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PREFACE 

Preliminary Data on Rheologlcal Limits for Grouts In the 
Transportable Grout Facility documents a study performed for Rockwell 
Hanford Operations by the Cement and Concrete Applications Center at Oak 
Ridge National Laboratory during the winter of 1984* Some of the 
terminology is no longer valid. The primary purpose of this report is to 
document the history of the Transportable Grout Facility Program at 
Rockwell Hanford. 
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PRELIMINARY DATA ON RHEOLOGICAL LIMITS FOR GROUTS IN THE 
TRANSPORTABLE GROUT FACILITY 

T. M. Gilliam 
E. W. McDaniel 
L. R. Dole 
G. A* West 

ABSTRACT 
This report describes a method for establishing 

rheologlcal limits for grouts that can be pumped In the 
Hanford Transportable Grout Facility (TGF). This 
method is based on two models that require determining 
two key parameters — gel strength and density. 

This work also presents rheologlcal data on grouts 
prepared with simulated customer phosphate wastes (CPW) 
and double shell slurry (PSS) from the Hanford complex. 
These data can be used to make preliminary estimates of 
operating rheologlcal limits of the TGF grouts. The 
suggested design limits will include safety factors 
that will Increase these limits significantly. 

1. INTRODUCTION 

The reference grout formula(s) to be used In the Hanford 
Transportable Grout Facility (TGF) Is to be defined by the Oak Ridge 
National Laboratory (ORNL) on September 15, 1984, and will meet three 
general criteria: 

1. The grout will be pumpable at the given reference design conditions 
of 50 gal/oln through a 2-in.-ID pipe. 

2. The resulting solid grout product will meet acceptable phase** 
aeparatlon criteria during product cure cycle. 

3. The resulting solid grout product will have a minimum 28-d unconflned 
compressive strength of 50 psi. 

Tailoring a grout to meet the second and third criteria will have an 
Impact on the flow characteristics of the grout. Once a reference formula 
that meets all three criteria is defined, its characteristics can be used 
to explicitly determine flow behavior at reference design conditions. 
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Applying appropriate safety factors will result In reasonable maximum 
rheologlcal limits. 

However, TGF scheduling constraints require establishing maximum 
Theological Units before defining the reference formula* This report 
presents an approach to determine pertinent rheologlcal limits without the 
benefit of an established reference formula. 

2. BASIS OF RHEOLOGICAL LIMITS 

Typically, three parameters define rheological properties of a fluid: 
density, flow rate, and viscosity. However, defining the rheologlcal prop-
erties of a grout is more difficult because of Its non-Newtonian behavior* 
For non-Nevtonlan grouts, shear stress Is dependent on shear rate and is 
represented by the power law model1 

S8 - k'(Sr>T,'p (1) 

where 

S8 - shear stress, lbf/ft2; 
k" - fluid consistency Index, lbf«sn /ft2. 
Sr - shear rate, a"1; 

n' - flow behavior Index (0 < n' < 1*0), dlaenslonless. 

From Eq* (1), the viscosity can be calculated by 

w 47880k' (Sr)n'~l, (2) 

where 

U ~ viscosity, cP. 

It is a connon practice to report an apparent viscosity st a shear 
rate of 511 s-1 (300 rpa on the Fann Viscometer). However, this 
apparent viscosity at the reference shear rate of 511 s~l can satisfy 
an infinite combination of k' and n* In Eq. (2). Figure 1 shows two 
cases where the apparent viscosity of both is 37 cP at the reference 
shear rate of 511 s"1. Case 1 has a k" - 0.107 and an n' • 0.2, and 
case 2 has a It - 0.009 and an n' • 0*6. Thus, defining Halts from a 
single apparent viscosity at an arbitrary shear rate provides too little 
guidance to define Halts on k' and n" • 
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Fig. 1. Shear stress vs shear rate. 
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It is necessary to define limits on k" and rf because these charac-
teristic parameters define the flow behavior of the grout. The flow 
calculations are 

NRe - 1 ' 8 6 v ( 2 " n ° P • (3) 

k'(96/di)n' 

where 

% e " Reynolds number, dlmenslonless; 
V - fluid velocity, ft/s; 
di " pipe inside diameter, in.; 
p - fluid density, lb/gal; 

and 

APf - 0»039LpV2f , (4) 
d i 

where 

APf - frlctional pressure drop through a straight pipe, psl; 
L • pipe length, ft; 
f - fanning friction factor (f is a function of Reynolds number), 

dimenslonless. (See Appendix A.) 

Using the previous examples and assuming a grout density of 12 lb/gal 
and a reference flow rate of 5.1 ft/s (50 gal/mln) through a 2-in.-ID 
pipe, the case 1 grout results In laminar flow with a APf of 
165 p8l/3000 ft. The case 2 grout results in turbulent flow with a APf of 
128 p8l/3000 ft. Thus, differing values of k'and r\" can have a major 
Impact on the flow behavior (and hence rheologlcal limits) of the grout. 

The Importance of k" and n" on the flow behavior of the grout Is 
further Illustrated In Figs. 2 and 3. The figures show the effects of k" 
and n"* on critical velocity (l»e., the velocity at which a Reynolds number 
of 2100 Is obtained and turbulent flow is achieved). In a 2-in.-ID pipe 
for a grout with a density of 12 lb/gal, Fig. 2 shows the effect on criti-
cal velocity of varying k" for a grout with an r\" of 0.5. For this set of 
conditions, Increasing the k" from 0.018 to 0.05 Increases critical veloc-
ity from 5.1 to 10.2 ft/s (50 to 100 gal/nln). Figure 3 shows the 
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effect on critical velocity of increasing n" for a grout with a constant 
k" of 0.03. 

Although grouts can be pumped in the laminar flow regime, the 
turbulent flow regime Is preferred when pumping grouts over long distances. 
Turbulent flow has advantages over laminar flow because radial components 
of velocity are present. These radial flow components exert resisting as 
well as driving forces and, therefore, promote mixing at the pipe wall. 
Pumping in the turbulent flow regime will not completely eliminate caking 
at the pipe wall, but it should minimize it. This, in turn, minimizes the 
operational flushing requirements. Turbulent flow is assumed to occur at 
a Reynolds number greater than or equal to 2100. If one assumes that 
turbulent flow is obtained at the reference design conditions, then 
Eq. (3) can be used to define limits for k'and n". For reference design 
conditions of SO gal/mln through a 2-ln.-ID pipe, Eq. (3) becomes: 

i flfirs n < 2 ^ > « <5> 2100 £ 1.86(5.1) p 
k"(48)^' 

The results of this calculation are shown in Fig. 4 for grouts with 
densities of 9 and 12 lb/gal. For a given density, the combination of k" 
and n" values that satisfy Eq. (5) lies on or below these respective 
straight lines (Fig. 4). This figure also Illustrates that the density of 
the grout has only a minor Impact on the range of acceptable k" and n" 
values. However, Figs. 2 and 3 indicate that relatively minor variations 
in k" and n* can have a major Impact on the pumping rate at which critical 
velocity (I.e., turbulent flow) Is achieved. Consequently, It Is 
desirable to have the capability of Increasing the pump rate above 
reference operating conditions. Figure 5 shows the Increased range of k" 
and n" values that result In turbulent flow at increasing pump rates. 
For a grout with a density of 12 lb/gal, the combination of k" and n" 
values that result In turbulent flow lies on or below these respective 
straight lines (Fig. 5). 
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2.1 RESULTING PRESSURE DROP 
For a grout that has baan tailored Co satisfy Eq. (5), the maximum 

fluid density and pump raCe determine the maximum pressure drop. Figure 6 
illustrates the effact of pump rate on pressure drop [Eq. (4)] for Che 
raferance design conditions using a grout characterized by p - 12, 
It*- 0.018, and n*" 0.5 (taken from Fig. A). The figure indicates that 
the maximum pressure drop occurs at the maximum pump rate for a grout with 
a fixed density. 

For greater than or equal to 2100, fanning friction factors 
decrease slightly with increasing Reynolds number (see Appendix A). Thus, 
a conservative value for the fanning friction .factor in Eq. (4) would be 
the value at a Reynolds number of 2100 (0.008). Therefore, limits on Che 
pressure drop at design conditions can be determined from a modification 
of Eq. (4) by 

APfn - 0»039Lnipm(Vm)2(0.008) , 
2 

- (1.56 x 10-MLrf>n(Vm)2 , (6) 

where the subscript m denotes maximum values. Equation (6) defines the 
major Theological limit for a grout tailored to oeec Eq. (5). Consequently, 
the variables of concern are pipe lengCh, pump race, and grouC density. 
Of these, only density is determined by the grout. If one aasuaes the 
pipe length is 3000 ft, the maximum grout density is 18 lb/gal, and the 
reference flow rate of 50 gal/mln Is 50% of pump capacity (i.e., maximum 
pump rate of 100 gal/mln), then the maximum pressure drop [Eq. (6)] would 
be 880 p8i. 

2.2 ROLE OF GEL STRENGTH 
When dry solids blend and waste come in contact with each other, the 

resulting mix must remain in notion during processing. If the mix becomes 
stationary due to a temporary process shutdown, the mix will begin to 
assume a colloidal gel state and develop gel strength. This gel strength 
is reversible but must be overcome before flow can begin again. The 

2 
measured gel strength of the fluid is the maximum deflection taken from a 
direct-reading viscometer on the fluid after it has been staClc for 10 mln. 
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The punp head pressure necessary to overcome this gel strength in the pipe 
can be calculated by 

p„ < » H (1.44 x 10*»)Ap 
where 

PH • pump head pressure, psi; 
G - gel strength, lbf/100 ft2; 
Ay • pipe Inside surface area, In.2; 
Ap • Inside pipe cross-sectional area, In.2. 

For a straight pipe, Eq. (7) can be reduced to 

Grouts with e 10-min gel strength of SO lbf/100 ft2 *re common in 
oil-well cementing practices. As such, this value nay be an appropriate 
operating limit. For the reference design conditions, the maximum head 
pressure to overcome this gel strength In straight pipe reduces to 

P|l - -12lli . (9) 
H 600 

Assuming a 3000-ft section of straight pipe, a head pressure of 250 psl 
would be required to overcome such a gel strength. 

2.3 DATA REQUIREMENTS FOR ESTABLISHING RHEOLOGICAL LIMITS 
IN THE PUMPING AND DISTRIBUTION SYSTEM 
If turbulent flow is obtained at reference pumping conditions, only 

densities and gel strengths are required to establish the rheologlcal 
limits for the pulping and distribution systems. However, k' and n* are 
required to determine the flow behavior of the grout over the entire range 
of conditions In the processing systems of the plant. 

The advantages of long-distance pumping in the turbulent flow regime 
dictate a careful matching between the expected rheologlcal properties of 
the grouts and the blending, mixing, and pumping rates of the TGF In order 
to ensure the flexibility of the system. 
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3. GROUT FORMULATION EXPERIMENTAL STUDIES: 
PRELIMINARY RHEOLOGICAL DATA 

3.1 INTRODUCTION 
This taction presents data on preliminary grouts developed In the 

Initial formulation scouting studies with simulated customer phosphate 
waste (CPW) and double shell slurry (DSS) wastes from the Rockwell Hanford 
Operations (Rockwell Hanford) complex. These data Include k" and n', which 
are used to derive the grouts' Reynolds numbers at the reference pumping 
conditions [see Zqs. (3) and (5)]. Values for k' and n" are also 
required to determine the flow behavior over the entire shear range of 
the mixing and pumping processes within the plant. 

Formulas are first screened against phase separation and compressive 
strength criteria. Then, the flow characteristics must be compatible with 
the system's design limits. These data will show that there are grout 
formulations In this preliminary study that do not meet the criterion of 
tucbuJ-snt flow at the reference pumping conditions. This one negative 
aspect does not mean that these formulae are eliminated from further con-
sideration. First, the grouts may be compatible with the processing 
systems when they are In the laminar flow regime; and second, turbulent 
flow during pumping may be induced by increasing the pumping rate or by 
adaing a turbulent flow Inducer such as plastlment. 

However, the designers of the systems should allow sufficient lati-
tude in the dry-solids blending, mixing, and pumping rate to accommodate 
heavier grouts, which may arise from (1) an unforeseen fluctuation in the 
feed-waste; (2) a future waste disposal stream; or (3) future performance 
criteria such as leach rate, porosity, permeability, etc., that may 
require heavy grouts. 

3.2 PHASE SEPARATION 
Phase separation data are routinely reported as a part of the ORNL 

formulation studies. Phase separation is determined by a settling test in 
a 250-mL graduate cylinder. The freshly mixed grout is poured Into the 
graduate and allowed to stand for 2 h, after which phase separation Is 
calculated as the volume of clear, dralnable surfsee water divided by the 
total initial grout volume x 100Z. It is conservatively assumed that 
phase separation and dralnable water are equal. The maximum allowable 
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value for dralnable water for the Rockwell Hanford application will be 
defined at a later date* However, the ORNL study is proceeding on the 
assumption that 0*5 vol % is the maximum acceptable value. Because some 
phase separation is necessary3 to ensure a properly cured grout, the range 
of acceptable phase separation values is >0 and <0.5 vol %• Phase 
separation can be controlled by properly dispersing the grout and forming 
stable colloidal particles throughout the fluid. Thus, phase separation 
can also be used as an index of mixer performance. 

One method of reducing phase separation is to add additional dry 
solids until the dralnable liquid is decreased to the acceptable limit. 
However, a solids increase results in a higher solld-to-llquld mix 
ratio, which decreases the waste loading, Increases the thermal loading,1* 
and Increases the costs. 

ORNL uses an alternative method of adding a suspending agent (e.g., 
clay) to the dry-solids bland. This approach reduces the phase separation 
with lower solld-to-llquld mix ratios. Since grout density Is propor-
tional to nix ratio, this approach also minimizes the density and results 
in grouts with better pumping characteristics. 

While the mix ratio Indirectly affacts the rheologlcal properties, It 
has a strong Impact on mixer capacity, size of solids feed system, and 
disposal volumes. Therefore, minimizing nix ratio also minimizes the size 
and coat of the dry-solids feed system, mixer, and trench space. 

3.3 VARIATIONS IN DRY-SOLIDS BLEND COMPOSITION 
In addition to affecting the density, the dry-solids blend com-

position, waste stream composition, and mix ratio can have a significant 
effect on processablllty. Data with a simulated waste stream of an 8 wt Z 
Na£ HPOif solution Illustrate this In Table 1. 

The data In Table 1 show the effects of compositional variations In 
the dry-solids blend at a fixed mix ratio of 6 lb/gal. From a blend of 40% 
cement, 40Z fly ash, and 20Z clay, a decrease of about 10Z In the cement 
content coupled with an Increase of about 10Z in the fly ash content 
slowed the development of product strength, but did not greatly affect the 
28-d compressive strength. However, the phase separation Increased to an 
unacceptable level of >0.5 vol Z, while the flow reglne, at design con-
ditions, changed fron laminar to turbulent. Therefore, Increasing the 
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Table 1. Effect of dry-solids blend variations on grout properties' 

Parameter 

6 lb/gal, 40 v» X 
ceaent, 40 wt Z 
fly ash, 20 wt Z 
actapulgite-150 clay 

6 lb/gal. 35 "t Z 
ceaent, 45 wt Z 
fly ash, 20 wt Z 
attapulglte-150 clay 

6 lb/gal, 45 wt Z 
ceaent, 40 wt Z 
fly ash, 15 wt Z 
attapulgite-150 clay 

8 lb/gal, 45 lit Z 
ceaent, 40 wt Z 
fly ash, 15 wt Z 
attapulgite-150 clay 

Grout property 
Apparent viscosity, cP 201 27.5 13.75 87 

10-ain gel strength, lbf/100 ft2 60.5 13.8 5.0 28.8 

Density, lb/gal 11.58 11.40 11.48 12.16 

Fluid consistency index (k*), 
lb*sn'/fc2 

0.84 0.024 0.002 0.15 

Flow behavior index (n") 0.14 0.43 0.68 0.30 

Phase separation, vol X 0.2 1.72 4.97 0.86 

24-h penetration resistance, psl 440 60 532 11S0 
7-d penetration resistance, psl 1880 1300 1035 3180 

28-d compressive strength, psl 269 231 209 612 
Reference conditions 

Reynolds nunber 310 2165 6611 756 

Frictional pressure loss per 
3000 ft of pipe, psi 910 122 104 393 
Critical velocity, fc/s 14.3 5.0 2.1 9.3 
Critical velocity, gal/ain 140 49 21 91 

*Mixed with an 8.0 wt Z Na2HPOu solution. 
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fly ash content improves the grout's flow behavior* Lowering the clay 
content about 20% significantly lowered the gel strength, while Increasing 
the phase separation and resulting Reynolds number. The clay content Is a 
key variable in controlling these parameters* Increasing the mix ratio 
for a fixed blend Increases both strength and viscosity (l*e*, decreases 
the Reynolds number), while decreasing phase separation (Table 1)* Thus, 
based solely on flow behavior, a grout would Ideally be characterized by 
(1) a high fly ash content, (2) a low clay content, and (3) a low mix 
ratio* However, as indicated previously, the grout must also be tailored 
for other constraints, such as dralnable water and compressive strength. 

These data also illustrate the need for a "forgiving" formula. The 
final reference formula will be a bench mark from which deviations caused 
by Instrument error, operator error, process upsets, etc., will occur 
during normal plant operations. Therefore, not only must the reference 
formula be acceptable, but reasonable deviations from the reference formula 
must also be acceptable. 

These variations had little effect on the density. Thus, the uen- , 
sities obtained in ORNL initial scouting studies are reasonable values to 
be used in the flow equations presented in Sect. 2. 

3.4 CUSTOMER PHOSPHATE WASTE 
For preliminary scouting studies at ORNL, synthetic CPW was prepared 

for grout mix development with the following recipe: 

sodium xylene sulfonate 
N,N,N',N"-tetrakis(2-hydroxypropyl)ethylenediamine 
ethylene glycol monobutyl ether 
2-mercaptobenzothlazole 
nonylphenoxy polyethoxyethanol 
complex amine inhibitor 
2-butyne-l,4-diol 

Water 
19Na0H 
NaN02 

TURCO 4512-14A (70% H3P0,,) 36 mL/L 
905 mL/L 
65 mL/L 

0.88 oflL/L 

TURCO contains the following organic components: 
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The complex amine Inhibitor is a proprietary product, and the supplier did 
not disclose Its chemical formula* 

Scouting studies were made with the dry-solids blend shown In Table 2. 
Pertinent data at mix ratios of 6 and 8 lb/gal are shown in Table 3* The 
phase separation of zero obtained at 8 lb/gal Indicates that this Is a 
reasonable maximum mix ratio for this grout* These data also indicate 
that this formula approaches turbulent flow at reference design con-
ditions. Thus, these scouting studies with this simulated CPU are 
beginning to converge on a reference formula. Since density la relatively 
insensitive to minor compositional variations, a density of ~12 lb/gal Is 
a reasonable estimate for preliminary flow calculations. 

3.5 DOUBLE SHELL SLURRY 
Since grout mix development studies with simulated DSS have been 

described previously,3 only a summary is presented in this report. Data 
are shown in Table 4 for the simulated waste prepared at a mix ratio of 
6 lb/gal with the dry-solids blend shown In Table 5. The phase separation 
of zejro indicates that this ratio is a reasonable maximum mix ratio for 
this grout. Since this grout is in turbulent flow at the reference 
design conditions, these scouting studies are also beginning to converge 
on a reference formula. Again, a reasonable preliminary estimate of this 
grout'8 density is ~13 lb/gal. , ; 

i < 
4. CONCLUSIONS 

An approach has been presented for determining rheological limits. 
The key assumption In this approach Is that the grout is In turbulent flow 
at the reference design conditions of 50 gal/min through a 2-in.-ID pipe. 
For a grout tailored to meet these criteria, the maximum pressure drop 
(through a straight 2-in.-ID pipe) can be calculated by 

APf - (1.56 x lO-MLpV* , (6) 
where 

APf • frlctlonal pressure drop, psl; 
L • maximum pipe length, ft; 
p « maximum grout density, lb/gal; 
V • maximum flow rate, ft/s. 
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Table 2. Dry-solids blend for simulated CPW 

Composition 
Component ( wt X ) 

Type I - II Portland cement 40 
Centralla, WA ASTM Class F fly ash 50 
Attapulglte-150 drilling clay 10 
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Table 3. Properties of grout made with simulated CPW 

Mix ratio 
(lb/gal) 

6 8 
Parameter 

Grout property 
Apparent viscosity, cP 16 41 

10-min gel strength, lbf/100 ft2 10 22 

Density, lb/gal 11.75 12.3 

Fluid consistency index (k"), 
lbf.sn /ft2 0.032 0.050 

Flow behavior index (n') 0.29 0.35 

Phase separation, vol X 0.87 0.0 

24-h penetration resistance, psi 400 510 

7-d penetration resistance, psi 1640 3560 

Reference conditions 

Reynolds number 3616 1741 

Frlctlonal pressure loss per 3000 ft 115 131 
of pipe, psl 

Critical velocity, ft/s 3.7 5.7 

Critical velocity, gal/min 36 56 
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Table 4. Rheologlcal properties of grout made with simulated DSS 
at a mix ratio of 6 lb/gal 

Measurement 

Grout property 

Fluid consistency Index (k*), lbf»sn /ft2 3.5 x 10"3 

Flow behavior index (n") 0.77 

Density, lb/gal 13.4 

Phase separation, vol % 0.0 

Apparent viscosity, cP 43 

Volume Increase, vol X 30 

10-min gel strength, lbf/100 ft2 56 

Reference conditions 

Reynolds number 2681 

Frlctlonal pressure loss per 3000 ft of 
pipe, psl 

135 

Critical velocity, ft/s 4.2 

Critical velocity, gal/min 41 

Table 5. Dry-solids blend for simulated DSSa 

Component 
Composition 
( vt X ) 

Type I - II Portland cement 38.5 

Centralla, WA ASTM Class F fly ash 38.5 

Attapulglte-150 drilling clay 15.3 

Indian Red pottery clay 7.7 

a0.4 mL/L-TBP waste added to dissipate entrained air 
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The other principal parameter Is the pump head pressure necessary to 
overcome the gel strength of the grout after a nominal process Interruption 
of 10 mln. This head pressure can be calculated (for a straight 2-ln.-ID 
pipe) by 

PH " ' < 8 ) 

where 

P[l - pump head pressure, psi; 
G - 10-min gel strength, lbf/100 ft2. 

Preliminary rheologlcal data have been presented for formulation scouting 
studies with simulated CPU and DSS. These data show that grouts con-
taining these wastes can be tailored to obtain or approach turbulent flow 
at the reference TGF design conditions. These data further indicate that 
preliminary operating limits at the reference conditions are the following: 

Density 13 lb/gal 
10-min gel strength 50 lbf/100 ft2 
PH 0.08 psl per ft of pipe 
APf 0.06 psl per ft of pipe 
Mix ratio 8 lb/gal 

These limits are those expected during routine plant operation. It is 
common practice to Include safety factors for design. Since they will 
have significant impact on equipment costs, the magnitude of these safety 
factors Is left to the design team. However, suggested values are shown 
in Table 6. 

Gel strength may be the most critical design limit In the distribu-
tion system. Failure to overcome built-up gel strength after a temporary 
process interruption would result In the need to dismantle, dispose of, and 
replace the entire grout distribution system, and perhaps the mixer. 
Therefore, a very conservative safety factor is required. 

To ensure that the plant Is flexible enough to accommodate extremes 
in waste feeds, unanticipated future wastes, and future performance 
criteria that may prescribe heavier viscous grouts, the design team should 
size the distribution system pump to have a higher throughput capability 
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Table 6. Suggested design limits for TGF grout distribution system 

Parameter 
Normal operating 

limit 

Safety 
factor 
(%) 

Design 
limit 

Density, lb/gal 13 25 18 

Gel strength, lbf/100 ft2 50 100 100 

Mix ratio, lb/gal 8 50 12 

Pumping rate, gal/mln 50 100 100 
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than the reference pumping rate of 50 gal/mln* The ability to Increase 
Che processing and pumping rate will expand the utility of the TGF to 
include a range of grouts that would not be In turbulent flow at the 
current reference flow rate* 

Using the suggested limits in Table 6 and assuming a 3000-ft, 
straight 2-ln.-ID pipe distribution system and a grout In turbulent 
flow, Eqs* (6) and (8) result In the following design limits: 

APf - (1.56 x 10-,O(3000)(18)(10.2)2 - 876 psl , 

and 

fy » (100X3000) - 500 psl . 
600 

The need for additional safety factors on APf and Py Is left to the 
design team* Additional safety factors may be desirable because Eqs* (6) 
and (8) are for straight sections of pipe. These equation* do not expllctly 
account for bends, elbows, etc., in the grout distribution system. 

The safety factor applied to Che calculation of APf will have a 
significant Impact on the selection of the grout distribution system pump. 
This Is due to the fact that based on the design limits presented here, 
it Is the frlctlonal pressure drop that will determine the maximum pump 
discharge pressure. 

Note that these discussions concentrate on design limits for the 
grout distribution system pump. However, limits on density and mix ratio 
will also play a major role in mixer selection. It is likely that the 
mixer will not be tailored for limits but rather have design limits of 
its own which encompass the recommended limits of the distribution 
system. Therefore, the pump design limits should be upgraded to match 
those of the mixer. 
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APPENDIX A 

Fanning friction factor as a function of Reynolds number (taken from 
ref. 4). 
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