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FLUID MECHANICS
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e Fluid

A continuous, amorphous substance whose
molecules move freely past one another
and that has the ability to flow and assume
the shape of its container; a liquid or gas.

* Fluids share the properties of not resisting
deformation and the ability to flow.

These properties are typically a function of their
inability to support a In static

While in a solid, stress is a function of strain, in a
fluid stress is a function of rate of strain.



Objectives

1.comprehend the concepts necessary to analyse
fluids in motion.

2.identify differences between steady/unsteady,
uniform/non-uniform and
compressible/incompressible flow.

3.construct streamlines and stream tubes.

4.appreciate the Continuity principle through
Conservation of Mass and Control Volumes.

5.derive the Bernoulli (energy) equation.

6.familiarise with the momentum equation for a
fluid flow.



Characteristics of Fluids

Force & Pressure
Pressure is a normal force exerted by a fluid per unit area

— = (h,-D,)A = APA (5.1)

The standard unit for pressure is the Pascal, which is a Newton per square meter

(N/m?). Pressure in a fluid can be seen to be a measure of energy per unit volume by
means of the definition of work, that is, this energy is related to other forms of fluid
energy by the Bernoulli equation. Cird e (el ds% ‘{r@ Lap g loie ¢ A J&5 G

(SLJR—J \$| /WJ&JQ—CSU |
Force P W Energy
A : AV volume

Where AV is the unit volume Wthh related to the unit mass Am of the fluid by the
g dewl e Je

density p, as Am = pAV.
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Mass and Density
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Kinetic energy density: The kinetic energy of a moving fluid has a great

importance when dealing with fluids at motion: more useful in applications like the
Bernoulli equation when it is expressed as kinetic energy per unit volume. For a unit

mass Am of a fluid moving with average speed v, its kinetic energy is given by

So that the kinetic energy density is written as Joly
wé&s
o LT
, kinetic energy > PAVY {f&
- — —— =/
K.E.density = —— T pv =5, 62

Potential energy density: Similarly, like the kinetic energy density, it is the

potential energy per unit volume, for a certain mass of fluid at distance h above the
ground; then the potential energy density is

potential energy

P.E.density =

volume

2
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Uniform Flow, Steady Flow

DG 22 coll b8 pLll a2 v oo el

uniform flow: flow velocgty is the same magnitude and direction at

non-uniform:

steady:

unsteady:

every point in the fluid. cu}\ 5 QJ&p\\L =z bl
If at a given instant, the velocity is not the same at every
point the flow. (In practice, by this definition, every fluid
that flows near a solid boundary will be non-uniform - as
the fluid at the boundary must take the speed of the
boundary, usually zero. However if the size and shape of
the of the cross-section of the stream of fluid is constant

the flow is considered unifo ~ .
ez E_ﬂwx@*a:os;( > «é’qﬂjouy< yﬁéle_e, Aolews Oupl 44

A steady flow is one in which the conditions (velocity,
pressure and cross-section) may differ from point to
point but DO NOT change with time.

If at any point in the fluid, the conditions change with
time, the flow is described as unsteady. (In practice
there is always slight variations in velocity and pressure,
but if the average values are constant, the flow is

considered steady.) -3 4 s G a5 S A
l -_— . X 5 L"_.

(Q'J\Elp l) nes (A >



Laminar flow

=all the particles proceed along smooth
parallel paths (Stream lines) and all
particles on any path will follow it without
deviation.

" Hence all particles have a low velocity only
in the direction of flow.

™ Typical
~ particles
o path

Laminar flow



Turbulent Flow Jiso #1

the particles move very fast (high speed) in an irregular manner
through the flow field. Intersection of stream lines

Each particle has superimposed on its mean velocity fluctuating
velocity components both transverse to and in the direction of the net
flow.

W\MW\

Particle

NM( + paths

Transition Flow
exists between laminar and turbulent flow.

In this region, the flow is very unpredictable and often changeable
back and forth between laminar and turbulent states.

Modern experimentation has demonstrated that this type of flow may
comprise short ‘burst’ of turbulence embedded in a laminar flow.
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obstruction
Blood vessel wall
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= All fluids are compressible - even water - their density
will change as pressure changes.

= Under steady conditions, and provided that the
changes in pressure are small, it is usually possible to
simplify analysis of the flow by assuming it is
incompressible and has constant density.

= As you will appreciate, liquids are quite difficult to
compress - so under most steady conditions they are
treated as incompressible.
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S
Mass flow rate or Volume flow rate 3,

mass of fluid 2"‘?;5&/
mass flow rate = m = time taken to collect the fluid £
time = i m=PU -E’GA/)J’-SU-&ZG:S

mass flow rate N ( d\J—lS ‘4"’33}‘3’

The mass of fluid per second that flows through a tube is called
the mass flow rate.
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_Volume flow rate - Dlscharg

volume of fluid AV
Time

Flow Rate (Discharge) =

At

U —(—/ U of _\__
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W oA\sqs_,uJ J

—"“"‘J‘S,,b-\\ JJ;JEQJIMN%—:-
Z; } Voo = d,.p_,j L2 o narrower hose

wider hose, AP : | L,j faster speed
slower speed Z} < <

The flow rate is measured in the units of volume per unit time, m?3/s.

“The water all has to go somewhere”

The rate afluid enters a pipe must equal the rate the fluid
leaves the pipe.

— AV
Qin = Qout Q —_ A_t- = constant
<



Contiuity Equation - T

__..I ;—nl \Y| ——1;:/:
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AV A _
— = == = AV = constant (5.6)
At At

Q =

Where v = i—f, is the average speed of flow at any point. Take A = nr?, so

the continuity equation can be rewritten as

- Ja=J,
N - N2 —>

.
2 U, //;f

A =N = N T &0
Tl?-vl — T'zzvz = V:ZL l.f' ’0\93;@ (57)

This means that the speed of flow increases obviously by a small decrease of

the diameter of the tube.
o & Bl



EQUATION OF CONTINUITY

The mass flow rate has the same value at every position along a
tube that has a single entry and a single exit for fluid flow.

p,Av, = p,4,v,

Incompressible fluid: Al V| = AZ V,

= 1
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Example 3.2

= If we know the mass flow is 1.7 kg/s, how long will it
take to fill a container with 8 kg of fluid?

mass

mass flow rate

time

8

17 = 4.7s



Example 3.3

= |[f the density of the fluid in the above example is 850 kg/m?
what is the volume per unit time (the discharge)?

mass fluid rate  m/At
density P

0.857
850

= 0.00108 m3/s (m3s7)
= 1.008 x 103 m3/s
but 1 litre = 1.0x 10°m3,
SO Q = 1.008 /s

Q =



\Example\

Qz

in 30 seconds.

A garden hose has an unobstrygted opening
with a cross sectional area of 2.85x10“m?=.
It fills a bucket with a volume of 8.00x10*m?*

()« ~od J> w5 sy 2P
l

Find the speed of the water that leaves the hose
through (a) the unobstructed opening and (b) an obstructed
opening with half as much area.

’;/Q o (8-00)(10 . 111’)..(3()_()_\.)

o= = 0.936 m/s _|
A 2.85107"m" :
<
Av, = A,v,
A D
, = A' v, =(2)(0.936 m/s) = 1.8? m/s &
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Continuity equation : A1v1 = szz - wd v, = w,d,,

g - w,d, v, _ 40 X 2.2 X 4.5 _18m
27wy, 3.7 X 6.0 %
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The Blood flows in capillaries with lower speed
than in the main|blood vessel M Ep T osie S
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The work done on a fluid when it flows from
place to another one is equal to the change

of its mechanichal energy s = 5z o0 Ja e e g e
\h\.}q’ S =

W=F Ax = (Pl'Pz) Alx “X ”»v- p?ﬁ
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— Dm N Wi )
AK = 2

AU =Amgy,-Amgy, = p AVgy,-pAV gy,

Woer = prAV=p, AV = AK + AU

| +k|+ul — ‘%_-1—4%1-!— Us @ah}.beés"-
Applies only to an ideal fluid (zero viscosity) /@ = b Ll
=t

p+ ' p v2+ p gy = constant = Peley

for any point along a flow tube or streamline



Bernoulli’s Equation
for any point along a flow tube or streamline

p+'%pv:+pgy=constant
Dimensions 9,3 Ol
p [Pa] =[N.m2] =[N.m.m?3] =[J.m3] w-'f':;l\,\s-
2 p v?  [kg.m3.m2s?] = [kg.m1.s2] = [N.m.m3] = [J.m"3] E
pgh [kg.m= m.s2. m] = [kg.m.s2.m.m3] = [N.m.m"3] = [J.m3]
Each term has the dimensions of energy / volume or energy density.
Y2pv2 KE of bulk motion of fluid
pgh GPE for location of fluid

p pressure energy density arising from internal forces within
moving fluid (similar to energy stored in a spring)
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Example 5.2

Water enters the basement through a pipe 2 cm in radius at an absolute
pressure of 3 atm. A hose with a 0.5 cm radius is used to water plants 10 m
above the basement. Find the speed of water as it leaves the hose?

We have two points of interest. Point 1 in

hose

the pipe at the basement, where p, =

3atm,y; = 0m,v; = ? Point 2 is in the
hose just at the moment the water leaving

the hose for planting the tree, where

p, = latm,y, = 10m,v, = ? By applying ) e M!:é

Bernoulli's equation, we have ,\/.
T wbLes s
L ) (o) O \cﬁv -«
PL—p2=5p (V2 —v1 /#p g (V2-01 = e
T (b 2L Ty O SRS

d
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We have two unknowns v, andv, , so we can reduce them to only one

a)
unknown by using the continuity equation, wher éu_’; E,\;
1= e

1
So v, = —v,,and vi—v

16

equation to get:

255

U?T‘ =V;V'o.

— vZ | then we substitute in the last

256

(3—1) x[1.013 x 10°

Solve for v, ,we get v, = 14.35 ms‘\l.
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Water is flowing from a hole of 1cm radius at the bottom of a closed

cylindrical container of 2m diameter. If the height of the water in the container

by,

Is 2 m and the pressure over the surface of water is 3 atm., calculate how

much time it took until the container became empty? JSJ‘@WQJ Lie V= Jqp=0

2m

"

SAF

L

s e pbaes o frr
(1) Point on surface of liquid$
P‘:- 3 atm
___=
a*ﬂw*”cj.s-):w"e)_l
e 2
TQM:Z“%@‘#PS
v S - Q — DV —
\ e Q-2
vy < lom
—— ¥ (2) Pointjust outside holeé P ok L
U:'??



Solution

The container is cylindrical in shape with radius R = 1m, and the height of water in it is
H = 2m, so that we can calculate the amount of water in the container

145

151

AV = nR?H =3.14%x 1*x2 = 6.28 m*

If we could calculate the flow rate Q = mR?¥ from the hole and which is cqual AV/ At Ve
can compute the time needed to empty the container, so we should calculate 7. To apply
Bernoulli's equation we assume two points, one at the surface of water with
P, = 3atm, hy = 2m, v¢ =? and the other point at the exit of the hole at the bottom of

the container with P, = latm, hy, = 0m, v, =?. Writing Bernoulli's equation

¥ e
R=P=3p (vVE=v2)+pg Oy —¥s)

By comparing the radius of the container to the radius of the hole

1

R —
r  1x1072

= 100,

So that the speed of water at the surface related with that at the hole

Vg r2 1

Vh R2 10000

This indicates that vs <« vy, which leads that v2 is much smaller than 2. We can consider

vi —v? =~ vf and Yn —¥s =Ys = 2 m.Substitute in Bernoulli's equation, we get:

1 —
Ps=Ph=5 PV —PY¥
By solving for vy, we get:

5 3kg m
— _2((pe—p)+pgy) _2X2X1013xX10°Pa+10° 74X 105 x 2m

p 10559

v = 44440 m?/s?, so, v, = V44440 = 21.08 ms~!

So the time required to empty the container

AV AV 6.283 )
At =— =—— = = 948.73 s ~ 15.81 min.
Q revy, 3.14 x 10~* x 21.08




Applications of Bernoulli Equation
pit2pviitpgy, = pot2pVvitpgy,
] Static Consequences BRAX!,

Static Consequence: In this consequence we have zero speed of flow, where
the fluid is settle in its container. In this situation the kinetic energy density
term leads to zero, and Bernoulli's equation becomes

p#p gy = constant p1+ Pg}’1 = p2+pgy2

T
po=pat pg(0 — 1) =Pt pgh | "5 T OeS 543 AR
! ’ Solud S _,uJ NS
NI s g S, = \r‘wm»l;_}wd n B .
So the pressure inside any container is equal the pressure at the surface plus R
the potential energy density at that point.
h
Note: The difference between the absolute pressure at any point and the |+ Py=Pan o
— T
atmospheric pressure (p — p,) is called the gauge pressure. N»"é)j,l

N‘D,,i )9



Manometer

A manometer is a device for measuring fluid pressure
consisting of a U tube containing one or more liquids of
different densities. A known pressure (which may be
atmospheric) is applied to one end of the manometer tube
and the unknown pressure (to be determined) is applied to
the other end. Differential pressure manometer measures
only the difference between the two pressures.

Unknown Pressure "'w oY
7 DI\D P —
,\,.A Ambient Fluid

‘)&Flun of interest ' " (Atmospheric pressure
(Ga m mMost cases)~— in most cases)

+4— Reference Fluid
Density p

(Liquid, e.q.,
water or mercury)

Gage Pressure AP = P- Pg = pgh
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~p<P+pgy/+ /2 pv? = constant Y-,

S Z,J\D fms ZE.,JA__;QP},LJ\,S;LQJ o’yqurdDo(J_w%;'Ml
8 Lo il i) 23] (s 1) B0 <

45‘If no change in helght P{%v2 = constant

oL slower speed faster speed

s-
...—-—--.s T — - ———

more pressure_"":- -less pressure

'-- W — —

"---—--‘

=u 'faﬁwﬁké-—pﬁ%pﬁi =p2 + %pv_§ |




Bernoulli & Flight

Bernoulli’s
Principle is what |
allows birds and =
planes to fly.

The secret behind! ,,-
flight is ‘under =
the wings

30



AIRFOIL

On top: greater air speed and less air pressure

— ;J\n g1 s B

- V “‘-Lift—\\\\ Jsl _Q;uan\Dl
/‘\(M <

XL J‘W'w\
o DI\ 35 gyt

On bottom: less air speed and more air pressure

less air speed, more pressure

net force: downward



Blowing air between two half sheets of paper

"W
1 1 ki )) 7
pout+§ P vgut =Pin + 7P vzzn : n:// N’j/ﬁﬁ\

2 ([_' )

Rearrange the equation leads to the following r\o'e»)l ,zyv@ﬁly

ferilladiig 1 U@;JAQ | P Jw
— - as wqy | =2 A=

po/ut — Pin | = 2 p|( v — véut) (s ! N Ot:.««MIM,\vﬁ

(in) Jol =

& /uuﬂ)J ML@\& .Sl’b ?L} ol
When a person blows between the two sheets, so that the speed of air flowing

inside will be larger than that outside (v;, > v,,./."this means that the left
hand side is positive and therefore p,.: > pin - This pressure difference
results in the sheets moving closer toward one another. Thus, the pressure
drops when the velocity of the flow increases for a fluid moving at a constant
height.



Example 5.5 G s e b
\/\ =hy, — EGREN! %yux’C)ﬂd /{‘w'

The diameter of a honzontal blood vessel is reduced from 12mm to 4 mm.

What | 1(33 the flow rate of blood in the vessel, if the pressure at the wide part is
Cea |

8kPa<m4 kPa at the narrow one. (Take the density of blood to be

1060 kgm™=3.)

the radius of the wider partr,, = 6mm, the pressure at the widew part P, = 8 kPa,

. th tth tP, =4 kP
the radius of the narrow partr, = 2mm, € pressure at the narrow part ' a

e ¢ = 8kfa
From the continuity equation, = = = = %, »>»[v, = 9v,, A M= 1mm
n Tw "
Apply BE 5 M:f;;g N P= Y kiR
U e e = Umm
2o Py —pn = _p(v%_vgv)
o 2 —_— v, =0.307m/s
de 4x 103 (80v%) o ©
volR P 4Xx 10 ——X106OX 80v> - /wbbf =
LRl k@ .+ (=i, )

Flow rate Q = A, v,, = v, = 3.14 X 36 X 10—6 x 0.307
=3.5x107°m3/s >



o 1 5 5 .
Lo 0 =50(7- 1) s
U Q:Q;,ﬁ p, = -2 (P14 —zpz)
o b ol(4y, ) -1
And from the continuity equation we have v, = ! which can be 1 A,
2 k % V o o

substituted to get




Example 5.6

The flow of blood through a large artery in a dog is diverted through a Venturi

flow meter. The wider part of the flow meter has an area of 0.08 cm?, which
equals the cross sectional area of the artery. The narrower part of the flow

meter has an area of 0.04 cm®. If the speed of the blood in the artery

was 12.5 cm s~1, find the drop in pressure through the flow meter?

The speed of blood in the artery is the speed of the blood in the wider section,

sov; = 0.125 ms ™1, then from the equation, we have:
P, —P, == p( 02— 7
1 2 =5 p(0;— vy)

L. . A 0.08 Ty
From the continuity equation UV, = A—l VvV, = m X 0.125 = 0.25ms 1, SO
2 .

that the pressure drop is

1
P, —P, = (1060) ( 0.25%2 — 0.125%) = 25 Pa.



Blood Transport System Q

. To Lungs
Superior vena cava -

(from upper body)

Right
Atrium
Inferior vena cava /
(from lower body)

N

Right Ventricle i
Left Ventricle
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The role of gravity on blood circulation mwj&}s

We learned from Bernoulli's principle that the pressure of the
fluid change according to its kinetic energy density and as well

as it potential energy density. Because of that, the blood
pressure in human organs is affected by its location from earth.

Note that B, H, and F lrefer to the brain, heart andifeet, respectively

Sl
wbﬂwlemmonulw&uﬁl | e
ez n =L N> (P el

Reclining State. Y 5) ez co 2.

The velocities in the three main arteries (Brain, heart, and feet) are small

and roughly equal, so that the kinetic energy density term can be
ignored

pv/s .//'/\’ TN S 5P RS .
| - oy =00 N
ﬂnl.wi"dbo"‘//pB e pH pF

—ples - (= RD/;J

Thni q34kPa 133kpa 2KPA | e
Jev I u~Yr /1;/ g—;; o
VB ~Yu~ Ve

£9y

A>E LD S 3*01-:90”



S\ At

During the blood circulation, the venous system is used to
return the blood from the lower extremities to the heart. It

is expected to have a problem of lifting blood long
distances to the heart against the force of gravity.

Standing Position Ablo 2 & Ap s T S
The kinetic energy density can be only ignored

Pt PIYs = Pu+pgYu=Pr—2os

Typical values for adults standing
upward hy = 1.3 m, hg =1.7 m. Typical
Re blood pressure at the heart

value of t
is ga=13.3 KPa, and take the blood
density to be 10609 find:

e =Dy + pghy =\133 X 10° +)(1060)(10)(1.3) ~ 27.1 kPa

27.1kPa



The blood pressure at brain

In a similar way, we find that:
Al ?_QH ke\ JU -{—aﬁ\ &Q«(‘i\\)ﬁ) |
ps =pu + pg(by—hp) = 133 x10° ~&5d
+ (1060) (10) ( — 0.4) = 9.06 kPa




‘é\s‘)l 5 .—éjz;gjr-”J‘(— ‘-*P_e—"e—[
Example 5.7 hH—L‘B)“” uLJ?Lj;QJ—-s, (%H he ) 6\,LH>1,L 20

ga,& léﬂé <SSy
When a 1.7 m tall man stands, his brain is 0.5 m above his heart. If he
so that his brain is 0.4 m below his heart, by how much does the blood

pressure in his brain changes?
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Effect of acceleration on Blood pressure
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The question arise:

Is the blood pressure at the organs affected when
man under upward or downward acceleration.
When a person In an erect position experiences an

upward or downward acceleration, his weight will
be different.

Greater than
normal weight

ey O
Normal é@w s
1 weight '_;g@@\ n)s)




(QUJG (9030] S 2LS ASw,

[+t We—Upward acceleration

g+

\ If a man in an erect position experience upward
acceleration a, then his effective weight becomes
m(g+a).

Applying Bernoulli's equation to the foot, brain
and heart with g replaced by g+a, so we have:

Pyt p(g "'a)(h? -hg )

Py - p (gta
Fatal upward acceleration when PB = 0

0= p, & p (g+a)(hg-hy)

(g +a) = py/p (hg-hy)

(g+a) = X0 _ 5 ams2 = (32
IT4 = 1060 (0.2 LS i




So the value of the upward acceleration causing
conscioushess Is 3.2

This factor should limit the speed with which a pilot
can pull out of dive. A related experience is the
feeling of light headache that sometimes occurs
when one suddenly stands up

The blood pressure at the foot by the upward acceleration
situation

Vst pp =py + p(g +a)hy
fjsﬁ\n;‘f s

S N e
We =

o\ R 3
So the blood pressure aﬁhe foot increases by increasing
the upward acceleration
The blood pressure at the brain decrease by increasing the
upward acceleration

< E—"
VD:LQU ;@;m 45



wip, ) IoT als
AR Downword acceleration

In an erect position experience downward acceleration
leads to change of his effective weight.

Applying Bernoulli's equation to the foot, brain and heart
with g replaced by g — a, so we have

P =Pu + p(g—a)(hy — hg)
Or

Pg =Pu- P (g—a)(hg — hy)

Thus the blood pressure at the brain will increase even farther by
increasing the downward acceleration. This increase should be
controlled and observed, where at certain value of a the blood
pressure at the brain may cause an explosion of the arteries in
the brain, which is so dangerous. The same calculation for the
blood pressure at the foot

P = py*p(9-a)h,

Which decreases by increasing the|downword acceleration

B




Example ol L
=5 .q,&g é...fb% =L

If an elevator accelerates upward at 12 mS'Z, what is the
average blood pressure in the brain? What is the average
blood pressure in the feet? If the elevator accelerates

downward with the same acceleration, what is the average
blood pressure in the brain and feet? take g =10 ms-.

% 4 rodP -'\-r‘ -\"\ v WAL vaCs Y l.j. | B \6 - \"/ /' o
L\’__, ACL € \ ~N X %_\_& %—3& &y =\Z2mlS
- 2T
, = 1z.exic +1c€ellc+1z)(—e-4) » -
45 = - “ 4
> )' ‘« ._"n
— (i $-Cc ¥\ 4 L— ) —‘i - l \ .
“y ‘A -} —_.“,/__) ‘f\u = \-QNV\
‘.’g) . £ K_,Jf"‘— = \\g- \n'., = 0 -4 "
ﬁ_, | - 3 J,ru *‘H ' (
f-.,) . l "~( &= t2 '.I/SL
E‘ ACC T l""“*‘t) (“)C*-WL«_YQ|C» \ -
L ‘\’7 P e (9 3 ) ';"’1 “‘. < I
- i - '._‘ - N J.-——tv J H \ .
= | ]
7 s  2m s ! ) 7
= (£ éX 10 —f—'(,[{_’; \ (C ’,2)\\-5) it




g = "‘H-’—'\:Sv:
X ey R L heevae

(FT" ?u + j’(y-ra)l\ : L
@ accelevatis dovvuard _i = \2m /s
VP =F, +509-2) hy -
] A

i 4
= 1Z-éx10 +lobe(le —12) (1) 4{ o

3
=V3- 610 +(-2756) L

/- = 1084w pu| =108 kP, \ olam

1P =T+ G (ha-bad
= Vl-éx\g +Yobo (Qo-12)(—a-u)

= V3&os +§’f§ 4
}"I"ﬁ; = Tuhs EPa\" ;1
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Resistivity of flow At flaol 26 (L) Ferteo
Frictional forces among the fluid layers and their containers

Viscosity in Gases are different that in Liquids

Viscosity can be defined . . .. .;-
using two parallel plates ¢ A .=\ Velociy, V
separated by a distance Ay £

and a fluid fills the space M,Fﬁ%jl

kR
Dhg) o :020T
SN T

betv_veen the two plates, one ° r, el

stationary and the other,Z <% 2y 5% Lzph @

moving at velocity v Nl T V=0 A
\ab) (a)

It is found that the force required to move the upper plate at
constant average speed is proportional directly with the speed
gradient and the surface area of the plate and inversely
proportional with the separation distance between the plates,
which means that:

1
FoxAv,F « Aand Fx — ,so F x — | |F =n—
Ay Ay Ay

F/A
Av/Ay




F/A
Av/Ay

Coefficient of Viscosity n =

The viscosity can be defines as the ratio between the shearing stress (F
/ A) to the rate of shearing strain or the gradient of velocity. The
dimension of the viscosity coefficient can be deduced as:

sl _ [F/A ] _ MLT%/L* P
[l [Av/Ay‘ LT-1/L ML= oS
The S.l. unit of the viscosity coefficient is Pascal second,

where kg.m-1s-' = 1 Pas.s. The Pascal second is rarely used
in technical and scientific publications. The common used

unit is called poise, where @ poise= 10" Pa:s) . |, so the

abbreviation centipoises is equal 10 Pa.s

_ Temperature Normal Blood

Al us’e~¢ Castor Oil Water Air blood Plasma

JLNI0 5.3 1.792x10° | 1.71x10°

BN\ =oo 20 0.986 1.005x10” | 1.81x10° | 3.015x10° | 1.81x10°
37 - 0.695x10° | 1.87x10”° | 2.08x10> | 1.257x10>
40 0.231 0.656x10° | 1.9x107
60 0.08 0.469x10° | 2.00x10°
80 0.03 0.357x10° | 2.09x107 50
100 0.017 0.284x10° | 2.18x107
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Fo £ reos “‘\Lamlnar Flow in a Tube ~<r3<.

S o i AS L e an
Take a cylinder of radius R o e
and length | \ =

F=APA=(P,-P,)A

Take half of the cylinder
Where the uper surface pass with the center, and the speed of the upper

Layer isV,_.. ,so that the cross sectlonal area of the half cylinder is
11;(Rl2)5n and its surface area A, s = 2n(R/2)I

F AP A=nAg ¢ max/ R The average speed is half of

, ) (R/2)I R The maximum speed. So that
AP 1(R/2)* =n 2n V ax .

b oL § 0~ S
So that , Z bu=« APR?* -
Vmax= AP R UO(P /"’5 Y = 8l \“\_\
U 4nl N &) o €O =e

orage = 0 Uk RS Al e TS ST
2 ~_ . __.APR?  mAPR
The flow rate is givenby Q = AV = nR? =
8nl 877[>



* Poiseulle’s Equation

Volume flow rate, Q, related to pressure difference 4P, length L
and radius R by:

TR4
Q —
8L

dThe formula for Q is called Poiseuille’s law after the
physician, Jean Luis Poiseuille.

1 High viscosity leads to low flow rate and speed of flow.
 The flow rate is proportional to the 4th power of R, which

Ap

iIs extremely dependent.

dThis indicates that for blood vessel, any small change in
the radius of the vessel results in a considerable change of
the flow rate. For example, if the radius of an artery is
halved, so the flow rate will be reduced to 1/16




Example 5.9

What is the pressure drop in the blood as it passes through a capillary 5 mm
long and Ju7in radius if the speed of the blood at the center of the capillary

is 0.6 ms™”. Take the viscosity of blood to be 2.08 cp. If the radius of the

capillary is reduced by 20 %, find the change in the flow rate?

The capillary radius R =3 x 107® m, and its lengthl = 5 x 107> m, ,
m  APR
and the maximum speed of the blood inside it, Vmax = 0.6 — =

INmax _4(2.08x1073)5x1073(0.6) _ 27 MPa

so the pressure drop Ap = —;— = ox10-12

When the radius is reduced by 20%, so that R, = 0.8 R4
Q2 _ R; P )

Ql — R_;l: e (0.8)4=0.41 /LG}/’V-\J{C*QQ_S\I ‘ = S\ Ll



e cinat; Wehog ARTY ¢ el SA
Power dissipation 2o b o <SP i

The power dissipated during the flow of a fluid is the rate of
energy required to maintain the flow. In general, the power
is defined as the net force times the average speed,

P=F ‘7 = AP A [7 = AP Q Measured in Watt

~ —

The flow resistance can be defined in general as the ratio of the
pressure drop through a segment and the flow rate, (notice the analogy
to electric resistance, the pressure difference like the potential

difference, and the flow rate like the electric current).

ar) D

Pa Pa.s

m3/s  mS3

The unit of flow Resistance is R =

Rf £ 30\ =S
Which is the viscosity per unit volume or viscosity density




Example 5.11

Compare the flow resistance in a capillary of 5 um in radius and that in an
artery of 5 cm in radius?

Ry(capillary) _ (&)4 _ (5 X 10‘2)4 _ 1016
R¢(artery) R 5x10-6)
f \/e
= =ons

DS




Example 5.12

A large artery has an inner radius of 4 mm. Blood flows through the artery at

the rate of 1 em3s~*. Find
a) The average and maximum speed of the blood in the artery
b) The pressure drop in a 10 cm long segment of the artery
c) The flow resistance of blood over the 10 cm segment

d) The power dissipated through the flow

The artery has radius R=4 X 107°m,

the flow rate Q = 1076™ Js=Av = TR2T,
10~

Q _ _ _
sothat v= R 314(16x105) =0.02m/s ,then v,,;,,, = 0.04m/s

ANvmax _4(2.08x1073)10x107%(0.04)

— e 10-6 = 2.08 Pa

so the pressure drop Ap =

AP 2.08
_ _ _ 6 Pa.s
Rf_7_10_6_2.08><10 / 3

$=APQ =2.08x107°=2.08 uW

56



| Turbulent Flow |

When flow speed becomes high the streamlines of the flow
start to intersect each other; and this flow is called turbulent
flow. In such flow, the mechanical energy dissipated is
much larger than that in the laminar flow.

Poiseuille's law is applicable for laminar flow.
There is a dimensionless quantity called Reynolds Number
) used to distinguish the type of the flow. Consider a

fluid of density p and viscosity coefficient 1 flows with an
average velocity v through a tube of radius R, hence the
Reynolds number is defined by

2pvR
NR= e
n

It is found experimentally that if

Np < 2000 flow is laminar
N > 3000 flow is turbulent
2000 < Np < 3000 flow is unstable

>



Example 5.14

A small human capillary of 100 um radius has a length of 2 cm, calculate
a) The blood flow resistance across this capillary
b) If the pressure drop across the capillary is 2.3 kPa, what is the flow rate
c) What is the maximum speed of blood through the capillary
d)
)

e

The power dissipated across the capillary
Reynolds's number and then determine the type of flow.

If the total flow resistance of blood through three
similar parallel arteries of length 30 cm is 4x103 Pa.sm-
3.find

The diameter of each artery

If the power dissipated in pumping the blood in each
artery is 0.4 mW, determine if the flow type of blood
in the artery, laminar or turbulent? (explain) (take
Nblood = 3.14 CP; Ppiood = 1100 kgm-3)-




Solution
a) Take the viscosity of blood to be 7 = 2.1 X 1073Pa. s, the length of the capillary

L =2x%x 1072 andits radius R = 10™*m.
8nL 8X2.1X 1073 x 0.02

R, = = = 1.07 x 10!* Pa.sm™3
T R 3.14 x 10716
e - Ap s 2.3x103 1022 -9 3
b) IfAp = 2.3 kPa,soQ = i dopcaen 215 %107 m"/ s
¢) The flow rate is defined as Q@ = TR*V = %nszmax, so the maximum speed

. 2Q  2(215x1079)
Vmax = 7p2 T T314%10-8

d) The power dissipation is given as:

P =QAp =215x107?%x 23 x10% = 4.95uW

= 0.136 m/s

¢) Reynolds's number

2pVUR 2 (1060) 0.136/2 x (100 x 107°)
N, = = = = 6.9 <2000
n 2.1 x10

So, the flow is laminar




Summary

The volume of water flowing through the hose per unit time (i.e. the flow rate {Q) at the left

must be equal to the flow rate at the right, or in fact anywhere along the hose.

AV
Q = ;= constant (3.5)

the continuity equation can be rewtitten as
A, U] = Ay
Or

ey )

7.12 v_l = T2217_2 {5.7)

The sum of the pressure, kinetic energy per unit volume, and gravitational potential energy per
unit volume has the same value at all points along a streamline for an ideal fluid. ‘This result is

summarized in Bernoulli’s equation:
p+% P v? +p gy = constant (5.11)
The pressure in a fluid at rest varies with depth b in the fluid according to the expression
P= Py, + pgh {144

where Py is the pressure at b = 0 and 1 is the density of the fluid, assumed uniform. Pascal’s
law states that when pressure is applied to an enclosed fluid, the pressure is transmitted

undiminished to every point in the fluid and to every point on the walls of the container.

In the standing position, the situation is difterent, where only the term P v2 can be ignored

and the term p g ¥ has a significant effect. Hence the gauge pressures at the brain pg, at the

heart py and at the foot pg are related by:



Pr =Py + pghy = pp + pghp (5.15)

Viscosity cocfficient, which is represented by the Greek symbol 1) “eta”. So we can write

F = UAA—':) (5.18)

Rearrange equation 5.18 for the coefficient of viscosity, that 1s
F/A

= b (5.19)

The average velocity and the flow rate of laminar flow of a fluid through a tube is given by:

= AP RS
T 8nlL

(5.20)

Poiseuille’s faw: It indicates that high viscosity leads to low flow rate and speed of flow,
which is. It also shows that the flow rate is proportional to the 4th power of R, which is

extremely dependent.

_ = mAp R*
Q = Av = nR*p =P~ (5.21)
8nlL
The power dissipated during the flow of a fluid is the rate of energy required to maintain the
flow.
P = ApAv = ApQ (5.22)

The viscosity of fluids is defined as the flow resistance

Ap
R, = =+ 5.23
f 0 (5.23)
Using Poiseuille’s equation,
_ Ap __ 8L -
:Rf " mApR4/8nL ~ mR*4 Lo



