Wasit Journal for Science & Medicine 2009 2(1) :(172-185)

The Activated Sludge Flow Characteristics Required

for The Design Of Pressure Pipeline
Hadi Abeid Albasher-Mechanical Engineering Department - Wassit University

Jazall i) Jad asanail da D) (g jlaall olaa Gl pailad
Anaigh S/l g dads — il ane (gala

: duadAl)
3 gall S g )Y Gal i e AL o jlaall slie cliial so 5 Cand) 138 8 Ly
Al ALl (5 jlaal) sbie Gl pa 53 e ol 020 i ALl
2 (5 jlaall olsal Aplaust¥) il sl e dlga¥l o)l Qs At guill e pailadl] 85 o)
dayai ARyl sk a8 Cjlad Bae DA (e s il sl 53 e ey Llee s o
Skl el Ala 8 elaall s2gd 4Bl iz all i) a8 Jaxall jild Gl
. (laminar flow)
pae g4l gall de jull Ll die GGl g e (addi Gall) dleal GlXS g o el ) mll & jeda
o 2l aliad) Eigaa aae LlaaY Cum Janll ey (e 4pili 400 22y Juay ) e slaicY)
L e e
SIS ¢ garanat JUie a5 4kl 1 Allall Jaial) il s sl Jxe Gy Bl o o
s Dbl dhael Gas sl Jsha g vl plea o

Abstract

In This research studied the effect of the sludge characteristics such as
settling propertiese and concentration of solids in the sludge on the flow
propertiese of heterogeneous sewage sludges. The non-Newtonian
(pseudoplastic ) and time-dependent (thixotropic) influence on the rheological
characteristics of sewage sludge was calculated experimentally.

Depending on these characteristics and during several experiments an
empirical method has been developed to calculate the head losses in pressure
pipes which convey these sludges under laminar flow conditions.

The results showed that the torque (T) and shear stress (1) decrease with time
at constant rotational speed,and the time-independent behaviour was
approached after 900sec.,where no further decrease in shear stress was
observed after 900s.

A relations has been plotted between the flow rate (Q) and
maximum,minimum head losses by means of a design example , in addition to
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the head loss gradient decay along a pipeline and between Euler and Reynolds
numbers .

Introduction

Although flow behaviour of most liquids has been mathematically described
and empericaly verified,similar knowledge about solid-liquid mixtures is not
available.

Because of the complex nature of solid-liquid mixture ,postulations about their
flow dynamics are presently beyond the reach of the most sophisticated
computer programs.

In the terminology of rheologists there is a description of the various types
of flow behaviour that can take place in pipe.Into the more commonly
encountered phenomena of non-newtonian fluids those which display
pseudoplastic , dilatant , thixotropic or rheopectic properties. Pseudoplastic and
dilatant fluids are time independent .If sewage sludge was truly
heterogeneous,thixotropic behaviour could probably best describe its
properties. Thixotropic fluids become less viscous as the shear rate is increased
and also with time they are agitated or sheared. To overcome these
uncertainties, design engineers are inclined to use a critical flow velocity 1.5 to
2.0m/s [1]above which flow is assumed to be turbulent.

Although the assumption is always true that no settling of solids will occur
under turbulent flow conditions[1],there is a minimum velocity above which no
settling of solids will occur,even under laminar flow conditions . This
minimum velocity is calculated by the settling properties of the sludge [2].

In generalities ,sludges with a solids concentration below 3% are usually
near Newtonian fluid but when the concentration of solids is higher than 3%
the non- Newtonian properties (pseudoplasticity and thixotropy) begin to take
over and these sludges conform to non-Newtonian fluid models,pseudoplastic
or Bingham plastic fluid [2, 3].This indicates that the viscosity is dependent on
the shear rate (du/dr) and here an alternative method is required for calculating
the Reynolds number and friction headloss.These sludges are time-dependent
,called thixotropic [3] where shear stress reduces with time .

The aim of this research was to calculate concentrated activated sludge flow
characteristics required for the design of a pressure pipeline which conveys a
sewage sludge under flow conditions.

Theory and Literature



The rheological characterization of non-Newtonian sludges has received
much attention in the literature and the development of this discipline is
ongoing. The Herschel-Bulkley model is the most suitable model to describe
the flow of non-Newtonian fluids [2] :

=1, KAV (1)

Investigation by [2,4] indicated that most sludges conform to pseudoplastic
behavior(ty=0, n<1) .

The Minimum Flow Velocity
The flow velocity must exceed the minimum flow velocity (Vmin) to prevent
the settling of solids inside a pipeline , (Vmin) depend on the relative densities

of solids and liquids in the fluid , the authors[2 ,5] proposed the following
relationship to calculate the (Vmin) :

(Vimin) = 19D (pp— p )/PI%2 ceverrrrreeeeeeeeeannne )
Reynolds Number For non-Newtonian Fluids

A generalized Reynolds number (Re) for non Newtonian pseudoplastic fluids
in case of laminar or turbulent flow [2] is :

p .V2-nan

K[(3n+1)/4n]" .(8)"*

The critical Reynolds number ( Re. ) for pseudoplastic fluids at which laminar
flow condition terminated is depend on (n) and calculated by [3] :

6464 n

Rec= —  —— @)

(L +3n )2[L/(2 +n)] &/
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To calculate the headloss due to friction in a pipe the Darcy equation [1] is
generally
used:

Experimental

To determine the rheological partameters an experimental set-up as
schematicaly shown in fig.1 .The equipment consisted of a variable-speed
stirrer with torque meter provided with a rotating inverted cup (rotor) fitted
inside a static cup with dimensions as shown in calculations procedure.

The static cup with rotor in place was filled to a predetermined level with the
sludge to be used. A rotor speed (R) was fixed and the torque (T) was
measured for t = 0,60 ,90,180,350,500,900s intervals respectively.

The procedure was repeated for R =30 ,45 ,60 ,85,120,150,170,200 r.p.m
respectively and at each time using a new sample.
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Fig.1Schematic diagram of stirrer with torque meter
1-Torque measuring unit 2- Calibration and rotational speed setting 3-Circlar rotor
4- Rotating inverted cup 5- Stand 6-cup 7-Sludge sample

Calculation Procedure:
The rotor and cup properties are :

Rotor height h =0.038m

Rotor radius rr = 0.042m

Cup radius rc = =0.051m

The shear stress ( T ) and shear rate (du/dr) at the rotor wall given in the
following equations [4 ,6 ] respectively :

T=T/QRNITY) ool (6)
dv/dr = ka[1+ky(1/n-1) + ko(1/n-1)21R/60 ....oovvvvie, (7)

ki = [(U*-1)/(2u®)][1 + 2In (u)/3]

u =rc/rr =0.051/0.042 =1.214

ki =0.1423

ko =[ (u? -1 )/6u®)].In(u ) = 0.0104
ks = 4m/(1-1/u?) = 39



The measured values of torque with time and rotational speed are shown in

table 1.
Table.1 The torque and rotation speed with time
R T(N.m)
r/min
0s 60 s 90s 180s 350s 500s 900s
30 | 0.0188 | «.+YAY | v VO |0 0100 | 0 WYY | VYT e el
A5 [ XYY [ oYY [ oYY [ A [ e ves [ v EY [ ey
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200 | o v gV [V oFAY [ v o¥YL | YT [ o aYYa | LYo,

Sample calculations of shear stress (t) and shear rate (dv/dr) fort=0, tot=

900s

using the corresponding (T) values from tablel and equations (6) and (7)
respectively ,are shown in tabl

Table2. The shear stress and shear rate with time

R (r/min) Y. €0 T Ao VY. Yo YV Yoo
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t] 1 YYAVE [ ¥V ¥ [ Yeave [ YV AT | ey Ada | gevey [ g1 EVA | £AA
=500s | dv/dr | YV.YAY | y.ovy | egvie [ vveoy [V daoYA [ IFT A [ Yoo vTs | VAY o¢n
t=900s T Yot | Yodou | YAVYY [ ¥YEud | YU | Yaleo | &) ££Y [ £Y AA.
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The linearised form of the Herschel-Bulkley model (Eqg.1) is used to
calculate the fluid consistency coefficient (K) and flow behaviour index (n)
from the respected shear stress and shear rate values .

Log(t —1ty) = Log(K) + n.Log (dv/dr)................... ... (8)
When 1, = 0 (for pesudoplastic fluids ) ,the equation simplifies to:
Log (1) = Log(K) + n.Log (dv/dr) .......cccooeiiiiiiiinin. 9)

Log(K) is the intercept of Log (t) when Log (dv/dr) =0 and flow behaviour
index (n) is the slope of the Log —Log plot of (1) vs. (dv/dr) .The calculated
values of (K and n) are shown in table 3.

Table3. Values of K and n for each time interval

Time(s) . Te 4 YA Yo. o 9.,
K(N.S")/m? | ATeY [ AV [0 YY) | Ve At [ ATy [ Ve ove | v Yy
n COTY [ EAY | e ENY | FAY [ o ¥IY [ L Yag | Yoy

The physical properties of activated sludge in this study are measured at 25¢
and these properties are :

Concentration of sludge X = 6%
Sludge particle density pp= 1340kg/m®
Liquid density was calculated by the following equations [7,8] :

P=1pp X+ Pw (LX) oo, (10)
= 1340* 0.05 + 1000(1-0.05) = 1020 kg/m®

The physical and rheological properties (K ,n ) can be used to calculate the
initial headloss and minimum headloss of pressure pipes which convey this
sludge under laminar flow conditions . The required calculations showed in the
following design example .

Design Example

Design requirement :

Required flow rate Q =0.18 m*/s
The length of pipe = 1600m
Secondary losses Hs = 6.5 *V/?/2g

Calculation of initial conditions:
Choose initial flow velocity V= 1.5m/s
Q= V.a (a is cross-sectionpipe area),
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A= Q/IV

From required flow rate
a=0.18/1.5 m

D =0.3909 m

Select standard size pipe : D =0.4m
By equation (2) calculate Vpmin

min = 1.9D%[(pp — p)/ pI°*
Vmin = 1.117m/s and then calculate L¢ ,Re,Re. ,f, dH/dL, Z , Log(dH/dL) —Z
for each time interval where :
Z =dH/dL at t, = 900s (time —independent )
These values are calculated and shown in table 4 .

Table 4 the calculations required to calculate pipeline losses

Time (m)L;¢ Re, Re f dH/dL Log(dH/dL)-Z
(s)
. . YYUa.6 [ YO¥AY | o oVAA 0 -1.593
1. VoY YYAAY Yo¥ VYR | ey -1.605
. Yoo oF Yva4q YY) 1o | vy Y -1.673
YA Yoy o0 | oYrav s | Yoy ¥y | ot | et -1.798
Yo. ¥4. 40 YYAA YAV VY | vw0tt | 4 Yo )
o oo YYYAA YYVY [ o eEVY | Y -2.259
\~~°.T‘ YY’/\V./\ Yov ~‘~Y’/\1 ~‘~Y/\° o0

To calculate the minimum friction losses (Hmin) an equation have been
obtained :

Log [(dH/dL)-Z] = Log(@) — B.Lf ..coevvevennnnnnn. (11)

Where(Ls =1t .V, a ,p are the intercept and slope of Eq(11) and these values are
calculated by mean of linear regression :

a=0.034, B=0.00203

The integration of Eq(11) give Hmin :

Log [(dH/dL)-Z] - Log(a) = — B.L¢

(dH/L - Z )/ a = (10)PH
dH =0 (10)" + Z dL
Hmin = [0/(B.Ln10)]{1-10 P} +ZL ... (12)

Where the limits of integration are (0, L,) and (L; =t .V) ,t; = 900s,L; =
1005.3m as shown in table 4



By Eq.(12) calculate minimum friction losses:

Hmin = 46.4m .

Calculate secondary losses Hs = 6.5%(1.117)%/(2*9.8) = 0.413m

The total losses = (Hmin +Ls)

Total mininmum losses = 46.813m.

Calculate total maximum friction losses which occurs at t =0s when the pump
switched on .By Darcy Eq.(EQ5) calculate Hpyax ,

Hmax = 4fL.\V¥/ (2gD ) , where (f = 0.0788,at t = 0,from table 4) therefore
Hmax= 80.057m

Total maximum friction losses Hyax+ Hs = 80.057+0413 = 80.47m.

After that repeat steps each time with an increased flow velocity (V) ,until
Re>Re. at any time as shown in table 4 where at Re>Re.; laminar flow is
terminated at VV>3.4m/s.

According to the calculations shown in table 6 the calculations of total
mininmum

and maximum head losses with an increased flow velocity(V) shown in table5

Table 5 Total minimum and mzximum head losses with flow rate

\/ Q Total Hpay Total Hpin
(m/s) (m®/s) (m) (m)
1.117 0.1403 A Y LAY

Y Y oLy AY oAV ¢A 04V

) ¢ CYOA . V.Y oY V.V

Y Y qy Yoo o1 o1y
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v CEYY Yéo YV AEVE

Also in this study the Euler number(Eu) have been calculated ,where Eu is
important in the flow problems in which a pressure gradient exsists, where ,
Eu = Ap/pV? , where
Ap —pressure drop , Ap= 4fLV2p/2D
p — density of liquid



The pressure drop was calculated by Darcy equation (Ap= 4fLV?p/2D)at each
velocity The values of pressure drop and Euler number are calculated and
shown in table6.

Table6.The values of Euler and Reynolds numbers

M Re f Ap Eu
(m/s) bar

Y.V vov 0.0448 45611 VoA <
Y Y £0) A T £ TAVO EERE
Y ¢ SVAA C o) At YV
YA Nioy CYEA R YAAYY
YA VALY CYet o YAty YIYYe
Y. ary C oY) 5 oave V¥V A
Y Y Yeq) Ty YR 5 YAAG VIV Yo
Yo Y¥EV AC C VA T 0fA EFIEYY
YA YIYEA C 1A TY44A YAVA
A YAY « oA Voo AA 1.€7YV Y. ¥4
vy Y.Yo A Y)Y IAAR
Y ¢ YYTA « . YYo TVEITA SV Y.

Results And Discussion

From the experimental set-up as shown in fig.1, it was possible to calculate the
rheological characteristics of the sludge . A log-Log plot (T vs R)yielding a
straight line and flow index(n<1) as shown in table 3 will therefore confirm
pseudoplasticity the linearity of Log Tvs LogR was calculated by regression.

The pseudoplasticity is also demonstrated in fig.2 where it is shown that all
curves pass through the origin.

The shear stress decreases with time at constant rotational speed (R) and at a
specific shear rate as shown in fig.2 ,that means the activated sludge is also
thixotropic . Furthermore ,the liquid is regarded thixotropic if the vaue of (T) as
indicated in table 1 decreases with time for a specific R.

The rheological characteristics were used to develop the following empirical
equations to calculate the maximum an minimum head losses in pressure pipes
conveying these sludges under laminar conditions as shown in fig.3 ,where
these equations are :
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Total Hmax = 228.25 Q%3 oo (13)

TotalHmin = 0.566(Hmax + 4.475 Q%) .......cccooiiiii. (14)

Where the indexes in equations 13 ,14 are the indexes (natt=0 ,and att =
900s

respectively From table3) .

The head loss gradient (dH/dL) in pipes is not a constant value but decreases
with time until time independent behaviour is approached as shown in fig.4 .

Relation Eu = f(Re) has been plotted as shown in fig.5 where Eu decreases
with increasing Reynolds number and clearly observed that this relation is non
linear .

160.00 —| |
[ ) t=0s
T(N/m?) 4 t=s0s
A t=90s
*x t=180s
120.00 — O t=350s
x* t =500s
A t=900s
80.00 —

40.00 — / = /h—‘—
4 L] — A

oo4—— 1 — 1 T 1 T T T ]

0.00 40.00 80.00 120.00 160.00 200.00

(dv/dr) (1/s)
Fig.2 The relation between shear stress and shear rate
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Fig.3 The relation between total head loss and flow rate
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Fig.4The head loss gradient along a pipe
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Fig.5 The relation Eu =f (Re) Re
Conclusion

1- The time independent behaviour is approached after 900s where no further
decrease in shear stress is observed after this time as shown in fig.2 .

2- It is obvious that the activated sludge has a pseudoplastic - thixotropic flow
behaviour .

3- The rheological properties of the sludge shown in table (2 ,3) as well as the
physical properties can be used to calculate the initial head losses of pressure
pipes which convey these sludges under laminar flow conditions, and the
minimum head losses can be calculated by Eq.(12) as shown in design example
,the relation between the head losses and flow rate shown in fig.3 .

4- The total maximum and minimum head losses can be calculated by an
empirical equations (13 ,14) .

5-The thixotropic effect decreases with time .As the fluid is subjected to shear
stress, the head loss gradient decreases until time independent is reached as
shown in fig.4
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Nomenclature
1 — shear stress (N/m?)

Ty — yield stress

K- fluid consistency coefficient ( N.s")/m
dv/dr —shear rate (S™)

p- fluid density

pp — particle density

D- pipe diameter

V- flow velocity

H- Head loss due to friction

L-Length of pipe

f- friction factor

T —torque

r. —cup radius = 0.05m

r, —rotor radius =0.042m

u=rer,=1.19

R —rotor speed r.p.m

n-flow index (slope of Log-Log of plot of torque vs R )
h- Rotor height
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