
12-WTP-0216

P.O. Box 450, MSIN H6-60
Richland, Washington 99352

JUL 17

The Honorable Peter S. Winokur
Chairman
Defense Nuclear Facilities Safety Board
625 Indiana Avenue, NW, Suite 700
Washington. DC 20004-2901

Dear Mr. Chairman:

TRANSMITTAL OF DEFENSE NUCLEAR FACILITIES SAFETY BOARD (DNFSB)
RECOMMENDATION 2010-2 IMPLEMENTATION PLAN (IP) DELIVERABLES 5.3.3.1
AND CANCELLATION OF 5.3.3.2 AND 5.3.3.3

This letter provides the deliverable responsive to Commitment 5.3.3.1 of the U.S. Department of
Energy plan to address Waste Treatment and Immobilization Plant (WTP) Vessels Mixing
Issues; IP for DNFSB 2010-2. Follow-on Commitments 5.3.3.2 and 5.3.3.3 will be cancelled
based on conclusions reached in 5.3.3.1.

The attached report provides experimental results of a non-Newtonian proof of concept scoping
test. The report assessed the use ofNewtonian analytical techniques to assess mixing in non­
Newtonian vessels. Results of the test suggest that the premise that non-Newtonian fluids
perform the same as matched Newtonian fluids under appropriately similar conditions is not
supported. Report conclusions indicate that extensive additional testing might be required, with
no clear route to success. Based on these conclusions, it has been determined that Newtonian
techniques will not be utilized for analysis afnon-Newtonian vessel performance.

Determination that Newtonian techniques will not be utilized has resulted in the cancellation of
24590-WTP-RPT-ENG-11-001, Rev 0, "Determination that Non-Newtonian Vessels Can Be
Evaluated Using Newtonian Techniques." Report cancellation and determination from the proof
of concept scoping test report are intended to fulfill the requirements of IP Commitment 5.3.3.1,
update assessment of use ofNewtonian analysis techniques to assess non-Newtonian vessel
performance.

Subsequent efforts in support ofIP Commitment 5.3.3.2, independent review of paper
concluding non-Newtonian conditions can be assessed using Newtonian techniques and 5.3.3.3,
conclusion regarding use ofNewtonian techniques to assess non-Newtonian conditions are being
cancelled. Alternative approaches will be used to complete analysis for non-Newtonian vessel
performance. These approaches will be considered in preparing the revised IP due to be
completed by the end of this calendar year.



Hon. Peter S. Winokur
12-WTP-0216
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If you have any questions, please contact me at (509) 372-2315, or your staff may contact Ben
Harp, WTP Start-up and Commissioning Integration Manager at (509) 376-1462.

Sincerely,

WTP:WRW
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Executive Summary

The Test 5 scoping study was authorized to allow a rapid evaluation of the experimental design before
NQA-l data were collected. Phase 1 ofthe seoping tests collected data for a single pulse tube
configuration, as they would be collected in actual Test 5 Phase 1 runs. These data clearly indicated an
endemic problem with the Test 5 design ofexperiment and the pass/fail criteria for the experiment with
respect to answering the question as to whether a sufficiently sheared Bingham fluid may be analyzed
using Newtoniatt flow assumptions. A decision was ~ade not to continue to Test 5 Phase 2 seoping rons
and to not proceed with Test SNQA-l data collection..

Analyses are documented in this report which show that the Test 5 seoping run data 1) may be consistent
with the concept that "a sufficiently sheared Bingham fluid may be analyzed using Newtonian flow
assumptions" but that 2) the pretest assumed relationship between the unconfined compressive strength of
the Test 5 bed modeled as a factor of2 to 2.3 times that Bingham fluid yield stress was not valid.
Evidence is presented that suggests the unconfmed compressive strength of the Test 5 bed may be many
orders ofmagnitude larger than the pretest estimate. The Test 5 &Coping run data are inconclusive in
establishing whether the Test Sexperiment could show whether a sufficiently sheared Bingham fluid may
be analyzed using Newtonian flow assumptions ifTest Sbed properties were suitably characterized.
Because it was determined that extensive additional testing and development ofnew measurement and
analysis techniques might be required to yield a successful Test 5 experiment, with no clear route to
success, it was decided that Newtonian techniques will not be used to assess non-Newtonian vessel
performance and that 24S90-WTP-RPT-ENG-ll-001, Rev O. 2011. Determination that Non-Newtonian
Vessels Can Be Evaluated Using Newtonian Techniques, which provided the basis for the assumption.
will be cancelled.

page vii
24S9O-PADC-F00041 Rev 6 (1/22/2009)
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1 Background

Data comparisons ofjet...mixing perfonnance for Non-Newtonian Hanford fluids versus Newtonian
Hanford fluids are limited. While jet..mixing performance data have been reported (24590-WTP­
RPT-ENG-ll-OOl, Rev 0, Determination That Non-Newtonian Vessels Can Be Evaluated Using
Newtonian Techniques) covering ranges offluid properties and various suspended or settling solids, a
direct one-for-one comparison ofproperties ofconcern to Pulse Jet Mixing using Newtonian fluid and
a Non-Newtonian fluid has not been conducted for Hanford Tank Wastes. Specifically, comparison
ofyield stress fluids with infinite strain-rate viscosities in tenns of radial wall jet clearing ofa bed of
solids to Newtonian fluids with similar viscosity was needed.

A test plan was formed (CCN 238153, Testing Associated With The Determination That Non-Newtonian
Vessels Can Be Evaluated Using Newtonian Techniques) with the objective to use measurement of
clearing radius ofa bed ofsolids to demonstrate whether a Non-Newtonian yield stress fluid performs the
same as a Newtonian fluid surrogate under appropriately similar conditions. These tests were called Test
5. Test 5 was to be conducted in two phases. Phase 1 considers a single jet impinging on a bed of solids
with the intent to show that the non-Newtonian fluid acts as a Newtonian fluid in its interaction with the
solids bed. Phase 2 considers multiple jets with the intent 'to show that the non-Newtonian fluid acts as a
Newtonian fluid at mean velocity stagnation points. Phase 2 would be conducted only upon successful
completion ofPhase 1.

Seoping tests for Test 5 were authorized to allow a rapid evaluation ofthe experimental design before
NQA-l data were collected in Phase 1. Details of the seoping apparatus and test results are reported in
project document 2459()..RMCD-03354t Summary ofLSJT~lnfo..N-NN·ECR-005 & 5a, Phase I: Single
PJM, Determination IfNon-Newtonion Vessels Can Be Evaluated Using Newtonian Techniques rIsing
O.25-In. BedDepth. This report is an analysis ofscoping test data.

2 Purpose

The purpose ofTest 5 is to supplement the findings ofproject report 24590-WTP-RPT-ENG-ll-001,
Rev 0, Determination That Non-Newtonian Vessels Can Be Evaluated Using Newtonian Techniques,
specifically to assess whether the premise that non-Newtonian fluids perform the same as matched
Newtonian fluids under appropriately similar conditions may be supported.

The purpose ofthe Test 5 Scoping Study was to allow a rapid evaluation ofthe experimental design of
Test 5, before NQA-l. data were collected, in order to learn whether the objective to use measurenlent of
clearing radius ofa bed ofsolids to demonstrate whether a Non-Newtonian yield stress fluid perfonns the
same as a Newtonian fluid surrogate under appropriately similar conditions could be successful.
Successful scoping test runs would allow the Test 5 experiment to proceed. Unsuccessful scoping test
runs could be used to identify issues with the Test 5 experiment design that need to be addressed in order
to enable Test 5 to evaluate that premise.

3 Results

A complete summary ofthe Test 5 Sroping Study data is provided in project document 24S90-RMCD­
03354, Summary ofLSlT-Info-N-NN-ECR-005 & 50, Phase I: Single PJM, Determination IfNon-

Page I
2459O-PADC-F00041 Rev 6 (1/22/2009)
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Newtonian Vessels Can Be Evaluated Using Newtonian Techniques Using O.25-In. BedDepth. The Zone
ofIntluence (ZOI) data from Newtonian Jets (NJ) impinging on Newtonian settled solids beds (NB)
(Figure 1). non-Newtonian Jets (NNJ) impinging on non-Newtonian settled solids beds (NNB) (Figure 2).
Newtonian Jets impinging on non-Newtonian settled solids beds (Figure 3). and non-Newtonian Jets
impinging on Newtonian settled solids beds (Figure 4) are extracted from that report.

I! I
'i !1> '" !S13: ~l - '"Iilo ~ f"'l~

NB·NJ 1 6.16 6.06 46.17

NB·NJ 2 6.11 6.00 51.07

NB·NJ 3 5.96 5.81 46.87

NB·NJ 4 6.23 6.09 48.18

NB·NJ 5 6.01 5.87 46.73

NB·NJ 6 5.98 5.86 46.83

NB-NJ 7 6.04 5.92 46.60

NB·NJ 8 6.09 5.93 48.08

NB·NJ 9 6.15 6.01 51.73

NB-NJ 10 6.20 6.07 51.79

Ave 5.96 48.40

Stddev 0.1 2.25
%Rel
Stddev 1.7 4.65

Figure 1 Clearing diameters (ZOI) from the Test S Seoping Study for Newtonian Jets
impinging on Newtonian settled soUds beds for pulses within O.2m1s of6m1s during
the last three seconds of the pulse.

"l:l Q 1f 31=~ ! ;>1 cis13: : ::~-<
NNB·NNJ 2B 6.13 6.03 24.31

NNB·NNJ 3 6.26 6.13 26.25

NNB·NNJ 4 6.11 5.95 28.22

NNB·NNJ S 6.01 S.87 26.S2

NNB·NNJ 6 6.06 S.9O 24.20

NNB·NNJ 7 6.19 6.04 27.19

NNB·NNJ 8 6.22 6.04 25.58

NNB·NNJ 12 6.18 6.0S 24.84

NNB-NNJ IS 6.11 5.94 24.56

Ave S.99 25.74

Stddev 0.08 1.40
%Ret
Stddev 1.39 5.46

Page 2
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Clearing diameters (ZOI) from tbe Test 5 Scoping Study for non..Newtonian Jets
impinging on non-Newtonian settled loUds beds for pulses within O.2m1s of 6m1s
during the last three se~ondsof the pulse•

•

=! '; f')
f» >1 u • .i s...
'ii caS ~l"a .....
~

~
Q ~

.!~ 'I
;>

NNB-NJ 1 6.1 5.95 28.96

NNB·NJ 2B 6.18 6.09 29.13

NNB-NJ 3 6.09 5.97 30.44

NNB-NJ 4 5.88 5.77 30.28

NNB-NJ 4A 6.22 6.1 32.60

NNB..NJ 5 6.66 6.58 34.57

NNB-NJ 6 6.33 6.23 32.39

NNa..NJ 7 5.81 5.65 29.99

NNB..NJ 7A 5.79 5.63 31.33

NNB-NJ 78 6.22 6.09 31.32

NNB-NJ 9 6.13 6.12 29.91

NNB·NJ 10 6.11 5.96 29.17

NNB-NJ 12 5.91 5.78 29.39

NNB-NJ 13 6.1 5.97 29.60

NNB-NJ 14 6.06 5.91 30.38

Ave S.99 30.63

Stddev 0.24 1.57
% ReI
Stddev 4,00 5.12

Clearing diameters (ZOI) from the Test 5 Scoping Study for Newtonian Jets
Impinging on non..Newtonian settled solids beds for pulses within O.2m1s of 6lols
during the last three seconds of the pulse.

1! f» 11'

! ~i 19
J~ ~

NB·NNJ 1 5.96 30.8

NB-NNJ 1 5.98 29.8

Ave 5.91 30.3

Figure 4 Clearing diameters (ZOI) from the Test 5 Scoping Study for non-Newtonian .Jets
impinging on Newtonian settled soUds beds.

Average values for the cleared zone diameters are

Page 3
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• 48.40 cm ± 2.25 cm, for Newtonian jet clearing of a Newtonian settled solids bed
• 25.74 cm ± lAO cm, for non-Newtonian jet clearing of a non-Newtonian settled solids bed
• 30.63 cm ± 1.57 cm, for Newtonian jet clearing of a non-Newtonian settled solids bed
• 30.30 cm ± unknown, for non-Newtonian jet clearing ofa Newtonian settled solids bed .

A summary ofclearing zone diameters for all Test 5 Scoping Study runs is presented in Figure 5,
expressed in terms of the effective clearing (or cleaning) radius (ECR) defined as one-halfof the cleared
zone diameter. The data were extracted from project document project document 24590.RMCD·03354,
Summary ofLSIT-Info-N-NN-ECR-005 & 5a. Phase I: Single P1M, Determination IfNon-Newtonian
Vessels Can Be Evaluated Using Newtonian Techniques Using O.25-In. Bed Depth.

r-- - _.. _.
, <> Test Data, NN nUid, NN interstitial liquid

c Test Data. N nuld. NN interstitial liquid

A Test Data. N nuid. N interslitlalliquid

- - - - Poreh, Bed Critical Shear Stress = 3.97 Pa ·'·1

- • - • Poreh, Bed Critical Shear Stress =2.73 Pa

- ••• Poreh, Bed Critical Shear Stress =1.07 Pa

50

45

40

35

30

E 25
~

20a:
()
w 15

10

5

0
0 2 4 6 8 10

~•...-

12 14

Jet Nozzle Velocity (m/s)

Figure 5 Summary of ECR (112 of the Clearing Diameter) data for aU Test 5 Scoping Study
Runs.

4 Analysis

4.1 Test 5 Analysis Approach

The analysis approach advocated in the Test 5 plan (CCN 238153, Testing Associated With The
Determination That Non-Newtonian Vessels Can Be Evaluated Using Newtonian Techniques) is to
compare the experimentally observed clearing diameters for the NB·NJ and NNB-NNJ runs.

• Success: If the observed average clearing diameter from the NNB-NNJ runs was the same as or
exceeded the observed average clearing diameter from the NB-NJ runs under appropriately
matched conditions, then the experiment would be successful in supporting the premise that non-
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Newtonian fluids perform the same as matched Newtonian fluids under appropriately similar
conditions. The experiments would proceed to Phase 2.

• Ifthe observed average clearing diameter from the NNB-NNJ runs was less than the observed
average clearing diameter from the NB-NJ runs under appropriately matched conditioDS, then the
experimentally observed average clearing diameter for the NNB-NNJ runs would be modified by
the ratio ofthe predicted NB-NJ clearing diameter to the predicted NNB-NNJ clearing diameter
to adjust for fluid and bed differences and the comparison would be repeated.

o Success: If the adjusted average clearing diameter from the NNB-NNJ runs was the same
as or exceeded the observed average clearing diameter from the NB-NJ runs under
appropriately matched conditioDS, then the experiment would be successful in supporting
the premise that non-Newtonian fluids perfonn the same as matched Newtonian fluids
under appropriately similar conditions. The experiments would proceed to Phase 2.

o Failure: If the adjusted average clearing diameter from the NNB..NNJ nms was less than
the observed average clearing diameter from the NB-NJ runs under appropriately
matched conditions, then the experiment would be interpreted to not support the premise
that non-Newtonian fluids perfonn the same as matched Newtonian fluids under
appropriately similar conditions..

The observed value for the average clearing diameter from the nominally 6 m/s NNB..NNJ runs, 2S.74 em
± 1.40 em, is substantially less than the observed value for the average clearing diameter from 'the
nominally 6 mls NB·NJ nms, 48.40 em:l: 2.25 CD1, thereby requiring a comparison to the adjusted NNB­
NNJvalue.

4.2 NNB-NNJ Adjustment

The Test Sanalysis plan recommends use ofthe ECR model

Equation 1

where EeR = radial distance from the jet (m)
U = impinging jet nozzle velocity (mls)
't'~ = critical shear stress to mobilize the settled solids bed (Pa)
PI = density ofjet fluid (kglm3

)

H = jet nozzle offset from the floor (m)
D = jet nozzle diameter (m)
v = kinematic viscosity ofjet fluid (m2/s)

For the Test 5 Scoping Study experiments, D = 1/2 inch =0.0127 m and HID = 1.5.

4.2.1 NB-NJ Tests

The measured carrier fluid density and viscosity for the Newtonian fluid tests are PI = Pslycerol = 1158
kglm3 and flalycerot =10.88 cP =0.01088 kg /(m s) (see appendix A.I). The kinematic viscosity ofthe
carrier fluid is J.11/PI::: 9.396xl0-6 m2/s. The average nozzle velocity for the NB-NJ tests is U = 5.96 mls
(Figure 1).. The critical shear stress for mobilization is predicted to be t c = 0.7956 Pa using the Brownlie
(1981) model for the Shields relations (see appendix. A.4 for calculation) and'tc: =0.9838 Pa using the

PageS
24590·PADVFOO041 Rev 6 (1/12/2009)



12-WTP-0216 - Attachment 1
Page 13

2459O-WTP-RPT-ENG-11-114, Rev 0
Non-Newtonian Proofof Concept Scaplng Test Report

Cao et at. (2006) model for the Shields relations (see appendix A.S).. Using these data, the predicted value
for ECR based on Brownlie (1981) is

[
2 03]0.435

ECR= O.244PIUI.'~;I(~) (~)' H

=[O.244.1158 t St96L7 .0.7956-1.( 0.0127)2 .(9.936 X IO-
6

)O.3]o.43S O.01905m
0.01905 0.0127

=O.2517m

and based on the Cao et a!. (2006) is

[

2 0.3 ]0,435
ECR= O.244PIUI.'~;I(Z) (~) H

[
2 03]OA~

= 0.244.1158.5.961.1 .0.9838-1 .( 0.0127) .(9.936 XI0-6)· O.01905m
0.01905 0.0127

=O.2295m

The predicted diameter ofthe cleared zone is 2xECR which is 50.33 em for the Brownlie (1981) model
and 45.89 cm for the Cao et a1. (2006). The average of the measured values is 48.40 cm ± 2.25 em (Figure
1). The Brownlie (1981) prediction lies at the upper end of 'this range. The Cao et a!. (2006) prediction
lies at the lower end of this range.

4.2.2 NNB-NNJ Tests

The measured carner fluid density and viscosity for the Newtonian fluid tests are Pi =Pslurry =1200 kgIm3

and tJl = J.Ia>,Slurry =11.3 cP =0..0113 kg/ms (see appendix A.2). The kinematic viscosity ofthe carrier fluid
is J.1J/pl == 9.417xl0-6 m2/s. The average nozzle velocity for the NNB-NNJ tests is U =5.99 m/s (Figure 2).
The critical shear stress for mobilization ofthe cohesive bed is predicted to be 'tee = 0.995 Pa using the
Brownlie (1981) model for the Shields relations augmented by the Kothyari and Jain (2008) model for
bed cohesion (see appendix A.7 for calculation) and 'tee =1.246 Pa using the Cao et al. (2006) model for
the Shields relations similarly augmented by the Kothyari and Jain (2008) model for bed cohesion (see
appendix A.g). Using these data, the predicted value for ECR based on Brownlie (1981) is

[
2 03]0,43'

ECR= O.244PIUI.7~;;(~) (~J' H

=[0.244 e I200.5.991.7.0.995-1.( 0.0127 J2 .(9w417XIO-
6

)O.3]o.43SO.Ol905m
0.01905 0.0127

= O.2328m
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and based on the Cao et al. (2006) is

ECR = [0.244P1Ul.7~~ (Zr(~r3r43SH

=[0.244'1200'5.991.7 .1.246-1.( 0.0127 J2 .(9.417 X10-
6)O.3jO.435 0.01905m

0.01905 0.0127

=0.2111m

The predicted diameter ofthe cleared zone is 2xECR which is 46.57 cm for the Brownlie (1981) DIodeI
and 42.23 cm for the Cao et al. (2006). The average of the measured values is 25.74 cm ± 1.40 cm (Figure
I). Both the Brownlie (1981) and Cao et a1. (2006) predictions lie significantly outside of this range.

4.2.3 Adjustment

Following the analysis strategy proposed in the Test 5 plan, the observed value for clearing diameter from
the NNB-NNJ tests, 25.74 cm, is adjusted by the ratio ofthe predicted clearing diameter for the NB-NJ
test, 50.33 cm for the Brownlie (1981) model and 45.89 cm for the Cao et a1. (2006), to the predicted
clearing diameter for the NNB-NNJ test, 46.S7 cm for the Brownlie (1981) model and 42.23 cm for the
Cao et al. (2006). The adjusbnent ratios are SO.3/46.57 = 1.08 based on the Brownlie (1981) model and
1.09 based on the Cao et al. (2006) model. The adjusted values for the average clearing diameter for the
NNB-NNJ tests are 1.08 x 25.74 em = 27.8 cm based on the Brownlie (1981) model and 28.1 cm based
on the Cao et ale (2006) model.

Both of these adjusted values, 27.8 cm and 28.1 cm, remain considerably below the observed value of
48.4 cm for the NB..NJ runs.

4.3 Summary

The results of the Test 5 Scoping Study following the analysis strategy proposed in the Test 5 plan would
suggest that the premise that non-Newtonian fluids perfonn the same as matched Newtonian fluids under
appropriately similar conditions is not supported. The other possibility is that the Test 5 Scoping Study
has uncovered a flaw in the Test 5 experimental design that would preclude the ability of the Test 5
experiment to assess whether non-Newtonian fluids perfonn the same as matched Newtonian fluids under
appropriately similar conditions.

4.4 Estimating the Critical Stress for Erosion

Estimates of the critical stress to erode the Newtonian and non-Newtonian interstitial fluid beds wilth the
different fluid jets are made and the results for the different fluid and bed interactions are compared.
Estimates for the critical stress based on empirical models from the literature (e.g. Kothyari and Jain
2008) for the non-Newtonian bed, see Section 3) are also provided and compared.

The critical stress to erode the beds is estimated from the measured ECR as a function ofjet nozzl~=
velocity using the Poreh et a1. (1967) expression for the wall shear stress acting on the floor from am
impinging radial jet, tw, as
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~w =o~(,?)~'3(~r2.3 Equation 2

where r = radial distance from the jet
'tw = wall shear stress
p = density ofjet fluid (kg/m3

)

K = kinematic momentum flux from the jet nozzle (m%:;, K=~(UoDoY whereUo. 4
and Do are the jet nozzle velocity and diameter respectively

H = nozzle stand-offdistance for vessel bottom (m)
v = k.inematic viscosity ofjet fluid (m2/s)

Equation 2 can be rearranged to express the radius as a function ofthe jet parameters and 'the applied
stress, and the applied stress can be equated to the critical stress for erosion ofthe bed at the
experimentally measured ECR ofeach test condition. A least squares regression is used to fit the
measured ECR to equation 2 where the fit is optimized by adjusting ~Wt thus approximating the critical
stress required to erode the bed as the wall stress. The rate oferosion is not considered in this approach,
so this analysis does not consider whether the estimated critical stress is for surface or mass erosion or
complete failure (e.g. see Wells et al. 2009).

As described in Summary ofPulse Jet Testing/or Newtoniant Non...Newtonian Beds andJets, different test
configurations were used. The data considered here includes the "full" beds wherein the fluid jets
impinged into a previously undisturbed sediment bed as well as the "partial" beds wherein a fluid jet is
impinged into a sediment bed that has been previously been eroded by a lower velocity jet

In Figure 5, the data and data fits are shown for combination ofthe full and partial bed test data. Good
agreement is achieved between the Poreh et at (1967) model and the measured data when a single value
ofcritical stress is applied to the respective data sets. The estimated critical stress values are listed in the
legend.

Increasing critical stress is estimated for the Newtonian and non-Newtonian interstitial fluid beds when
eroded by the Newtonian fluid (NB-NJ and NNB-NJ), and a higher critical stress is estimated for the non­
Newtonian fluid erosion ofthe non-Newtonian interstitial fluid bed (NNB:NNJ). This same relation is
observed for only the "partial bed" data sets as shown in Figure 6; and there is minimal differences the
estimated critical stress between the entire and partial bed data sets. A full bed data set is not evaluated
given the lack ofmultiple velocity data points. Difference in ECR due to difference in the fluid or
difference in the bed is considered.

As summarized in Wells et a1. (2009), the resistance ora cohesive material (i.e. non-Newtonian yield
stress fluid) to erosion depends on the strength of the cohesive forces binding the particles. Cohesion
may far outweigh the influence ofthe physical characteristics ofthe individual particles. A
heterogeneous bed comprised ofnoncohesive particles with cohesive interstitial fluid may have an
increased critical stress for erosion in comparison to a bed of the same noncohesive particles with
noncohesive interstitial fluid depending on the relation ofthe cohesive, adhesive, and frictional forces.
The increase in estimated critical stress from the NB-NJ to NNB-NJ tests suggests that, for the test
materials considered here with constant volume fraction of the glass particles, the cohesive property of the
interstitial fluid increases the required stress.

Page 8
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Figure 6 ECR as a Function of Fluid Jet Nozzle Velocity, partial bed data set

From Figure 5 and Figure 6, note that the jet nozzle velocity required to achieve equivalent measured
ECRs of approximately 25 cm for the NB·NJ and NNB-NJ tests was approximately 6 and 12 mls
respectively, or nominally a factor of two increase for the non-Newtonian bed. This factor of increase in
Newtonian jet velocity for equivalent measured ECRs between the two different beds is in reasonable
agreement with that predicted from the thin cohesive layer ECR models of Gauglitz et al. (2009) written
for equivalent ECR for different bed shear strengths as

U ['t J~TS.NN S,NN--= --
U'S,N 'tS,N

Equation 3

where 'tS,NN and 'tS,N are the shear strengths of the Newtonian and non-Newtonian beds, respectively.
Using Eq. (3) with the bed strengths as 3197 and 573 Pa respectively (average shear strength of the
vortexed samples under supernate (project document 24590-RMCD-03354), a velocity ratio of-2.4 is
achieved. Although the relation ofa shear vane measurement of a granular non-cohesive bed to an
intrinsic material property is subject to uncertainty (Daniels et al. 2007), the relative agreement of the
experimental and predicted difference in bed erosion for the NB-NJ and NNB-NJ tests provides strong
indication that the Newtonian and non-Newtonian beds erode differently.

This difference in erosion for the Newtonian and non-Newtonian beds is further considered by comparing
the estimated increase in critical stress (see Figure 5 and Figure 6) to calculated critical stresses for the
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Newtonian and non-Newtonian beds as summarized in Table 1. The calculated critical stresses are
determined from empirical models that are dependent on other measured or estimated bed properties.
The Brownlie (1981) expression for the Shields diagram is used for the critical stress ofthe Newtonian
interstitial fluid bed. This expression is useful for non-cohesive solids, which are represented on the
Shields diagmm with the shear Reynolds numbers greater than approximately 2 (Wells et at 2011).
Estimates for the critical stress of the non-Newtonian interstitial fluid bed are made using the models
listed in Table 1.

Table 1 Comparison of Critical Stress for Erosion for Test Conditions

Test Condition
Critical Stress for Erosion (pa)

Data Fit Model (reference)
NB..NJ 1.07 0.79 (Brownlie 1981)

0.98 (Cao et al 2006)
NNB-NJ 2.73 0.995 (Kothyari and Jain 2008)

3.09 (Wells et a1. 2009)1
9.43 (Onishi et at 2010)1,2
0.07 (Clark and Wynn 2007)1
0.71 (Clark and Wynn 2007)3
0.99 (Torfs et at. 2001)4
0.83 (Righetti and Lucarelli 2007)4

NNB-NNJ 3.97 N/A
I. Plasticity Index of34 for kaolin clay (Wells et at 2010) assumed for bed.
2. Clay slurry Bingham yield stress of 14 Pa used for bed shear strength.
3. Volume weighted median particle size ofglass beads and clay.
4. Detennined as described in 24590-WfP..RPT-ENO.. II-OOl, Rev O.

Caution must be taken in applying the critical stress for erosion relations for a given particulate or bed
directly to a different material. Wells et al. (2009) noted that there does not appear to be tools for
predicting sediment erosion without obtaining data for similar or related types ofmaterial. Clark and
Wynn (2007) compared different methods ofdetennining the critical shear stress for erosion. Jet erosion
test results were compared to estimates from the Shields' diagram and empirical relations based on
parameters ofpercent clay, plasticity index, particle size, and percent silt-clay. The jet erosion test results
were as much as four orders ofmagnitude greater than the Shields diagram and empirical methods for
cohesive materials indicating that models applied outside ofthe specific study area should be applied with
caution.

The NN bed calculated critical stress are typically larger than that for the Newtonian bed, Table 1, but
range by three orders ofmagnitude. Clearly, even accounting for the uncertainty of the input parameters,
these results demonstrate the concerns ofthe previous paragraph, and limited comparison can be made to
the fitted critical stress results.

The increase in the data fit critical stress for the NNB-NNJ in comparison with the NNB-NJ shown in
Table I may be caused by the non-Newtonian jet overcoming the non-Newtonian supernatant fluid as
well as the non-Newtonian interstitial fluid bed. Thus, the apparent critical stress of the non·Newtonian
interstitial fluid bed is increased as estimated by the Porehjet decay equation (Eq. (2».

The difference in the experimentally measured EeR due to difference in the fluid and bed has been
considered. The evaluations all indicate that the critical stress for erosion of the Newtonian and non..
Newtonian interstitial fluid beds are different, and likely cause differences in the measured BCRs. The
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increase in estimated critical stress for the NNB-NNJ test over the NNB-NJ tests may suggest there is a
difference in the Newtonian and non-Newtonian fluid jets.

4.5 Assessment of Test 5 Scoping Study Parameters

4.5.1 Newtonian-Flow Clearing of the Non-Cohesive Bed

A prediction made prior testing for the critical shear stress for mobilization ofthe noncohesive
glyceroUglass beads bed by an impinging Newtonian glycerol jet using the Brownlie (1981) form of 'the
Shields relation is t"c =0.79 Pa. The normalized difference between this prediction and the observed value
of 1.07 Pa is (1.07..0.79)/0.79=0.35 or 35% of the predicted value. A similar prediction using the (~ao et
at (2006) form oftbe Shields relation is I"c =0.98 Pat Its nonnalized difference is (1.07-0.98)/0.98 =0.09
or 9% of the predicted value.

Figure 7, extracted from Miller, McCave, and Komor (1977), shows the original Shields data. The gray
band provides a visual indication of the data scatter. At the conditions of the Test 5 Scoping Study
Newtonian tests, the data scatter is approximately 33% ofthe central value.1 Values for the Shiel<b~
paramete~ from the Brownlie (1981) and Coo et ale (2006) models are approximately 0.06 and 0.07,
respectively. They have been added to this figure. The Brownlie (1981) prediction is consistent with the
central value oftbe Shields parameter based on the original Shields data. The Cao et a1. (2006) prediction
lies at the upper end of this range. Miller et al.. (1977) extended the dataset contributing to the Shields
relation (see Figure 8). The Shields parameters for the Brownlie (1981) and Cao et at. (2006) predictions
have been added to this figure. The central value is near 0.07. The data scatter is bounded by 0.04 and 0.1,
a band that is approximately (0.1-0.04)10.07 =0.86 or 86% ofthe central value. The Coo et al. (2006)
prediction represents the central value ofFigure 8 better than the Brownlie (1981) relation. For purposes
ofanalysis, use ofthe Cao et al. (2006) model with an effective halfwidth for data scatter of±43% is
recommended.

1This estimate was made by calculating the shear Reynolds number, Re.=u. d/Vi, using Vi =9.4xl0-6 m2ts, PI =
1158 kglm3

, and dp = 775 jJm, where u.=(-rJ",)o.s for both predictions. The calculated values for Re. are both
near 2, 2.2 for the Brownlie (1981) expression and 2.4 for Cao et a1. (2006) expression. The range for the Shields
parameter (~= -rJ<Pt sp g dp), ordinate ofFig. 1) was extracted visually (0.05 to 0.07) for Re. =2. The CClltral

value is ~= 0.06. The difference compared to the central value is (0.07-0.05)/0.06 = 0.33 or 33%.
2 Using fJp =2900 kglm3

, sp == (pp - PI)!Pi =1.S, and g:= 9.81 m/s2
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4.5.2 Non-Newtonian Clearing of the Cohesive Bed

A prediction made prior testing for the critical shear stress for mobilization of the cohesive slurry/glass
beads bed by an impinging non-Newtonian clay slurry using the Cao et al. (2006) form of the Shields
relations augmented by the Kothyari and Jain (2008)correlation for a silt-sand bed is tcc = 1.27 Pa. The
normalized difference between the prediction and the observed value of3.97 Pa is (3.97-1.27)/1.27 =2.13
or 213% of the predicted value.

The range for data scatter about the estimate of tcc is estimated by compounding the data scatter bounds
for the Cao et al. (2006) form of the Shields relation for re and for the Kothyari and Jain (2008)
correlation for the ratio reclre. Using ±43% as the range for data scatter about the Shields relation and
±50% (see Figure 9) as a representative range for data scatter about the Kothyari and Jain (2008)
correlation (see Figure 9), the estimated range for data scatter about rcc is (I ± 0.43) x (I ± 0.50) - I =
±1.145 or ±114.5%. The observed difference is approximately twice this value. Figure 9 shows one value
lying outside of the +50% bound. It is contained within the +100% bound. Using this value to assess the
plausible range for data scatter about ree yields (I ± 0.43) x (I ± 1.00) - 1 =±1.86 or ±186%. The
observed difference of213% is still greater than this value. The data indicate that either the Kothyari and
Jain (2008) model is not valid for estimating the critical shear stress for mobilization of the cohesive bed
used in the Test 5 Scoping Study or that the bed parameters used in the Kothyari and Jain (2008) model
were not properly characterized.

4

o

£xtrlctld from Kothy.,,', U.C......d I.in, RJC.. 2008: Influence or cohesion an 'he ....dptenl
motIon condlUon of 'Idfm.nt mIxtures, Waltr Resources Research. 4t, WCM410:1·1S.
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Figure 9 Fit of the Kothyari and Jain (2008) correlation to silt-sand data.
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4.5.3 Post-Test Characterization of the Input Parameters to Kothyari and Jain
(2008) Slit-Sand Relation for The Test 5 Scoping Study

The Kothyari and Jain (2008) silt-sand Correlation for the ratio ofthe critical shear stress to mobilize a
cohesive bed relative to the Shields prediction for the critical shear stress to mobilize a similar bed
without cohesion is

'T:cc =1.88(1 +~ yl2 e-1/1i (1 +0.001 UCS·),20 -1.0
'rc Equation 4

It depends on three parameters: the weight fraction of the fine-grain sediment in the solidsb~ PCt the
void ratio (liquid to solids volume fraction ratio), e, and the unconfined compressive strength of the bed,
UCS.

By intent, the Test S Scoping Study cohesive bed material was formed to be 60% glass beads and 40%
clay slurry (27% bentonite-bentonite' clay to 73% salt water4 composition by weight). This ratio was
meant to represent a settled solids bed with random arrangement with clay slurry filling the interstitial
space. The Test 5 Scoping Study bed was constructed by screeding the bed material to a thickness of0.25
inches on the box flume floor. An observation during processing of the bed material is that some
separation of fluid from the solids occurred.

Figure 10 shows a free standing cylinder ofthe Test 5 Seoping Study bed material (note this cylinder is
deeper than the 1/4" bed). The image shows that the material supports load and that fluid leakage from the
material occurs, as was observed during screeding of the Test 5 Scoping Study bed. The image also shows
considerable organization ofthe glass beadss• Both organization of the glass beads in the bed material and
fluid leakage would affect an estimate ofthe bed stress using the silt-sand correlation from Kothyari and
Jain (2008). The observed glass bead organization implies that the achieved packing factor in the screeded
Test 5 Scoping Study bed exceeded the 600A. target. A greater density ofglass beads would lead to a
decrease in the clay faction of the bed, a decrease in the void ratio, and possibly an increase in the
unconfined compressive strength ofthe bed.6

The packing limit ofclosely packed spheres, 74%) might be used as a conservative upper value for the
model packing factor of the packed Test 5 Scoping Study bed.

3 Oay composition: 80010 Kaolin with 20% Bentonite by weight
4 Salt water composition: 99.863% Richland water with 0.137% NaCl by weight
, Packing factor thresholds for spheres: random packing (up to 64%), close packing (74%), maximum packing

(approximately 78%) (source http://mathworld.wolfram.comlSpherePacldng.html)
6 In a private communicatioDf Jim Huckaby ofThe Pacific Northwest National Laboratories (pNNL) said that he

believed that the volume fraction ofthe glass beads was greater than 60% but not much greater than 63%.
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Figure 10 Free standing cylinder of Test S Scoping Study bed material demonstrating an
ability to support load and showing significant organization of the glass beads and
liquid leakage.

No data was collected to know whether the leaked fluid from the Test 5 Scoping Study bed material was
clay slurry or was predominantly liquid. If the fluid was predominantly liquid and not clay, there would
be an increase in the bed material clay content over the liquid content and a corresponding decrease in the
bed void ratio. Based on available data, no suggestions for conservative bounds for the clay fraction by
weight, Pc, or the bed void ratio, e, can be made.

Also, no data was identified prior to testing which would hint at an expectation for UCS. Pretest estimates
used the proposal from project document, 24590-QL-HC9-WA49-00001-03-00025 (WTP-RPT-177),
page B-13, which reports that UCS for a material might be estimated as twice the material's shear
strength. Based on this relation, project document 24590-WTP-RPT-ENG-II-00I, Rev 0, "Determination
that Non-Newtonian Vessels Can Be Evaluated Using Newtonian Techniques", proposes that UCS might
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be modeled as twice the Bingham fluid yield stress, 1'0, for a naturally settled, unpacked, coarse-grain
sediment bed which might be expected to retain much ofthe character ofthe clay slurry. Based on
Hanford datat Onishi et a1. (2011) suggests use of2.3 rather than 2.0 for the model constant.
The measured yield stress for the Test S Scoping Study slurry is reported to be approximately 13.6 Pa (see
project document 24590-RMCD-033S4). If the UCS model proposed in project document 24590-WTP­
RPT-ENG-II-OOI, were to be valid for the packed cohesive, clay slurry/glass beads bed ofthe Test 5
Scoping Study, the estimated yields stress for that bed would be approximately 2..3 x 13.6 Pa = 31.3 Pa
(the pretest prediction was 27..2 Pa using 2 as the model constant). Shear strength measurements for the
Test SScoping Study bed material are reported in project document 24590..RMCD..03354. They range
from a low value near 1000 Pa to a high value greater than 3938 Pa and imply that UCS is expected to lie
within a range from 2.3 x 1000 Pa =2300 Pa to an upper value greater than 2.3 x 3938 Pa = 9OS7 Pal
These values are two orders ofmagnitude greater than the 31.3 Pa pretest prediction showing that UCS is
not directly related to ';0 in a way that is understood and that the model proposed in project document
24S90-WTP-RPT-ENG-II-OOI is not valid for the packed cohesive bed used in the Test 5 Scaping Study.

Estimation ofthe critical shear stress for mobilization ofthe cohesive Test 5 Scoping Study bed with the
Kothyari and Jain (2008) silt-sand model using an upper bound for the bed packing factor of74%, an
interstitial fluid composition equal to the composition of the clay slurry t and UCS =2300 Pa yields a
prediction for rc/l'c of 1.61:

Calculate P,:

01 (b d)- IOOwt%*PbeadfVo1%beat/s . - 100wt%·2900·74 -8731 0/
wt70beadr e - rp J- ( )- · wi 70

beads VO/%beads +Ps/uny Vol%,Jurry 2900· 74 +1200· 26

wt%slurry(bed) = lOOwt% - wt%beadt(bed) =lOOwt% -87.31 wt% = 12.69wt%

wt% (slurry) 27
wt%c/ay(bed) = clay wt%slW'r)1(bed) =-12.69wt% =3.43wt%

100 100

p =wt%clay(bed) =3.43 wt% 0.0343
c 100 100

Calculate e:
Vol% (slurry) 12.29

Vol%clay(bed) = clay Vol%slurry(bed) =--26.00Vol% =3.20Vol%
100 100

Vol%saIt_water(bed) = 26.00Vol%s/urry(bed) - 3.20Vol%c/ay(bed) = 22.80Vol%

e = Vol%salt_water{bed) = 22.80 =0.2954
Vol%beads(bed) +Vol%clay(bed) 74.00 +3.20

Calculate cia:
d = wt%Mzdr(bed)de-b +wt%etay{bed)detay =87.31· 775J111+3.43·5.597JI1I =746J111

(I wt%bMrdr (bed) +wt%c,ay(bed) 87.31 +3.43
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Calculate 'tJJ.s.:
t'cc =1.88(1+ p.,)3/2 e-1/6 (1 +O.OOlUCS·l'20 -1.0
t'c

= 1.88(1 +0.0343)3/20.2954-1/6 (1 + 0.001·184.89)9/20 -1.0

=1.615

The observed ratio of te/Tc is 3.96 Pall.07 Pa = 3.36. The observed value is greater than the predicted
value by a factor of2.08 which places the prediction at the +100% boundary for the Kothyari and Jain
(2008) relation and thus is plausible relative to the extreme values in the observed data scatter. The
prediction for 'Ccclf"c increases to 2.1, if UCS=9057 Pa, is used:

Calculate ues·:

Calculate td:J.&:

t'etJ =1.88(1 +p.,yl2e-1I6 (1 + 0.001UCS· Y'20 -1.0
f'c

= 1.88(1 +0.0343)3/20.2954-116 (1 + 0.001· 728.06)9/20 -1.0

= 2.099

The observed value for t"c/'rc is greater than this prediction by a factor of 1,,7. Were one able to account
for increased clay content and reduced fluid content in the handled Test 5 Seoping Study bed material, a
further reduction in the ratio of the observed value for TccI'Cc relative to the predicted one could be
reported.

4.6 Summary

A comparison ofpre-test predictions for the Test 5 Seoping Study to post-test data demonstrate that the
Cao et a1. (2006) model correlates that range of Shields data better than the Brownlie model for estimating
the critical shear stress to mobilize a non-cohesive settled solids bed. Similar comparisons ofpre..test
predictions to post-test data do not appear to support use ofthe Kothyari and Jain (2008) silt-sand Jrelation
for estimating the critical shear stress to mobilize a packed bed ofcohesive settled solids. The post-test
analysis, however, strongly supports the conclusion that the Test 5 Seoping Study bed parameters 'were
not properly characterized. Recalculation ofthe Kothyari and Jain (2008) predictions for 1:cJ1:c based on
post-test characterization ofthe Test 5 Scoping Study bed material yields the different conclusion that the
Kothyari and Jain (2008) silt-sand model for the critical shear stress to mobilize a cohesive settled solids
bed may indeed be valid for use in computing 1:cc for the Test 5 Seoping Study bed materiaL

Post-test analysis leads to the conclusion that the Test 5 Scoping Study results are inadequate to co'nfinn
whether or not the engineering approximation that '~a sheared Bingham fluid under conditions
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representative ofWTP PJM vessels achieves a Newtonian-like state during drive both in the bulk flow of
the activated bottom region ofa WTP PJM vessel and near the bottom boundary" is valid.

5 Possible Candidates for Additional Investigations

The analyses ofthe test data indicate that there are differences in the Newtonian and non-Newtonian
interstitial fluid beds and their interactions with the Newtonian and non-Newtonian fluid jets that are not
accounted for via corrections based on correlations for the critical stress for erosion of those beds. Thus,
the use ofthe erosion or effective cleaning radius of these beds as a metric for evaluating the similarity or
difference of the jet-mixing performance of the Newtonian and non..Newtonian fluid jets has not been
successful. Alternate metrics to evaluate the jet-mixing perfonnance ofthe Newtonian and non­
Newtonian fluid jets that are not confounded in a similar manner are suggested. These options include
visual observation ofthe region-of influence ofthe fluid jet into a synonymous fluid and direct
measurement of the applied stress of the fluidjets.

Visual observation would use a tracer die injected as part of the jet flow. Obvious limitations that would
have be addressed in this approach include the opacity ofthe non-Newtonian clay slurry as well as the
rapid mixing ofthe Newtonian liquid. These issues would likely be exacerbated in a multi-jet systemt

thereby limiting the ability to understand jet-to-jet interactions.
Direct measurement ofthe applied stress ofa tluidjet as a function ofradii is subject to the limitations of
the applied sensor. Providing that potential limitations can be addressed~ the ability to understand jet-to­
jet interactions may still be limited. However, the direct measurement of the wall stress will likely most
readily provide the most conclusive data for the similarity or difference ofthe jet-mixing performance of
the Newtonian and non-Newtonian fluid jet.

If testing is continued with the box flume, it would be useful to perfonn fluid-only tests where shear on
the box-flume floor is directly measured and where the jet material is dyed to allow a direct visual
assessment of the fluid penetration footprint.

If testing is continued with the box flume using a solids bed, an approach needs to be devised to form the
bed through natural settling, not through screeding a premixed material, to better represent conditions in
WTP PJM vessels.

Vessel testing might be the better approach. The 8 Ft vessel is a candidate. Advantages are the ability to
form a settled solids bed, as it would fonn at the plant, and to have a sheared upper region via sparging, as
occurs in the plant. We can note that Test 3 to Test 7 comparisons (not included) clearly suggest that
vessel conditions are different from the Test 5 Seoping Study conditions.

For all tests using a settled solids bed, explicit measurements ofthe bed characteristics are needed to pin
down the parameters in the Kothyari and Jain (2008) model in order to understand the extent to which
their correlation is valid at the WTP. Preliminary analysis suggests that their model might be valid, if the
bed parameters are well characterized.

6 Conclusions

Test SScoping Study data indicate that there is sufficient uncertainty in the fluid (turbulence) and bed
(uncertain characterization) conditions to preclude an assessment ofwhether a sufficiently sheared
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Bingham fluid may be analyzed using Newtonian flow assumptions. The current test data are insufficient
and the Test 5 design ofexperiment may be inadequate. Because extensive additional testing and
development ofnew measurement and analysis techniques might be required to yield a successful Test S
experiment, with no clear route to success, it was decided that, Newtonian techniques will not be used to
assess non-Newtonian vessel performance and that project document 24590-WTP-RPT-ENG-II-OOI,
Rev 0.. 2011, Determination that Non-Newtonian Vessels Can Be Evaluated Using Newtonian
Techniques, which provided the basis for the assumption, will be cancelled.
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Appendix A
Test 5 Scoping Study Carrier Fluid and Bed Parameters

A.1 Newtonian Fluid Parameters

The Newtonian flow test conditions are outlined in project document 24590-RMCD-03354t Summary of
LSIT-Info-N-NN-ECR-005 & 5a, Phase I: SinglePJ~ Determination IfNon-Newtonian Vessels Can Be
Evaluated Using Newtonian Techniques Using O.25-In. BedDepth.

The carrier fluid for the Newtonian flow tests was glycerol with 37 wt% water to 63 wtO~ glycerin
composition. At room temperature, water and glycerin densities are Pwater =998 kglm3 and Pglycerin == 1260
kglm3

• The glycerol density at room temperature is calculated from the volume relation Volglycorol =:

Volwater + VOlglycerin using VOlglyeeml =Massglycerolp81~erob Volwater = MasSwateJPwater, and Vol.1yccrin =
MassaJycenJPglycerin. Substitution and reorganization yields

1 1 kg
Pg1ycerol =-w-t-~---l---t-~----l-= 0.37 0.63 =1148 m3°water ' + W °glycerin __~_+__~_

100 P 100 P 998ka /m3 1260kg/m3
water glycerin I:)

Here wto/Owater = 100 x MasSwate/MassTotal and wt%a1ycerin = 100 x MasSgtycerir/MassTotal- The average of as..
measured values for the density and viscosity ofthe Test 5 Scoping Study glycerol solution are Psl:yccrol =
1158 kglm3 and J.lglycerol =10.88 cP, respectively. ,

A.2 Non-Newtonian Fluid Parameters

The non-Newtonian flow test conditions are outlined in project document 24590...RMCD-03354t

Summary ofLSIT..info-N-NN-ECR-005 & Sat Phase 1." Single PJM, Determination IfNon-NewtoniaTl
Vessels Can Be Evaluated Using Newtonian Techniques Using O.25-In. BedDepth.

The conlposition of the non-Newtonian slurry used in Test 5 Scoping Study was 21.6 wt% kaolin <:lay
(Ptcaolin =2600 kg/m3

), 5.4 wtOA. bentonite clay (Pbentonite =2795 kglm3
), 0.1 wt% NaCI (PNaCt = 2165

kglm3
), and 72.9 wt% water (Pwater =998 kglm3

) yielding a slurry density. pslurry, of

p$/urry = to/. 1 t0,l 1 1°,1 1 t0,l
W l'0lcDoltn + W l'0belflOnite + W 1'0NaCl + W 70wg1er

100 PkIJolin 100 Pbentonite 100 PNaCl 100 Pwater

1=-------------------0.216 0.054 0.001 0.729
------::---+ + +----
2600kg/m3 2795kg/m3 2165kg/m3 998kg/m3

= 1200 kg
m3
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The slurry rheology is approximated using a Bingham-fluid modeL The average ofas-measured values
for the Bingham fluid consistency and Bingham fluid yield stress of the Test 5 Scoping Study slurry are
IJ.,otSluny = 11.3 cP and to.Sluny =13.6 Pa, respectively.

A.3 Non-Cohesive Bed Parameters

The non-cohesive bed parameters are outlined itt project document 24590-RMCD-03354, Summary of
LSIT-Injo-N-NN-ECR-005 & 5a, Phase I: Single PJAf, Determination lfNon-Newtonian Vessels Can Be
Evaluated Using Newtonian Techniques Using O.25-ln. Bed Depth.

Non-cohesive packed beds in Test 5 Scoping Study are formed by mixing 775 f.U11 glass beads (Pbeads =
2900 kglm3

) with the glycerol carrier fluid in a proportion to yield a glass beads packing factor of0.6.
The critical shear stress for mobilization of this bed by the glycerol carrier fluid, 'tc, is estimated using the
Shields relations as expressed by Brownlie (1981) and by Cao et at. (2006).

Parameters required for estimating t c for 'the non-cohesive glass-beads/glycerol beds in Test 5 Scoping
Study are

• the carrier fluid density, Pf= Pglycerol =1158 kglm3
,

• the carrier fluid dynamic viscosity, fJf= fJglycerol =10.88 cP =0.01088 kg/(m s)t
• the carrier fluid kinematic viscosity. Vf= vgJyceroJ =0.01088/1158 m2/s =9.396xl0-6 m2/s,
• the submerged specific gravity with respect to the carrier fluid based on the bed-averaged particle

density, Sa = (Pbcads - Pr)/Pf = (2900 kglm3
- 1158 kglm3)/1158 kg/m3 = 1.50,

• the characteristic particle diameter for the solids in the packed bed based on the bed-averaged
particle diameter, da =dbeads =775 fJm =7.7SxlO·4 m, and

• the acceleration ofgravity, g = 9.81 m1s2
•

A.4 Brownlie (1981)

Brownlie (1981) proposes use of

where d$ is the dimensionless length scale

9c is the critical value of the Shields parameter. The estimate for t c is computed using
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For the non-cohesive glass-beads/glycerol beds in Test 5 Sroping Study,

[ )
Jl3 [ )1/3

d* = sag d = 1.5-9.81 7.75xlO-4 =4.269v; a ~.396xI0-6Y

and

d·-O
.9 = 4.269-0·9 =0.2708

The critical value for the Shields parameter is

(Jc ::::; 0.22d*-o.9 +0.06exp(-17.73d*-O.9)::::; 0.22· 0.2708 +0.06exp(-17.73. 0.2708) =0.0601

The Brownlie (1981) estimate for 1:c is

A.5 Cao, Pender, and Meng (2006)

Cao et a1" (2006) propose use of

0.1414 Re:·2306
,

[1 +(0.0223 Rep f83S8rS42

f)c = 06769' Rep e(6.61,282.84)
3~0946Rep

0.045,

where Rep is a particle Reynolds number

Re = Ugda
p v

f

Rep ~282.84

Ug is a characteristic velocity for particle settling, Ug =(Sa g da)ll2. For the non-cohesive glass­
beads/glycerol beds in Test S Scoping StudYt
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The particle Reynolds number is

Re =U,da = O.l069·7.7Sxl0-4 =8.821
P vI 9.396xl0-6

The critical value for the Shields parameter is

r1+(0.0223Re 1.8358 j,3542 ~+(0.0223 ·8.821)2.8358Lo = ~ p == ~. = 0 0743
c 3.0946Re~6769 3.0946.8.8210.6169 ·

The Cao et ale (2006) estimate for ~c is

1'c = PI sa gdaBc =(1158 ·1.50·9.81· 7.75xl0-4 .0.0743) Pa = 0.9838Pa

A.6 Cohesive Bed Parameters

The cohesive bed parameters are outlined in project document 24590-RMCD-03354, Summary ofLSIT­
Info-N-NN-ECR...005 & 5a, Phase 1: Single PJM, Determination IfNon-Newtonian Vessels Can Be
Evaluated Using Newtonian Techniques Using 0.25-1n. Bed Depth.

Cohesive packed beds in Test 5 Sroping Study are formed by mixing 775 tJ111 glass beads (Pbeads = 2900
kglm3

) with the clay slurry in a proportion to yield a glass beads packing factor of0.6. The critical shear
stress for mobilization of this bed by the clay slurryt 'tc, is estimated first by using the Shields relations as
expressed by Brownlie (1981) and by Cao~ et a1. (2006) to estimate the critical shear stress for bed
mobilization were the bed non-cohesive then by using the silt-sand correlation ofKotbyari and Jain
(2008) to inflate the non-cohesive bed estimate for the critical shear stress for bed mobilization to yield
the cohesive bed estimate for the critical shear stress for bed mobilization.

The Kothyari and Jain (2008) silt..sand correlation for ratio of the critical shear stress for mobilization of a
cohesive packed solids hed t to:t to the critical shear stress for mobilization of the packed solids bed were
it non-cohesive, 't'c, is
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Pc is the percent fraction by weight of the fine-grain sediment in the solids bed; e is the void ratio (the
liquid to solids volume fraction ratio) for the solids bed; and ucS- is the non-dimensionalized unconfmed
compressive strength (UeS) for the bed material, UCS· = UCS/(Pfsa g da).

By intentt the Test 5 Scaping Study cohesive bed material was fonned to be 60% glass beads and 40%
clay slurry by volwne. The mass ofglass beads in the packed bed is MasSbeads = Pbeads Volbed
Vol%bewll00. The mass of the clay slurry in the interstitial volwne is Massslurry =Pslwry Volbed
Vol%slwrl100. The total mass ofthe packed bed is Mas8bcd =Massbeads + Masssturry =Pbeads Volbod
Vol%beadsllOO + Psl\UTYVo~ Vol%shm/1OO. Using these relations, the glass beads fraction of the packed
bed by weight is

Mass p. Vol%
wt%beodt(bed) =lOOwt% heads =lOOwt% beaM beads

MassTo/(Il (Pbeadr Vol%beatJs +P8lurry Vol%""nJ

2900·60
= lOOwt% =78.38wt%

(2900. 60 +1200· 40)

The mass fraction ofthe interstitial volume ofthe packed bed by weight is

wt%s/urry(bed) = lOOwt% -wt%beads(bed) =100wt% -78.38wt% =21.62wt%

The composition ofthe clay slurry is 21.6 wt% kaolin and 5.4 wtOlO bentonite for a total of27 wt%, clay
yielding a clay fraction for the packed bed of

wt% (slurry) 27
wt%c/ay(bed) = etay wt%,'u,.,,(bed) =-21.62wt% = 5.84wt%

100 100

The corresponding mass fraction ofclay in the packed bed is then

p =wt%cIap{bed) = 5.84wt% =0.0584
c 100 100

The nominal particle size for the kaolin in the clay is 5.73 J.UD. The nominal particle size for the be~ntonite

in the clay is 5.065 fJJ11. The mass weighted average particle size in the claYt dclayt is

d - wtG/o IrMIln (clay)d luIolin +wt%fHntonIte (clay)dmmtonUe

c1ilY - wt%kooIin(clay) +wt%bentonite(clay)

= 21.6·5.73pm+5.4-S.06Spm
21.6+5.4

=5.597pm

The mass weighted average particle size in the bed, da, is

l~age5-A
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d =wt%beadr(bed)dbeadr +wt%clay(bed)dday

a wt%beods (bed) + wt%clay (bed)

= 78.38·77S,um+S.84·S.597,um
78.38+5.84

= 722,um

The volume ofkaolin in the slurry is VOlbolin =Masskaolin/Pkaolin = (Massslurryl'Pkaolin)X(wt'A.kaolin 1100). The
volume ofbentonite in the slurry is VO~tODite =MaSSbentonite!Pbentonite = (Massslurr!Pbentonite)X(wt%bentonite
/100). The volume ofNael in the slurry is VolNaCJ =MasSNaCVPNacl = (Massslurr/PNaCl)X(wt%NaC1/100).
The volume ofwater in the slurry is Volwater = MasSwater!Pwater = (Massslurr!Pwater)x(wto/OwaterllOO).. The clay
fraction in the slurry by volume is

Vol
VO/%c/Qy(slurry) = lOOVol%--E!!L

VolrotQJ

(
wt%kaolin wt%bentonite)

=lOOVo/% PkaoI/f1 + PbelllOfll1B

(
wt%kao/in + wt%bentonite + wt%NaC/ + wt%water)

Pkaolin Pbcntonite PNaCI Pwater

(
21.6 5.4 )

_ 0 2600+2795 _ 0

-lOOVO/YO(21.6 + 5.4 +~+ 72.9) -12.29Vol~

2600 2795 2165 998

The clay fraction in the bed by volume is

Vol% (slurry) 12.29
Vol%clay(bed) = day Vol%slurry(bed) =--40.00Vol% =4.915Vo/%

100 100

The salt-water fraction in the bed by volume is

Vol%:fQ/t_wate,.(bed) =40Vol%,/urry(bed) -4.915Vo/%c/ay(bed) =35.08Vol%

The corresponding void ratio in the packed bed is then

e= Vol%'ah_watcr,,(bed) = 35.08 =0.5405
VO/%beod.r(bed) +Vol%c/oy(bed) 60.00 +4.915

Prior to testing) there were no measured data for the unconfined compressive strength of the Test 5
Scoping Study packed beds. Pretest predictions used the proposal from project document 24S90-WTp·
RPT-ENG-II-OOl, Rev 0, Determination that Non-Newtonian Vessels Can Be Evaluated Using
Newtonian Techniques that the shear strengths for the packed cohesive, clay slurry/glass bead beds of the
Test 5 Scoping Study might be approximated by the yield stress ofthe non-Newtonian clay slurry and that

Page6-A
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the unconfined compressive strength might be approximated as twice this value thus ues was estimated
to be 2 x 'to,slurry =2 x 13.6 Pa =27.2 Pa.

Using the Test 5 Scoping Study glass-beads/clay sluny bed parameters
• the carrier fluid density, pr=Pslurry = 1196 kglm3

,

• the carrier fluid dynamic viscosity, f.Lr= I-'oo,shury = 11.3 cP =0.0113 kg/(m s),
• 'the carrier fluid kinematic viscosity, Vf= Vao,sluny = 0.0113/1196 m2/s =9.45xl0·6 m2/s,
• the submerged specific gravity with respect to the carrier fluid based on the bed-averaged particle

density, Sa = (Pbeads - Pr)/Pr= (2900 kglm3 -1196 kg/m3)/1196 kg/m3 =1.425,
• the characteristic particle diameter for the solids in the packed bed based on the bed-averaged

particle diameter, da = ~s=7221J.m = 7~22xl0-4 m, and
• the acceleration ofgravity, g =9..81 m1s2

The pretest estimate for ues· is calculated to. be

UCS· = UCS IlI:I 2·1'o,shlrry = 27.2 =2.25
PI sa gda PI Sa gdu 1196-1.425 -9.81- 7.22xl0-4

Substituting Pc =0.0584, e =0.5405, and ues'=2~25 into the Kothyari and Jain (2008) silt-sand
correlation yields the pre-test prediction

1'ee = 1.88(1+p,}'2e··1/6(1+0.00lUCS·rl2o -1.0
f"c

=1.88(1 +0.0584Y/20.540S-1I6 (1 +0.001· 2..25)9/20 -1.0

= 1.27

i.e~ that the effect ofcohesion was expected to be a 27% increase in the critical shear stress to mobilize
the cohesive bed over the critical shear stress to mobilize the bed were it not cohesive.

A.7 Brownlie (1981)

For the glass-beads/clay-sluny beds in the Test SScoping StudYt the value ofd· for use ofthe Bntwnlie
(1981) model is

( )

1/3 ( )1/3
d" = sag da= 1.425·9.81 7.22xlO-4 =3.89

v; ~.45xI0~Y

and shear strengths of the Newtonian

d·-O
•9 = 3.89-0·9 = 0.2944

The critical value for the Shields parameter is
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Be =0.22d°-o.9 +0.06exp(-17.73d °-0.9 ) =0.22· 0.2944 +0.06exp(-17.73· 0.2944)=0.0651

The Brownlie (1981) estimate for'tc is

f'e = PI sa gda (Je = (1200 ·1.425 ·9.81· 7.22x10-4 .0.0651) Pa = 0.7834Pa

This estimate for the non-cohesive bed value ofte is within 100 x (0.7956 - 0.7834) 10.7834 = 1.56% of
the estimated value for the glycerol-glass beads bed .. The pretest prediction for 'tee using the Brownlie
(1981) fonn of the Shields relations is

1'« = 1"cc (from Kothyari and Jain, 2008) t"c(from Brownlie,1981)
1:c

= 1.270·0.7834Pa =0.995 Pa

A.8 eao, Pender, and Meng (2006)

For the glass-beads/clay-slurry beds in the Test 5 Scoping Study, the value ofUg for use ofthe eao et a1.
(2006) model is

V g =< ~sa gda = .J1.425.9.81.7.22xI0-4m/s =O.lOOOm/s

The particle Reynolds number is

Re =Ugda = O.lOOO·7.22xlO-4 =7.64
P vI 9..45xlO-6

The critical value for the Shields parameter is

(J =[I +(0.0223Rept 83,a r"'2 =II + (0.0223 ·7.64tamL =0.0815
c 3.0946Re~6769 3.0946. 7.640.6769

The eao et ale (2006) estimate for 1;c is

This estimate for the value of'tc were the glass beads/clay slurry bed non-cohesive is within 100 x (0..9838
• 0.9810) 10.9810 =0.29% ofthe estimated value for the glass beads/glycerol bed.
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This estimate for the non-co.hesive bed value of'tc is within 100 x (0.9838 - 0.9810) 10.9810 =0.29% of
the estimated value for the glycerol-glass beads bed. The pretest prediction for 'tee using the Cao et al.
(2006) fonn of the Shields relations is

1'ee = t'ae (from Kothyari and Jain, 2008) t'c(from Cao et aI., 2006)
t'c

=1.270 -O.9810Pa =1.246 Pa
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