Lecture 1
Quantities and Dimensions




Type Quantities

* Choose three basic quantities (Fundamentals):
— LENGTH
— MASS
— TIME

 Define other units in terms of these (Derivatives)

* Speed, density, force, work, etc..

* speed=Length/time,

* density= mass/ (length)3

* force= mass x acceleration = mass x length/(time)?
* Work = force x distance = mass x (length)?/(time)?




Unit for 3 Basic Quantities

 Many possible choices for units of Length, Mass,
Time (Fundamental Units)

* In 1960, standards bodies control and define
Systeme Internationale (SI) unit as, or mks

— LENGTH: Meter (m) (=
— MASS: Kilogram (kg)gssiss s
TIME: Second  (s) I




Fundamental and Derivative Quantities

and S| Units

Length meter m
F Mass kilogram kg
Time second S
speed Meter/secon m/s
d
D Force Newton (N) | Kg m/s®
density Kg/m? Kg/m?
work Joule Kgm?/s?




Approximate values of some
measured lengths

Distance from earth to most remote

1 X 1026 meters

known star

Distance from Earth to Andromeda 2x10%2m
galaxy

One light year 9x10" m
Orbit radius of Earth about sun 2x10M" m
Mean distance from Earth to moon 4x108m
Length of a football field 9x10"m
Length of a housefly 5x10°m
Size of smallest dust particles 1x10*m
Size of most living cells 1x10°m
Diameter of hydrogen atom 1x10"%m
Diameter of atomic nucleus 1x10-%m

Diameter of a proton

1x10"° m




Approximate values of some
masses

Observable Universe 1 x 1052 kilograms
Earth 6 x 1024 kilograms

Shark 1 x 102 kilograms
Human 7 x 10" kilograms
Mosquito 1 x 10 kilograms
Bacterium 1 x 10-'® kilograms
Hydrogen Atom 2 x 10?7 kilograms
Electron 9 x 101 kilograms




Prefixes for S| Units

23,000 m=3x1,000m
=3 x10°m =3 km

21,000,000,000 =10°=1G

21,000,000 =10°=1M

21,000 =103 = 1k

2141 kg="7g
J1GB=7Byte=?MB

10* | Prefix | Symbol
giga G
mega M
kilo k




Prefixes for SI Units

-2 centi C
-3 milli m
-6 micro H
-9 nano n
-12 pico )



Other Unit System

* U.S. customary system: foot, slug, second

* Cgs system: cm, gram, second




Unit Conversion

A cylinder of 12 cm in height and its diamer is 40 mm, calculate
The density of its material in Sl unit, if its mass is 870 g?

The density = ne = =

volume r4h
870x1073 kg

3.14%(20%x1073)2m?2 (12x10~2)m

IR

6 x 103 kg/m?>



Dimensions, Units and Equations

e Quantities have dimensions:

* Quantities have units: Length — m, Mass — kg, Time —s

* To refer to the dimension of a quantity, use square
brackets, e.g. [FF] means dimensions of force.




Dimensionless quantity

is a quantity that has no unit and it is a ratio between two similar

quantities, to which no physical dimension is assigned. It is also known

as a bare number or pure number or a quantity of dimension one [1]

Pythagoras’s Theorem

h b ac+b =N
p a Trigonometric Ratios
NN
sin(f) = yp
density of the object bi oPp adj
Specific Gravity = dener:t / SENF e cos(f) = yp
y of water Pi,0 -

adj opp
tan(f) = odj




Quantity Description Dimension Units
Velocity Displucement | Time [v] _ [ LT'i] /e
Acceleration Digb e /Time2 [al =[ LT'Z] w/'sec2
| Momentun Massx Ve/oa'g' [PI [ VLT ] Kg m/sec
Force Momentum | Time [Fl =[ WIT ] Nevwton
| Pressue Fore [ Area [PI [ W ] Poise




Why Dimensional Analysis is Important

] Help to understand Physics , even if you are not Physicst
J Check your equation or Formula (Correct or not?!!!)

] Derive relation between physical quantities in

J physical phenomena




Check the consistency of the equation
X =X, + Vot + (1/2) at

where x and x, are distances, t is time, v is velocity and a is an
acceleration of the body.

Now to check if the above equation is dimensionally correct, we have
to prove that dimensions of physical quantities are same on both
sides. Also, we have to keep in mind that quantities can only be
added or subtracted if their dimensions are same.

X = distance = [L]

X,= distance = [L]

v t = velocity x time = [LT] x [T]=[L]

at = acceleration x time = [LT ] x [T] = [LT-}]

Since dimensions of at is not equals to the dimension of the other
terms in the, so the equation is said to be inconsistent and
dimensionally incorrect.



W =ForcexDisplacement =[MLT?]x[L] = [ML?T?]
1/2 mv2 = Kinetic Energy = [M] x [L2T-?] = [ML2T-3]
mgh = Potential Energy = [M] x [LT2] x [L] = [ML?T]

Since all the dimensions on left and right sides are equal it

is a dimensionally correct equation.




Derive relations between physical quantities
involved in physical phenomena

The method of dimension analysis can also help in|

finding out relations between physical quantities. If
we know how physical quantities depend on each|
iother, we can find the relation between them easily|
by equating dimension on both sides.

IExample

Suppose a bob is hanging from a ceiling (simple
IPendulum) and time period of oscillations depends on|
[length “I” of the thread, mass “m” of the bob and

gravity “g"”. In order to find a relation between time

Iand other physical quantities, we proceed as follows:

) frictionless pivot

amplitude; g
" \massless rod

./ massive bob
equilibrium
position



Let’s time depends on powers x, y and z of length |, mass m and gravity g of the bob. Then
the equation becomes

T = k mYg?, where k is a proportionality constant
Writing dimensions on both sides, we get

Arranging powers accordingly we get

[[MOLOT] = k [LP[M]V[LT-?]*
MOLOT] = k [MYL**T-27]

Equating powers on both sides, we get three equations
Y= O, X+z-= 0, -2Z = 1, Solving the linear equations we get
x=1/2,y=0andz=-1/2

Substituting the values of x, y and z in the equation we have derived the following relation:

T=kLY2M% /2 =k é




2

Suppose we are told that the acceleration a of a particle moving with uniform speed V in a circle of

4 : i n
radius 7 is proportional to some power of I, say 7 , and some power of v ,say v How can we

determine the values of n and m?

If the frequency (f ) of a simple harmonic motion of a pendulum can be written as,

f=mghr
where m 1s the mass of the oscillating pendulum, g is the acceleration due gravity, and [ is the length of

the pendulum. Find «, 3, and .



Vector and Scalar Quantities

Vectors: magnitude + 1 Scalars:

direction Distance
Displacement Speed (magnitude of
Velocity (magnitude and velocity)
direction!) Temperature
Acceleration \WESS
Force Energy
Momentum Time

To describe a vector we need more information than to

describe a scalar! Therefore vectors are more complex!



Important Notation

To describe vectors we will use:
The bold font: Vector A is A
Or an arrow above the vector: A

In the pictures, we will always show
vectors as arrows

Arrows point the direction

To describe the magnitude of a vector
we will use absolute value sign: ‘A‘ or
just A,

The vector can be represented Clockwise Counter-Clockise

By its magnitude A, and its direction O, _
(A, 0), where 0 is the direction that the A
vector makes counterclockwise with the 6
positive x- axis



Properties of Vectors

* Equality of Two Vectors

— Two vectors are equal if they have the
same magnitude and the same direction

 Movement of vectors in a diagram

— Any vector can be moved parallel to itself
without being affected

=

Negative Vectors

Two vectors are negative if they have the same
magnitude but are 180° apart (opposite

directions) ///

A- B A+(-A)-0

\ /




Scalar Multiplication

Scalar multiplication means

X multiplying a vector by a real
e number, such as 8.6. The

result is a parallel vector of a
/ different length. If the scalar
3x Is positive, the direction
doesn’t change. Ifit's
negative, the direction is

/ exactly opposite.

Blue 1s 3 times longer than red in the
same direction. Black is half as long
e as red. Green is twice as long as

1, X red in the opposite direction.



Adding Vectors (New Vector)

Net displacement
is the vector sum

(a)




Draw the first vector with the appropriate
length and in the direction specified, with

respect to a coordinate system

Draw the next vector  with the appropriate

length and in the direction specified, with

respect to a coordinate system whose origin is

the end of vector and parallel to the

coordinate system used for : “tip-to-tail”.

The resultant is drawn from the origin of to

the end of the last vector

A

o]

\ 4

.




Adding Vectors Graphically

* When you have many
vectors, just keep
repeating the process
until all are included

* The resultant is still
drawn from the origin
of the first vector to the
end of the last vector




Adding vectors geometrically (polygon method)

Draw the first vector 4 with the A+B
appropriate length and in the

direction specified, with respect to

a coordinate system

Draw the next vectorB with the
appropriate length and in the ?
direction specified, with respect to
the same coordinate system

Draw a parallelogram >

The resultant is drawn as a
diagonal from the origin

o)

N}

A+B=B+4



Vector Subtraction

e Special case of vector addition

— Add the negative of the
subtracted vector

A-B-=-A+ (—|§
e Continue with standard vector
addition procedure




Vector Analysis

Components of a Vector

A component is a part

* Itis useful to use rectangular
components These are the
projections of the vector

along the x- and y-axes
A, is the x-component

A, is the y-component

A
osé’zﬁ sin@ = —2~
A A

A_ = Acos(0)
A, = Asin(0)

f‘fl‘ = (4,7 +(4,]

A
tan(@) = A—y




Components of a Vector

If we have a vector (4 m, 60), find the x and y component

A, =Acos 0 =4cos60=4(0.5)=2m

Ay = Asin60 = 4(5) =2/3 m A
If we have a vector (2m, -3m), yt\
find its magnitude and direction b & 5

2m

R

A:\/A,ZC+A§,:\/4+9=\/13m

6 = tan"'(3) = tan™' ()= -56.3'=303.7°




Components of a Vector

* The previous equations are valid only if & is measured with
respect to the x-axis

* The components can be positive or negative and will have
the same units as the original vector

0=0, 4,=4>0, A,=0

0=45" , A =A cos 45° >0, A=A sin 45° >0
0=90" , 4,=0, 4,=A4>0

A=135" , A.=A cos 135" <0, A=A sin | RE |
0=180" , 4,=-A4<0, 4=0

0=225" , A.=A cos 225" <), Ay=A sin 225° <0
0=270" , 4,70, 4 =-A4<0

0=315" , A=A cos 315" <0, A =Asin 315" <0




Addition and subtraction of Vectors

A:(A,A) B : (B, B,)

AF B =R, where R: (Ry, R))

A
RyZAy$By R=\/R925+R§, §\

Two vectors 4: (4 m, 30° )and B: (5m, 217° ), find A — B

A: (4 m, 30° )= (4cos30, 4sin30)

_ 4 m
B: (5m, 217° ) =(- 5cos37, -5sin37)

30°

A-B=R:(R,R)) 37°
= (4co0s30+5co0s37, 4sin30+ 5sin37)







Unit Vector

A unit vector is a vector with a magnitude of one |unit.
Any vector has an associated unit vector in the same direction but having a
magnitude of one. Any vector can be expressed as a scalar multiple of its unit

vector.

cand |s|=El=1 S

>
“n |l
»n [l

S

* Unit vectors i-hat, j-hat, k-hat

f —> X j—> y /2 —> Z
e Unit vectors used to specify direction

* Unit vectors have a magnitude of 1
* Then A=A0+A,j+ Ak

A= |A|= \/A,ZC+A§,+A§




Example : Operations with Vectors

Vector A is described algebraically as (-3, 5), while
vector B is (4, -2). Find the value of magnitude and
direction of the sum (C) of the vectors A and B.

-

A=-31+5] B =4i—2j
C=A+B=(-3+4)i+(5-2)]=1{+3jf
C.=1 C,=3
C=(C, +C,)"?=(1"+3)"=3.16

_ —ICy_ -1~ _ o
€ = tan F—tan 3=71.56

X



Example

E
=

—

\J91o7

'_J 43k)

If we have two vectors C = 2i — 3j + 5k and D = —i + 5j — k. find
a) C+2D, b) the unit vector in the direction of D + 2C
g D T)j
z 1 =
whore ™ = Mo ¢ 4 145 + M,
Mx s S 520 = F4L-28) =i
j %,rzD = =3 4+ LIDY = ¥
o o a2l B M) a0
C 4aD Sf v 74_"’3/<,
2¢ =
b) D: e - 5 r (¢ +#:)+(5'J . )_r(_k_f..;ﬁk)
ﬂl:: -SL""'J ”f“f“< ' F Azer1e3 = Viey
_um-} Vector -F = . . (,5{




Adding Vectors Algebraically

* Consider two vectors
A=A d+A)j+Ak
B =B,i+B,j + B,k
* Then

A+ B =(A,i+A,j+Ak)+ (B,i+B,j+B,k)
= (Ay + B,)i+ (4, + B,)j +(4, + B,)k

C=A+B=(Ay+B)i+ (4, +B))j +(4, + Bk
¢ SO —_
C.=4.+B.  C,=4,+B,
C, =(Az + B,)



Scalar Product of Two Vectors

The scalar product, or dot product, is a mathematical operation
used to determine the component of a given force in the direction

of the displacement

* The scalar product of
two vectors is written

as A.B
— It is also called the dot
product

_  —

° A-B= ABcosb

— @ is the angle between
A and B

* Applied to work, this
means

—_—

W =FArcos@=F-Ar



Properties of Scalar Products
If Then

—_—  —

AandB are | A-B=0

A and B are parallel

A-B=0 Either A=0orB=0orA 1B

Furthermore,

R

A-A=4° Because A is parallel to itself
Commutative rule of multiplication

Distributive rule of multiplication

1, each unit vector parallel with itself

, as they are perpendicular to each other



Dot Product

 The dot product says something about how parallel two
vectors are.

* The dot product (scalar product) of two vectors can be
thought of as the projection of one onto the direction
of the other.

* Components

A-B=A,B,+A,B,+A,B,



Derivation

How do we show that 4B = AB.+AB, +A4B,
Start with 22A5+Aj+Al€
X y z
B=Bi+B,j+Bk

Then  4.B=(Ai+A,j+Ak)-(Bi+B,j+Bk)
=Ai-(Bi+B,j+Bk)+A,j-(Bi+B, j+Bk)+Ak-(Bi+B,j+B.k)

But — }.j=0,i-k=0; j-k=0
ii=1j-j=1 k-k=1
So  A-B=Ai-Bi+Aj] B j+Ak Bk

A
A B _+ AyBy + A B.



Example 1.17

Consider the two vectors a and b. Suppose a has modulus 4 units, b has
modulus 5 units, and the angle between them is60° . Find the scalar product
of the two vectors.

Example 1.19

Suppose we wish to test whether or not the vectors a and b are
perpendicular, where

a=3/+2j—k and b=;-2,—F



Given the vectors: A = 31 + 2] — kand B = 51 +5j, find:

a. The dot product A-B.
b. The projection of A onto B.
c. The angle between A and B.

d. A vector of magnitude 2 in the XY plane perpendicular to B.

e. Find the angles that the vector A+B makes with
the X,Y and Z axises



Cross Product

The vector product or cross product of two vectors is defined as another vector having a
magnitude equal to the product of the magnitudes of two vectors and the sine of the angle
between them. The direction of the product vector is perpendicular to the plane containing

the two vectors, in accordance with the right hand screw rule or right hand thumb rule
— — —
C = AxB

lcl = |4 x B| = 4Bsin6

* Direction: C perpendicular to both A
and B First practice

The cross product of two vectors

AxB=BxA? results in a new vector.
r— R— — 0 is smaller angle between the vectors
AXB= —-BXA — Cross product of any parallel vectors = zero

— Cross product is maximum for perpendicular
vectors



Cross Product

—_—

C=AxB

@Cross product:
AxB=C=>C=4Bsm@g; CLA; CLB

Q@Properties:
AxB=-BxA s .
Ax(B+C)=AxB+AxC 7 o y
@Parallel and orthogonal vectors: 4 J1 i
A|B=sinf=0=>AxB=0 p X
A LB=sinf=1=|AxB|= 4B ‘
@Cross product of a vector with itself: 1
AxA=0 [ I\
} k /Q:—j;jx/ézf j\/k
xi=0; j 7=0 kxk=0



More about Cross Product
AXB = (AyB, — A,B,)i + (4,B, — AB,)j + (4B, — AyBk
How do we show that ";1} x B = {“1,];53 o AEEJ.'}E + (AgBy — A B )j + {‘4.1'3]: 3 "I'll}'E;r}‘Ef
start with - I Ayj + Az
B = Byi + Byj + Bzk

Then 4 x B = (Agi+ Ayj + Agk) X (Bsi + Byj + Bek)
= Agi X (Byi + Byj + Bek) + Ayj % (Byi + Byj + Bek) + Azk X (Byi + Byj + B;k)

But

Pl =i

L ] I"-i].
I

— =

50

AXB = ALJ{B},}-I—AELHBk-I—A},j Hei L At B,k
YAk Bi+ Ak - B



Torque as a Cross Product

R [ The torque is the cross product of a force
T=7rXF vector with the position vector to its point
of application

‘T‘ =rFsinf=rF =rF,

| <u d The torque vector is perpendicular to the
v E plane formed by the position vector and
i N the force vector (e.g., imagine drawing

them tail-to-tail)

d Right Hand Rule: curl fingers from r to F,
\ thumb points along torque.
O

y Tnet = Z T = Z I, x F; (vector sum)
T all i all i .
Superposition.
P\
\ b 0 Can have multiple forces applied at
% 7 multiple points.

S k d Direction of 1, Iis angular

acceleration axis



Wrench Torque Fup N
|

Fdown

—_—

K up cause a counterclockwise rotation, then the torque is positive

Fdown, cause a clockwise rotation, then the torque is negative



Calculating Cross Products

—

Find: 4xB Where: 4-27+3] B=—i+2j

Solution: AxB=(2i +3))x(~i +2))
=2 X(—1)+2i x2j+3jx (=i )+3jx2]
=0+4ix j—3jxi +0=4k+3k =Tk

Calculate torque given a force and its location
F=2i+3)N 7=(4i+5))m

Solution: 7 =7 xF =(4i +5))x(2i +3)

4 x20 +4i X3 +57x2i +57 %3]

0+4ix3]+5x2i +0=12k —10k = 2k (Nm)



Determinent Solution




Two vectors u= i+2j+k, and v= -j+2k, find uxv

() j k i (D k i j (0
uxv 1 -1 1] 2 |1 + 1
0 o| -1 |2 2

=i(2x2-1x(-1)) - j (1x2 - 1x0) + k({ 1x(-1) - 2x0 )
=5i - 2j - 1k = (5,-2,-1)T




Given the vectors A=i-2j+4kand B=3i+j-2k find AxB and ‘A:«:B‘.

Answer 1;

=i(4-4)+j(12+2)+k(146)

=14j+ 7k

AxB|=\196+49 =245 =157




24.For the following three vectors A=—i +2j, B=i -2k ,and C=-2j +2k
find,
1. The angle between the vectors D=A +B, and T=A-C

2. find the vectors E=AxC,and F =BxC , and the unit vectors E

25.When two vectors A and B are drawn from a common point, the angle
between them is@ . Show that the magnitude of their vector sum is

given by VA +B>+2AB cosf . If A and B have the same magnitude,

under what condition will their vector sum have the same have the
magnitude of the vector A or B?



Two vectors A and B have the magnifudes of 2 and 3 respectively, and the magnitude of their vector product is
0. Find the magnifude of their scalar product

unknown displacement of the joumeyv.

4

B) Two vectors ,,z =i— 3k, E - 3 Jf — k . find the unit vector in the

direction Dfﬁ 4 .E&.F

If A=2i—j+2k, B=i+], find
a) a third vector C has the magnitude of 4 and make an angle 90° to the vector B .
b) The angle between (A% B Jand (A-C)




ﬁree vectors A= 2m. B=4m and C=3m. Vector A lies in the x-z plane make an

angle 30° with the z-axis. Vector B lies in the v-z plane make an angle 60° with the v-
315:15 and V ector C lies parallel to the v-axis. Find

a) .E' [J{}{C}
b) The angle that the vector A — C make with the z-axis

Vector A= 21 + 3 - 4k and vector B= -2t 3j - Tk, Find a third vector in the 3D-space

has double of magnitudz and perpendicular to the vector ( A- E) and make an angle 60° with
the Y- axis.

~ -
Two vectors A and B have the same length and located in the xz plane are drawn from a common
_:|.

_:|.
point. The Vector B is 60° above vectarA. If their vector sum equal 4 m, what is the magnitude of

- -~ =
each of them. Find the unit vector in the direction perpendicular tojA and 4 + B.



Biostatic

o
-
9,
o
Q.
0
X o
O




MUSCULOSKELETAL SYSTEM:

The combination of bones, joints, muscles and related
connective tissues are known as the musculoskeletal system.

Joints:

Where the bones come Bones:

together (and with the The framework of the body is

power of the muscles) give ____ the skeleton (Bones). Bones
of the skeletal system consist

a variety of range of
motion (R.0.M). Joints,
(joint, classifications)
consist of 360 joints. :

of 206 bones.

Muscles:
The body's motive power.

(muscular system) consist of
640 muscles.




Equilibrim (Statics)
Object at rest, net force 1s zero

« Example: Book on a table, two forces acting on it
— Gravitational force
— Normal force

« Book at rest, acceleration zero, total force 1s zero

o Gravitational force and normal force balance
each other

 The book is in equilibrium
(“balance” in Latin)

1 Normal force

' Gravity




Static Equilibrium (No Motion)

Static equilibrium conditions

1. No Translational Force

Resultant external force must equal
Zero

F_:net :Zﬁ:ext :O

2. F= ZFy =2F =0
>.F, =T{cos8 —T,=0
ZFy= Tlsine—T?, =0

Upper Forces balance Down forces
Forces to the right balance Forces to the left




Example

Calculate the tensions F, y
and F, in the two cords that |_

are connected to the
vertical cord supporting
the 200-kg chandelier
shown. Ignore the mass of
the cords.

el 200 ke



Conditions for Equilibrium

For an extended object to be in equilibrium, a second
condition must be satisfied

2. This second condition involves that No rotational
motion of the extended object

The net external torque on the object must equal zero

The second condition of equilibrium:

—_—
> = 0
F . fnet = Zz_:ext = ]a = O

" This must be true for any axis
of rotation



—_—

F up cause a counterclockwise rotation,
then the torque is positive

AN
7

F 4,47 cause a clockwise rotation,
then the torque is negative




2"d Conditions for Equilibrium

The net torque equals zero

This means that the torque causes
counterclockwise rotation balances with the torque
that cause clockwise rotation

ye-0
Tnet — Zrext =0

Tcew — Tcw



A seesaw consisting of a uniform board of mass M, and length L

supports a father and daughter with masses M and m, respectively.
The father is a distance d from the center, and the daughter is a

distance 2 m from the center.

a2 A) Find the magnitude of the upward force n exerted by the

support on the board.

2 B) Find where the father should sit to balance the system at rest.




A) Find the magnitude of
the upward force n exerted

by the support on the
board.

B) Find where the father
should sit to balance the
system at rest.

F,=n—-mg—-—Mg—m,hg=0

net,y

n=mg+Mg+m,g

Toers =Tq +T,+7,+7,
=mgd —Mgx+0+0=0
mgd = Mgx

x:(ﬂjdzz—m<2.00m
M) M

=1}

2.00 m

ooooooooooooooooooo




Axis of Rotation

The net torque is about an axis through any
point in the xy plane

Does it matter which axis you choose for
calculating torques?

NO. The choice of an axis is arbitrary

If an object is in translational equilibrium and
the net torque is zero about one axis, then the
net torque must be zero about any other axis

We should be smart to choose a rotation axis
to simplify problems




A uniform 40.0-N board supports a father and daughter
weighing 800 N and 350 N, respectively. If the support is
under the center of gravity of the board and if the father is

1.00 m from the center,
Determine where the child should sit tn halanra tha cucteam

Take an axis perpendicular to the P
page through the center of " ¢ |r %
gravity G as the axis for our - & '\ | K“I

torque W[ 400N A

27 = (yields
n(1.00 m) — (40.0 N)(1.00 m) — (350 N) (1.00 m + x) = 0

—> x = 2.29 m.



Center of Gravi

0 The torque due to the gravitational force on
an object of mass M is the force Mg acting at
the center of gravity of the object

0 If g is uniform over the object, then the center

of gravity of the object coincides with its
center of mass

2If the object i1s homogeneous and

symmetrical, the center of gravity coincides
with




Where is the Center of Mass ?

Assume m; = 1 kg, m, = 3 kg, and x; =
1 m, X, =5 m, where is the center of
mass of these two objects? mx, +myx,

m, +m2

y Xemw =
A) Xey = 1m
B) Xem =2 M
C) Xy =3 M
) CM @
E) Xy =5 m o *2

XM

ny




Center of Mass (CM)

An object can be divided into

many small particles )
Each particle will have a
specific mass and specific (%,97) (%9,)0)
coordinates 4 ”:2
The x coordinate of the my
center of mass will be x (%3,3)
CM @
Zmixi mg
Xem = Zmi O
Similar expressions can be

@ 2007 Thomson Higher Education

found for the y coordinates

v 2 m;Y;
CM Zimi




Center of Gravity for Irregular shape
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Problem-Solving Strategy 1

Draw sketch, decide what is in or out the system
Draw a free body diagram (FBD)

Show and label all external forces acting on the object
Indicate the locations of all the forces

Establish a convenient coordinate system

Find the components of the forces along the two axes
Apply the first condition for equilibrium

Be careful of signs F.__=YF._ =0

Fnet,y — ZF:ext,y — O



Problem-Solving Strategy 2

Choose a convenient axis for calculating the net torque
on the object

Remember the choice of the axis is arbitrary
Choose an origin that simplifies the calculations as
much as possible

A force that acts along a line passing through the origin
produces a zero torque

Be careful of sign with respect to rotational axis
positive if force tends to rotate object in CCW
negative if force tends to rotate object in CW
zero if force is on the rotational axis

Apply the second condition for equilibrium etz = 2.7, =0



Problem-Solving Strategy 3

The two conditions of equilibrium will give a system of
equations

Solve the equations simultaneously

Make sure your results are consistent with your free
body diagram

If the solution gives a negative for a force, it is in the
opposite direction to what you drew in the free body
diagram

Check your results to confirm — Freus =2 Fe =0



Horizontal Beam Example

A uniform horizontal beam with a
length of / = 8.00 m and a weight
of W, = 200 N is attached to a wall
by a pin connection. Its far end is
supported by a cable that makes
an angle of ¢ = 53° with the beam.
A person of weight W, = 600 N
stands a distance d = 2.00 m from
the wall. Find the tension in the
cable as well as the magnitude and
direction of the force exerted by
the wall on the beam.

~ a1

g e b g el




Horizontal Beam Example

The beam is uniform

So the center of gravity
is at the geometric
center of the beam

The person is standing on
the beam

What are the tension in
the cable and the force
exerted by the wall on
the beam?




Horizontal Beam Example, 2

Analyze

Draw a free body
diagram

Use the pivot in the 0

~|

=3l

53.0°

problem (at the wall)

as the pivot v‘rgoo N
This will generally be
easiest

Note there are three

unknowns (T, R, 0) (b)

uuuuuuuuuuuuuuuuuuuuuuuu

600 N



Horizontal Beam Example, 3

The forces can be
resolved into Rsinf T'sin 53.0°
components in the 2 i

free body diagram Rcos P B3 0

Apply the two = <=
COI’]dItIOI’IS Of 2 00 m ‘200 N
equilibrium to obtain

three equations 600 N

Solve for the «—4.00 m—>

unknowns

@ 2007 Thomsan Higher Education



27, =(Tsing)()-W,d - Wb(é) -0

[
W.d+W, (=)
T P | 2" _ (600N)(2m)+.(200N)(4m) _313N
[sin ¢ (8m)sin 53°
YE.=Rx—Tcos57 =0 Rsind R T Tsin 53.0°

Y'F, = Ry + T'sin57 — 200 — 600 = 0

Ry_t 9_800—Tsin57
Rx any = Tcos 57

0 = tan~ 1 @ =71.7°
281.6

P Tcosep (313N)cos53°

cos 6 cos71.7°
= 581N

R=JR,%+R§



Muscles, bones, and joints are some of the
most interesting applications of statics.
There are some surprises. Muscles, for
example, exert far greater forces than we
might think. Muscles apply torques against
the torque exerted by the weight

i

Biceps
muscle

'~ and
tendon

EXMMG 2010

Triceps muscle
and tendon




EXAMPLE

A person holds a 50 N sphere in his hand. The forearm is horizontal.
The biceps muscle is attached 3 cm from the joint, and the sphere
iIs 35 cm from the joint. Find the upward force exerted by the
biceps on the forearm and the force exerted by the upper arm on
the forearm and acting at the joint. Take the weight of the forearm
iIs 40N acting at distance 15 cm from the joint.

80
Tm

1 \ Biceps Wa =40N Wb= 50N

mg=50.0 N
d=3.00cm
{=350cm

msin

: TN
[ : T_cos8
Ry COS

T
0

>F,=0,R,—T,cos0=0,R,=T,,cos0 ... (1)
ZFy = 0,T;,sin80 — R, —w, —w, =0,

mg

S — 1| Ry = TpSin80 — 90 .o (2)




TR + TTm + TWa+ TWb =0

0+T,,,(3)sin100- 40(15) sin90-50 (35)sin90= 0
. 2350

™ 35in100

R, =T, cos80 =138 N

= 795 N,

R, =T,,sin80 — 90= 693 N




Find The Forcess T and R

2.0 kg

). ®

In the shown free body

diagram, Take the weight of

the arm 3 kg affected

At distance 15 cm apart from
the jointIf 8 =45°, the angle
that the arm

Makes with the hotizontal is
60°

If
= 40° and the angle that the tension

In the bicep muscle makes an
angle 130° with the forearm



Deltoid Muscle

Find the tension in the deltoid muscle and the reaction
force at the shoulder joint.

(a)










The Back and Spinal Column

= weight of body trunk (320 N)

1

weight of arms and head

plus 225 N (382 N)

rigid fulerum at about

fifth lumbar vertebra

= boom (body trunk)

= cable representing
effective muscle

= 2/3 AB

= 1/2 AB

= tension in the muscle
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The Hip Joint

The hip joint and its simplified lever representation, with dimensions that are &g '“f>§‘?§ M?)

typical for a male body are shown in Figure 2.24. The hip is stabilized in its @Qz’?é
( »l /- \‘/
socket by a group of muscles, which is represented in Figure 2.24, (left) as a f\ ‘1"’ ‘U/

single resultant force Fy,. When a person stands erect, the angle of this force ‘\
s about 71 with respect to the horizon. /¥ represents the combined weight =\ \

of the leg, foot, and thigh. Typically, this weight is a fraction (0.185) of the total ’ \\
body weight # f.e., W, = 0.185/). The weight /# Is assumed to act E\@?

vertically downward at the midpoint of the limb.

IIIJS l



1o

—
-—

W, =0.185W= 130N



71°

YF,=0,
- F;, + Fycos71 =, F;, = Fycos71 ...(1)
ZFy =0, Fysin71—F,,—w, +W =0,

F;, = Fysin71 + 570 ... (2)

YT =0, TFM-I-TF]-I-TWL+ Tw =0

0 -F;(AO)sing- 130(AB) sing +700 (AC)sing= 0
700(18) — 130(10)
Fry = 7

1614 — 570

Fyy=—————=1104 N
M sin71

Fp, = Fycos71=1104 cos71= 360 N

= 1614 N,




. The shown diagram illustrates the forces acting at knee and on tibia.

The leg makes an angle of 30° with the horizontal. The weight of the
leg W1=100N, and WO = 75N. Find the bone-on-bone joint reaction

force F; and the force exerted by quadriceps muscle FM. Take

0 = 32° 0A = 10cm, AB = 7 cm and BC = 15 cm.




Example

The system of the shown leg and the cast is in equilibrium that no
force is exerted on the hip joint by the leg and the cast, if w;= 220N,
and 6 = 30°, then the weight w, = .......c.ccociiiieiianes

and the angle a =..............

w

N

LHON . g \%






The shown free body diagram represent the hip joint for a standing person,

where the forces at the muscle, the joints and the weights affecting the
system are shown in the figure.

Take AO= 7 cm, AE= 20 cm, ED= 24 cm, W, = 130 N, and ¢ = 45°, find the
magnitude of F,, and F,



Chapter 3

Elastic Properties of
Material

Spocha.
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Stress and Strain




Solid
Liquid
Gas
Plasmas

States of Matter



Solids: Stress and Strain

Stress = Measure of force felt by material

Force F

Area A

Stress (o) =

» SI units are Pascals, 1 Pa = 1 N/m?2
(same as pressure)



Solids: Stress and Strain

Strain = Measure of deformation F

AL
Strain =

A
- dimensionless
- X
2x
Y




There are three kinds of stress commonly defined as:

Tension CDIHPI’E‘SSiDH Shear

extension as a fractional change in length. We call this the tensile strain
which we define as the extension per unit length.

£€= — (8.2)




Materials Beaviour under Stress

x/ﬁkhlﬂ

. - . s
Plastic Region Point

Elongation, AL
Stress (o) = F/A

Elastic Region and Elastic Limit
Plastic Region Permanent Deformation
Ultimate strength

Fracture Point



Strain Hardening Necking

Stress | | :
A ,
Ultimate Strength
\FraCtUTE
Yield Strength
Elastic limit Stress (o) = F/A
e Strain (¢) = AL/ L
Run
_o _ F/p _ FL
o s =S V=7 =5 ® am
Run L

e

Strain



Linear Region (Elastic Region)

3.2 Young modulus

The form of Hooke's law represented in Eqg. 3.3 is not the most useful form
because the value of A is different not just for each material but also for

different cross-sectional areas. So we need to introduce a new quantity known

as Young modulus or elastic modulus, which depends only on the material
type. Young modulus relates the elastic deformation of a solid to the
associated stresses. |t is defined as #e ratio of stress over stam mn e
region i which Aookes Law /s obeyed for the maferal This can be
experimentally determined from the slope of a stress-strain curve created

during tensile tests conducted on a sample of the material.

o _ F/a _ FL

g ALY, AAL
Units N/m?, measure of the hardness (Stiffness) of the
material



o
Al

From which one can find

F =kAL
K is the constant is called
spring constant

K= YA/L measured in N/m

A 15 cm long animal tendon
was found to stretch 3.7 mm
by a force of 13.4 N. The
tendon was approximately
round with an average

diameter of 8.5 mm.
Calculate the elastic modulus
of this tendon







Values of Young” s Modulus for some Materials

Material Young's modulus (N nr?)
Steel 2.0 10"
Brass 1.3 5104
Cast iron 1.0 ¢ 101
Aluminium 7.05%10
Marble 5.0 101
Concrete 2.0 x 107
Brick 1.4 10
Bone (human femur) 14 510"
Timber (pine)

parallel to the grain 1.0510%

across the grain 1.02¢10°
Nylon .0 10°
Glass (crown) 7.1 »70W
Granite 455 10%

Rubber 4.0 x 106




Example

(a) Find the minimum diameter of a steel wire 18 m long that elongates
no more than 9 mm when a load of 380 kg is hung on its lower end. (b)
If the elastic limit for this steel is 3 x 108 N/m?, does permanent

deformation occur with this load?







If the elastic limit for this steel is 3 x 10® N/m?, does permanent

deformation occur with this load?

_ Strain Hardening ~ Necking

|

Ultimate Strength

Yield Strength

Elastic limit
Rise
Run

Young's Modulus =ise;= Slope
Run

N

Fracture

> Strain




7. A pipe has an inner radius of 0.02 m and an outer radius of 0.023 m. If

subjected to a tension stress of 5 x 10’Nm~2, how large is the applied

force?




8. A man leg can be thought of as a shaft of bone 1.2 m long. If the strain

is 1.3 x 10™* when the leg supports his weight, by how much is his leg
shortened?




Shear Modulus

Fixed face



Stress in 3D Bulk Modulus

AF / @ «— Change in Pressure

A
B A S S
AV — '
/ % Volume Strain




Table3.1: typical values for elastic Modulus

substance young Shear bulk
modulus(N/m?) | modulus(N/m?) modulus(N/m?)

Tungsten

Steel

Copper 11:x 157 4.2 %1019 14 x 1010

Brass 9.1 x 1010 3.5 x 1010 6.1 x 1010

Aluminum 7 % 10%° 2.5 x 1019 7.%,10%

Glass 65—78x10"° [ 2.6—3.2x10% 5—5.5x 10"°

Quartz 5.6 x 1010 2.6 x 1010 2.7 % 100

Water — ~ 0:21 % 101°




Elastic Strain Energy

When we stretch a wire, a work done on the wire. We are stretching the
bonds between the atoms. [f we release the wire, we can recover the energy
stored in the wire due to stretch, which is called the elastic strain energy.

£ =2FAl
2

Substituting for F from eq. 3.5 we get

YAAIL
F-=

l
£="A
21




Bone Fracture, Energy consideration

Fp = 0gA = %ai

The compression Al at the breaking point is, therefore,

From Eq. 3.8, the energy stored in the compressed bone at the point of

fracture is

YA ogl,
_21(1’

Example 3.6
Discuss the possibility of fracture of two leg bones that each have a length of

E

about 90 cm and an average area of about 6 cm2 when a 70 kg person jump
from a height of 60 cm.




The breaking stress of the bone o5 is 107 dyn/em?, and Young's modulus for
the bone is 14 10*° dyn/cm?. (Hint: dyn = 10™>N = 10uN,erg = 1077],
dyn/cm?® = 1071 N/m?)

The total energy absorbed by the bones of one leg at the point of compressive

fracture is, from Eq. 3.11,

_  Alog’

I ¢

16 x107*m?)(0.9m)(10°N /m?*)*

= 192.86
2 14 x 10°N/m? /

Now we have to calculate the energy gained by jumping

E=mgh=70(9.8)(0.60) =411.6]




Now, this energy is evenly distributed on both legs, thus each leg absorbs
energy equals to411.6//2 = 205.8]. This number exceeds the allowed energy
to be stored at the bone break which will endanger the leg bones and it would
cause bone fracture. If this person jumped on one leg this might lead to
multiple fracture because of the huge difference between the allowed energy

(less than 192.86]) and the energy stored due to jumping (411.6]).




Examples

16.Assume that a 50 kg runner trips and falls on his extended hand. If the
bones of one arm absorb all the kinetic energy (neglecting the energy
of the fall), what is the minimum speed of the runner that will cause a
fracture of the arm bone? Assume that the length of arm is 1 m and

that the area of the bone is 4 cm?.

- et

_q i +
Lxle x4 x(d)*
2 X x)oT

—142.36T = 25N

Lb_/_z_._gf = 0’»5?:”/:




A child slides across a floor in a pair of rubber-soled shoes. The

frictional force acting on each foot is 20 N. The footprint area of each

shoe’s sole is 14 ¢m?, and the thickness of each sole is 5 mm. Find the
horizontal distance by which the upper and lower surfaces of each sole
are offset. The shear modulus of the rubber is 3 x 10° N/m?.

_F/jA _Fh _ 20(5x1073)
S-Ax/h > Ax = AS ~ (14x10-%)(3x109)
10~3 —5
= =2.4xX10"°m
42

Sheer Stress

*“——Sheer Strain




Thermal Properties of Matter

Ciore Temperabare

Room Temperature (@




Definitions

I

HEAT TEMPERATURE



The Law of Equilibrium

Definition of Temperature

* If objects A and B are in thermal
equilibrium, then they are at the same
temperature.




How to measure the Temperature

 Many physical properties of materials change
sufficiently with temperature to be used as the
bases for thermometers:

= The change in volume of a liquid
The change in length of a solid

The change in pressure of a gas held at constant volume

The change in electrical resistance of a conductor

The change in color of a very hot object.




Temperature Scales

Steam point 100°

Ice point

—

Celsius

1 L o e o it o e e e, e

Fahrenheit

e s ] ] e sl s e e e e e

Kelvin

* Column of fluid
changes height in
response to warmth
or coolness of
surroundings

Numbers assigned to
the height establishes
the temperature scale

Each division In the
scale Is called a
degree




Temperature Scales
* Defined by:

— Height of column when water freezes (0°C = 32°F)
— Height of column when water boils (100°C = 212°F)

* Note: 40°C =—40°F

Fahrenheit and Celsius Scales




260
240
220
200
180
160
140

= 130

°_ 100

60
40
20

-20
-40
-60

Conversions

Fahrenheit and Celsius Scales

-60

-40 -20 0 20

100

Slope:

Intercept = 32°F

AT, 212°F—32°F 180°F 9

AT. 100°C-0°C 100°C 5

120



From °C to °F

From °F to °C

Temperature 9 0 _2(T _300
Reading I = 5 fet32 fe = 9 (7, =32°)

Temperature AT — gAT AT. = EAT
Change S © 97




Absolute Zero and Kelvin Scale

* Temperature is in units called kelvins (K)
« T=0K Is called absolute zero

* Represents the temperature at which an
ideal gas

T=T.+273.15K
AT = AT,



. Characteristics of a Gas

A) Gases assume the shape and volume of a
container.

B) Gases are the most compressible of all the
states of matter.

C) Gases will mix evenly and completely when
confined to the same container.

D) Gases have lower densities than liquids or
solids.



C) The study of gases and its results formed
the primary experimental evidence for our
belief that matter is made up of particles.
MATTER IS NOT CONTINUOUS.

lll. Measurable Properties of a Gas

A) Mass - moles - symbol is n
B) Pressure - symbol is P
C) Volume - symbol is V

D) Temperature - must be in K-symbol is T






at constant pressure

Charles’s Law _

V1/T1=V2/T2



Gay-Lussac’'s Law

Old man Lussac studied the direct relationship
between temperature and pressure of a gas at
constant volume.

As the temperature increases the pressure of a
gas exerts on its container increases.




PV = nRT
P = Pressure (in kPa) V =Volume (in L)
T = Temperature (in K) n = moles

R=8.31kPa-L
K e mol




Ideal gas law the functional
relationship between the
pressure, volume, temperature
and moles of a gas. PV =
NRT; all gases are ideal at
low pressure. V =nRT. Each
of the individual laws is
contained in this equation.



How many moles of H, is in a 3.1 L sample of
H, measured at 300 kPa and 20°C?

PV =nRT P=300kPa,V=31L,T=293K
(300 kPa)(3.1 L) = n (8.31 kPasL/K*mol)(293 K)

(300 kPa)(3.1 L) o |
831 kPa-L/K-mo(293K) I oo MO




ldeal Gas Law

The pressure, P, volume V, and temperature T of an ideal gas
are related by a simple formula called the ideal gas law.

J
PV — ?’}‘,RT o= SIBIE . ol

Rigga e

K - mol

PV BV
T, T




2.50 g of XeF4 gas is placed into an evacuated 3.00 liter container at 80°C. What
15 the pressure 1n the contamner:

Solution

nRT
PV =nRT = P =——

V

m 2.5
——— = 0.012 mole, R = 8.314 J/mole.K,

" Mw 20728

Te= Tr + 273.15 = 80 + 273 = 353K

V=3x103m?

0.012 x 8.314 x 353
P = — = 117 x 10* Pa
3x10




A hydrogen gas thermometer i1s found to have a volume of 100.0 em?® when placed
in an ice-water bath at 0°C. When the same thermometer 15 immersed in I:rﬂi]ing ]iquid

chlorine, the volume of hydrogen at the same pressure 1s found to be 87.2 em®. What

1s the temperature of the boilling point of chlonner

Since
Pj_:FE at Tj_ — 273 K

Thus,

; V- V
1 = .
= To = ——=T
Tl TE ]I = I"rlrl =
87.2
x 273 = 238.056 K




Thermal Expansion
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Most solids and liquids expand when heated. Why?

Average distance between atoms

Inter-atomic forces

“springs”

Internal Energy U is
associated with the
amplitude of the
oscillation of the
atoms







Linear Expansion of Solids

The change in one dimension of a solid (length, width or thickness) is called
linear expansion. For small temperature changes, linear expansion is

approximately proportional to the change in temperature; AT =T -T,. The

fractional change in length is called the thermal strain, which is equal

L-1, AL Thermal strain S ——
=—, |le— L, —=H
L, L, 0 AL

Where L, is the original length at the original temperature T,. This is related

to the change in temperature by

iﬁzmr or AL=aLAT, (4.17)
()



Where « is the thermal coefficient of linear expansion, which has units of
K~'. We can also write down an expression for the final length L after a
temperature change:

Linear Expansion ] T
AL =  aLAT |, | L |
L-L, = aLAT |77 L-Laranf Y
|
L = L,talL Al o — thermal coefficient R, ) T = T, + AT
F — Lu (1 +a AT ) of linear expansion |= [ ,!




Linear Thermal Expansion Coefficient

The coefficient of expansion may vary slightly for different temperature
ranges. Since this variation is negligible for most applications, we (usually)

consider a to be a constant and independent of temperature.

Different substances expand at different rates, which because they have

different thermal expansion coefficient.

Cocefficient of Volume Expansion, -
g aluminum
at 20 C
Coefficeint of Linear
Material Expansion, « { C) !
Aluminum 25 % 10°®
Steeal |2 % 1O .—/ﬁ\—.
(zlass 9 x 10® | = EtEEI

Concrete =12 x Or®



low expansion coefficients Linear Thermal Expansion
o ~10¢ K-

high expansion coefficients AL = aLOAT
~ 104 K-1
oa~10*K AL = [ — L()
@~ 10 K- AT =T — T,

A concrete slab has a length of 12 m at —5 2C on a winter's day. What is the change

in length from winter to summer, when the temperature is 35 °C ? The linear

expansion coefficient of concrete is 1 X 16390

Solution
AT = (Tr—T,) = (35— (=5)) = 40°C
_— i

Al = al,AT =1 x 107°°C1 x 12m x 40 °C = 4.80 mm




A steel rod 4.00 cm 1n diameter is heated so that its temperature increases by 70.0C ¥
It1s then fastened between two ngid supports. The rod 1s allowed to cool to its onginal
temperature. Assuming that Young’s modulus for the steel is 20.6 X 10*° N/m? and

that its average coefficient of linear expansion is 11 X 107° °C™%, calculate the

tension 1n the rod.

N .
r=2em=2X10"2m Y., ;=206%X10""— gnd g=11% 107%™

m?2'
O = Yeteel €
Where
F Al
g = i and & =f_n
Thus,

F = Yeteol Kf:l:”:



F = Ystear X A :”:

The change in length due to increase in temperatuze is

Al
F= Fstﬂei X A X (E) o Fst&e! H@ {EﬂTj

N . ;
F=20.6x10" — x [m(2 x 107%m)?) x (11 x 107°°C~' x 70.0C )
m

F=199%x10°N = 2% 10°N




Linear

L

0

L

AL=al AT

AL

Area Volume
A

4 L= ’

AA =20 A, AT

AV =3aV, AT = BV, AT

30



Volume expansion — solid cube

V. =L3

V=L3=(,+al,AT=L31 + o AT)3
V=LA +3aAT+3a>AT?+ o’ AT3)

V=L3(+3aAT) (ignoring higher order terms)

V-V,=AV=3oL3AT =BV, AT

o coefficient of linear expansion
B coefficient of volume expansion

31



15. A thermometer has a mercury-filled glass bulb with a volume of
2 X 1077 m? attached to a thin glass capillary tube with an inner radius
of 5 X 107> m. If the temperature increases by 100°C, how far will the

mercury rise in the tube? (volume thermal expansion coefficient of

mercury= 1.82 x 10~* K~ 1).

Vo= mrhy=2x 10" m3, wherer =5 x 10~°m, 0
is the inner radius of the capillary, AT =100 °C
and hy is the initial height of the mercury, so

/4 2x1077
nr 3,14x(5x1075)

The new volume of the mercury after the expansion

V =V,|1+ BAT|, where B = 1.82 x 10°*K tand V = nir*h,and h is the
New height of the mercury, so

nr’h= nr®h, [1 + BAT| »>>> h= h, |1 + BAT]
h=254[1+1.82x10"*(100)|=25.4 X 1.0182 = 25.86 m



Expansion Coefficients

AL =alL,AT
AA =y A,AT
AV = pV,AT

Linear Expansion — 1D

Area Expansion — 2D

Volume Expansion — 3D

If «is the same in all directions then

Y =2

[ =3



Heat as a form of Energy
What is HEAT?

 Form of energy and measured in
JOULES, Ergs, Calorie or BTU
(Thermal Units)

* Particles move about more and take up
more room if heated — this is why things
expand if heated

* |tis also why substances change from:
solids liquids gases
when heated



Heating and Cooling

* If an object has become hotter,
it means that it has gained heat energy.
AT >0 (positive)
* If an object cools down, it means it has
lost energy
AT <0 (Negative)

Heat energy always moves from:

HOT object COOLER object

Cup of water at 20 °C in a room at 30°C - gains heat energy and heats
up — its temperature rises

Cup of water at 20 °C in a room at 10°C loses heat energy and cools
down — its temperature will fall.



Heat Capacity

Heat capacity is the amount of energy required to raise the
temperature of a substance by 1K or 1°C.

Different substances will have different thermal capacities, and
different masses of the same kind of substance will also have
different thermal capacities.

Heat Supplied (Q) = Heat Capacity (C) x Change in temperature (AT)

Heat Capacity (C) =




Specific Heat Capacity

« Specific Heat Capacity
can be thought of as a
measure of how much
heat energy is needed to
warm the substance up.

You will possibly have
noticed that it is easier
to warm up a saucepan
full of oil than it is to
warm up one full of
water.




« Specific Heat Capacity (C) of a substance is
the amount of heat required to raise the
temperature of 1g of the substance by 1°C (or
by 1 K).

« The units of specific heat capacity are J °C-1 g
or J K' g'- Sometimes the mass is expressed

in kg so the units could also be J °C-' g or J
K-1 kg

The amount of heat energy (q) gained or lost by a
substance = mass of substance (m) X specific
heat capacity (C) X change in temperature (AT)

Q=mxcXx AT



+ ApproximatevaluesinJ / kg ° Kofthe
Specific Heat Capacities of some substances
are:

Air 1000 Lead 125
Aluminium 900 Mercury 14
Asbestos 840 Nylon 1700
Brass 400 Paraffin 2100
Brick 750 Platinum 135
Concrete 3300 Polythene 2200
Cork 2000 Polystyrene 1300
Glass 600 Rubber 1600
Gold 130 Silver 235
Ice 2100 Steel 450
Iron 500 Water 4200



How much energy would be needed to heat 450 grams of
copper metal from a temperature of 25.0°C to a temperature

of 75°C? The specific heat of copper at 25°C is 0.385 J/g °C.)

The change in temperature (A7) is:
75°C - 25°C = 50°C
Given mass, two temperatures, and
a specific heat capacity, you have

enough values to plug into the = energy transfered (joules)

g : = mass of water (grams)
specific heat equation = specific heat capacity

gq=mxCxAT . = temperature change (K or°C)
and plugging in your values you get
Q = (450 g) x (0.385 J/g °C) x (50°C)
= 8700 J



assume that m, is the mass of unknown substance, whose specific heat c, is

to be determined, and then it is heated to a certain temperature T,. Likewise
take an amount of water m,, which its specific heat is known ¢,, and its
temperature T, is known. If both substances are mixed and left until their
temperature remain constant (final temperature 7;), so we can apply the

conservation of energy as,
Qgain(W) + Quost (x) = 0 = mWEW(Tf - Tw) + mxfx(Tf i Tx) =0

Solving this equation for c,., we find

c = m,c, a} _Tu' }
=, @, T,) (4.25)




A quantity of hot water at 91°C and another cold one at 12°C. How much

kilogram of each one is needed to make an 800 liter of water bath at
femperature of 35°C. Y




______HeatTransfer

* Heat is transferred through a material by
being passed from one particle to the next

 Particles at the warm end move faster and
this then causes the next particles to move
faster and so on.

* In this way heat in an object travels from:

—

the HOT end the cold end



Conduction

Occurs by the particles hitting each other
and so energy Is transferred.

Can happen in solids, liquids and gases,

Happens best in solids-particles very
close together

Conduction does not occur very quickly in
liquids or gases




Heat Rate H= Ag/At




For heat transfer between two plane surfaces, such as heat loss through the
wall of a house, the rate of conduction heat transfer (H) is the energy
transferred per unit of time:

H =g= A Tnae L o)

t N
Where L is the separation distance (thickness) between the hot and the cold

., measured in Watt (4.26)

sides, A is the contact area, (I',,, —7T_,,)is the temperature gradient, and xis a

constant called the thermal conductivity coefficient of the material measured
in W/mK. This constant is a characteristic of the material. Table 4.5 shows
some values of xfor different materials. Those with high xlike metals are

good heat conductor and with small xlike gases and nonmetals are good
insulator.



Table 4.5: The thermal conductivity coefficient for different materials.

Substance (W m-1K-1) A Substance (W m1K1)
Silver 427 Ice 2
Copper 397 Water 0.6
Aluminum 238 Wood 0.08
Gold 314 Air 0.023
Concrete 0.8 Hydrogen 0.1
Glass 0.8 Helium 0.138




An aluminum pot contains water that is kept steadily boiling (100 °C). The
bottom surface of the pot, which is 12 mm thick and 1.5x10* mm? in area, is
maintained at a temperature of 102 °C by an electric heating unit. Find the
rate at which heat is transferred through the bottom surface. Compare this
with a copper based pot. The thermal conductivities for aluminum and copper
are shown in the table.

The thickness of ghe potis L =12mm=0.012 m
and the temperature differece AT=102-100= 2°C
The surface area A= 1.5x10* mm? = 1.5x10-2 m?

—2

H,= 1y = = 23872 "—2= 595 Watt
-2

He,= Keu = = 397 =5 2= 992 Watt



LA box with a total surface area of 1.20 m2 and a wall thickness of 4.00
cm 1s made of an insulating material. A 10.0-W electric heater inside the
box maintains the inside temperature at 15.0°C above the outside

temperature. Find the thermal conductivity k of the insulating material.

Surface area A= 1.2 m? and the wall thickness L =4cm =0.04 m

The heat rate is the power of the electric heater H= 10 Watt

The temperature difference between inside and outside is AT=
15°C

H= , 447 o= HL _ 10(004)
L ~ AAT 1.2 (15)

A 4
A 4

=0.022 "/ .



Heat Transfer by Radiation

e Transfer of heat directly form the source to the object
by a wave, travelling as rays.

e Heat radiation is also known as

e All objects that are hotter than their surroundings
give out heat as infra-red radiation

e Heat transfer by radiation does not need particles to
occur and is the only way energy can be transferred
across empty space

The color and texture of different surfaces determines how well they absorb
the radiation.

(1) Black objects absorb more radiation than white objects.

(2) Matt and rough surfaces absorb more than shiny and smooth surfaces.




The relationship governing radiation from hot objects is called the Stefan-
Boltzmann Law:

P=eocA(T"-Ty) (4:25)

Where P is the net radiated power measured in Watt, e is the emissivity (=1

for ideal radiator), A is the radiation area in m®, T is the temperature of the
radiator in Kelvin, Ts is the temperature of the surroundings in Kelvin, and o =

5.67x10° Watt/m* K" is a constant called Stefan-Boltzmann constant.

Example 4.12

A student tries to decide what to wear is staying in a room that is at 20°C. If
the skin temperature is 37°C, how much heat is lost from the body in
10 minutes? Assume that the emissivity of the body is 0.9 and the surface

area of the student is 1.5 m2.



Thermoregulation in Heat

. BMR <
Muscular activity .
Radiation
— Conduction
Dietary-induced
thermogenesis Heat Convection
Postural changes Eﬂfntt]-?nt Evaporation
Environment 0 e
body
- A

 Heat loss_

3

Daily variation




 Heat Loss by Conduction
— Direct transfer of heat through a liquid, solid, or gas from one
molecule to another.

— A small amount of body heat moves by conduction directly
through deep tissues to cooler surface. Heat loss involves the
warming of air molecules and cooler surfaces in contact with the

skin.
— The rate of conductive heat loss depends on thermal gradient.

 Heat Loss by Evaporation (~ 55%)
— Heat transferred as water is vaporized from respiratory passages
and skin surfaces.

— For each liter of water vaporized, 580 kcal transferred to the
environment.

— When sweat comes in contact with the skin, a cooling effect
occurs as sweat evaporates.

— The cooled skin serves to cool the blood.



A 2 m length of copper pipe of 10 cm diameter containing hot water at

80C. If the surroundings are at 20C, at what rate does the pipe lose

thermal energy due to radiation? (takee = 1)




A girl having a surface area of 1.2 m? wears a down jackets
3 cm thick with thermal conduction coefficient of 0.02
Wm-K-1. If her skin temperature is 34 °C and she can
safely lose 85 W by conduction, what is the lowest
temperature for which the clothing is adequate?




FLUID MECHANICS

Biofluids




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

= (h1-p, /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.

Force '3 F.Ax w Energy

p: T — —.

Area A A.Ax H volume

Where AV is the unit volume, which related to the unit mass Am, of the fluid by the

density p, as Am = pAV.




Mass and Density

rrrececrecrrcrccrcccrecrccrrrccrcocrrcrrcccreroe

k]

volume-




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

K.E = %amu_z _—é pAV V2

So that the kinetic energy density is written as

. . 1 12
_ kinetic energy SpAVYS 4 —
K.E.density = - — = Sy pr* 5.2)

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 Amgh
P.E.density = =

volume AV




Uniform

Flow, Steady Flow

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

non-uniform:

steady:

unsteady:

every point in the fluid.

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 uniform.)

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.)



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

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.



Blood vessel wall

obstruction
Blood vessel wall

obstruction

Blood vessel wall




= 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.



Mass flow rate or Volume flow rate

mass of fluid

mass flow rate = m = time taken to collect the fluid

mass

time =
mass flow rate

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




Volume flow rate - Discharge

( luid AV
Flow Rate (Discharge) = Q = votume of Jiur

Time At

W

R —_—

J
—_—

ﬁ.
U’/"‘_’/ narrower hose
wider hose, faster speed

slower speed

The flow rate is measured in the units of volume per unit time, m?/s.
“The water all has to go somewhere”

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

AV
i =005 0O = e constant
|



Contiuity Equation -

A

—o  fe—ua Al

AV AAx _
— = —— = AT = constant (5.6)

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
Ay 7y = Ay,
Or,
iU = 150, (5.7)

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



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: A] v, = A4,v,

2]
= Nl
Yy 4 P
“'-2 S -"‘Al ?I
— — >
‘ ~ 4 L\
2 - A.'—-l




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\

A garden hose has an unobstructed opening
with a cross sectional area of 2.85x10“*m2.

It fills a bucket with a volume of 8.00x10*m?
in 30 seconds.

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.

2= Av
(@) .
) .00 0= *)1/(30.0s
R S L f— (8 = I e _2 ( - \) - ().()3(" I]]/s
A 2.85x107 m"~
(b) Av, = A,v,
A,
v, = v, =(2)(0.936 m/s) =1.87m/s
- 441




Continuity equation : A,v, = A,v, - w,d v, = w,d,V,

S widy, 40X22%X45

d, = — =18
2= "o, 3.7 X 6.0 m



The Blood flows in capillaries with lower speed
than in the main blood vessel

A, <nA_




The work done on a fluid when it flows from
place to another one is equal to the change
of its mechanichal energy

W = F. Ax = (p,-p,) Abx
W= Ap AV

Yo




AU =Amgy,-Amgy, = p AVgy,-pAVgy,

Applies only to an ideal fluid (zero viscosity)

p+ ' p v2+pgy = constant

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
p [Pa]=[N.m?] =[N.m.m>3] =[J.m"3]
2p v:  [kg.m3.m?s?] =[kg.m1.s?] = [N.m.m-3] = [J.m3]
pgh [kg.m=3 m.s2. m] = [kg.m.s2.m.m3] = [N.m.m-3] = [J.m"I]
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)



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
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

Bernoulli's equation, we have

1

hosa

r=2cm
p = 3atm

yi=0

P1— 2= ZF‘( —T;’1)*PEI(J'2 Vi)

24



We have two unknowns v, andv, , so we can reduce them to only one
unknown by using the continuity equation, where v,
1"1

2 . vs , then we substitute in the last

So v, = —wv,,and vZ—v? =
i 16 27 A 256
equation to get:

1 5
(3-1) x 1.013 X 10° = (1000) = v3+1000(10) (10 - 0)

Solve for v, ,we get v, = 1435 ms™*




Water is flowing from a hole of 1c¢m radius at the bottom of a closed
cylindrical container of 2m diameter. If the height of the water in the container
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?

(1) Point on surface of liquid

[/
Wy

~— /\ (2) Point just outside hole




Applications of Bernoulli Equation
pit2pviitpgy, = pt2pVvytpgy,
] Static Consequences RN

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

prpgy = constant P+t pgy; = P,tp gy,

p2=Pat PI(¥1 =¥2) =pat pgh (5.13)

So the pressure inside any container is equal the pressure at the surface plus 5 i ?"“

the potential energy density at that point.

Note: The difference between the absolute pressure at any point and the |4 ()} Py =Pun+ gh
atmospheric pressure (p — p,) is called the gauge pressure.




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 Po
P —m=

| _Ambient Fluid
Fluid of interest (Atmospheric pressure
(Gas in most cases )~ in most cases)

iy

L Reference Fluid
Density p
(Liquid, e.qg.,

U water or mercury)

Gage Pressure AP = P - Pg = pgh




P+ pgy + "2 pv? = constant

If no change in height: P + "2pv? = constant

s —

more _pressuc _":: :|ess pressure

— R - —

— - - — - —

1 — 1 —
P1+5P1’f =Fz+§ﬂ“§ |




Bernoulli & Flight

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

The secret behind ™ I .._..""'""
E - e

flight is ‘under=— ==
the wings e

30



AIRFOIL
On top: greater air speed and less air pressure

* —
——

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

1 1 & )

pﬂut+§ P ‘.'.J'éth = Pin T E P E <R T___..r -
G
Rearrange the equation leads to the following '
1 I| .*
Pout — Pin =Eﬁ'( 13';:?;1— Piut) w

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,,, > pi, - 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

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

What is the flow rate of blood in the vessel, if the pressure at the wide part is

8 kPa and 4 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

2
vw_rn_l .
L==5 PPV, =9,

w

From the continuity equation, -

Apply BE

1
Py—pPn= = %_ gv
P Zp(v ") —_— v, =0.307m/s

1 |
4x 10° = - x 1060 x (80vy)

Flow rate Q = A,,v,, = nriv,, = 3.14 x 36 x 107 x 0.307
=3.5x107°m3/s >



L
h
-

2
e B
=P -EP(Vz‘lﬁ)
_ 2(pr — p2)
vl s— 3 ..
e . Ay - Ay / =1
And fom the continuty equaton we have v = == i, Whih can be £ A,
2
w b 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~?, find the drop in pressure through the flow meter?




Blood Transport System

To Lungs

Superior vena cava “
(from upper body)

Inferior vena cava /
(from lower body)

N

Right Ventricle [
Left Ventricle




The role of gravity on blood circulation
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.

Pe+2pVe?+pgys = Pyt ep VP tpgYu=pPet2p VEE+p g Ye
Note that B, H, and F refer to the brain, heart and feet, respectively

Reclining State

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

Pe ~ Pu~ Pr
13.1 kPa 13.3 kPa 13-2 kPa




During the blood circulation, the venous system iIs 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
The kinetic energy density can be only ignored

Pst PIGYs = PutTPIYu= Pr

Typical values for adults standing
upward hy, =1.3 m, hg=1.7 m. Typical 9.1 kPa /
value of t“e blood pressure at the heart g

is ga=13.3 KPa, and take the blood 13.3 kP
density to be 1060 kg/ m3, we find: 2 K2

pe =Dy + pghy =133 X 10° + (1060)(10)(L3) ~ 27.1 kPa

27.1kPa



The blood pressure at brain

In a similar way, we find that:

pg =py + pg(hy —hg) = 13.3 x 10°
+ (1060) (10) ( —0.4) = 9.06 kPa




Example 5.7

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

pressure in his brain changes?




R

- F = 3‘-? (11” *;"f) —"___,PJ ('17.#-4 J?E-J
bendrg (i)ft.,...f.-:r vy
bYe =04 ) (hy- L.g) i 4 T L&)%ij
= ’fﬂ‘ﬁ':UD)[ﬂ.q - (~—L-5}]
- l6&oo % &-G =546 Ia
5 - 9.5y KJa




Effect of acceleration on Blood pressure

Ny oRay )




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.

IGrEnier than
normal weight

| |1
by &7 normal weight

I

Zero weigh



Upward acceleration

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:

py * p (g +a)(h

Py - P

-hg
@ 1), )

Fatal upward acceleration when PB = 0

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

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

13.3 x 103

(g+a) =

1060 (0.4)

= 314ms™™ =329

44



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

pr =py + p(g +a)hy

So the blood pressure at the foot increases by increasing
the upward acceleration

The blood pressure at the brain decrease by increasing the
upward acceleration

45



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




Example

If an elevator accelerates upward at 12 ms=, 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-.
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Viscous Fluid Flow

Resistivity of flow
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
separated by a distance Ay
and a fluid fills the space
between the two plates, one
stationary and the other
moving at velocity v

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:

S ¥ Velocity, V

1
F o< Av, F x Aand Fx — ,s0 F x ——
Ay Ay

F/A
Av/Ay




__ F/A
n
Av/Ay
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:

[ F/A MLT-2/L2
] = [Av/Ay LT /L

The S.l. unit of the viscosity coefficient is Pascal second,
where kg.m-1s1 = 1 Pas.s. The Pascal second is rarely used
in technical and scientific publications. The common used

Coefficient of Viscosity

= ML™T

unit is called poise, where 1 poise= 101 Pa.s, . |, so the
abbreviation centipoises is equal 10 Pa.s
Temperature Normal Blood

C Castor Oil Water Air blood Plasma
0 5.3 1.792x10° | 1.71x107
20 0.986 1.005x10° | 1.81x10° | 3.015x10° | 1.81x103
37 - 0.695x10° | 1.87x10° | 2.08x10° | 1.257x10°
40 0.231 0.656x10° | 1.9x10
60 0.08 0.469x10° | 2.00x10°
80 0.03 0.357x10° | 2.09x10 50
100 0.017 0.284x107 | 2.18x107




Laminar Flow in a Tube

Take a cylinder of radius R
and length | \ /
\ Tl =
| 4 ¢ “,
P\ / | P
FEAPA=(PP)AY P\ :

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

Layer is V.. ,so that the cross sectional area of the half cylinder is
11:(Rl2)in and its surface area A, s = 2n(R/2)I
F APA=nA s Vmax! R The average speed is half of
The maximum speed. So that
AP n(R/I2)2=n 2n(R/2)l v, /R i
So that . _ APR?
Vi . = AP R ¥ = 8l
4nl

_ AP R* mAPR*
The flow rate is givenby Q = AV = nR? -
8nl 8nl

>



* Poiseulle’s Equation

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

7R*
= gL A

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

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 Jus7in 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
4
Q2 _ R;

— —1 =(0.8)*=0.41
Q1 Ry



Power dissipation

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

Flow Resistance

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).

AP AP 8nl

T 0 nAPR‘*/Bnl ~ mR*

Pa Pa.s

m3/s - m3

The unit of flow Resistance is Rf =

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?

R¢(capillary) _ (Ra)4 _ (5 X 10‘2) _ 1016

R¢(artery) R,




Example 5.12

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

the rate of 1 em3s~1. 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)10x1072(0.04)
R? 16x10-6

so the pressure drop Ap = = 2.08 Pa

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
Nop =
R n

It is found experimentally that if

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

>



Example 5.14

A small human capillary of 100 pm 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) The power dissipated across the capillary
)

e) 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)-




