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3.4Friction factors for transitional and turbulent
conditions

Though turbulent flow conditions are encountered less frequently with
polymeric non-Newtonian substances, sewage sludges, coal and china clay

suspensiongare usually all transportedn the turbulentflow regimein large
diametemipes.Therefore considerableesearctefforts havebeendirectedat
developinga generalisecpproactfor the predictionof the frictional pressure
drop for turbulentflow in pipes, especiallyfor purely viscous (power-law,
Binghamplasticand Hersché&-Bulkley models)fluids. Analogousstudiesfor
the flow of visco-elasticand the so-calleddrag-reducindluids are somewhat
inconclusive.Furthermore the results obtainedwith drag-reducingpolymer
solutionsalsotendto be stronglydependenbn the type andmolecularweight
of the polymers,the natureof the solventandon the type of experimentaket
up used,andit is thusnot yet possibleto put forwardgeneraliseequationdor
theturbulentflow of suchfluids. Thereforethe ensuingdiscussioris restricted
primarily to the turbulentflow of time-independerfiuids. However,excellent
surveyarticleson theturbulentflow of visco-elastianddrag-reducingystems
areavailablein theliterature[Govier andAziz, 1982;ChoandHartnett,1982;
Sellin etal., 1982].

In thesameway astherearemanyequationgor predictingfriction factorfor
turbulentNewtonianflow, thereare numerousequationgor time-independent
non-Newtoniarfluids; mostof theseare basedon dimensionalconsiderations
combinedwith experimentabbservationgGovier and Aziz, 1982; Heywood
and Cheng, 1984]. Thereis a preponderancef correlationsbasedon the
power-lawfluid behaviourandadditionallysomeexpressionsre availablefor
Binghamplasticfluids [Tomita, 1959; Wilson and Thomas,1985]. Here only
a selectionof widely usedand provenmethodsis presented.

3.4.1 Power-law fluids

In a comprehensivestudy, Dodge and Metzner[1959] carried out a semi-
empirical analysisof the fully developedturbulentflow of power-lawfluids
in smooth pipes. They usedthe samedimensionalconsiderationgor such
fluids, as Millikan [1939] for incompressibleNewtonianfluids, and obtained
an expressionwhich can be re-arrangedn termsof the apparentpower law
index, n’, (equation3.26) asfollows:

if =A(n")log[Reyr f % "?] + C(n') (3.3

whereA(n’) and C(n’) are two unknown functions of’. Based on extensive
experimental results in the range 298(Reyx < 36000; 036 < n’ < 1 for
polymer solutions and particulate suspensions, Dodge and Metzner [1959]
obtained,

A(n') = 4(n")707"° (3.363)
C(n') = —0.4(n")"1? (3.36b)
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Incorporating these values in equation (3.35),

1 4 , 0.4
—— = — 7 log[Reyr f*"/7] — (3.37)
0.75 12
@) (n")
and this relation is shown graphically in Figure 3.6.
\\ | I+ f=16/Reyr
\<\
N
5 \ n
g 0.01 | /]
— N\ / — N~
S N / /Y ———
= ™~
2 5 N TN ~10
2 “ \‘% T~ T~ —— bié\‘
= \\ T B ™~ 6‘5‘
) ISl
‘s ™~~~ B
\~ \\ \\9i~
2 < ==0.3
\\\ ™
0.0
0.001 N
5 1000 2 5 10,000 2 5 100,000

Reynolds number, Rey g ——

Figure 3.6 Friction factor — Reynolds number behaviour for
time-independent fluids [Dodge and Metzner, 1959]

A more detailed derivation of equation (3.37) is available in their orig-
inal paper and elsewhere [Skelland, 1967]. For Newtonian flgids= 1),
equation (3.37) reduces to the well-known Nikuradse equation. Dodge and
Metzner [1959] also demonstrated that their data for clay suspensions which
did not conform to power-law behaviour, were consistent with equation (3.37)
provided that the slope of log, —log(8V /D) plots was evaluated at the
appropriate value of the wall shear stress. It is also important to point out
here that equation (3.37) necessitates the values @ind m’ be evaluated
from volumetric flow rate — pressure drop data for laminar flow conditions.
Often, this requirement poses significant experimental difficulties. Finally,
needless to say, this correlation is implicit in friction factgr (like the
equation for Newtonian fluids) and hence an iterative technique is needed for
its solution. The recent method of Irvine [1988] obviates this difficulty. Based
on the Blasius expression for velocity profile for turbulent flow (discussed
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subsequently) together with modifications based on experimental results, Irvine
[1988] proposed the following Blasius like expression for power-law fluids:

f = {D(n)/Reyg} @+ (3.38)
2n+4 an 3n?
here S
W Dn) = =7 <3n 1

Note that this cumbersome expression does reduce to the familiar Blasius
expression forn = 1 and is explicit in friction factor,f. Equation (3.38) was
stated to predict the values of friction factor with an average errat&%o in

the range of conditions:.85 < n < 0.89 and 2000< Rey,z < 50000. Though

this approach has been quite successful in correlating most of the literature
data, significant deviations from it have also been observed [Harris, 1968;
Quader and Wilkinson, 1980; Heywood and Cheng, 1984]; though the reasons
for such deviations are not immediately obvious but possible visco-elastic
effects and erroneous values of the rheological parametersn{eand m’)
cannot be ruled out. Example 3.6 illustrates the application of these methods.

Example 3.6

A non-Newtonian polymer solution (density 1000 kd)nis in steady flow through a
smooth 300 mm inside diameter 50 m long pipe at the mass flow rate of 300 kg/s. The
following data have been obtained for the rheological behaviour of the solution using

a tube viscometer. Two tubes, 4 mm and 6.35 mm in inside diameter and 2m and 3.2m
long respectively were used to encompass a wide range of shear stress and shear rate.

Mass flow rate Pressure drop Mass flow rate Pressure drop

(kg/h) (kPa) (kg/h) (kPa)
D=4mm,L=2m D =6.35mm,L =32m
33.9 49 18.1 27
56.5 57.6 45.4 36
95 68.4 90.7 44
136 76.8 181 54
153.5 79.5 272 61

Determine the pump power required for this pipeline. How will the power requirement
change if the flow rate is increased by 20%?

Solution

First, the tube viscometer data will be converted to give the wall shear stjesmd
nominal shear ratg8V /D):

_ —3
D( Ap =4><10 49X1000=24.5Pa

=2 \L a2 T 2
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8v 8 339 4

and — =
D~ 4x102 * 1000x 3600 * 7(4 x 10 %)

= 1499s*

Similarly the other mass flow rate—pressure drop data can be converted,into
(8V/D) form as are shown in the table.

7w (Pa) (8V/D)(s™) v (Pa) 8V/D) (s

D =4mm D =6.35mm
245 1499 13.4 200
28.8 2500 17.86 502
34.2 4200 21.83 1002
38.4 6000 26.8 2000
39.8 6800 30.26 3005

Note that sincd./D for both tubes is 500, entrance effects are expected to be negligible.
Figure 3.7 shows the, — (8V /D) data on log-log coordinates. Obviously, is not
constant, though there seem to be two distinct power-law regions with parameters:

n =03 m =274Pas’ (1, <~30Pa
n =035 m =182Pas’ (r, > ~30Pa
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Figure 3.7 Wall shearstress-appaentwall shearrate plotfor datain
example3.6

Also, theoverlapin data obtainedisingtubes oftwo differentdiametersconfirmsthe
time-independenibehaviour ofthe solution.

. . 300 4
In the large pipethe meanvelocity of flow, V = ——

X
1000 " 7(0.3)

or V=41m/s
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Let us calculate the critical velocity,., for the end of the streamline flow by setting
Reyr = 2100, i.e.

Substituting values,

1000x VZ703 x (0.3)%3
831 x 274

= 2100

Solving, V. = 1.47 m/s which is lower than the actual velocity of 4.1 m/s and hence,
the flow in the 300 mm pipe is likely to be turbulent.

Initially, let us assume that the wall shear stress in the large pipe woud3bda,
i.,e.n’ =0.3 andm’ = 2.74 Pas' can be used for calculating the value of the,Re
equation (3.28b),

pVZ "' D" 1000x 4.12°3 x (0.3)°3
8" tm' 8% x 274
= 12230

Reyr =

Now for n’ = 0.3 and Rgr = 12230, from Figure 3.6/ ~ 0.0033 (equation (3.38)
gives f = 0.0036). The frictional pressure gradief A p/L), is calculated next:

= 364 Pa/m

—Ap _ 2fpV®  2x0.0033x 1000x 4.1%
L D 0.3

The value oft, = (D/4)(—Ap/L) = (0.3 x 364)/4 = 27.7 Pa is within the range of
the first power-law region and hence no further iteration is needed. The pump power
is Q- Ap, i.e.(300/1000 x 364 x 50= 5460 W.

For the case when the flow rate has been increased by 20%, i.e. the new mass flow
rate in the large pipe is 360kg/s.

360 4

St _492mis
1000 " 7(0.32

mean velocity of flow,V =

Based on the previous calculation, it is reasonable to assume that the new value of the
wall shear stress would be greater than 30 Pa and therefore, one should=u6e35
andm’ = 1.82 Pas”.

1000x 4.9227935 % (0.3)0%5

The Reynolds number, =
y R 80351« 1.82

= 19410

Forn’ = 0.35 and Rgr = 19410, from Figure 3.6f ~ 0.0032 (while equation (3.38)
also yields the same value). The frictional pressure gradiettp/L) is:

—Ap _ 2fpV? 2x0.0032x 1000x 4.92°
L D (0.3)

= 511Pa/m
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—Ap  03x511
L 4

=39Pa

D
Checking:t,, = —
ecking:t 4(

This value is just within the range of laminar flow data.

360
pump power= 1000 x 511x 50=9200W





