IX. Friction

Factors

A. Yet another review (!)
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B. General definition of f
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Fx = drag force on solid
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C. Tube

"characteristic area" of solid

kinetic energy/unit volume of fluid

é
flow (BSL Sect. 6.2) LA'Se BSL KD

1. Definitions

A

K

= wetted surface = 2we KL
= (1/2) p <v>2
* Fx = (QYLQL)(if;)<V)2>f g
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2. Macroscopic momentum balance on fluid in tube
Recall can use macroscopic balance only if either

1) ln keclodene2 (V2 1S '-\Ho,r‘\j en. Corm QerosSS the bulce
or

2) toe ot cace ow by acies it () Oy inlecested 'n ower}R, Va3

For turbulent flow, condition (1) applies reasonably well. More fundamentally, condition (2)
applies: we don't care how v varies across tube; we only want to know drag as function of
average V. It's understood in what follows that "v" means average velocity, <v;>.))

CONYECTICN
IN

PRESSURE

—a— DRAG ON WALLS

Define system as interior of pipe.

Terms in momentum balance:
convection in: (x R2) [p v2|Z=0 ]
req,
convection out: (T R2) [p VZIZ:L ]
(for incompressible fluids, these terms cancel)

pressure at Z=0: (xR?) p,
pressure at Z=L: (xR2?) (-p)
(negative because pressure at Z=L acts in negative z direction)

body force (gravity): (xR2L)p g cos

(combine gravity and pressure into (7 R?) (F;-9)

= (nR2) A9
drag force on walls: - Fy. (ZRRLT) 53
(negative because Fy is defined as positive if momentum leaves
system)

No accumulation (acceleration) at steady state

Momentum balance:
AanRz-Fk=0; or Fk=A‘J’7tD2/4

(ua.)
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v
combine two equations for F from sections 1 and 2 above -->
1 Oy aP K
f=4(C) Lpevs? (BSL,%q. 6.1-4)
3. Correlations for f

dimensional analysis says f = f(Re, tube shape)

"tube shape" means

o CrOSS Bectonal Shage
-(ovcjnness, = P coall (k)

This relation is valid if

"
9 o Rom eatrance

or
b Lo >>1

Basic correlation is BSL Fig. 6.2-2
this chart represents £ crogort Laws
for turbulent flow of Newtonian fluids in pipes;

Eq. 6.1-4 represents the Consenation @q,mr:on ot ool aace’

a. for Re < 2100

i C o
f= Q“i (l’c\,nn.ma $tiction fcxcto(};‘ Tu'oe (Q-&ﬁh“%fJ i3 0ot important.
The chact (Eﬁ A=y IS om\tj vadlaa Eov CUL«‘.CU.‘CQ,I (>e Shaes

b. for Re > 2100
for circular tubes:

, \ .

f depends on . . Reyndds nuamber (Red and 7o Fnene
K= ‘height £ prouoerance”’ - AT Jreaty wereased
ovey Lc.. e f\m Lro’ws'uzss
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d. Noncircular tubes: '"hydraulic radius approximation"

Define Ry = S/Z RStk Ea,
6. 2o 3
S = cross-sectional area
Z = perimeter of cross-section 5
Dh: LURn = ka? ;’Z
Replace D by 4 Ry

Compute <v>= % with S for true cross-sectional shape (not circle)

153
beware of possible confusion from BSL?j). ¥8% on this point

psLI< p- |65

Then treat tube as though circular

NOTE: valid oaly Yor busauleat Rlows

\W
(23

CxemRl2: e fsons sk I

~ Anotrnc L e X :
g i i. For rectangular slit or natural fracture,q

Qi 2B8-W  ohere RBro — Ru=RED y =LRy
R 2uru®

(<l - Ol |
M5
L oparcY

: 4. Warning: There are two common "friction factors" in use
Perimiker:

e "Fanning friction factor" differs from "Moody friction factor" by factor of 4
« Beware of which definition is assumed in any reference book you use

+  BSL uses "Fanning friction factor", and so do we in this course; has f= 16/Re in
laminar region

*  "Moody friction factor" charts have f = 64/Re in laminar region

- most civil and mechanical, and many petroleum, engineers use "Moody
friction factor"; it's used in Petroleum Engineers handbook

5. examples in BSL

a. example 6.2-1: Given Q, compute AP/L



b. example 6.2-2. Given AP/L, compute Q.
Problem:(ZQ S ?\.‘—4\(4‘\«15\ (ﬁ U‘\\l‘\()\.’-)f‘\ & <Vv7

(\WLor =)
Method O: trial and error (not in BSL; taugheipSE240)
e gl A

e guess <v>
< compute Re given <v> from definition of Re
¢ determine f(Re) from Fig. 6.2-2 (transport law)

- compute <v> from f using eq. 6.1-4 (conservation €q.)

o recompute Re, f, <v>, etc., until 3 no further changes; at this point
solution satisfies both conservation equation and transport law

Warning:
The particular trial-and-error numerical method given above as "Method
0" is called "successive substitution." Itis not in general an effective
numerical method, though it works OK for friction-factor problems.

ook @0”‘3 =Vouk Scoldion e MHicels M b’%i‘

. final notes

Note that equation 6.2-12 ("Blasius eq."), also written on Fig. 6.2-2, is valid
only for extremely smooth tubes for 2100 < Re < 100,000. This can be
confusing because this same equation is written on Fig. 6.2-2. To repeat,
it is valid only for hydraulically smooth tubes.

(4
In fact, Eqs. 6.2-12 to 6.2-8 all apply only under limited conditions. i
L e Y P -

— T . i AR
abuyes

Don't sweat theoretical discussion of this equation in middle of BSszp. 180-
8l. (MLK [bS—Ibl ¢
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Examples ol tnal-ond-ecror meFhod

To put out the oilfield fires in Kuwait, firefighters used hoses that could deliver up to
4000 gal/min (0.25 m3/s) of seawater. The hoses must extend long distances, so
suppose AP/L is limited to 1 psi/ft (22,620 Pa/m). The density and viscosity of water
are roughly 1,000 kg/m3 and 0.001 Pa s, respectively. What hose diameter D is
required? Assume the roughness factor k/D is 0.004. Note the figure given at the end

of the exam.
(25 points)

Q=z‘}/§ (g ’071 AP/ 222,620 P/ ,

IV\ 'H"s QrD\:s‘em, we éou*‘- Know Re SMeeE we A.Du'l' Kuow D. FM(‘& ace a.*‘ \eas*' A
ways fo <olve +us problew.

= O\[aP '
D Tral « erron £= ’b(t)(%—;z\s’z\ Simee Qs Lixed, not <v>, <vr= B/ Gmgy ot

- f= 3 2 pPLEDY g g;p———% B2, L (2% 620) {as pf .6 p5
J_L = = = = 1 =L,
e il - ifa & (£ 1000y (2253 DCI}
_. Deve dDar ;
Re= = - QP4 _(0.2\U0oOXY) _ -
£ nZE ot e T e S T R Exd %

Goess D=0.lwm = Re= 320", Lc,,. thact, £20.0072=006 05 = p=0.(4Sm
Gueses D0=0.|ySw = Re:2Q 0%, Leow ckact, £2 0.0072 «goum. > D04
done. D=0.44S m (Cu\aou“';}q' W)

Stonewall has been assigned to designa large pipeline to transport 0.2 m¥/s oil
products with a pressure gradient of 10 psi/mile (42.8 Pa/m). The pipeline is
horizontal. The oil products have density 850 kg/m? and viscosity 10 cp (0.01 Pa s).
Stonewall figures that even without knowing the pipe diameter, a reasonable estimate of
roughness is k/D = 0.01. What pipe diameter should he recommend?

Withoot Kuowing Re, owe eon'+ proceed direeHy Wk O dukmowm, we don't
wow v o D, V=RrTp/q) = 0.2 /(T DYy ) = 0.255 / p>, '
Re= D;/f/,u= D[o.z;r/ D’-] 80 /p.onN=2l¢xys /0% !
F:3 2 3% = (W) 2. (22 /{4 €50) (0255 02f] 0897 057 (e ¢.i- )
From ke\"e_, owne t«u\emuté ,!w;'_ﬁtgtfﬂ Weys. . J
Y Tral +érmor Guess: D= ! moRe= 2, Ly, Feom £(%e), € X 02005570, 38 TDS
= 0=04%6 —= Recddsp —» He)30.00%7. 0. 357057 - 0= 0.4¢D
- Qc‘qS'fda—'DQ =~ 0.00/% agawm. Ooue., DO=0.4& ™,



D. flow around spheres (BSL Sect. 6.3)

1. Definitions
¥six 6.3

Fe = AKf = (xRO(20WHY @

2. macroscopic momentum balance

Note coordinate system is centered on sphere, and z points up; fluid flows up
past sphere, which is stationary in this coordinate system.

Define system as solid sphere.

Terms in momentum balance:
drag on sphere: Fj
(positive, because drag pushes sphere in positive z direction)
gravity: -L-:; TL«S(DS ? ((3[0_”(4:1 P\,\\.\S alowed

(pulls sphere in negative z direction)

25K
la > U 3
buoyancy= z 1. & & (I,
et (p without subscript refers to liquid; buoyancy pushes sphere in positive
z direction)
there is no accumulation (because balance is at steady state) and no
convection across system boundaries (i.¢., into or out of sphere)
Momentum balance:
== u -
Fleg =% |LR$(()S __(/‘,‘ )3 S5 [ ‘oc(?CCl:j ke ) (II)

L> Fk;'-ékel(@- CED 9 T Rslk eq,. 6.-6
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combine egs. I, II -->
Lj( ?_EZD oG, PSLK
f=3\\, ) @ (BSL eq. 6.1-7)
L
or

2 @30(%)(%%“)

In either form, this equation represents the conservation equation
for this problem; still need transport law

If (ps - p) < 0, then simply drop minus sign, and note that fluid
flows down past sphere (sphere floats up through fluid)

3. correlation for f

Ve (E

Again, f=f(Re); Re= /u 7 ; (p and p refer to fluid)

correlation for f(Re) represents transport law for this problem;
given by F:J 6.3

this correlation is for an isolated, smooth sphere in an infinite body of fluid;
roughness and spinning of the sphere can greatly affect its behavior, as can
interference from a solid wall or other spheres; for further discussion of spinning
and roughness, see R. G. Watts and A. T. Bahill, Keep Your Eye on the Ball: The
Science and Folklore of Baseball, W. H. Freeman and Co., New York, 1990.



Solving for unknown Re

This is the usual case in problems of falling spheres: unknown is usually
D,v.,porp. Can't compute Re without knowing answer to problem

cf. BSL Example 6.3-1: don't know D

Method O: trial and error (not in BSL; taught in CE 319)
e guessD
° compute Re from assumed D using definition of Re
¢ Determine f from calculated Re using Fig. 6.3-1
( Clasore Law)

* recompute D from eq. 6.1-7
(consenAvn B mo ot
° repeat calculation of Re, f, D, etc., until 3 no further changes -

at this point, solution satisfies both conservation equation and
transport law



pSUL
Example 6.3-1. (BSL) by trial and error method

Given: p =159 gem® =1590 kgm®
ps=2.62 gem™ =2620 kgm™
p =9.58 millipoise =9.58 x 10™ kgm''s™
T =209
Vo= 65 cms™ = 0.65ms™
D=2

_ 4 gD (ps-pj
3v°o2 P

f

o DpV o
)7

Solution procedure:

Re

Guess D (arbitrary), Solve for Re, read f from chart (Fig. 6.3-1 BSL page 192),

Recalculate D, then repeat calculation of Re, f and D until D equals guessed value.

steps:  Substituting values into equations 1 and 2 above gives:

pud (2620_—1590 jD- s
3 0652 1590
o Dx1590 x0.65 ~ 1078810 D

9.58x10~ 4

Guessing D = 0.04m
Re=1078810x0.04 =43152.4 and f=0.48

Recalculating D twice gives:

D =0.48/20.055 =0.0239m and
Re= 1078810 x 0.0239 = 25820, giving f= 0.44 from chart.

D =0.44/20.055 =0.0219m and
Re = 1078810 x 0.0214 = 23098, giving f = 0.44 from chart.

Since the value of fis same, D = 0.0219m = 2.19cm

q.M
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B exawple o trial owd ecror o fdlivg- sphere
prollem

Safety experts warn gun owners that firing into the air can be dangerous, because the
bullet can fall to earth with enough velocity to hurt someone.  Suppose a bullet were a
sphere of lead (density 11,300 kg/m3) weighing 1/2 ounce (0.0156 kg). What would
be the terminal velocity of such a sphere falling from a freat height through air (with
g:cosity 1 = 1.8 x 10 Pa s and density p = 1.3 kg/m3)?

points) ;

e don F Know v o Re. ot some sot ob speeal o ~al-avd ~errox salu-!-.o;‘

1% needed, 3 severa| possible ways to proceed. : i

N fried + exror: Re= DVP/ai; Whet 15 D? %mR3p = 0.0050,
Lo % (1,300)=0.0156 > R=0.00631wm:, D= 0.013Tm

Res= (0.0\|3;‘.)‘-;-:)(‘3) - 947 V l
%_(‘f.qsko.oiss) + (‘—’%ﬁzjz 156 /v2

£= %30 '&1(——"67.-“:
vete va Ymils . Re=9Y7. £20.95 =157 fy2 = ¥V = St O wmls
3 A Leowm F'S 6.3~

< S ISet o
quess v =.57.0. Re=£.7-10%. {rom Figq 63, L 20M4% V=\gqp = S¢6
guess V > S6.5 Re =5ty 07 i £ =042 No chavge from

last 'J"C(a)"ov‘,' ¢« dowe . V=SS0 wm/s

orcie - Steds
3“@55 Al noon
Calel ale RC

Er\(‘l ?(QCJB ;)(CL/\- chao. s

(o33 | C/M_LOQ’C M\Zﬂ.(,\g/\ E/ONL f
oo

heknosn change

U:?CS )

No: cl ong



E. packed columns. : =% e
1. Applications in Petroleum Engineering o Gromdroed-e v
. U(\Consor dckgc\/-bwn\j consovclated aeok_oﬁ‘co.\ Pcr maken

\.3\'\-\43
» Granel Prck Graneg el = Filker” orounnd el fileat with sanct Pacticles

* Proprect r(octmes

- unless ’\S\\,\S%ed b:j v.ne Pectcles chexica)l Guank

not valid for

» Consob adated (cecanted aeoLoS.Ca\ fmmt\of‘

s Vocking QGopd oy Pactcles ete.

¢ '%c\ma F Aacfornce Docicles

2. Definitions

Dp = @@Partade dicaecer (% «:;pher\cqn

(see BSL if particle is not spherical)
GO = P Vo

Gt

A —> cross sectionad
ofeq, ot \UO-L/L(

Vo = DamJ veLoc.ij i

(would be written as "u" or Q/A in petroleum engineering)
£ = ras! ty

(would be written "¢" in petroleum engineering)

p = %'tt) of E\,u.oL .?mcowpresslb\e
(see BSL if fluid is very compressible)



3. correlation for f

3
/{-‘ig. 6.4-2 gives correlation for (f G:;D (vertical axis) v. Re (horizontal axis)

ecser te uWSe

E(‘(awc\ €oLe hien G, = \/{J() \
Siace Tk C%o\/ersr Note Re = (Eu) (].L) = P “ —
entie exteatr ot K i M =&
chare

(note volumetric flux v, in definition of Re instead of velocity)
For most applications, it's simpler to just use equations in text:

o Neeat Yo
osty olocuk Lominer = €9 . fio2

o valid for all Re; or”
eq. 6L valid for Re <10 and £ < 0.5
ec?/ 6 L-n valid for Re > 1,000

as clefaed oy

= " = =
4. Comparison to Darcy's law - k for sandpack Petio\ evm engacers

For Re <10, eq. 6.4-9 applies: N
P i % 75 R ousChasg
g5 .5 € iy

Vo = Y, L ’\ﬁ v s Fex bol\me(,kﬂ.f\.cs
A N L2

compare to Darcy's law, also valid only at low Re (absence of turbulence):

os wsed %y

K ah Q.0 M lP petrolenm enginees
A S el
/#—‘1—{’3—_()“*%_
K= q T T }
-_> {s0 € }Ae\’) ’LD(;» : 5
\ B o7 7 V,
v > k= s TR 7 forReE(—p—pop_lfe)SIO

— — LS
SO (1)
'Permeabu'd

(Note this implies a transition to turbulence at much lower flow rate than
implied by BOT model)

Why use these correlations for packed beds instead of the BOT model? BOT
model requires measured k and ¢. Eq. 6.4-9 predicts k for given € and Dp.

4

2 &0
(v 20/



