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S u m m a r y 

T h i s r e p o r t g i v e s t h e r e s u l t s of an e x p e r i m e n t a l p r o g r a m m e 
c a r r i e d out by t h e W a t e r R e s e a r c h L a b o r a t o r y to e v a l u a t e t he h e a d -
l o s s e s of a s h s l u r r y flowi ( for V a l e s Po in t and Wangi ash) in o n e -
i n c h and t w o - i n c h g a l v a n i s e d s t e e l p i p e s c a r r y i n g a s h c o n c e n t r a t i o n s 
r a n g i n g f r o m 10 to 60 p e r cent by we igh t . T h e e x p e r i m e n t a l r e s u l t s 
w e r e c o m p a r e d wi th t h e t h e o r e t i c a l r e s u l t s a s p r e d i c t e d by t h e e f f e c t -
i ve v i s c o s i t y m e t h o d (Ref. 1). It i s i n d i c a t e d in F i g u r e s 4, 6 and 
75 t h a t w i th in t h e l i m i t of e x p e r i m e n t a l a c c u r a c y 8 p e r cent ) , t h e 
e f f e c t i v e v i s c o s i t y m e t h o d can be u s e d to p r e d i c t t h e h e a d l o s s e s of 
a s h s l u r r y f low (for a s h c o n c e n t r a t i o n s up to 50 p e r cent by weigh t ) 
in g a l v a n i s e d s t e e l p ipe s , wh ich a r e r e l a t i v e l y s m o o t h . 

To e v a l u a t e t h e e f f ec t of p ipe r o u g h n e s s on t h e v a l i d i t y of t h e 
e f f e c t i v e v i s c o s i t y m e t h o d , f u r t h e r t e s t s should be c a r r i e d out f o r 
a s h s l u r r y f low in r o u g h p i p e s , such a s steel., c a s t i r o n o r c o r r u g a t e d 
p l a s t i c p i p e s . 

O t h e r p o i n t s of i n t e r e s t a r e tha t a u n i f o r m p r o c e d u r e should b e 
fo l lowed in d e t e r m i n i n g t h e a s h p a r t i c l e s p e c i f i c g r a v i t i e s ; tha t the 
h e a d l o s s e s of a s h s l u r r y flow a r e s e n s i t i v e , n e i t h e r to t he v a r i a t i o n 
in a s h p a r t i c l e s p e c i f i c g r av i t y ; n o r to t h e v a r i a t i o n in e f f e c t i v e v i s -
c o s i t y , and tha t a r e d u c t i o n of h e a d l o s s w a s e f f e c t e d wi th t h e i n t r o -
duc t i on of a s m a l l p e r c e n t a g e of d e t e r g e n t in t he a s h s l u r r y . 
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1 o Introduction 

The studies to investigate the hydraulic characteristics of fly ash 
slurry flow in pipes have been extended to include a programme of 
testing to evaluate the fluid properties of ash slurries in galvanized 
steel pipes» The investigation was carried out at the Electricity 
Commiss ion ' s Project Division Laboratory at Leichhardt by members of 
staff of the Water Research Laboratory» The results of previous tests 
on the ash slurry flow in various sizes and types of pipes are reported 
by Coulter et alia (Ref» 1). 

The test programme included the measurement of headlosses for 
f ly-ash slurries (Vales Point Ash and Wangi Ash) in 1-inch and 2-inch 
nominal diameter pipes for a range of flow velocities (10. 0 to 0 f. p. s . ) 
and ash concentrations (approximately 10 to 60 per cent by weight). These 
results were used to check against the validity of the effective viscosity 
method" as proposed by the Electricity Commission for the prediction of 
headloss» The effective viscosity method was developed as a result of an 
analysis of test data as obtained by the Water Research Laboratory (W„ R. L. ) 
at Manly Vale^ the Australian Mineral Development Laboratories (A, M. D, L. ) 
at Adelaide and the Electricity Commission (E„ C„ ) of New South Wales 
during previous investigations» Details of the studies are given by Coulter 
et alia in Reference 1„ 

This report describes the results of this investigation for evaluating 
the headloss characteristics of ash slurry flow in galvanized steel pipes. 
The comparison made between the experimental results and the results 
as predicted by the effective viscosity method is also included» 

2» Test Rig 

For a detailed description of the Leichhardt test rig, the reader is 
re ferred to Reference 1» In briefs the test rig was fitted with a l i " and 
a 3" mono pumps each driven by a 20 h. p» variable speed commutator 
motor through an automotive gear box» The pumps were connected so 
that either one could feed the test circuits or agitator nozzles fitted to the 
mixing tank» The general layout of the test rig is shown in Figures 1 and 
2 » 

The test rig was also fitted with a vortex mixing bowl for preparing 
ash slurries» This apparatus consisted of a tank 2 feet in diameter and 
3 feet 6 inches deepp into which two agitator nozzles were fitted» The 
nozzles could be fed by either pump and when positioned correct ly , a 



strong vortex is formed. Ash dropped into the vortex, is rapidly mixed 
and maintained in suspension. 

Six manometer tappings were made at equal intervals along each 
test pipe for pressure measurements. These tappings were connected 
to a pressurized manometer system which included facilities for flushing. 

Flow velocities were obtained from the flow rate and the pipe c r o s s -
sectional area. Flow rates were measured using a calibrated volumetric 
tank which was mounted above the mixing tank. Two way valves were 
fitted to each pipe above the calibration tank so that the flow could be 
diverted into either the mixing tank or the calibration tank as required. 

A water jacket around the mixing tank gave reasonably good temper-
ature control. Slurry temperature was measured by a temperature 
recorder, while the slurry density was determined by weighing a known 
volume of slurry sample in an 800 ml measuring cylinder. 

3. Properties of Fly-ash 

3.1 General 

For the entire test series, one batch of each type of ash was used. 
It should be noted here that the samples taken for both the particle spec-
ific gravity and particle size tests were taken from the last bags of ash 
left over at the end of the test series. Hence the results (Section 3 .2 
and 3.3) derived from the above ash samples, should not be considered 
as well-represented for the ash properties. 

3. 2 Particle specific gravity 

It has been pointed out by Coulter et alia (Ref. 1) that the measured 
specific gravity of flyash depends upon the method followed in carrying 
out the test. In the tests reported here, it was decided to determine the 
ash specific gravity by shaking (to release air from voids) the ash 
slurry in the pycnometer with water so as to conform with methods 
usually employed by the Electricity Commission. It must be pointed out 
here that the Electricity Commission measured and has measured, in the 
past, specific gravity of only a fraction of the sample (for ash particles 
with sizes less than 53 microns)^ whereas, the Water Research Laboratory 
used the total sample. For the sake of consistency in test results, the 
specific gravities determined by the Electricity Commission were used for 
subsequent calculations given in this report. 



3. 

Numerous tests were carried out for each ash type. It was revealed 
that even with the shaking method^ the results were inconsistent among 
the tests. After a number of trialB the following method was found to 
yield fairly consistent results. Three pycnometers each filled with 
approximately equal amount of ash, were used. The first pycnometer 
was shaken by hand for 15 seconds for every 60 seconds for a duration 
of 180 seconds. The same procedure was applied to the 2nd and 3rd 
pycnometers, but for durations of 360 seconds and 720 seconds respect -
ively. 

At the same time^ samples of each ash type were sent to the 
Electricity Commission Central Chemical Laboratory for further tests. 
The results of these tests^ together with results of mean particle size, 
are given in Table 1. 

Table 1: Data Summary of Ash Samples tested in Leichhardt test rig 
Origin Date of ^^Solid S. G. +Median Grain Remarks Origin Collection W, R, L. E. C. Size Remarks 

Vales Pt. 
Ash 2A/6 
and 2 A/7 

7. 5. 68 1. 90 1, 94 0. 042 mm 

Wangi 
Ash 3 . 6 . 6 8 1. 95 1. 91 0. 033 mm 0. 031 mm 

(W. R. L, ) 
0. 035 mm 
(E, C. ) 

- Particle specific gravity given for each ash type is representative of 
average of three values for W, R. L. data and representative of average 
of two values for the E. C. data. 

+ See Section 3.3 for comments. 

3. 3 Particle Size 

The sizes of ash particles used in the tests have been determined by 
the Water Research Laboratory using the hydrometer technique and by the 
Electricity Commission using a Balco dust sizer. The results for Vales 
Point Ash and Wangi Ash are given in Table 1 and Figure 3. As can be 
seen in Figure 3, the d^Q size for Vales Point Ash is indicated as 0, 042 
mm by both methods of analysis, whereas for finer particle size range 
(do = 0. 002 mm to d45 = 0. 04 mm) the hydrometer technique seems to 



4, 
i nd i ca t e p a r t i c l e s i z e s l a r g e r than t h o s e given by B a l c o dus t s i z e r . It i s 
a l s o ind ica ted in the s a m e f i g u r e tha t t h e d5o s i z e f o r Wangi Ash i s 0. 031 
m m by h y d r o m e t e r a n a l y s i s and 0. 03 5 m m by t h e B a l c o dus t s i z e r . T h e 
d5o s i z e f o r Wangi Ash can b e t aken a s 0, 033 m m . F o r f i n e r p a r t i c l e 
s i z e r a n g e (d^ = 0, 001 m m to d4o ^ 0, 027 m m ) , t h e h y d r o m e t e r a n a l y s i s 

a l s o g ives p a r t i c l e s i z e s l a r g e r than t h o s e given by B a l c o dus t s i z e r . 
4. P i p e P r o p e r t i e s 

4. 1 D i a m e t e r of P i p e s 
T h e n o m i n a l d i a m e t e r s of t he two t e s t p i p e s w e r e 2 i n c h e s and 1 inch. 

T h e c r o s s - s e c t i o n a l a r e a of each p ipe w a s d e t e r m i n e d by m e a s u r i n g t h e 
v o l u m e of w a t e r in a given l eng th of p ipe . F r o m the c r o s s - s e c t i o n a l a r e a ^ 
t h e ac tua l d i a m e t e r s of t h e two t e s t p ipe s w e r e found to b e 2. 085" and 
1, 08". T h e ca l cu l a t ed d i a m e t e r of t he t e s t p i p e s w e r e u s e d in t he a n a l y s i s 
of t e s t r e s u l t s . 

4. 2 Roughness of Galvani.sed Steel P i p e s 
B e f o r e t he a s h s l u r r y t e s t s , t he r i g w a s t e s t e d wi th w a t e r to obta in a 

r e p r e s e n t a t i v e h e a d l o s s g rad ien t f o r w a t e r f o r both t e s t p i p e s . B a s e d on 
t h e s e w a t e r l i ne s , t h e f r i c t i o n f a c t o r s and Reyno lds n u m b e r s w e r e c a l -
cu la ted u s i n g the fo l lowing equa t ions : -
D a r c y - W e i s b a c h equat ion 

AH . f v 2 ^^^ 

and 
L 2gD 

- = ? 
A H 

w h e r e — ~ = h e a d l o s s in f t . p e r foot of p ipe 
L = length of p ipe in f t . 
V = f low ve loc i t y in f, p. s, 
g = g r a v i t a t i o n a l a c c e l e r a t i o n in f t . / s e c . 
D = d i a m e t e r of p ipe in f t . 
IR = Reynolds n u m b e r P 
v = K i n e m a t i c v i s c o s i t y of w a t e r in f t . / s ec , 
f = f r i c t i o n f a c t o r 



5. 

The values of friction factors and the corresponding values of Reynolds 
numbers were plotted on the diagrams (see Figures 4 and 5) to establish 
relationship among friction factor, Reynolds number and the relative 
roughness of each pipe. The averaged roughness (k) values for both 
pipes together with the roughness (k) values for other size and type of 
pipes (Ref. 1) are given in Table 2 for purpose of comparison. 

Table 2: List of roughness (k) values for different size and type of pipes 
Nominal Roughness 
Diam eter Type of height (k) Remarks 
of pipe pipe (ft J 
(inches) 

2 - 1 / 4 Asbestos cement 0.000019 ) E, C, tests from 2 - 1 / 4 
) Ref. 1, 1967. 

4 Asbestos cement 0,000033 ) 
8 Asbestos cement 0,000017 

1 - 1 / 2 Steel 0, 001 ) A, M. D. L. tests 1 - 1 / 2 
) from Ref. 1, 1967. 

6 Asbestos cement 0, 00003" ) We R„ L. tests f rom 
6 Asbestos cement 0,00006 ) Ref, 1, 1967. 
4 Asbestos cement 0.00008 

1 Galvanized steel 0,000076 ! W. Ro L. tests 1968. 2 Galvanized steel 0, 000069 ! W. Ro L. tests 1968. 

Test data indicated a k-value varying from 0. 000025^to 0. 00012^ k-value 
of 0. 00003* was assumed by taking the weighted mean of 10 experimental 
points on Rouse Chart, 

5, Test Procedure 

5, 1 Water Tests 

The pumping rig was calibrated with water to ensure the pressures 
measured at various tapping points along the pipe circuits were con-
sistent, Concurrently, the pressure gradients and the flow velocities were 
•also measured. These results were then plotted on log- log paper to 
establish a straight line relationship between pressure gradients and flow 
velocit ies. Any departure from straight line relationship on log- log plot 
would indicate errors in the test rig. These were corrected b e f o r e the 



ash slurry tests were carr ied out„ 

5. 2 Ash Slurry Tests 

After the test rig had been properly calibrated, s lurr ies of Vales Point 
and Wangi ash were tested» The ash s lurr ies were tested at concentrations 
approximately 10, 20, 30, 40, 50 and 60 per cent by weight. In each test, 
for each type of ash at a speci f ic ash concentration, the headloss gradient 
was determined for a range of flow veloc i t ies f rom about 10 to 2 f. p. s. 

For each test, the following data were obtained: 

(i) The flow rate f rom vdume and time measurements, 
(ii) The density of ash slurry 
( i i i )Ash slurry temperature 
(iv) The averaged pressure di f ference (four readings) between each 

success ive tapping points^ in some cases only three out of four 
were in agreement^ the fourth one was disregarded, 

(vj T ime and date of the test. 

The results were expressed in terms of headloss in feet of water per foot 
length of pipe and the mean veloc i t ies in f. p. s„ 

The test data are given in the tables as listed below 

Table 3: Headloss data for f resh water in 2" diameter galvanised 
steel pipe. 

Table 4: Headloss data for fresh water in 1" diameter galvanised 
steel pipe. 

Table 5: Headloss data for Vales Point ash slurry in 2'* diameter 
galvanised steel pipe. 

Table 6: Headloss data for Vales Point ash slurry in 1" diameter 
galvanised steel pipe. 

Table 7: Headloss data for Wangi ash slurry in 2" diameter galvanised 
steel pipe. 

Table 8: Headloss data for Wangi ash slurry in 1" diameter galvanised 
steel pipe. 

Table 9: Headloss data for Vales Point ash slurry with 1 per cent de -
tergent in 2'* diameter galvanised steel pipe» 



7. 
T h e h e a d l o s s da t a f o r f r e s h w a t e r a s we l l a s f o r a s h s l u r r i e s in bo th 

p i p e s a r e p lo t t ed in F i g u r e s 4, 6 and 7. T h e h e a d l o s s g r a d i e n t s a s p r e -
d i c t e d by t h e e f f e c t i v e v i s c o s i t y m e t h o d a r e a l s o p lo t t ed a s fu l l l i n e s on 
t h e s e g r a p h s f o r p u r p o s e of c o n a p a r i s o n . T h e w a t e r l i ne i s a l s o inc luded 
a s a b r o k e n l i n e in each d i a g r a m . 

A m o n g t h e above s l u r r y t es t s^ t h e r e w a s one t e s t c a r r i e d out s p e c i f -
i c a l l y f o r V a l e s Po in t a s h at t h e h ighes t c o n c e n t r a t i o n to e v a l u a t e t h e 
e f f e c t of t h e i n t r o d u c t i o n of d e t e r g e n t on t h e h e a d l o s s g r a d i e n t of t h e a s h 
s l u r r y f low in 2" d i a m e t e r p ipe . T h i s r e s u l t i s given in T a b l e 9 and 
F i g u r e 4, 

6o A n a l y s i s of R e s u l t s 
6. 1 G e n e r a l 
T h e e x p e r i m e n t a l l y d e t e r m i n e d r e s u l t s of h e a d l o s s g r a d i e n t s and m e a n 

v e l o c i t i e s f o r w a t e r and a s h s l u r r y in 2- inch and 1- inch g a l v a n i s e d s t e e l 
p i p e s a r e a n a l y s e d ( s e e Sec t ions 6, 2 and 6 , 3 ) and a r e given in T a b l e s 1 to 
9 and in F i g u r e s 3 to 8, 

6. 2 W a t e r T e s t s 
T h e h e a d l o s s g r a d i e n t s of w a t e r in 2" d i a m e t e r and 1" d i a m e t e r p i p e s 

a r e shown on l o g - l o g p l o t s on t h e u p p e r l e f t hand c o r n e r of F i g u r e s 4 and 5 
r e s p e c t i v e l y . An a v e r a g e l i ne w a s d r a w n to get a r e p r e s e n t a t i v e l i n e f o r 
e ach p ipe . T h e s e l i n e s a r e r e p r e s e n t a t i v e of t h e c h a r a c t e r i s t i c s of p i p e s 
bo th b e f o r e and a f t e r t h e a s h s l u r r y t e s t s . A s can b e s e e n f r o m t h e s e 
g r a p h s , t h e s l o p e s on t h e l o g - l o g plot of v s V w e r e found to b e 61, 45° 
f o r 2" d i a m e t e r p ipe and 6 1 , 2 ° f o r 1" d i a m e t e r p ipe . F r o m t h e s e r e p -
r e s e n t a t i v e h e a d l o s s g rad ien t s^ t h e f r i c t i o n f a c t o r s (f) and t h e c o r r e s p o n d -
ing Reyno lds n u m b e r s f o r each p ipe w e r e c a l c u l a t e d and p lo t ted on Moody 
c h a r t to d e t e r m i n e t h e f low r e g i m e . A s can be s e e n f r o m t h e l o w e r l e f t 
hand c o r n e r of F i g u r e s 4 and 5 tha t t h e flow r e g i m e f a l l s b e t w e e n t h e s m o o t h 
w a l l t u r b u l e n t and rough wa l l t u r b u l e n t r e g i o n , t h e C o l e b r o o k and W h i t e ' s 
equa t ion a s given be low can be u s e d to a p p r o x i m a t e t h e r e l a t i o n s h i p b e -
t w e e n f r i c t i o n fac tor^ t h e Reyno lds n u m b e r and t h e r e l a t i v e r o u g h n e s s of 
p ipe . 

j r = l - V 4 - 2 1 o g i o ( f + (3) 



where f = friction factor 
IR = V p Reynolds Number 

V 

V = flow velocity in f, p. s. 
D = diameter of pipe in ft. 
V - kinematic viscosity of water in ft^/ sec, 
k = the roughness element of pipe in ft. 

The values of k/D for each pipe were calculated by substituting the 
above determined values of f andlR into equation 3. The values of k /D 
were averaged and the mean value of roughness (k) for each pipe is given 
in Table 2. These values are used in equation 3 for calculating the 
effective viscosit ies of ash slurries, with friction factors determined from 
test data. 

6.3 Ash Slurry Tests 

The headloss gradients of ash slurries flow in pipes for Vales Point 
ash and Wangi ash are shown on log- log plot in Figures 4, 5, 6 and 7. The 
h eadlo&s gradient versus flow velocity for each concentration (approximately 
10 to 60 per cent by weight, at an interval of 10 per cent by weight) is 
plotted separately on each figure. The headloss gradient vs velocity plot 
as predicted by the "effective viscosity method'' is also plotted as full 
lines on each graph for purpose of comparison for ash slurry concentrations 
up to 50 per cent by weight. Comparison can be made between the headloss 
gradients for water, for ash slurries from experimental tests and for ash 
slurries as predicted by 'effective viscosity method'' on one graph. The 
effect of the introduction of detergent into ash slurry on the headloss 
gradient for ash slurry flow in pipe can be easily depicted from the diagram 
given in the lower right hand corner of Figure 4. 

7. The "Effective viscosity method" for predicting headloss gradients for 
ash slurry flow in pipes 

The governing equation for prediction of headloss ( ^H) for homogeneous 
suspensions in horizontal pipeline is given below :-

A h „ V^ 
= f ô T̂  ( S - 1) C) (4) L 2gD 

i^H 
where — h e a d l o s s in ft. per foot length of pipe expressed in terms of 
water» 



9. 

f •= f r i c t i o n f a c t o r 
D = d i a m e t e r of p ipe in ft„ 
S = s p e c i f i c g r a v i t y of s o l i d s 
C = c o n c e n t r a t i o n of m i x t u r e by v o l u m e 
V = v e l o c i t y of m i x t u r e in f. p, s . 
(1 + (S - 1) C) = s p e c i f i c g r a v i t y of a s h s l u r r y . 

T h e h e a d l o s s p e r foot l eng th of p ipe f o r a s p e c i f i c t y p e of a s h s l u r r y 
and known a s h c o n c e n t r a t i o n in a given s i z e of p ipe at a g iven f low v e l o c i t y 
c a n b e e s t i m a t e d f r o m equa t ion 4, p r o v i d e d f i s known. T h e f r i c t i o n 
f a c t o r (f) c an b e e s t i m a t e d u s i n g t h e u s u a l r e l a t i o n s h i p of f^IR and ^ f o r 
p i p e s , p r o v i d e d t h e R e y n o l d s n u m b e r i s c a l c u l a t e d u s i n g t h e e f f e c t i v e v i s -
c o s i t y of a s h s l u r r i e s . A r e l a t i o n s h i p b e t w e e n t he r a t i o of e f f e c t i v e v i s -
c o s i t y of a s h s l u r r i e s and v i s c o s i t y of w a t e r at t h e s a m e t e m p e r a t u r e ^ and 

t h e a s h c o n c e n t r a t i o n s by v o l u m e h a s been c o r r e l a t e d (Ref. 1) f r o m ex-
p e r i m e n t a l da t a f o r a s h c o n c e n t r a t i o n up to 2 5 p e r cent by v o l u m e . T h i s 
r e l a t i o n s h i p in t h e f o r m of an equat ion i s given be low 

V e f f e c t i v e 
V w a t e r - 1 + 9. 52 C - (5: 0 ^ C ^ O . 25 

w h e r e 

y e f f e c t i v e = e f f e c t i v e v i s c o s i t y of a s h s l u r r i e s 
V w a t e r = v i s c o s i t y of w a t e r at t h e s a m e t e m p e r a t u r e 

C = a s h s l u r r y c o n c e n t r a t i o n by v o l u m e e x p r e s s e d 
in f r a c t i o n . 

T h e u s e of e q u a t i o n s 3, 4 and 5 to p r e d i c t t h e h e a d l o s s g r a d i e n t s f o r 
a s h s l u r r y f low in p i p e s i s t e r m e d a s t h e ' e f f e c t i v e v i s c o s i t y m e t h o d ' 
(Ref. 1). 

8„ D i s c u s s i o n of R e s u l t s 

8„ 1 G e n e r a l 

No m e a s u r e m e n t w a s in fac t c a r r i e d out to d e t e r m i n e t he h o m o g e n e i t y of 
a s h s l u r r y f low d u r i n g t h e c o u r s e of t h i s s tudy. But t e s t s c a r r i e d out p r e -
v i o u s l y f o r s i m i l a r t y p e of a s h had d e m o n s t r a t e d tha t t h e a s h s l u r r y f low 
w a s h o m o g e n e o u s f o r a s h c o n c e n t r a t i o n s up to 40 p e r cen t by weight and 
m e a n p ipe f low v e l o c i t i e s f r o m 3 to 9 f, p. s , ( R e f e r e n c e s 1 and 2). It w a s 
a l s o d e m o n s t r a t e d in R e f e r e n c e 1 tha t in t he t u r b u l e n t flow,- t h e h o m o g e n e o u s 
a s h s l u r r y s u s p e n s i o n b e h a v e d a l m o s t a s a Newton ian f lu id . When t h e h o m o -
g e n e o u s s u s p e n s i o n h a s exhib i ted Newton ian c h a r a c t e r i s t i c s . - t h e h e a d l o s s 
can b e c o m p u t e d by t he D a r c y - W e i s b a c h equation- p r o v i d e d t h e d e n s i t y and 
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viscosity of the suspension are used. 

8. 2 Accuracy of experimental results 

The accuracy of the experimental results can be estimated by examining 
the component errors that would likely occur during the experimentation. 
These are estimated as given below:-

(a) Error in measuring the specific gravity of ash slurry = - 1 per cent, 
(b) Error in measuring the mean velocity of slurry flow = ^ 4 per cent, 
(c) Error in measuring headloss - 3 per cent. 

If the component errors are considered additive, the overall error in 
the experimental results is about - 8 per cent. 

8. 3 Effect of degree of ash slurry mixing on particle specific gravity 

While it is true that the particle specific gravities determined using 
pycnometers by shaking, by boiling, and by applying a high vacuum, give 
progressively greater values of particle specific gravity^ it is difficult to 
determine which method would simulate most closely the ash slurry con-
ditions as experienced in a pumping plant. Although the ash particle 
specific gravities were determined in the laboratory using the shaking 

m ethod;, the results were inconsistent, as can be seen in Table 1. Until 
there is experimental evidence to suggest the best method to be used in the 
laboratory^ it is suggested that in future, ash particle specific gravities 
should be determined during the experimental tests, from ash slurry 
samples taken from the mixing tank. The procedure involved is to determine 
the weight of a known volume of ash slurry and the dry weight of ash 
particles in that volume. From these data, the particle specific gravity 
can be deducted^ using equation 6. 

Wn - Wr Particle specific gravity - (Wp - W^) ^ ^ W ^ - ^ l ^ ) 

where WQ = weight of the graduated container (800 c. c. ) 
weight of container with a given volume ash slurry 

Wd= weight of the container with oven-dried ash sample 
weight of the container filled with equal volume of water. 

This procedure makes use of the ash slurry conditions actually experienced 
in a pumping plants and with some care, the experimental error can be 
maintained well below 2 pc. The field method is in fact more reliable and 
provided there are no great objections on the basis of tests already 
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p r o c e s s e d , a c h a n g e should b e m a d e . 

80 4 E f f e c t of v a r i a t i o n in a s h p a r t i c l e s p e c i f i c g r a v i t y on h e a d l o s s 
T h e r e s u l t s of t e s t s on t h e p a r t i c l e s p e c i f i c g r a v i t i e s f o r both V a l e s 

Poin t and Wangi a s h e s at t h e W a t e r R e s e a r c h L a b o r a t o r y and t h e 
E l e c t r i c i t y C o m m i s s i o n ' s C h e m i c a l L a b o r a t o r y i n d i c a t e i n c o n s i s t e n c y in 
r e s u l t s , a l though a s i m i l a r p r o c e d u r e w a s fo l lowed in t h e t e s t s . Even 
in t h e C o m m i s s i o n t e s t s^ s p e c i f i c g r a v i t i e s f r o m t o t a l s a m p l e i s c o n s i s t e n t l y 

l o w e r t h a n S, Go f r o m s u b s i e v e s a m p l e ( for a s h p a r t i c l e s i z e l e s s t h a n 53 
m i c r o n s ) . In o r d e r to a l low f o r t h e v a r i a t i o n in p a r t i c l e s p e c i f i c g r a v i t y 
such a s m i g h t b e e n c o u n t e r e d in t h e a c t u a l i n s t a l l a t i o n , an e s t i m a t e w a s 
m a d e to e v a l u a t e t h e r e s u l t i n g v a r i a t i o n in h e a d l o s s f o r a g iven p e r c e n t a g e 
v a r i a t i o n in p a r t i c l e s p e c i f i c g r a v i t y . To t h i s end, equations» 3, 4 and 5 
w e r e u s e d to c a l c u l a t e t h e r e s u l t i n g \^a r ia t ions in t h e o r e t i c a l headloss^, 
a s s u m i n g t h e d i a m e t e r of p ipe , r e l a t i v e r o u g h n e s s of p ipe^ash s l u r r y 
s p e c i f i c g r a v i t y and m e a n flow v e l o c i t y a r e known due to a g iven v a r i a t i o n 
in p a r t i c l e s p e c i f i c g r a v i t y . T h e r e s u l t s i n d i c a t e tha t a v a r i a t i o n of - 5 pc . 
in t h e p a r t i c l e s p e c i f i c g r a v i t y c a u s e s a v a r i a t i o n of - 1 pc„ in head loss» 
Al though a s h s l u r r y h e a d l o s s i s not v e r y s e n s i t i v e to v a r i a t i o n in p a r t i c l e 
s p e c i f i c g r a v i t y , ye t in c a l c u l a t i n g t h e e c o n o m i c s of d i s p o s i n g of a g iven 
t o n n a g e of f ly a sh , t h e p a r t i c l e s p e c i f i c g r a v i t y in t h e s u s p e n s i o n i s i m -
p o r t a n t . T h e p u m p i n g equ ipmen t and p i p e l i n e s wi l l be s i zed c o r r e c t l y but 
t h e e s t i m a t e of t h e t o t a l p o w e r b i l l could b e in e r r o r . 

8. 5 E f f e c t of d e t e r g e n t in a s h s l u r r y on h e a d l o s s 
T e s t r e s u l t s ob ta ined f o r V a l e s Poin t a s h s l u r r y (high c o n c e n t r a t i o n ) 

in 2'' d i a m e t e r p ipe both wi th and without t h e i n t r o d u c t i o n of d e t e r g e n t 
(about one p e r cent c o n c e n t r a t i o n ) into t he a s h s l u r r y d e m o n s t r a t e d tha t 
a d e c r e a s e of 10 p e r cen t h e a d l o s s w a s e f f e c t e d . F u r t h e r w o r k would b e 
w a r r a n t e d if a p r e l i m i n a r y a s s e s s m e n t i nd ica t ed tha t t h e addi t ion of d e -
t e rgen t^ in c o n c e n t r a t i o n of t h e s a m e o r d e r a s t h o s e t e s t e d , w a s l i ke ly to 
b e e c o n o m i c , and t ha t no t r o u b l e s o m e s ide e f f e c t s w e r e l i ke ly . 

8. 6 P i p e R o u g h n e s s 
T h e p u r p o s e of t h i s i n v e s t i g a t i o n w a s to eva lua t e e x p e r i m e n t a l l y t h e 

f lu id p r o p e r t i e s of a s h s l u r r i e s in r o u g h p i p e s and to c o m p a r e t h e s e 
h e a d l o s s d a t a wi th t h o s e c a l c u l a t e d f r o m t h e e f f e c t i v e v i s c o s i t y m e t h o d 
(deve loped f r o m t e s t da t a by t e s t i n g a s h s l u r r i e s of d i f f e r e n t t y p e s and 
c o n c e n t r a t i o n s in v a r i o u s s i z e and t y p e of p i p e s wi th r o u g h n e s s k - v a l u e s 
v a r y i n g f r o m 0» 000017 ' to 0. 000080» T h i s c o m p a r i s o n would p r o v i d e 
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ev idence to eva lua t e t h e va l id i t y of t h e e f f e c t i v e v i s c o s i t y v a l u e s d e -
t e r m i n e d p r e v i o u s l y to b e u s e d f o r p r e d i c t i n g t h e h e a d l o s s e s in r o u g h 
p i p e s , A s tudy of T a b l e 2 r e v e a l s tha t t h e r o u g h n e s s k - v a l u e s of g a l -
v a n i s e d s t e e l p i p e s i s of t he s a m e o r d e r of m a g n i t u d e a s the r o u g h n e s s 
k - v a l u e f o r a s b e s t o s c e m e n t p i p e s but about 14 t i m e s s m o o t h e r t han s t e e l 
p i p e s . It i s c l e a r that t h e c o m m e r c i a l l y a v a i l a b l e g a l v a n i s e d s t e e l p i p e s 
cannot b e c l a s s i f i e d a s rough p i p e s a s i s a l s o s u b s t a n t i a t e d by e x p e r i m e n t s 
wi th h o m o g e n e o u s s u s p e n s i o n s (Ref. 3) in ga lvan i sed s t e e l p i p e s w h i c h b e -
haved h y d r a u l i c a l l y smoo th . In o r d e r to eva lua te t h e v a l i d i t y of t h e 
' e f f e c t i v e v i s c o s i t y m e t h o d " f o r p r e d i c t i n g h e a d l o s s e s in rough p i p e s , it 
i s s u g g e s t e d tha t f u r t h e r t e s t s should be c a r r i e d out wi th e i t h e r s t e e l p i p e s 
o r c a s t i r o n p i p e s o r c o r r u g a t e d p l a s t i c p ipe s . It should b e noted tha t 
m o r e p r o b l e m s wi l l be e x p e r i e n c e d in g e t t m g s a t i s f a c t o r y p r e s s u r e t a p p i n g s 
in rough p ipe than in smoo th p ipe 

8. 7 C o m p a r i s o n of c a l c u l a t e d (us ing e f f e c t i v e v i s c o s i t y m e t h o d ) and 
e x p e r i m e n t a l l y m e a s u r e d r e s u l t s . 

T h e r e a d e r i s r e f e r r e d to F i g u r e s 4, 5, 6 and 7 f o r t h e d i s c u s s i o n tha t 
fo l lows . It should b e noted h e r e tha t a s h p a r t i c l e s p e c i f i c g r a v i t i e s of 
1, 94 f o r V a l e s Poin t a s h and 1, 91 f o r Wangi a s h w e r e u s e d in c a l c u l a t i n g 
e i t h e r t h e a s h s l u r r y c o n c e n t r a t i o n by v o l u m e o r a s h s l u r r y c o n c e n t r a t i o n 
by we igh t . 

Within the e x p e r i m e n t a l a c c u r a c y ( - 8 pc, t h e ' e f f e c t i v e viscosi ty-
m e t h o d ' can be u s e d to p r e d i c t adequa t e ly t he h e a d l o s s of a s h s l u r r y f low 
(for c o n c e n t r a t i o n s up to 50 p e r cent by weight) in 1- inch and 2- inch d i a -
m e t e r s ga lvan i s ed s t e e l p ipes , a s i s ev idenced by the f a i r l y good a g r e e -
m e n t be tween the c a l c u l a t e d and the e x p e r i m e n t a l l y m e a s u r e d r e s u l t s 
given in t h e above men t ioned f i g u r e s . It i s pointed out e a r l i e r (Sect ion 
8, 6) tha t t h e ga lvan i sed s t e e l p i p e s cannot b e c l a s s i f i e d a s r o u g h p i p e s . 
It i s t h e r e f o r e v e r y un l ike ly tha t t he s l ight dev ia t ion of t h e e x p e r i m e n t a l 
po in t s f r o m the ca l cu l a t ed l i n e s should be a t t r i b u t e d to t h e e f fec t of r o u g h -
n e s s of ga lvan i sed s t ee l p ipes . 

T h e a s h s l u r r y h e a d l o s s g r a d i e n t s fo r both t y p e s of a s h can b e c o n -
s i d e r e d a s a l m o s t p a r a l l e l to t h e w a t e r l i n e s . It h a s b e e n d e m o n s t r a t e d 
( F i g u r e 8) tha t f o r a s l ight dev ia t ion of h e a d l o s s g r a d i e n t f r o m p a r a l l e l i s m 
to t h e w a t e r l i ne would c a u s e a wide v a r i a t i o n in e f f e c t i v e v i s c o s i t y . In 
o t h e r wordSs f o r a given a sh c o n c e n t r a t i o n , the s l u r r y h e a d l o s s g r a d i e n t 
i s i n s e n s i t i v e to t h e v a r i a t i o n in e f f ec t i ve v i s c o s i t y . F i g u r e 8 a l s o i n -
d i c a t e s t h e f ac t that f o r a given a sh c o n c e n t r a t i o n , t h e e f f e c t i v e v i s c o s i t y 
of a s h s l u r r y v a r i e s wi th flow v e l o c i t y and it d e c r e a s e s a s t h e v e l o c i t y 
i n c r e a s e s . 
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9, Conclusions 

From the foregoing, the following conclusions are drawn :-

(1) Within the limits of accuracy of experimental results, the "effective 
viscosity method" can be used to predict the headloss of Vales Point and 
Wangi ash slurry flow in 1-inch and 2-inch diameter galvanised steel pipes. 

(2) Experimental evidence indicates that the commercially available gal-
vanised steel pipes cannot be classified as rough pipes« 

(3) A uniform procedure should be followed in determining the ash 
particle specific gravities« It would be more realistic if the ash particle 
specific gravities were determined from ash slurry samples taken from 
the mixing tank during the experimental tests. 

(4) In order to evaluate the effect of pipe roughness on the validity of the 
"^effective viscosity method'for ash slurry flow headloss prediction^ it is 
suggested that further tests should be carried out for ash slurry flow in 
rough pipeSi, such as steel, cast iron or corrugated plastic pipes. 

(5) The headloss of ash slurry flow in pipes is insensitive to the variation 
in ash particle specific gravity as well as to variation in effective v is -
cosity, 

(6) The introduction of 1 per cent of detergent in Vales Point ash slurry 
(63 per cent concentration by weight) in 2-inch diameter pipe reduced the 
headloss by 10 per cent, 

(7) For a given ash concentration the effective viscosity of ash slurry 
varies with the flow velocity and it decreases as the velocity increases. 
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Table 3: Headless data for fresh water in 2-inch diameter galvanised 
steel pipe. 

No. Date Cone. 
Pc, by 
wt. 

S. G. 
Slurry-

Liquid 
Temp. 
o 

Velocity 
ft/ sec. 

Head-
loss 
f t / f t 

Remarks 

1 
2 

3 
4 
5 
6 

7 
8 
9 

10 
11 

12 
13 
14 
15 
16 

17 
18 
19 
20 

21 
22 
23 
24 
25 
26 

27 
28 
29 
30 
31 
32 
33 
34 
35 

10. 5. 68 

30. 

18. 

5. 68 

7, 68 

0. 0 
ti 
II 
11 
n 
M 
II 
I i 
n 
I ! 

I t 

H »? 

I s • 

vv 
n 
n 
n 
II 
II 
I ! 

n 
n 
t i 

II 
I t 

II 
II 
I ! 

(1 
I t 

11 
n 

I t 

n 

1. 00 73 
73 
76 
73 
73 
73 
76 
73 
76 
73 
72 
72 
72 
72 
68 

68 
68 

68 

68 

68 

68 

63 
63 
63 
62 
62 

62 

60 
60 
60 
59 
59 
59 
59 
59 

1, 35 
1, 82 
2, 30 
2, 74 
3. 39 
3, 98 
4, 58 
5, 02 
5. 60 
6. 19 
7. 06 
8. 04 
9. 25 

10. 20 
1.47 
1. 86 
2. 28 

2. 62 
3. 18 
3, 80 
4. 25 
4. 85 
5. 92 
6. 92 
8. 08 

9. 11 
10. 67 

1. 76 
2, 62 

3. 65 
3. 72 
4. 88 
6. 00 

7. 96 
9. 00 

0. 004 
0. 007 
0. Oil 
0. 015 
0. 022 
0. 030 
0. 039 
0. 046 
0. 055 
0. 068 
0. 085 
0. 109 
0. 142 
0. 173 

Before Vales 
Point ash 
slurry 
tests. 

0. 005 
0. 008 
0. Oil 
0. 015 
0. 020 
0. 029 
0. 035 
0. 045 
0. 065 
0. 086 
0. 115 
0. 141 
0. 194 

After Vales 
Point and 
before 
Wangi ash 
slurry tests. 

0. 007 
0. 016 
0. 028 
0. 029 
0. 045 
0,. 068 
0. 109 
0. 142 

After 
Wangi ash 
slurry 
tests. 
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T a b l e 4 : H e a d l o s s da ta f o r f r e s h w a t e r 
s t e e l pipe, 

in 1 - i n c h d i a m e t e r g a l v a n i s e d 

No, D a t e Cone , 
P c . b y 

wt . 
S. G. 
S l u r r y 

L iqu id V e l o c i t y H e a d -
T e m p . ft / s e c . l o s s R e m a r k s Op f t / f t 
65 
65 

1. 44 
2, 09 

0. 012 
0, 022 B e f o r e 

V a l e s 
Po in t 
a s h 
s l u r r y 

t e s t s 

65 
64 

2. 78 
3. 54 

0. 038 
0. 058 

B e f o r e 
V a l e s 
Po in t 
a s h 
s l u r r y 

t e s t s 
64 
64 

3. 92 
4, 86 

0. 069 
0. 101 

B e f o r e 
V a l e s 
Po in t 
a s h 
s l u r r y 

t e s t s 64 5. 97 0. 150 

B e f o r e 
V a l e s 
Po in t 
a s h 
s l u r r y 

t e s t s 
64 6. 67 0. 186 
64 7 , 34 0. 220 
64 8. 57 0. 292 
64 10. 50 0. 423 
64 12. 07 0. 553 
57 1. 90 0. 018 
57 2. 23 0. 026 A f t e r 
57 3. 05 0. 045 V a l e s 
57 4. 03 0. 072 P o i n t 
57 4. 86 0. 100 and 
57 5. 75 0. 138 b e f o r e 
57 5. 83 0. 142 Wangi 
57 6. 18 0. 163 a s h 
57 6. 68 0. 179 s l u r r y 
57 6. 73 0, 184 t e s t s 
57 7. 34 0. 216 
57 8. 49 0. 284 
57 9. 01 0. 309 
57 10. 60 0 . 4 2 4 
57 11. 00 0. 448 
57 12. 76 0, 605 
60 1. 82 0. 017 
60 3. 21 0. 050 A f t e r 
60 5. 03 0. 108 Wangi 
60 5. 86 0. 155 a s h 
60 6. 33 0. 170 s lu r r y 
60 7. 18 0. 216 t e s t s 
60 9. 47 0. 348 
60 11. 89 0. 527 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 
32 
33 
34 
35 
36 

31. 5. 68 0. 0 00 

27. 

1 8 , 

6. 68 

68 



16. 

Table 5: Headloss data for Vales Point ash slurry in 2-inch diameter 

No, Date Cone. a G. Liquid Velocity Headloss Viscosity 
Pc. by Slurry Temp?F f t / sec . f t / f t Ratio 

wt. 
1 21. 5, 68 11. 69 1. 060 67 2. 07 0. Oil -

2 II 11. 69 1. 060 67 2. 76 0. 018 -

3 11 12. 04 1. 062 67 3. 08 0. 026 3. 42 
4 II 12. 04 1. 062 66 3. 56 0. 034 3. 56 
5 It 12. 77 1. 066 66 4. 23 0. 040 1. 77 
6 II 12. 97 1. 067 66 4. 93 0. 052 1. 60 
7 II 12. 94 1. 067 66 6. 13 0. 076 1.44 
8 II 13. 13 1. 068 66 7. 13 0.100 1. 40 
9 II 13. 13 1. 068 64 8. 51 0. 136 1. 20 

10 II 13. 50 1. 070 64 9. 40 0. 163 1. 13 

11 13. 5. 68 22. 20 1. 121 71 1.31 0. 006 -

12 II 22. 20 1. 121 71 2.43 0. 017 -

13 II 22. 50 1. 123 71 3. 27 0. 028 2.43 
14 11 22. 30 1. 122 71 4. 26 0. 044 2. 20 
15 11 22. 56 1. 124 71 5. 96 0. 077 1. 67 
16 n 22. 50 1. 123 70 7. 11 0. 105 1. 52 
17 n 22. 70 1. 122 70 8. 56 0. 146 1.40 
18 11 23.40 1. 128 70 9.42 0. 171 1. 17 
19 22. 5. 68 33. 00 1. 191 74 1. 56 0. 008 -

20 n 33. 00 1. 191 75 2. 28 0. 017 -

21 n 33. 00 1. 191 75 2. 62 0. 023 -

22 11 32. 94 1. 190 76 3. 63 0. 036 2. 66 
23 S! 33. 23 1. 192 76 4. 53 0. 051 2. 05 
24 IS 33. 51 1. 194 76 5. 85 0. 079 1. 74 
25 S! 33. 51 1. 194 75 7. 38 0. 115 1. 24 
26 n 33, 95 1. 197 75 8. 63 0. 151 1. 06 
27 n 33. 95 1. 197 75 9. 64 0. 188 1. 13 
28 14. 5. 68 45, 50 1. 283 74 1. 34 0. 012 _ 
29 n 45. 50 1. 283 74 1. 55 0. 014 -

30 11 45. 50 1. 283 74 1. 87 0. 018 -

31 n 45. 50 1. 283 76 2. 38 0. 023 -

32 n 46. 02 1. 287 76 2. 88 0 . 0 3 a -

33 n 45. 64 1. 284 76' 3. 33 0. 040 5. 89 
34 n 46. 02 1. 287 76 3.61 0. 045 5. 30 
35 II 46. 02 1. 287 76 4.40 0. 065 5. 70 
36 It 46. 02 1. 287 76 5. 59 0. 096 4. 98 



17. 

Table 5 (cont'd. ) 

No. Date Cone. 
Pc. by 

wt. 

a G . 

Slurry 
Liquid 
Temp.^F 

Velocity 
ft / sec. 

Headloss 
ft/ft 

Viscosity 
Ratio 

3 7 1 4 . 5 . 6 8 4 6 . 5 0 1 . 2 9 0 7 6 6 . 2 9 0 . 1 1 8 4 . 8 0 

3 8 
t ! 

4 6 , 5 0 1 , 2 9 0 7 6 7 . 0 2 0 . 1 4 5 4 . 9 8 

3 9 
I t 

4 6 , 5 0 1 . 2 9 0 7 6 8 . 3 9 0 . 2 0 0 5 . 0 0 

4 0 
11 

4 6 . 6 0 1 . 2 9 3 7 6 9 . 2 2 0 . 2 4 9 6 . 4 2 

4 1 1 6 . 5 . 6 8 4 9 . 6 0 1 . 3 1 7 7 4 2 . 1 5 0 , 0 2 2 

4 2 
t t 

5 0 . 0 3 1 . 3 2 0 7 4 2 , 6 0 0 . 0 3 0 

4 3 
n 

5 0 . 0 3 1 . 3 2 0 7 4 3 . 0 4 0 . 0 3 9 

4 4 
? f 

4 9 . 7 8 1 . 3 1 8 7 5 3 . 1 6 0 . 0 4 1 

4 5 
t t 

5 0 . 0 3 1 . 3 2 0 7 5 4 . 0 5 0 , 0 6 2 

4 6 
t t 

5 0 . 5 3 1 . 3 2 4 7 5 4 . 8 8 0 . 0 8 8 

4 7 
t t 

5 0 . 3 8 1 . 3 2 3 7 5 5 . 9 6 0 . 1 2 6 

4 8 
t t 

5 0 . 6 0 1 . 3 2 5 7 5 6 . 7 3 0 . 1 5 3 

4 9 
1 1 

5 0 . 2 6 1 . 3 2 2 7 4 7 . 7 6 0 . 2 0 2 

5 0 
t t 

5 0 . 2 6 1 . 3 2 2 7 4 8 . 5 4 0 . 2 3 8 

5 1 
I t 

5 0 . 0 3 1 . 3 2 0 7 4 9 . 1 1 0 . 2 8 2 

5 2 2 2 . 5 . 6 8 5 3 . 2 0 1 . 3 4 7 7 4 2 . 4 6 0 . 0 3 0 

5 3 
t t 

5 3 . 2 7 1 . 3 4 8 7 4 2 . 8 3 0 . 0 3 8 

5 4 
t t 

5 3 . 3 8 1 . 3 4 9 7 4 3 . 5 6 0 . 0 6 0 

5 5 
t t 

5 3 . 5 0 1 . 3 5 0 7 4 4 . 4 3 0 . 0 8 3 

5 6 
f t 

5 3 . 5 0 1 . 3 5 0 7 4 5 . 4 5 0 . 1 1 9 

5 7 
f t 

5 3 . 6 2 1 . 3 5 1 7 3 6 . 3 9 0,. 1 5 6 

5 8 
t t 

5 3 . 6 2 1 . 3 5 1 7 3 7 . 4 9 0 . 2 0 8 

5 9 
t ! 

5 3 . 6 2 1 . 3 5 1 7 2 8 . 2 1 0 . 2 3 8 

6 0 2 3 . 5 . 6 8 6 3 . 0 1 . 4 4 0 8 4 1 , 2 6 0 . 0 7 9 

6 1 
I t 

6 3 , 0 1 . 4 4 0 8 4 1 . 8 1 0 . 0 8 9 

6 2 
I t 

6 3 . 0 1 . 4 4 0 8 5 2 . 2 3 0 . 0 9 6 

6 3 
tt 

6 3 . 0 1 . 4 4 0 8 6 2 . 6 4 0 . 0 9 7 

6 4 
n 

6 3 . 0 1 , 4 4 0 8 6 3 , 4 4 0 , 1 1 4 

6 5 
I t 

6 3 , 0 1 , 4 4 0 8 6 4 . 4 7 0 , 1 4 3 

6 6 
I t 

6 3 . 0 1 . 4 4 0 8 6 5 . 7 1 0 . 1 7 7 

6 7 
n 

6 3 , 0 1 . 4 4 0 8 6 6 . 9 6 0 . 2 2 5 

6 8 
t ? 

6 3 . 0 1 , 4 4 0 8 6 8 . 3 3 0 . 2 8 4 

6 9 
!t 

6 3 . 0 1 . 4 4 0 85 9 . 2 2 0 . 3 3 4 



18. 

T a b l e 6: H e a d l o s s da ta f o r V a l e s Point a s h s l u r r y in 1 - i n c h d i a m e t e r 

No. Da te Cone. 
Pc . by 
wt. 

S. G. 
S l u r r y 

Liquid 
T e m p . 

Ve loc i ty 
ft / s e c . 

H e a d l o s s 
f t / f t 

V i s c o s i t y 
Ra t io 

1 7. 6. 68 13. 50 1. 07 65 1. 82 0. 018 _ 
2 t ! I I I t 65 2, 25 0. 027 -

3 t ( M M 65 2. 91 0. 042 -

4 I J ft 1 1 66 3. 33 0. 053 0, 96 
5 n I I !5 66 4. 10 0. 078 1. 01 
6 11 1 ! i ? 66 4. 98 0. 108 0. 81 7 n 1 1 1 3 66 5. 29 0. 124 0. 96 8 ! ! n n 66 6. 26 0 . 1 6 7 0. 88 9 ! ! n 1 « 66 7. 07 0. 206 0. 75 10 ?! I ! n 66 7. 78 0. 248 0, 80 

11 
n I ! n 66 9. 08 0. 326 0. 66 12 n i t I I 66 10. 81 0. 452 0. 64 13 ?i I I n 66 13. 21 0. 654 0 . 4 9 

14 7. 6. 68 20. 60 1. Ill 68 1. 42 0. 014 _ 
15 1 ! 20. 60 1. I l l 68 1. 91 0. 023 -

16 ?! 22. 10 1. 120 68 3. 03 0. 054 1. 99 17 U 
11 

22. 10 1. 120 68 3. 67 0. 072 1. 52 18 
U 
11 22. 27 1. 121 67 4. 75 0. 114 1. 46 19 11 22. 10 1. 120 68 5. 01 0. 125 1. 45 20 ! ! 22. 27 1. 121 67 6. 15 0. 185 1 . 4 8 

21 
t ! 22. 27 1. 121 67 6. 46 0. 210 1. 94 

22 
n 22. 27 1. 121 67 6. 54 0. 218 2. 09 23 r ! 22, 27 1. 121 67 7. 62 0. 268 1, 38 24 1 i 2 2 . 2 7 1. 121 66 9. 19 0. 369 1. 09 25 t ( 22. 10 1. 120 66 11. 32 0. 537 0. 94 26 n 22. 10 1. 120 66 13. 15 0. 702 0. 77 

27 11. 6. 68 32. 38 1. 186 63 1. 93 0. 028 28 ( ! 32. 38 1. 186 63 2. 24 0. 03 7 _ 
29 11 32. 38 1. 186 63 2. 96 0. 057 _ 
30 t ! 1 1 1. 186 63 3. 75 0. 088 2. 32 31 11 1 1 1. 186 63 4. 89 0. 138 2. 10 32 I ! 32. 80 1. 189 63 6. 05 0. 200 1. 90 33 11 1 1 1. 189 63 6. 71 G. 239 1. 85 34 11 1 ( 1. 189 63 7. 60 0. 298 1. 75 35 11 11 1. 189 62 9. 01 0. 393 1. 38 36 f t 32.. 38 1. 186 60 10. 81 0. 554 1. 47 37 11 32. 80 1. 189 60 12. 89 0. 747 i 1. 07 



1 9 , 

T a b l e 6 (cont»d, ) 
No, Da te Cone . S, G» Liquid Ve loc i ty H e a d l o s s V i s c o s i t y 

P c . b y S l u r r y T e m p . ^ F f t / s e c . f t / f t Rat io 
wt. 

45. 30 1. 281 70 1. 87 0. 022 11 1. 281 70 2. 11 0. 038 -II 1. 281 70 2. 83 0. 064 -ti 1. 281 70 3. 78 0. 109 4. 30 
46. 02 1. 287 70 4. 79 0. 160 3. 68 
45. 39 1. 282 70 5. 79 0. 221 3. 53 
4 6 . 4 0 1. 290 70 5. 86 0. 225 3. 36 
46. 40 1. 290 70 6. 63 0. 281 3 . 3 9 
45. 39 1. 282 70 7. 28 0. 323 3. 02 
45. 50 1. 283 70 8. 59 0 . 4 2 9 2. 82 
46. 02 1. 287 6 9 10. 78 0. 623 2. 02 
46. 02 1. 287 69 13. 26 0. 890 1. 76 
53. 50 1. 350 65 1. 26 0. 083 11 II 65 1. 91 0. 102 11 II 65 2, 23 0. 112 ft II 64 2. 80 0. 128 tt Í! 64 3. 74 0. 170 11 I! 63 4. 94 0. 238 II I! 62 6. 02 0. 319 
53. 50 1. 350 62 6. 68 0. 402 11 69 8. 31 0 . 4 9 7 
53. 50 1. 350 69 9. 20 0. 610 n n 69 10. 18 0. 693 1! II 69 12. 05 0. 90 
53, 50 II 69 12 .68 0. 972 
62. 20 1 .432 77 1. 95 0. 163 11 77 2, 58 0. 193 1! 79 3. 70 0. 232 n 79 5. 56 0. 367 II 80 8. 28 0 .49O II 80 10. 23 0 . 6 6 7 II 80 11. 53 0. 778 
62. 20 1 .432 80 11. 89 0. 889 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

64 
65 
66 
67 
68 
69 
70 

12, 6. 68 

1 8 , 68 

25. 6, 68 



20. 

Table 7: Headless data for Wangi ash slurry in 2-inch diameter galvanised 
steel pipe. 

No, Date Cone. 
Pc .by 

wt. 

S. G. 
Slurry 

Liquid 
Temp. 

Velocity 
ft / sec. 

Headloss 
ft / ft. 

Viscosity 
Ratio 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

28. 6. 68 

1. 7. 68 

2. . 68 

10. 20 

10. 20 

20. 28 

20. 28 

30. 18 

30. 18 
30. 18 

1. 051 

1. 051 
1. 107 

1. 107 
1. 168 

56 
t ! 

n 
ti 
II 
M 

n 
II 
11 
II 

53 
II 
II 
II 
II 
52 
II 
II 
II 
II 

57 
II 
II 
II 
II 
II 

56 
It 
II 
II 
II 

1. 58 0. 006 -

1. 87 0. 008 -

2. 33 0. 013 -

3. 15 0. 023 1. 44 
3. 77 0. 022 1.49 
4. 54 0. 046 1. 72 
5. 69 0. 065 1. 23 
7. 11 0. 100 1.41 
8. 31 0. 131 1. 24 
9. 22 0. 161 1. 38 

1. 41 0. 007 -

1. 77 0. 009 -

2. 35 0. 015 -

3. 15 0. 025 1. 59 
3. 80 0. 035 1. 61 
4. 59 0. 048 1. 39 
5. 86 0. 076 1. 54 
7. 37 0. I l l 1. 19 
8. 30 0. 142 1. 40 
9. 07 0. 171 1. 63 
1. 40 0. 008 -

1, 67 0. 010 -

2, 12 0. 014 -

2. 62 0. 021 -

3. 23 0. 029 2. 15 
3. 89 0. 041 2. 33 
4. 77 0. 058 2. 09 
5. 93 0. 085 1. 97 
6. 88 0. 119 2. 84 
8. 41 0. 160 1. 97 
9. 31 0. 187 1. 64 



21. 

Table 7 (cont'd. ) 
No, Date Cone. 

P c . b y 
wt. 

S. G. 
Slurry 

Liquid 
Temp^F o. Velocity 

ft / sec. 
Headloss 

f t / f t 
Viscos i ty 

Ratio 

32 
33 
34 
35 
36 
37 
3 8 
39 
40 
41 
42 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

61 

4, 7. 68 39. 78 

8. 

5. 

68 50 

68 

60 

60 

00 

. 60 

. 60 

1. 234 

1. 312 

397 

397 

57 
11 
11 
ti 

56 

55 
54 
II 

II 

74 
75 n 
II 

II 

58 
56 n 

M 

86 
M 

I I 

t1 
87 
87 
88 
II 

n 
n 

1. 23 
1. 53 
1, 84 
2. 21 

2. 72 
3. 68 
4. 57 
5. 50 
6. 87 
8. 06 

9. 00 
1. 93 
2. 49 
3. 19 
4. 20 
5. 08 
6. 20 
7. 54 
8. 41 
9. 07 
1.44 
1. 87 
2. 57 
2. 81 
3. 53 
4. 35 
5.44 
5. 95 
7. 92 
8. 81 

0. 012 
0. 013 
0. 015 
0. 020 
0. 028 
0. 045 
0. 064 
0. 092 
0. 136 
0. 178 
0. 219 

0, 021 
0. 027 
0. 038 
0. 064 
0. 088 

0. 144 
0. 205 
0. 262 

0. 305 
0. OfO 
0. 0^1 
0. 097 
0. 113 
0. 133 
0. 163 
0. 214 
0. 292 
0. 327 
0. 390 

4. 14 
3, 67 
4. 28 
4. 00 
3. 68 
3. 88 



22. 

Table 8: Headloss data for Wangi ash slurry in l - inch diameter galvanised 
steel pipe. 

No. Date Cone, 
Pc, by 

Wto 

s. a 
Slurry 

Liquid 
Temp. "F O- Velocity 

ft / sec. 
Headloss 
f t / f t . 

Viscosity 
Ratio 

9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2: 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

28, 6, 68 

, 68 

2, 7. 68 

10, 20 

20. 28 

30, 18 

H 

30, 18 

1, 051 

1, 107 

1, 168 

56 

55 
1 i 
n 
II 
54 

58 11 
n 
IS 
I i 
n 
u 
li 
56 
56 
56 

56 
55 

54 

(? 

52 

2, 00 
2, 76 
4, 03 
5, 11 
6, 23 
6, 99 
7, 72 
9, 12 

11, 05 
12, 42 

2, 03 
2, 66 
3, 74 
5, 00 
6. 21 
6, 45 
6, 90 
7, 61 
9, 20 

11, 32 
12, 36 

2, 00 
2, 39 
3, 04 
4, 05 
5, 29 
6, 35 
6 , 4 4 
6, 92 
7, 76 
9, 12 

10, 42 
11, 95 

0, 023 
0, 039 
0, 080 
0, 121 
0, 172 
0, 212 
0, 258 
0, 354 
0, 488 
0. 600 

0, 024 
0, 038 
0, 069 
0. 117 
0, 176 
0, 201 
0, 218 
Q, 269 
0, 363 
0, 508 
0, 622 

0, 028 
a, 038 
0, 058 
0, 093 
0, 150 
0, 209 
0, 223 
0, 249 
0, 313 
0 , 4 2 4 
0, 519 
0, 656 

1, 30 
1, 16 
1, 07 
1. 05 
1. 13 
1, 21 
0, 86 
0, 78 

0, 93 
0, 92 
0, 97 
1 ,43 
1, 10 
1, 32 
0, 90 
0, 51 
0, 73 

1, 81 
1, 51 
1 ,49 
1 , 4 5 
1, 81 
1, ^ 2 
1, 77 
1, 90 
1 , 4 0 
1, 22 



23. 

Table 8 (cont'd. ) 
No. Date Cone. 

Pc .by 
wt. 

S. G. 
Slurry 

Liquid 
Temp. 

Velocity 
ft/ sec. 

Headloss 
f t / f t . 

Viscosity 
Ratio 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

4. 7. 68 39. 78 

7. 68 50 . 0 

1. 234 

1 .312 

50. 0 1 .312 

64 
II 
n 
II 
II 
II 
II 
II 
11 
11 
63 
II 

78 
II 
II 
n 

77 
78 
77 
II 

78 
II 
11 

1. 96 
2. 27 
2. 78 
3. 89 
4. 91 
6. 04 
6. 09 
6. 76 
6. 92 
8. 56 

10. 51 
12. 26 

1. 97 
2. 63 
3. 84 
5. 19 
6. 16 
6. 32 
6. 86 

7. 66 
9. 16 

11 .42 
13. 15 

0. 033 
0. 038 
0. 055 
0. 097 
0. 161 

0. 223 
0. 232 
0. 279 
0. 308 
0. 423 
0. 597 
0. 756 

0. 086 

0. 090 
0. 106 

0. 153 
0. 232 
0. 217 
0 .313 
0. 342 
0. 513 
0. 748 
0. 972 

2. 20 
3. 48 
2. 85 
3. 22 
3. 18 
4. 13 
3. 04 
2. 62 

1. 93 



24. 

Table 9: Headloss data for Vales Point ash slurry in 2-inch diameter 
galvanised steel pipe 

No. Date Cone. 
Pc. by 

wt. 

S. G. 
Slurry 

Liquid 
Temp. " F O- Velocity 

ft / sec. 
Headloss 

f t / f t . 
Remarks 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

16.7.68 63. 0 1.44 

16 7. 68 63. 0 44 

77 
If 
It 
II 
78 
It 
II 
n 
I t 

I t 

n 

78 
It 
It 

t ! 

I t 

I t 

76 
It 
It 
It 
It 

r. 22 
1.44 
1. 76 
2. 16 

2. 63 
3.44 
4. 20 
5.30 
6. 51 
7. 62 
8.,34 
1. 27 
1. 49 
1. 81 

2. 23 
2. 76 
3. 58 
4. 35 
5. 58 
6. 86 
7. 96 
8. 79 

0. 093 
0. 100 
0. 103 
0. 116 

0. 133 
0. 163 
0. 194 
0. 258 
0. 323 
0. 396 
0. 463 
0. 087 
0. 090 
0. 099 
0. I l l 
0. 128 
0. 153 
0. 188 
0. 234 
0. 289 
0. 344 
0. 389 

Without 

detergent 

With de-
tergent 
about 
1 pc. by 
volume 
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Figure 1: General layout of test r ig. 



V Test pipes, pressure tappings, 

manometer boards, measuring 

tank, mixing tank and pumps. 

Measuring tank, mixing tank 

and pumps. 

Figure 2: Photographs of test rig. 
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Figure 4: Headloss gradient for Vales Point ash 
slurry in 2" diameter pipe. 
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Figure 5: Headless gradient for Vales Point ash slurry 
in l " diameter pipe. 
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Figure 6: Headloss gradient of Wangi ash slurry in 
2" diameter pipe. 
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Figure 7: Headloss gradient for Wangi ash slurry in 
l " diameter pipe„ 
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Figure 8: Relationship between effective viscosity and 
concentration of ash slurry. 




