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FIXATION OF WASTE MATERIALS I N  GROUTS. PART 111: 
EOUATION FOR CRITICAL FLOW RATE 

0. K. T a l l e n t  
E. W. &Daniel,  Group Leader 
R. D. Spence 
T. T. Godsey 
K. E. Dodson 

ABSTRACT 

Cr i t i ca l  flow rate d a t a  f o r  g rou t s  prepared from t h r e e  
d i s t i n c t l y  d i f f e r e n t  nuc lea r  waste materials have been corre-  
l a t e d .  The wastes inc lude  Oak Ridge National Laboratory 
(ORNL) low-level waste (LW) s o l u t i o n ,  Hanford F a c i l i t y  waste 
(HFW) s o l u t i o n ,  and cladding removal waste (CRW) s l u r r y .  
Data f o r  t h e  t h r e e  wastes have been c o r r e l a t e d  wi th  a 0.96 
c o e f f i c i e n t  of c o r r e l a t i o n  by t h e  fol lowing equation: 

l o g  VE 0.289 + 0.707 log VE , 

where VE and p~ denote  c r i t i ca l  flow rate i n  m3/min and 
apparent  v i s c o s i t y  i n  Paes,  r e spec t ive ly .  The equat ion may 
be used to estimate c r i t i ca l  flow rate f o r  g rou t s  prepared 
w i t h i n  t h e  compositional range of t h e  inves t iga t ion .  

1. INTRODUCTION 

Waste d i s p o s a l  is  r ap id ly  becoming one of t h e  most important tech- 

n o l o g i c a l  endeavors of our t i m e ,  and f i x a t i o n  of waste i n  cement-based 

materials is an important p a r t  of t h a t  endeavor. Many wastes can be 

adequately incorporated i n t o  g rou t ,  but each waste must be i n v e s t i g a t e d  

s e p a r a t e l y .  This r e q u i r e s  numerous tests, with t h e  r e s u l t  being t h a t  

l a r g e  q u a n t i t i e s  of d a t a  must be obtained. The purpose of t h i s  

r e p o r t ,  along wi th  t h e  two previous p u b l i c a t i o n s  i n  t h i s  series,1'2 i s  
t o  extend t h e  usages of t h e  data.  I n  t h e  f i r s t  r epor t , '  hydro f rac tu re  

hydro f rac tu re  process  v a r i a b l e  d a t a  were c o r r e l a t e d  wi th  phase s e p a r a t i o n ,  

compressive s t r e n g t h ,  and c r i t i ca l  v e l o c i t y  (o r  flow rate) g rou t  product 

c h a r a c t e r i s t i c s .  

f e r e n t  wastes were co r re l a t ed .  In t h e  c u r r e n t  r e p o r t ,  t h e  p o s s i b i l i t y  of 

I n  t h e  second r e p o r t  ,* d a t a  f o r  t h r e e  d i s t i n c t l y  d i f -  
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es t ima t ing  t h e  c r i t i ca l  flow rate of f r e s h l y  xed grout  from t h e  measure- 

ment of apparent  v i s c o s i t y  is examined, This repor t  broadens t h e  scope of 

previous work by c o r r e l a t i n g  cr i t ical  f l o w  rate d a t a  f o r  g rou t s  prepared 

from t h r e e  d i f f e r e n t  waste forms: (1) ORNL LLV, (2)Hanford Faci l i t i es  

Waste (HEW), and ( 3 )  C from Rockwell Hanford Operations,  Cri t ical  flow 

ra te ,  def ined  as t h e  flow rate a t  whieh a grout  m s t  be pumped through 

a p ipe  t o  ob ta in  tu rbu len t  f low, i s  not only one of t h e  most important 

de te rmina t ions  regarding grouted waste bu t ,  at p re sen t ,  i s  a l s o  one of t h e  

most ted ious  and d i f f i c u l t  t o  obtain. Grout flow through a p ipe  needs t o  
be turbulen t  s i n c e  laminar flow al lows t h e  grout  t o  cake on p ipe  w a l l s  and 

eventua l ly  plug t h e  pipe. Cri t ical  v e l o c i t y  d a t a  are being eva lua ted  

based on the fol lowing equat ion:3 

where 

V = c r i t i c a l  v e l o c i t y ,  f t / s ;  

Di = i n s i d e  diameter of t h e  p ipe ,  i n . , ;  

n'  = flow behavior index, d€mensionless;  

K' = f l u i d  consis tency index, l b f . sn ' / f tZ  

p = fresh-mix d e n s i t y ,  lb /ga l .  

Because t h i s  equat ion is  commonly appl ied  i n  f i e l d  ope ra t ions ,  i t  is used 

h e r e  d e s p i t e  t h e  mixed un i t s .  I ts  use i s  necess i t a t ed  by t h e  

non-Newtonian c h a r a c t e r i s t i c  of grouts .  Values f o r  n t  and K' are de ter -  

mined based on 

S, = shear  

Sr = shear  

t h e  power l a w 3  r e l a t i o n s h i p ,  

S s  = K'S, n '  , 

stress, l b f / f  t2 

rate, s-1 

Typica l ly ,  S, values  are measured us ing  a P a m  viscometer at r o t a t i o n  

speeds of 600, 300, 200, 181, 100, 90, 60, and 30 rpm. Rota t ion  speeds 

are mul t ip l i ed  by 1.703 t o  convert  t o  shear  rates (S,) i n  s-'.  

t h e  ss and Sr va lues  t o  t h e  power l a w  equat ion is used t o  eva lua te  n' 

A f i t  of 
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and K' in Eq. (2). The density of the grout mix needed for Eq. (1) is 

determined using a Baroid mud balance. The critical velocity, V, 

calculated from Eq. (11, can be converted from ft/s (assuming that a 

"2-in. pipe" is 2.0 in.  ID) to m3/min units using a multiplication factor 

of 0.037. The method for estimating critical flow rate from apparent 

viscosity measurements at 300 rpm would be expected to reduce the extent 

to which the more-involved method, Eq. (11, must be used in waste grout 
work. 

2. WASTE COMPOSITIONS AND DRY-SOLID BLENDS 

Table 1 shows that the composition of the simulated ORNL LLW is charac- 

terized by the presence of NO3-, C1-, and C032- anions and NaOH. 

the dry-solid blends listed in Table 2 was mixed with the LLN at ratios of 

7 2 0 ,  840, 960, and 1080 kg/m3. 

centrations in the HFW are listed in Table 3. Aliquots of this waste 

solution were diluted to contain 0.50, 0.67, and 0.80 fractions of the 
concentrations shown in the table. Each of the dry-solid blends shown in 

Table 4 was mixed with one or more of the dilutions, along with the 
undiluted solution, at ratios of 720, 840, and 960 kg/m3. 
that HFW Bs characterized by the presence of POb3-5 HP0b2-, SO,2', and 

N02- anions, as well as NaOH. Major components in the neutralized CRW 

from Rockwell-Hanford Operations are listed in Table 5. This waste is a 

slurry containing -30 wt % solids, primarily ZrO2*xHpO. Samples of the 

waste slurry were diluted to contain 0.30, 0.50, 0.67, and 0.80 fractions 

of the concentrations shown in Table 5. These dilutions were mixed with 

the dry blends shown in Table 6 at mix ratios of 720 and 840 kg/m3. 

Table 5 reveals, the CRW is characterized by the presence of F- and NH4' 

i ons ,  NaOH, and Zr02*xH20e 

blends to precipitate the fluoride as CaFz. This action prevents the 

fluoride from acting as a set retarder in the grouts. 

Each of 

Major components and their maximum con- 

Table 3 reveals 

A s  

The Ca(OH)z is included in the dry-solid 
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Table 1. Composition of 
simulated QRNL LW solution 

Concentration 
Component (E) 

Al (NO3) 3- 9N2O 0.007 

NazCOp 0.190 

NaC 1 0.093 

NaN03 0.810 

NaON 0.180 

Na2S04 0.094 

NH4NO3 0.003 

Table 2. Blends of solids used in grout mix for ORNI. LLW 

Mater i a1 
Blend 1 Blend 2 Blend 3 Blend 4 
(wt X) (wt % >  (wt %) (wt %) 

Type 1 Portland cement 42.0 42.0 42.0 42.0 

Kingston fly ash 36.0 34.0 32.0 30.0 

Attapulgite-150 clay 14.0 16.0 18.0 20,o 

Indian Ked pottery clay 8.0 8.0 8.0 8,O 

(ASTM class F) 

Table 3. Maximum concentrations of 
major compounds in HFW 

Concentration 
Component (2) 

Na3??04 0.5 

Na2HP04 0.02 

Na2S04 0.02 

NaNO2 0.02 

NaOH 0.02 

Total carbon (1.85 g/L)  
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Table 4. Dry-solid blends used in grout mix for HFW 

Blend 1 Blend 2 Blend 3 Blend 4 
Material ( w t  X )  (wt X )  (wt %> (wt %> 

Type I-IT-LA Portland 41.0 41.0 40.0 39.0 
cement 

Centralia, Washington, 41.0 40.0 40.0 39.0 
f l y  ash (ASTM class F) 

Attapulgite-150 clay 10.0 11.0 12.0 14. 0 

Indfan Red pottery clay 8.0 8.0 8.0 8.0 

Table 5, Major compound (element) 
concentration in neutralized CRW 
at Rockwell Hanford Operations 

Concentration 
Component (E) 

Zr02axH20 1.03 
(undissolved) 

NaF 2.27 

NaNO3 0.05 

NaOH 0.91 

NH3 0.83 

Uranium <o, 01 
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Table 6 .  Dry-solid blends used i n  grout 
f o r  n e u t r a l i z e d  CRW 

~ 

Blend 1 Blend 2 
Material ( w t  X )  ( w t  n 
Type XI1 Port land cement 42.0 60,Q 

C e n t r a l l a ,  WA, f l y  ash 
(ASTM class F) 

42.0 19.0 

Attapulgite-150 c l ay  5,0 5.0 

3. TEST PROCEDURE 

The mixing procedure4r5 f o r  both IWW and CRW cons is ted  of adding t h e  

blended s o l i d s  t o  t h e  waste i n  a Model N-50 Hobart mixer f o r  30 s a t  a low 

s t i r r i n g  rate,  -139 rpm, and then inc reas ing  the s t i r r i n g  rate to -235 rpm 

(medium-speed s e t t i n g  on mixer) f o r  30 s ,  The QRNL waste samples were 

prepared by a s imilar  procedure using a Model 91-18s Waring blender  

(commercial type). The dry blend was added over  a per iod of 15 s a t  2000 

rpm, after which t h e  mix w a s  s t i r r e d  at 5000 rprn f o r  an a d d i t i o n a l  15 S. 

The rheologica l  measurements were made using a Fann Direct-Reading 

Viscometer, Model 35A SR-12. The apparent v i s c s s i r y  w a s  determined 

d i r e c t l y  from shea r  stress readings a t  a r o t a t i o n  speed of 300 rpm. The 

S s  and S, d a t a  w e r e  f i t t e d  (power curve f i t )  t o  Eq, (2 )  t o  eva lua te  n '  and 

K' va lues ,  which were then i n s e r t e d  i n  Eq. (1 )  t o  c a l c u l a t e  the cr i t ica l  

ve loc i ty .  The d e n s i t i e s  of t h e  grouts  were measured us ing  a Baroid 

balance. It w a s  assumed t h a t  t he  grout  would be pumped through an exac t ly  

2.0 in .  ID pipe when t h e  c r i t i c a l  flow rate w a s  calculated. 

4 .  CORRELATION OF DATA 

The s t a t i s t i c a l  c o r r e l a t i o n  (mul t i segress ion  a n a l y s i s )  included 47 

d a t a  po in t s  (Table 7) :  16 from ORNE, LLW, 18 from W, and 13 from C 

The d a t a  are represented wi th  a 0.96 c o e f f i c i e n t  of c o r r e l a t i o n  by t h e  

fo l lowing  empir ica l  equation: 



Table 7, Critical flow rate as a function of important variables in 
waste grout formulation 

F 1 Y  
Attapulgite- Portland ash 

Obser- Waste 150 c lay  Mix cement in 
vation fraction in blend ratio in blend blend Viscosity 
No , Waste concentration (wt %) (kg/m3 1 (wr  %) ( w t  X) (Pa*s) 

1 ORNL 1.00 14 7 20 42 36 0.008 
2 ORNL 1.00 14 840 42 36 0.010 
3 ORNL 1.00 14 960 42 36 0.013 
4 ORNL 1.00 14 1080 42 36 0.023 
5 ORNL 1.00 16 720 42 34 0.009 
6 ORNLI 1.00 16 840 42 34 0.013 
7 ORNL 1.00 16 960 42 34 0.018 
a ORNL 1.00 16 1080 42 34 0,032 
9 ORNL 1.00 18 7 20 42 32 0.010 

10 ORNL 1.00 18 840 42 32 0.014 
11 ORML 1.00 18 960 42 32 0.024 
12 ORNL 1.00 18 1080 42 32 0.045 
13 ORNL 1.00 20 7 20 42 30 0.011 
14 ORNL 1.00 20 840 42 30 0.015 
1 5  ORKL 1.00 20 960 42 30 0.027 
16 ORNL 1.00 20 1080 42 30 0.052 
17 HFW 0.80 10 840 41 41 0,024 
18 HFW 0.67 10 840 41 41 0.024 
19 HFW 0.50 10 840 41 41 0.026 
20  HFW 1.00 10 960 41 41 0,033 
21 HFW 0.67 10 960 41 41 0,040 
2 2  HEW 0.50 10 960 41 41 0.039 
2 3  HFW 1.00 14 840 39 39 0.050 
24 HFW 0.80 14 840 39 39 0.046 
25 HEW 0.67 14 a40 39 39 0.047 

Critical 
flow rate 
(m3 /min> 

0.057 
0.077 
0.093 
0.131 
0.059 
0.092 
0.128 
0.164 
0,071 
0.104 
0.152 
0.229 
0.073 
0.093 

0.223 
0.155 
0.152 
0,164 
0.187 
0.212 
0.202 
0.250 
0.237 
0.238 

0,143 
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log VE 0.289 + 0.707 log , ( 3 )  

where V 

in Pa*s, respectively. The logarithmic relationship between VE and V.E 

is shown graphically in Pig. 1. Figure 2 plots the critical flaw rate 

values from Eq. (3) vs measured values. The line in Fig. 2 represents a 

theoretical condition in which the predicted values would be equal to the 
measured values. 

and p~ denote critical flow rate in m3/min and apparent viscosity E 
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5. THEORETICAL RELATIONSHIP BETWEEN CRITICAL AND 
APPARENT VISCOSITY 

Equations reported previously1 > f o r  c o r r e l a t i n g  d ra inab le  water 

compressive s t r e n g t h ,  and c r i t i ca l  v e l o c i t y  t o  opera tor -cont ro l lab le  

v a r i a b l e s  were e i t h e r  e m p i r i c a l  o r  semi-empirical. The apparent  v i s c o s i t y  

measurements requi ted  f o r  use of Eq. (3) (Fig. 1)  are not d i r e c t l y  opera tor  

c o n t r o l l a b l e  but  a r e  e a s i l y  made i n  the l abora tory  o r  i n  t h e  f i e l d .  I n  

c o n t r a s t  t o  t h e  previous equat ions ,  a p a r t i a l  t h e o r e t l c a l  b a s i s  can be 

shown for t h e  Eq. ( 3 )  r e l a t ionsh ip .  This is demonstrated by s t a r t i n g  with 

two fundamental equat ions:  

1.86 p 
and 

where V ,  n ' ,  K', Di, p ,  and S ,  have t h e  same des igna t ions  as previously 

ind ica t ed  and p i s  the  v i s c o s i t y  i n  cP. Dividing Eq. ( 1 )  by Eq. ( 4 )  and 

rear ranging  terms g ives  the fol lowing expression:  

Within a given family of mixes, the  va lue  of p ( t h e  mix d e n s i t y )  

changes only a s m a l l  amount and, for t h e  purposes of t h i s  work, may be 

considered cons tan t  a t  12 l b l g a l .  

S,, and 12 l b l g a l  f o r  p y i e l d s :  

S u b s t i t u t i n g  2 in.  f o r  D i ,  510 s-l f o r  

When rearranged i n  logar i thmic  form, Eq. (6 )  becomes: 
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-1,02n' + 1 
log v = l o g  1.I 9 - 

2. 00-n' 2.00-n' 

where t h e  u n i t s  f o r  V are f t / s ,  O r  

1.0211' + 3.00 + 1 
l o g  Vm -1.43 - - l o g  Pm 

2.0011' 2.00-n' 2.00-n' 

where t h e  u n i t s  f o r  Vm are m3/min, and f o r  1 . 1 ~  are Pa-s .  

Terms f o r  both n'  and urn occur  i n  Eq, (8 ) ,  while  t h e  use  of n' in t h e  

empirical expression,  Eq. ( 3 ) ,  w a s  unnecessary. Therefore ,  t h e  e x t e n t  t o  

which the 

examined. The frequency d i s t r i b u t i o n  of n' values  f o r  t h e  47 grout  mixes 

shown i n  Fig. 3 ( l i s t e d  in Table 7)  r e v e a l s  t h a t  t h e  values  range from 
0.250 t o  0.650, w i th  g r e a t e r  t han  89% of t h e  values  l y i n g  between 0.300 and 

0.600. In Fig. 4 ,  t h e  area between t h e  l i n e s  r e p r e s e n t s  t h e  maximum 

v a r i a n c e  of Vm f o r  n' values  between 0.300 and 0.600 based on Eq. (8). The 

v a r i a n c e  decreases  from 0.026 m3/min ( 6 . 8  gal /min)  a t  1.1 = 0.01 Pa - s  t o  ze ro  

a t  Prn = 0.09 Pa=s .  

i n  Eq. (7), v a r i a t i o n s  i n  n' have a r e l a t i v e l y  l i m i t e d  e f f e c t  on t h e  Vm 

va lues  c a l c u l a t e d  using the  equat ion and t h e  d a t a  obtained i n  t h i s  i n v e s t i -  

gat ion.  It is, t h u s ,  not  s u r p r i s i n g  t h a t  t h e  VE and PE d a t a  c o r r e l a t e  w e l l  

i n  Eq. 3 ( t h e  e m p i r i c a l  equa t ion )  wi th  n' excluded from t h e  c o r r e l a t i o n .  

Of n' affects 'm values  c a l c u l a t e d  from Eq. (8) w a s  

F i g u r e  4 shows t h a t ,  whi le  both 1.1 and n' are v a r i a b l e s  

6 .  DISCUSSION 

The major purpose of t h i s  r e p o r t  and t h e  two previous pub l i ca t ions  i n  
t h i s  series192 i s  t o  extend usages of t h e  l a r g e  q u a n t i t i e s  of d a t a  

c u r r e n t l y  being obtained i n  g rou t  formulat ion work. A second purpose is t o  

t o  provide r e fe renceab le  r e p o r t s  d e s c r i b i n g  t h e  experimental  methods and 

techniques used i n  waste g rou t  formulat ion work. Equation ( 3 )  mathemati- 

c a l l y  relates g rou t  apparent v i s c o s i t y ,  which is  e a s i l y  measured, t o  g rou t  

c r i t i c a l  v e l o c i t y ,  a quan t i ty  t h a t  is considerably more d i f f i c u l t  t o  
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measure. A s  grout formulation work moves from the development stages into 

applied field applications, it is expected that utilizatton oE such facile 

measurement methods as the apparent viscosity method will become a 

necessity. The equations, both in this report and in the previous 

documents1 ,2, are largely empirical; nevertheless, they demonstrate the 

existence of an inherent and underlying state of order and predictability 

in mechanisms controlling waste grout formulation. Thus, the credibility 

and usefulness of grout formulation systems are increased. The utility o f  

the equations is in the prediction of properties witbin the compositional 

range of the investigation from which the data were obtained. Such 

equations provide a relatively simple method that is applicable to ( 1 )  

improved future test design, (2) elimination of superfluous testing, ( 3 )  
decreased costs, and ( 4 )  greater overall efficiency of individual investi- 

gations. For quality assurance purposes, the  equations provide a means of: 

examining suspect data and pinpointing unusual occurences. 
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