. 

1 1 1 
Casson Model: T? = (xi)' + (q,j): where z [Pa] is the shear stress, zi @?a] the 

Casson yield stress, q Fa*s] the consistency parameter, and y [s-'] the shear 
rate. . 

(Note: if the material has no yield stress, T:, zr, and zi should be zero.) 

16. Obtain the following parameters from each model: (This is for the 
pressure drop estimate in.pipe flow, see Section 12.2 on page35) 

Bingham Model: the Bingham yield stress, T:, and the plastic viscosity, q p. 

Herschel-Bulkley Model: the yield stress, z$, and the parameters, k and n. 

Casson Model: the &son yield stress, 25, and the consistency parameter, q ,. 
17. Determine apparent viscosity by dividing the corrected shear stress by 

a specific shear rate. For example, the apparent viscosity for a shear rate 
y with shear stress z is' z/ q. 

18. Determine thixotropic/rheopectic behavior by measuring the area between 
the "up" and "down" curves of the corrected rheogram (Mewis 1979). 
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.Figure l2.U 

I Sweep rheogram (concentric cylinders) I 
1 

A1 

. A2 

A3 

A4 

Sweep rheogram 
0 yield stress 

plastic viscosity 
apparent viscosity 

0 thixotropy/rheopexy 
I 

Use MV2 sensor 
for particle sizes 

e 900 pm and 
slurry viscosity 

> 15 cp and e 1O’cp 

I 
.Add sample to the appropriate level 

(3 samples will be used) 

I Remove excess sampld 
I 

A5 

A6 

A7 

I .  
Avoid hquid loss 

I 
Set sweep time: 

0 - 451s” : 2 minutes, 
451 - Os-’ : 2 minutes 

range for shear rate between No Consultwith 
* 0 - 451s‘las shown in Figure cognizant scientist 

/engineer 

A8 
Measure shear stress 
versus shear rate 

(3 fresh samples total) 
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A9 
Use both upper and lower curves (which 
approximate the undisturbed and sheared 

flows in pipe) for analysis 

Consult with cognizant No 
scientist/engineer 

- - YeS 

A l l  

A10 . 

Do Taylor vortices exist? (Is there a I Go to A12 I 
shear stress increase o No 

Yes 

Estimate shear rate where Taylor vortices I are predicted to start. 

Consult with cogniz- 
ant scientist/engineer 

A12 

Yes I 
Discard data beyond the point where 

Taylor vortices occur. 

I 

wall-slip effect 

are the same 
Go to A14 11 Slipi a w e s  from MY1 A13 I 

c YeS 

Obtain the shear rate jlml and j ' ,  from MY1 and Mv2 
. 

sensors for a specific shear stress zm. (10 z, values) 
1 
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Determine apparent viscosity by 
dividing the corrected shear stress 
by aspecific shear rate. 

Determine thixotropy/rheopexy’ 
behavior by measuring the area 
between the “up” and “down” 

. .  . .  

A14 

A18 

A15 

A16 

A17 

I 
I Calculate u for each 2, I 

where 

I - & and &are the radii of inner and outer cylinders I - 
1 

Use curve-fitting software on 
corrected flow curve. 

Select best model based on regression 
(Bingham, H.Bulkley, Casson, etc.). 

I 1 

Obtain the following parameters 

Bingham model: the Bingham yield stress, 
T;, and the plastic viscosity, q p. 

Herschel-Bulkley Model: the yield stress, T:, 
and the parameters, k and n. 

Casson Model: the Casson yield stress, T:, 

’ from each model: 

I curves of the corrected rheogram. I 
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B. Shear vane . 

1. The yield stress is measured directly with a bladed vane (see Figure 12.1B on 
page 21). For concentric-cylinder and pardel-plate geometries, 'the yield stress can 
only be obtained indirectly, and sometimes tedious corrections may need to be 
made due to wall-slip effect. 

2. 'Select sensor for measurement. Use FLlO sensor (A-[the shear stress] factor=2.7, 
M-[the shear rate] facto-1.05) from Haake for slurry plastic viscosity 100-104 cp; 
FLlOOsens& (A-factor =28.2, M-factor=1.05) for slurry plastic viscosity 103-105 cp; 
and FLlOOO sensor (A-factor=263, M-factor=1.05) for slurry plastic viscosity 104-106 
cp. (Note: Step 2-Step 8 are for a constant shear rate viscometer. If a constant 
stress viscometer is used, the same technique can be applied; go to Step 9.) 
A trial and error approach may be required to determine which sensor is . 
appropriate for use. 

3. Shake or stir the sample to make sure that it has been homogenized. Pour slurry 
sample into a beaker. Three samples are to be used. 

4. Place a jack beneath the beaker. Slowly raise the jack and let the shear vane insert 
into the beaker and try not to disturb the sample. The diameter of beaker / 
diameter of vane should be >2.0, top of vane to air surface / diameter of vane. 
should be > 1.0, and bottom of vane to bottom of beaker / diameter of vane should 
be > 0.5 to avoid wall effects. 

5. Measure shear stress versus time at different low rotational speeds (0.1-5 rpm). Stir 
sample well (to avoid shear history effect) and wait for a couple of minutes (to 
avoid thixotropy/rheopexy effect due to stirring) before each test. 

6. Check if the maximum vaIues of shear stress are the same (k 5%) at different low 
rotational speeds. . 

If no, consult with cognizant scientist/engineer before continuing the work. 

If yes, average the maximum values of shear stress (the average value = 2, [Pa]) 
and go to next step. 

7. Repeat Steps 3 through 6 with the other two fresh samples (three fresh samples 
total) and obtain the other two average values 2, @?a] and 2, [Pa]. 
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8. Check if T,, 2,and 2, are the same (& 5%) for the three different runs. 

If no, consult with cognizant scientist/engineer before continuing the work. 
If yes, the average value of z ,, 2 , and t , is the yield strkss of the material. 

9. The following steps of yield stress measurement are for a constant stress 
viscometer: -- - 

9.1 Repeat Step 3 and Step 4, Shear vane, above. 

9.2 Measure torque versus time at different low constant stresses. Stir sample and 
wait for a couple of minutes before each test. 

9.3 Check if the maximum values of torque are the same (& 5%) at different low 
applied stresses. 

If no, consult with cognizant scientist/engineer before continuing the work. 
If yes, average the maximum values of shear stress (the average value = 2, ) and 

go to next step. 

9.4 Repeat Step 9.1-Step 9.3 above with the other two fresh samples (three fresh 
samples total) and obtain the other two average values t, and 7,. 

9.5 Check if r,r,and z,are the same (& 5%) for the three different runs. 

If no, consult with cognizant scientist/engineer before continuing the work. 
If yes, average the values of 2, .c,and 2, (the average value =T, [Nom]) and go to 

next step. 

9.6 Calculate yield stress Using the following formula @my and Bager 1983): 

(12.1B.1.) 
c 

where zy [Pa] is the yield stress, T, [Nmm] the torque obtained in Step 9.5, 
D [m] the diameter of the vane, and H [m] the height of the vane. .- 

R 
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Pour slurry sample into a beaker. 
3 samdes are to be used. 

Bl 

. B3 

B5 ’ 

B4 

Measure shear stress versus time 
at different low rotational speeds (0.1-5 rpm). 

Stir sample well axid wait for a couple of minutes before each test. 

Figure l2.1B 

Consult with 
cognizant suentist 
/ engineer 

I 
Use FLlO sensor for 
slurry plastic viscosity 
> 100 cp and c lo4 cp 

(Note: see B9 for constant stress viscometer.) 
(for constant shear rate viscometer) 

No Are maximum shear stress values B6 
the same (& 5%) at low rotational speed? 

Insert the shear vane into the beaker; 
note the following constraints: 

(diameter of beaker/diameter of vane >2.0, 
top of vane to air surface/diameter of vane >LO, 

bottom of vane to bottom of beaker /diameter of vane >0.5) 
I 

1 

B7 Repeat Step 3 - Step 6 with 2 other fresh samples. 
(3 fresh samples total) 

Consult with 
cognizant scientist No 
/ engineer shear stress consistent (k 5%)? 

I 

B8 

. I  
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Repeat step 9.1 - step 9.3 with 2 other fresh 
samples. (Total 3 fresh samples) 

YeS 

The measured value is the yield stress of the material. 

Consult with No Are the values of maximum 
cognizant scientist torque consistent (5 5%)? 

- / engineer 

B9 
constant stress viscometer 

B9.1 

B9.2 

- Repeat Steps 3 and 4. -' - 
I 

Measure torque versus time at different low constant 
stresses. Stir sample well and wait for a couple of minutes 
before each test. . 

I '  

B9.6 
Yes I 

Calculate yield stress using the following formula: 
I- 
I r n  

Tm [Nom]: maximum torque 
zy Fa]: yieId stress 

D [m], H [m]: Diameter and height of the vane 

B9.3 

B9.5 
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C. Steady shear (concentric cylinders) 

1. The steady shear viscosity and qualitative thixotropic/rheopectic behavior 
of slurries can be measured with concentric cylinders (see Figure 12.K on 
page 25)- 

2. Follow procedures in Figure 12.1A (Step A2 through Step A8) for one fresh 
sample to determine the range of shear rates that may be used to measure 

I steady shear viscosity. I .  

3. Check flow curves for Taylor vortices, i.e., a sudden shear stress increase on 
the flow curve (see Figure 12.1.2 in 12.1A). 

0 If no increase, go to next step. 

If there is an increase, then estimate shear rate where Taylor vortices are 
predicted to start, using equations (12.1A.l) and (12.1A.2). 

Compare the predicted value and the experimental value for consistency (k 10%). 

If the values are not consistent, consult with cognizant 
scientist/engineer before continuing the work. 

If the values are consistent, do not use the shear rate beyond the point 
where Taylor vortices occur for the following measlirement. 

4. Measure shear stress, then calculate and plot viscosity as a function of time 
at a fixed shear rate (3 fresh samples total). (Note: use a shear rate at which 
Taylor vortices did not oca . )  

5. Check if the flow curves are repeatable (& 5%) for three mns. 

If no, consult with cognizant scientist/engineer before continuing the 
work. 

If yes, go to next step. 
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6. Obtain steady shear viscosity by averaging the steady state values of the 
three flow curves. (Note: the value obtained here is without wall slip 
correction.) 

7. Measure the qualitative thixotropic/rheopectic or time-independent 
behavior of slurries material. 

If the viscosity increases versus time, the behavior is rheopectic. The 
rate of viscosity versus time (i.e., the slope of the viscosity-time curve) 
can be used as a measure of rheopeq for2 fixed shear rate. (Note: this 
is due to microstructural change in slurries subjected to a constant 
shearing flow. The particle aggregation rate is faster than that of break- 
UP.) 

If the viscosity decreases versus time, the behavior is thixotropic. The 
rate of viscosity versus time can be used as an measure of thixotropy 
for a fixed shear rate. (Note: particle aggregation rate is slower than that 
of break-up.) 

If the viscosity is constant versus time, the behavior is time- 
independent. (Note: particle aggregation rate is close to that of break- 
UP*) 
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r 

Consult with 
cognizant scientist 
/engineer 

estimated vdue and e 
a1 values. Are they consistent 

c1 

c2 

steady shear viscosity 
thixotropy/rheopexy 

I '  
Follow procedures 12.1A2-12.1A8. 

Measurement of shear stress 
versus of shear rate. 

(one sample) 
I 

Yes I 
. are predicted to start. 

Estimate shear rate where 'laylor vortices 

c4 Measure shear stress, then calculate and plot 
viscosity at a fixed shear rate as a 

function of time (3 fresh samples total) 

Consult with 
cognizant scientist No 
/engineer Yes I 

curves consistent (k 5%)? 

I I I 

c5 
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c7 

Obtain steady shear viscosity by 
averaging the steady state values 
of the three flow curves. 

(Note: the value obtained here is 
without wall slip correction) 

Measure the qualitative- thixotropic/rheopectic or time 
independent behavior of the slurries. 

If +e viscosity increases versus time, the behavior is rheopectic. The 
rate of viscosity versus time (Le., the slope of the viscosity-time 
curve) can be used as a measure of rheopexy for a fixed she& rate. 

If the viscosity decreases versus time, the behavior is thixotropic. The 
rate of viscosity versus time can be used as a measure of thixotropy 
for a fixed shear rate. 

If the viscosity is constant versus time, the behavior is time- 
independent. . 

c 
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D. Sweep rheogram (Parallel plates measurement) 

I. The yield stress, plastic viscosity, apparent vis'cosity, and qualitative 
thixotropic/rheopectic behavior of slwries are measured with parallel 
plates (see Figure 12.1D on page 32). Edge effects limit the case of 
parallel plates for the measurement at very high shear rates since the 
.sample may flow out of the gap. The benefit of using parallel plate 
viscometer compared to concentric cylinders is that only small amount o f ,  
sample is needed for the test. Also, one should note that the shear rate is 
constant (or'flow is simple shear) with concenttic-cylinder geometry but 
varies with position for .the parallel-plate geometry. The shear rate used 
for the parallel plates measurement is the shear at the edge of the plates. 

2. Select sensor for measurement. Use Haake Q45 sensor for slurry maximum 
* 

. 

particle sizes c 1000 p, and plastic viscosity > 5 cp and c lo9 cp. Gap 
size should be 3 times larger than the maximum particle size. 

If maximum particle size > 1000 pm, use Haake MY3 sensor. . 

If plastic viscosity c 5 cp, use Haake Mv1 sensor. 

If plastic viscosity > lo9 cp, use Haake Q20 or Q30 sensors. 

If plastic viscosity c 5 cp and maximum particle size > 1000 pm, methods 

(Note: the measuring range for a specific MY-type sensor is shown in 

A trial and error approach may be required to determine which sensor is 

development is needed. 

Figure 12.1D.1) 

appropriate foi use. . *  

3. Shake or stir the sample to make sure that it has been homogenized. Add 
sample on the bottom plate. Three samples are to be used. 

4. Lower the upper plate so that A h  (the distance between two plates) = 2 mm. 
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" I .  . 
. -. 

. .  
0 .  

- 1  . -  

Figure 12.l.D.l The measuring range for a specific Q-type sensor. 
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5. The excess sample would flow from the gap into the groove of the 
bottom plate. Remove excess sample with a suitable syringe. (Note: doing 
so would allow one to see if the sample is flowing out of the gap during 
the test) 

6: Set sweep time: 

0 - 218 s" : 2 minutes, then 218 - 0 s-' : 2 minutes. (Note: increased shear 

phenomenon, however, the original material microstructure can also be 
disturbed during a longer preshear time.) Here, 218s'' is the maximum shear rate 

range for 445 sensor. Due to the sensitivity of the slurry to shear history, consult 
with cognizant scienfist/engineer if a longer period of shear time is required. 

between 0 - 218s'' are in the valid range as shown in Figure 12.1D.1. 

time for the period of 0 - 218 s-' can reduce the thixotropic/rheopectic - 
* 

7. Check if sensor size is correct, i.e., if the values of shear stress for shear rate 

If no, consult with cognizant saen&t/engineer for a proper type of 
sensor. 

If yq,  go to next step. 

8. Measure shear stress versus shear rate with three freshsamples (use new 
sample after each measurement). (Note: fresh samples must be loaded for 
.each measurement because of the sensitivity of slurries to the shear 

* 9. Use both upper and lower curves (if &otropy/rheopexy is observed) for 

history.) 

analysis. The upper curve approximates the starting flow in pipe 
(where the fluid is injtiaIIy undisturbed), while the lower curve 
approxiplates sheared flow in pipe (where the fluid has been deformed as 
the time progresses). 

10. Check if each pair of upper and lower flow curves is consistent (repeatable, . 
f 5%) for three runs. 

If flow curves are not consistent, consult with cognizant scientist/engineer 
before continuing the work. 

If flow curves are consistent, go to next step. 
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. 11. Identify if wall slip corrections are required, repeat Steps 3-10 above using 
different gap sizes (for example, lmm, 3mm, and 4pm). 

12. Check if wall slip effect exists. (Note: if there is no wall slip, the flow 
curves from different gap sizes should be the same [4 5%]) 

If no, go to next step. 

If yes, correct wall slip and obtain correct flow'cqve using the following 
formulas (Yilmazer and Kalyon 1989). 

Obtain the shear rates i',[s'] from data at different gap sizes (€3) [m] 
with a specific shear stress z [Pa] (recommend minimum of 10 z 
values). 

Plot f a  versus 1/H at. constant ~~s and obtain straight lines (one 
straight line for each z R). ' 

Calculate u,(zJ [m/s] and ~ R ( z R )  for each straight line with a specific 
value of Z, using formula: 

(12.1D.1) 

where ?R(zR)  [sa'] is the extrapolatedintercept and is the true shear rate, 
2u,(~J is the slope of the straight line, and u,(z~) [m/s] is the slip 
velocity at the wall. 

Plot out Z~ versus j R ( 7 R )  

13. Use curvefitting software on final (or corrected) flow m e .  



. 

PNL TECHNICAL PROCEDURE 

Procedure No.: ETC-001-001 Revision No.: 0 Effective Date: 5/16/95 Page 31 of 39 
. .  

14. Select best model based on regression for non-Newtonian Fluid 
(Bingham, H. Bulkley, Casson, etc.). If fluid is' Newtonian, z = q y 
where z [Pa] is the shear stress, q [Paas] the Newtonian viscosity, and 
y[se1J the shear rate. 

. Bingham Model: z = T; + q p +  where z is the shear stress, 7; the 
Bingham yield stress, 17 the plastic viscosity, and y the shear rate. 

- - 
Herschel-Bulkley Model: z = zf + kj" where z is the shear stress, 7: 

the yield stress, k and n the parameters, and y the shear rate. 

1 1 ' .1 
Casson Modeli zz = (7;): + (q;y)y where z is the shear stress, 7; 

the Casson yield stress, q the co&istency parameter, and y the shear 
rate. 

(Note: if the material has no yield stress, T;, <, and 7: should be zero.) 

15. Obtain the following parameters from each model: (This is for the 
. pressure drop estimate in pipe flow, see Section 12.2 on'page 35) 

Bingham model: the Bingham yield stress, T;, and the plastic viscosity, 
17 P' 

Herschel-Bulkley Model: the yield stress, zf, and the parameters, k and 
n. 

Casson Model: the Casson yield stress, z:, and the consistency parameter, 
C* 

16. Determine apparent viscosity by dividing the corrected shear stress by 
a specific shear rate. For example, the apparent viscosity for a shear rate 
y with shear stress z is z/ q. 

c 

17. Determine thixotropic/rheopectic behavior by measuring the area between 
the "up" and "down" curves of the corrected rheogram (Mewis 1979). 
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Figure lZlD 

D1 

D2 

D3 

D4 

D5 

1 

yield stress 
plastic viscosity 
apparent &cosity* 
thixotropy/rheopexy 

I 
Use Q45 sensor 

for particle sizes. 
e 1000 pm and 

slurry viscosity 
> 5 cp and e 109cp 

Add sample on the bottom 
plate. 3 samples are to be used. 

Lower upper plate to Ah=2mm 

I Remove excess sample. I 

I 

I 
I 

I 

D6 

D7 

D8 

Set sweep time: 
0 - 218s-l : 2 minutes, ’ 
218 - Os-’ : 2 minutes. 

I 

range for shear rate between No Consultwith . 
I 0 - 451s-’ as shown in Figure cognizant scientist 

/engineer 

Yes 
Measure snear stress 
versus shear rate 

(3 fresh samples total). 



D9 

cognizant scientist 
/engineer 

Yes I 

Use both upper and lower curves 

sheared flows in pipe) for analysis. 
(which approximate the undisturbed and 

Dl1 
. 

Go to D13 

I 

NO m different 

Plot Y',versus I/H at constant 2,s and 
obtain straight lines (one straight h e  for each TJ. 

- 

Page 33 of 39 

D10 

D12 
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D13 

D14 

D15 

D16 

I 

I 

I 

1 Plot out 2, versus y R ( ~ J  I 
Use curve-fitting software on flow m e .  

Select best model based on regression 
(Bingham, H.Bulkley, Casson, etc.]. 

Obtain the following parameters 
from each model: 

Bingham Model: the Bingham yield stress, 
T:, and the plastic viscosity, q p. 

Herschel-Bulkley Model: the yield stress, T:, 
and the parameters, k and n. 

Casson Model: the Casson yield stress, T:, 

l and the consistency parameter, q C. 

I I I 

Determine apparent viscosity by 
measuring the slope of the 
corrected shear stress versus 
shear rate curve for 
a specific shear rate. 

Determine thixotropy/rheopexy 
behavior by measuring the area 
between the "up" and "down" 
corrected curves. 

D17 
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12.2 Applications 

A. Pressure drop (AI?) estimation for pipe flow 

The procedure described in this section has been commonly used for the 
estimate of pressure drop in pipe flow (Bird et al. 1960; Shook and Roc0 1991). 
However, the estimated results have not been verified with the experimental 
pipe flow data. The person who would like to apply the estimated results 
obtained from this section should consult with the cognizant 
scientist/engineer. - 

1. Follow procedures in 12.1A (Steps 2 through 7 and Steps 9 through 14) or 
12.1D (Steps 2 through 7 and Steps 9 through 13). Step 8 in both 12.1A and 
12.1D should be changed as follows: Take the data with decreasing shear 
rate and treat increasing shear part as a preshear (see Figure 12.U on 
page 38). 

2. Collect pipe flow engineering data, for example, pipe length L Em], pipe 
diameter D [m], and average velocity V [m/s]. 

3. Report parameters from the rheological models according to Step 16 in 
12.1 A or Step IS in 12.1D. 

Bingham Model: the Bingham yield stress, T; [Pa], and the plastic 
viscosity, q [Pa.s]. 

Herschel-BuIkIey Model:. the yield stress, 7: [Pa], and the parameters, k 
and n. 

Casson Model: the Casson yield stress, .T: Fa], and the consistency 
parameter, q [Pa*s]. 

4. Calculate pressure drop (AI?) Fa] based on selected model (consult with 
cognizant scientist/engineer regarding to which model should be used): 

The following formulas are valid only for laminar pipe flow (Le., the 
Reynolds number is less than 2100). If the Reynolds number is greater 
than 2100 (i.e., the flow is turbulent), method development is needed. 

. c  -_ 

. ... - 
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The formula for Reynolds number is: 

Nm=- Dvp I 2100 
Pe 

(122.1) 

where p [g/m3] is the fluid density, D [m] the pipe diameter, V [m/s] the 
average flow velocity, and p, F a ~ s ]  the effective viscosity of slurry 
suspensions . 

Bingham Model: 

The effective viscosity can be expressed as 

(12.2.2) TBD pe =A 
6V +‘, 

where T: [Pa] h the Bingham yield stress and qp [Paos] is the plastic viscosity. 

Ap/L can be calculated by using the formula (Bird et al. 1960): 

(12.2.3) 

where L [m] the pipe length Ad Ap [Pa] is the pressure drop. Because D [m] 
and V [m] are available, one can estimate Ap/L for the pipe flow. 

Herschel-BulkIey Model 

Calculating effective viscosity of Herschel-BulkIey Model is 
complicated because the equation is complex (12.2.4). Therefore, no formula is 
available in the literature. A practical way to estimate the effective viscosity 
for the Herschel-BulkIey fluid flowing in pipe is .to fit the original corrected 
rheogram from 12.1A12 with the Bingham.Mode1. Then use the obtained 
Bingham yield stress and plastic viscosity with equation (12.2.2) to calculate 
the effective viscosity and estimate the Reynolds number using equation 
(12.2.1). 
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Ap/L can be calculated by the formula (Shook and Roc0 1991): 

D = 4( %f[ ( $)(I - + (?)(I - s)~. + ($)(I - e)‘] (12.2.4) 

where 7, = -, DAp 5 = 0 T~ , a=l+(i) ,  b=2+(i) ,  c = 3 + ( 3  
,4L 2, - - 

Here, 2: [Pa] is the yield stress and k and n are parameters from the Herschel- 
Bulkley Model. As D [m] and V [m/s] are known, one can estimate Ap/L for 
the pipe flow. 

Casson Model 

The effect viscosity can be expressed as: 

(12.2.5) 

where 2; Fa] is the Casson yield stress and q [Pa~s] is the consistency parameter. 

Ap/L can be calculated by using the formula (Shook and Roc0 1991): 

D 
(12.2.6) 

where 2, e =- DAp. Because D [m] and V [ ~ / S I  are known, one can estimate 

Ap/L for the pipe flow. 
4L 
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A2 

Figure 12.2 A 

I Pressure drop (AI?) estimation for pipe flow. I 
I 

Collect pipe flow 
engineering data, 

diameter, (D), and 
average flow 
velocity (V). 

pipe length (L), pipe 

I 

Follow Procedure A (Rheological 
measurement), except Step A6. 

Step A6 should be changed to: 
Take data with decreasing shear rate 
(treat increasing shear part as preshear). 

Report parameters for the rheological models 
Bingham: yield stress; 
H. B.: yield stress, k, n; or 1 Casson: yield stress, consistency parameter. 

1 I 
I I 

Calculate pressure drop based on 
selected model (consult with 
cognizant saentist/engineer 
regarding to which model 

should be used). 

A1 

A3 

A4 
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