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Physics and Measurements
Static and Equilibrium
Properties of matters

Heat and Temperature
Fluid Mechanics

Electricity
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Selected Topics in Physics
for

Medical Sciences Students

Unit 1
Units, Dimensions, and Vectors
Lecture 1
Physics Academy Dr. Hazem Falah Sakeek
it i R Al-Azhar university - Gaza
AUl g
- - - \
Units, Dimensions, and Vectors
e Introduction
e Unit systems
e Dimensional Analysis
e \Vector and Scalar
» Coordinate system
* Properties of Vectors
e The unit vector
» Components of a vector
e Product of a vector
@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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° Explains Nature
® Fundamental science

® Most technology of today (cell phones, DVD player, etc)
are result of discoveries that happened in physics last

century.

° Develop problem solving and logical reasoning skills —
very important in any field of work!!!

@ Dr. Hazem F. Sakeek www.physicsacademy.org /

What is Physics?

Physics tries to explain processes we observe
in terms of a set of ‘laws’ or rules

These laws are normally expressed in terms
of mathematical equations with which we
can predict things

These predictions can be compared to what
we see

“Theory & Experiment”

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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Idealized Models

» A physical system is often too complicated to analyze all at once
» A model is a simplified version of a physical system

» Example: We neglect the size and shape of a ball and represent
it as a particle (completely localized at a single point in space)

Ka Dr. Hazem F. Sakeek www.physicsacademy.org

Physics and Measurements

® Physics is based on experimental observations and
quantitative measurements. These observations have
described by numbers and units.

® Numbers give us how large our measurement was, and

e the units tell us the nature of this measurement.

Height= 2.29 m

/

Number + Unit

@Dr. Hazem F. Sakeek www.physicsacademy.org
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Physical Quantity

Basic
Physical Quantity

hal J skl )
Time Length Mass

\g Dr. Hazem F. Sakeek www.physicsacademy.org

Unit systems

Two systems of units are widely used in the world, the metric and the
British systems.

The metric system measures the length in meters whereas the British
system makes use of the foot, inch, .....

The metric system is the most widely used. Therefore the metric system
will be used in this course.

By international agreement the metric system was formalized in 1971
into the International System of Units (SI). There are seven basic units in

the SI as shown in table Below.

“For this Course only three units are used, the meter, kilogram, and second” .

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Basic units in the Sl

Quantity Name Symbol

Length meter m

Mass kilogram kg

Time second S
Temperature kelvin K
Electric current ampere A
Number of particles | mole mol
Luminous intensity | candela cd

\e Dr. Hazem F. Sakeek www.physicsacademy.org /

Definition of Basic Quantities

Mass

The SI unit of mass is the Kilogram, which is defined as
the mass of a specific platinum-iridium alloy cylinder.

Time

required for a cesium-133 atom to undergo

The SI unit of time is the Second, which is the time >
9,192,631,770 vibrations. A
Length

The SI unit of length is Meter, which is the distance =
traveled by light in vacuum during a time of [

1/299,792,458 second. \

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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Power of ten prefixes
3,000 m =3 x 1,000 m 10* | Prefix | Symbol
=3x10°m=3km x=18 E
1,000,000,000 = 10°= 1G 15 P
1,000,000 = 106= 1M 12 T
1,000 = 103= 1k 9 G
6 M
141kg="?g 3 K
1 GB = ? Byte = ? MB . h
1 da
\e Dr. Hazem F. Sakeek www.physicsacademy.org /
- N
Power of ten prefixes
0.003s=3x0.001s ]_OX Preﬁx Symbol
=3x103s=3ms =1 q
0.01 =102= centi > c
0.001 =103 =milli 3 o
0.000 001 = 10 = micro
0.000 000 001 = 10°° = nano |_"° H
0.000 000 000 001 = 1012 = n
= pico =p -12 P
-15 f
3cm=?m=?mm -18 a
\e Dr. Hazem F. Sakeek www.physicsacademy.org /
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e N
Role of “UNITS” in problem solving

® Need to know conversion.
° Do problems with all units in the same system.

¢ Only quantities with same units can be added or
subtracted.

@ Dr. Hazem F. Sakeek www.physicsacademy.org /

/Example
40m+1lecm="?

The above expression yields:

a) 40.11m
b) 4011 cm
c) AorB

d) Impossible to evaluate (dimensionally invalid)

1.5m-3.0kg="?

The above expression yields:

a) 4.5mkg
b) 4.5gkm
c) AorB

d) Impossible to evaluate (dimensionally invalid)

Express a speed of 50 kilometers per hour as meters per second.

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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Derived Quantities

All physical quantities measured by physicists can be expressed in terms
of the three basic unit of length, mass, and time. For example, speed is
simply length divided by time, and the force is actually mass multiplied
by length divided by time squared.

[Speed] = L/T = LT!
[Force] = ML/T? = MLT?

where [Speed] is meant to indicate the unit of speed, and M, L, and

T represents mass, length, and time units.

\e Dr. Hazem F. Sakeek www.physicsacademy.org

Multiply and divide units just like numbers

Derived quantities: area, speed, volume, density ......
Area = Length X Length unit for area = m
Volume = Length X Length X Length  unit for volume = m’

Speed = Length / time unit for speed = m/s

Density = Mass / Volume unit for density = kg/ m?

In 2008 Olympic Game, Usain Bolt sets world record at 9.69 s in

Men’s 100 m Final. What is his average speed?

_100m_109 M _ 1052 mis

"~ 9.69s 969 s

speed

\e Dr. Hazem F. Sakeek www.physicsacademy.org
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Dimensional Analysis

® The word dimension in physics indicates the physical
nature of the quantity. For example the distance has a
dimension of length, and the speed has a dimension of

Iength/time.

® The dimensional analysis is used to check the formula,
since the dimension of the left hand side and the right hand
side of the formula must be the same.

@ Dr. Hazem F. Sakeek www.physicsacademy.org

-
Example

Using the dimensional analysis check that this equation

x = Y a’ is correct, where x is the distance, a is the

acceleration and ¢ is the time.

Solution
X — 1/2 alt2

The right hand side  [x] = L

L
The left hand side [at?] =T—2><T2 =L

This equation is correct because the dimension of the left and right side

of the equation have the same dimensions.

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Example

Show that the expression v = v +at is dimensionally correct,
where v and v, are the velocities and a is the acceleration,

and t is the time.

Solutions:
The right hand side

L
v]=—
[v] T
The left hand side

L L
at]=—xT =—
[at] T? T

Therefore, the expression is dimensionally correct

@ Dr. Hazem F. Sakeek www.physicsacademy.org

-

Example

Suppose that the acceleration of a particle moving in circle of radius r
with uniform velocity v is proportional to the r and v™. Use the

dimensional analysis to determine the power n and m.

Solution
Let us assume a is represented in this expression

a=krmym
Where k is the proportionality constant of dimensionless unit.
The Left hand side

_ L
[a]_T_Z

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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e The Right hand side

m

L
kn m:Ln_
[kr"v™] =

Therefore
L Ln +m
2 = m
T T
Hence, nt+m=1 and m=2

Therefore. n =-1 and the acceleration a is
a=krlv?

k=1 2

@ Dr. Hazem F. Sakeek www.physicsacademy.org

Problem

correct?
(a) vp=v; tax

(b) y = (2 m) cos(kx), where k =2 m"!

® Which of the following equations are dimensionally

Suppose we write this position s = k a™ t",

where k is a dimensionless constant.

and n =2. Can this analysis give the value of k?

@ Dr. Hazem F. Sakeek www.physicsacademy.org

*The position of a particle moving under uniform
acceleration is some function of time and the acceleration.

Show by dimensional analysis that this expression is satisfied if m = 1

9/10/2012
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Selected Topics in Physics
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Medical Sciences Students

Unit 1
Units, Dimensions, and Vectors

Lecture 2

Physics Academy Dr. Hazem Falah Sakeek

www.physicsacademy.org

Al-Azhar University - Gaza
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Units, Dimensions, and Vectors

* Introduction

 Unit systems

» Dimensional Analysis
 Vector and Scalar

e Coordinate system

» Properties of Vectors

e The unit vector

e Components of a vector
e Product of a vector

@ Dr. Hazem F.Sakeek www.physicsacademy.org /
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Trigonometry

¢ Sine, Cosine, Tangent

Sin 6 = h/h
Cos 0 = h,/h
Tan 6 = hy/h,

0= Sint(h./h)
6 = Cosi(h,/h)
0 = Tan(h,/h,)

NOTE: Tanl # 1/Tan

h2 = h,2+h,2

@ Dr. Hazem F. Sakeek www.physicsacademy.org

Vector and Scalar

® Scalars: One that can be described by a single number
(along with the unit)
® Water freezes at a temperature of 0° C or 32° F
® The mass of a book is 198.2 ¢
¢ The length of room is 5 m
® The car kinetic energy was 0.345 ]

® Vectors: A quantity that deals with magnitude and
direction is called a vector quantity.

® The wind had a velocity of 25 km/h from the North
® The momentum was 1.234 kg m/s to the left

o Textbooks use either A or A

@ Dr. Hazem F.Sakeek www.physicsacademy.org
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Vector and Scalar Quantities

Vector Quantity Scalar Quantity
Displacement Length
Velocity Mass
Force Speed
Acceleration Power
Field Energy
Momentum Work

\e Dr. Hazem F. Sakeek www.physicsacademy.org

Coordinate system (1)

*This coordinate system

(1) The rectangular coordinates

>

\° Dr. Hazem F. Sakeek www.physicsacademy.org

is consist of a fixed y (in)

reference point (0,0)

which called the origin. e (X,3)
® A set of axis with :
appropriate scale and <

label. (0.0 v

X (m)

9/10/2012
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&
Y x )

(- 5, 5) (10, 5)

(5, -3)

The x- and y-coordinates may be either
positive or negative

\e Dr. Hazem F. Sakeek www.physicsacademy.org

We can call this x-component,
a vector along the x-direction
of length x, and indicate that it

Y X n(x' Y) is a vector by x.
3
v Likewise, we can call this
y y-component, a vector along
the y-direction of length y, and

—1 > indicate that it is a vector by
X X y.
r=x+ty

\e Dr. Hazem F. Sakeek www.physicsacademy.org
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Coordinate system (2)

(2) The polar coordinates
Sometimes it is more ¥
convenient to use the polar

coordinate system (r, 0), where (x.2)
ris the distance from the origin

to the point of rectangular

coordinate (x,y), and @is the < 6 » x (m)
angle between r and the x axis. v
\o Dr. Hazem F. Sakeek www.physicsacademy.org /

The relation between coordinates
The relation between the 4 X O(X, ¥)
rectangular coordinates (x,y) h
and the polar coordinates (r,6) y r y
is shown in Figure,
0
— - =
sin 8 = ¥/;
r r
cos 0 =X/, 4 y
<
tan 0 = Y/x L9 0
X X
@ Dr. Hazem F. Sakeek www.physicsacademy.org /



http://www.physicsacademy.org/
http://www.physicsacademy.org/

9/10/2012

r
r= Vx2 +y2 ¥ _
y=rsin 0o
0 -
X
X=rcosf

It is common practice to measure the angle from the positive x-axis

and to measure it positive for a counterclockwise direction.

\e Dr. Hazem F. Sakeek www.physicsacademy.org /

Example 1

The example shown below might be for an angle of 0 =53°.
Then, if r = 10, the components will be

x = r cos 0= (0.6) (10) =6
y=rsin0 = (0.8) (10)=38

Of course, angle 0 does not need to be limited to the first
quadrant. for @ = 150°, r = 10 for this numerical example.
For that case,

X =r1cos O = (10)(cos 150°) = (10)(-0.866)= -8.66
y = rsin 0= (10)( sin 150°) = (10)( 0.500) = 5.00

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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N

notice the signs and compare them with the diagram.

x = - 8.66 is located to the left and y = 5.00 is located up .

@ Dr. Hazem F. Sakeek www.physicsacademy.org

/

\

delull Clie e e pa X saa o oladY) aaatl Ay ol Sl s O (Saall (e
A 3 3080 ey e o) g oS5 Ao bl o Jlie g

4 Y

1N

Y

xy) T

r=10,0 =210°

@ Dr. Hazem F. Sakeek www.physicsacademy.org

R

xy)

r=10,0 = -150°

L J

9/10/2012
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Example 2

* The polar coordinates of a point are
r = 5.5m and @=240°. What are the
Cartesian coordinates of this point?

e Solution
x=rcos© =5.5%Xcos 240°=-2.75m
y = rsin 0 = 5.5Xsin 240° = -4.76 m

@ Dr. Hazem F. Sakeek www.physicsacademy.org

The unit vector

e A unit vector is a vector having a
magnitude of unity and its used to
describe a direction in space.

;‘éjl_ﬂLSa Baa ol) date 1 pia daiell ot 4l (Sa A 4aidll

A=a A

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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(x, Y, z) Baalaiall Aliwy) ) gl (i, j, k) 3 ilgate Jia (Say Sl o
_;QJ_“A\ Ji EERPAS
| = a unit vector along the x-axis
| =a unit vector along the y-axis
k = a unit vector along the z-axis
X
\e Dr. Hazem F. Sakeek www.physicsacademy.org /
4 N y )
¢ Instead of explicitly writing A_ =5, Ay =0;B, =5, By
=5;C, =-10, Cy =0;and D = -5, D, =5, we can write
this same information in a different form.We can
write
A=5i+0j
B = 5i + 5j
C=-10i + 05
D = -5i +5j
R=A+B+C+D
R=(5 1+ 0j)+(5i + 5j)+(—10i + Oj)+(—5i +5j)
R = (5+5-10-5)i + (0+5+0+5)j
R = -5i + 10j
@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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Components of a vector

Any vector lying in xy plane canbe |
resolved into two components one N |
|
in the x-direction and the other in A, |
|
the y-direction as shown in Figure # J
0 A,
)
A=Acos@ | -
4 A
A,=4 sin@ 8
0 A, )

@ Dr. Hazem F. Sakeek www.physicsacademy.org

/

Tl 1LS5e ) daie JS Jilat ) i Wil clgaia sae ge Jalatll 2ic @

Liplall aladind e Yoy Aasall alay) Jews Laa (X,Y) 2! slas )
Alasd) alayy dsbll

The magnitude of the vector A
A=JAZ+A?|
The direction of the vector to the x-axis

Leztan'lg}

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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A vector A lying in the xy plane, having rectangular components

A_and Ay can be expressed in a unit vector notation

CA=A+A)]
WS B 5 A e pan b cleatiall Jidat Ak aladial oSy 1A
Al gl
y 1]
4 A=Ai+Aj
B=B,i+B,j
R=A+B=(A +B)i+(A +B)]j
» X

Ax Bx
@ Dr. Hazem F. Sakeek www.physicsacademy.org

~

-
Example 3
Find the sum of two vectors A and B and given by
A=3i+4jand B=2i-5j

Solutions

Note that 4 =3, Ay=4-, B =2, and ByZ-S
y

A

R=A+B=B+2)i+(4-5)j=5—]j

The magnitude of vector R is

.. R=yR +R’=+25+1=26=51

The direction of R with respect to x-axis is

v R _
f=tant—L = tan’l—1 =-11°
R 5

X

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Example 4
Two vectors are given by A=3i-2 j and B=—i—4 j . Calculate (a)

A+B (b) A-B.(c)lA+ E\ (d)]4- B’\, and (e) the direction of 4+ B

and ;1—}?‘.

Solutions
(@) A+B = 3i—27)+(-i—45)=2i—6

(b) A-B = Bi—-2j)—(—i—4j)=4i+2j
(c) |4+ B" = 22+ (-6)* =6.32

(d) [d-B|=v4* +2* =447
(e)For A+ B, 0 =tan'}(-6/2) = -71.6° = 288°

For A-B,0=tan'(2/4)= 26.6°
@ Dr. Hazem F. Sakeek www.physicsacademy.org

Example 5

® A particle moves from a point in the xy plane having rectangular
coordinates (-3,-5)m to a point with coordinates (-1,8)m. (a) Write
vector expressions for the position vectors in unit vector form for

these two points. (b) What is the displacement vector?

Solution

(@) R=xi+y,j=(-3i-5j)m
R, =i + ¥, = (-i +8))m

(b) Displacement = AR = F_éz _ ﬁl

AR = (%, =%)i + (¥, = Y1) | == = (=30) +8] — (-5]) = (2i +13j)m

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Example 6

A vector A has a negative x component 3 units in length and positive y
component 2 units in length.

(a) Determine an expression for A in unit vector notation.
(b) Determine the magnitude and direction of A.

(¢)  What vector B when added to A gives a resultant vector with no x
component and negative y component 4 units in length?

Solution
A, = -3 units & A), = 2 units
(a) A= AXH-ij:—SH-Zj units y

b) A= A2+ A7 =3+ (2) =361 units

0 = tan"'(2/-3) = 33.7° (relative to the —x axis)

(c) What vector B when added to A gives a resultant vector with no x

component and negative y component 4 units in length?

RX:O&Ry=—4-; since §=A+§, B=R-A
B =R, —A,=0-(-3)=3
ByZRy—Ay=—4-—2:—6

Therefore

B=B,i+B,j=(3i—6j) units

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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» Unit systems

» Dimensional Analysis
 Vector and Scalar

e Coordinate system
 Properties of Vectors

» The unit vector

» Components of a vector
e Product of a vector

@ Dr. Hazem FE. Sakeek www.physicsacademy.org /



http://www.physicsacademy.org/

-

Product of a vector

® There are two kinds of vector

product the first one is called
scalar product or dot
product because the result of
the product is a scalar quantity.
The second is called vector
product or cross product
because the result is a vector
perpendicular to the plane of the
two vectors.

\e Dr. Hazem F. Sakeek www.physicsacademy.org

The scalar product

dot il iyl scalar product (bl Cyall Coyay
(Al aS agaial  wldll oyl dais (955 product
Ongaliall G By ganall Ay ghll CulS 1Y) daage dasil) 020 (45555
g i€ 1 Al Bl (5 S5y A3 90 50 (s
13 Dia (glasis 223 180 590 O (peaiall (hs 8ysmndl

A.B = zero when =90

A.B = +ve when 0<6<90°
A.B = -ve when 90°<6<180°

\° Dr. Hazem F Sakeek www.physicsacademy.org
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( DMia B Jg¥) Antiall jlaia G Jualay Cpgadial ulll) Gl Gy e
Lagrs 5 geanal) )3 ol o (B (D Anal
AB=|AB|coso
ol LaS Aaia JS LS 5o plaiiudly Cppgaial bl Gyl A sl Sy o
A=Ai+Aj+Ak
B=B,i+B,j+B,k

e The scalar product 1s

AB=(Ai+A j+AK).(Bi+B,j+Bk)
() i B Asiall G je (8 A Aniall GUS jo gy o

\e Dr. Hazem F. Sakeek www.physicsacademy.or:
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AB

(Ai.Bi+AiB, j+AiBKk
+AJB,i+A B j+A Bk
+AkB,i+AkB, ]+ AkBKk)

Therefore

- AB=AB, +AB, +AB,

The angle between the two vectors is

g I
AB AB,+AB, +AB,

A8l [AB]

cosd =

\e Dr. Hazem F Sakeek www.physicsacademy.org
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Example 1
® Find the angle between the two vectors
A=2i+3j+4k B=i-2j+3k

Solution
AB,+AB,+AB,

[AlB]
AB,+AB, +AB, = Q)(1)+3)()HH)(3)=8
A =+2" +37 147 =29
Bl=1’ + (2" +3 =14

cosd = LOSQ? = 60 =66.6°

cos@ =

J29-14

\e Dr. Hazem FE. Sakeek www.physicsacademy.or: /

4 ™
The vector product

cross product = vector product AN iyl Cayay e
130 Fad gt Aae (pgmial olaN] il dnti (S5
5 A el e US e sasee aalaily C= AxB 4sidl
@ LS B asial A asidl e dagn ghsoeladl 4 B
" : i Jea
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(AxﬁzABﬂnHW

AxB=(Ai+Aj+AK)x(Bi+B,j+Bk)

To evaluate this product we use the fact that the angle
between the unit vectors i, j , k is 90°.

ixi=0 ixj=k ixk=—]
jxj=0 Jxk =i jxi=—k
kxk=0 kKxi=j kx j=-i

z

AxB=(AB,-AB,)i+(AB -AB,)j+(AB, ~AB Kk

\o Dr. Hazem F. Sakeek www.physicsacademy.org

/

/I‘F a= ﬂli -+ G-Qj + G-gk and b = bll + sz T bgk then

i j k
axb = |a a as
by by bs
_ 1o dg i 7 Qs a, o k
bg bg bl bg bl bZ

= ((LQng — G-gXbQ)i—(G1Xb3 — GgXbl)j—f—((ll ng — (.‘.QXbl)

If C=AxB , the components of C are given by
C,=AB,-AB,
Cy = Az Bx - Asz

C,=AB,-ApB,
@ Dr. Hazem E Sakeek www.physicsacademy.or:
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Example 2

e If C—AxB ,where A=3 —4j,and B=_2j+3k , whatis ¢ ?
Solution

C=AxB = (8i—4j)x(-2i+3k)
which, by distributive law, becomes

C = —(3ix2i) + (3ix3K) + (4 x 2i) — (4 ] x3K)

Using equation AxB = ABsiné@ to evaluate

each term in the equation above we get

C=0-9j-8k—-12i =-12i—9j -8k

¢ The vector C is perpendicular to both vectors A and B.

@ Dr. Hazem F. Sakeek www.physicsacademy.org /
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Unit 1
Problems

[1] Show that the expression x=vt+1/2at” is dimensionally correct, where x is a coordinate
and has units of length, v is velocity, a is acceleration, and t is time.

[2] Which of the equations below are dimensionally correct?
(@ v=yvytat
(b) y=(2m)cos(kx),

where k=2 m™

[3] Show that the equation v* = v,” + 2at is dimensionally correct, where v and v, represent
velocities, a is acceleration and x is a distance.

[4] The period T of simple pendulum is measured in time units and given by

T=27Z\F
g

where | is the length of the pendulum and g is the acceleration due to gravity. Show that the
equation is dimensionally correct.

[5] Suppose that the displacement of a particle is related to time according to the expression
s = ct®. What are the dimensions of the constant c?

[6] Two points in the xy plane have Cartesian coordinates (2, -4) and (-3, 3), where the units
are in m. Determine (a) the distance between these points and (b) their polar coordinates.

[7] The polar coordinates of a point are r = 5.5m and & = 240°. What are the cartisian
coordinates of this point?

[8] A point in the xy plane has cartesian coordinates (-3.00, 5.00) m. What are the polar
coordinates of this point?

[9] Two points in a plane have polar coordinates (2.5m, 30°) and (3.8, 120°). Determine (a)
the cartisian coordinates of these points and (b) the distance between them.

[10] A point is located in polar coordinate system by the coordinates r = 2.5m and & =35°.
Find the x and y coordinates of this point, assuming the two coordinate system have the same
origin.

[11] Vector A is 3.00 units in length and points along the positive x axis. Vector g is 4.00
units in length and points along the negative y axis. Use graphical methods to find the
magnitude and direction of the vectors (a) A + 8, (b) A - B.

[12] A vector has x component of -25 units and a y component of 40 units. Find the
magnitude and direction of this vector.

[13] Find the magnitude and direction of the resultant of three displacements having
components (3,2) m, (-5, 3) mand (6, 1) m.

[14] Two vector are given by A = 6i —4j and 8 = -2i+5j. Calculate (a) A+8, (b) A-8, |A+EB],
(d) |A-B]|, (e) the direction of A+B and A-B.

Dr. Hazem Falah Sakeek



[15] Obtain expressions for the position vectors with polar coordinates (a) 12.8m, 150°; (b)
3.3cm, 607 (c) 22cm, 215°,

[16] Find the x and y components of the vector A and B shown in Figure 1.1. Derive an
expression for the resultant vector A+8 in unit vector notation.

y

Figure 1.1

[17] A vector A has a magnitude of 35 units and makes an angle of 37° with the positive x
axis. Describe (a) a vector B that is in the direction opposite A and is one fifth the size of A,
and (b) a vector ¢ that when added to A will produce a vector twice as long as A pointing in
the negative y direction.

[18] Find the magnitude and direction of a displacement vector having x and y components of
-5m and 3m, respectively.

[19] Three vectors are given by A=6i, 8=9j, and ¢=(-3i+4j). (a) Find the magnitude and
direction of the resultant vector. (b) What vector must be added to these three to make the
resultant vector zero?

[20] A particle moves from a point in the xy plane having Cartesian coordinates (-3.00, -5.00)
m to a point with coordinates (-1.00, 8.00) m. (a) Write vector expressions for the position
vectors in unit-vector form for these two points. (b) What is the displacement vector?

[21] Two vectors are given by A= 4i+3j and 8= -i+3j. Find (a) A.8 and (b) the angle
between A and 8.

[22] A vector is given by A= -2i+3j. Find (a) the magnitude of A and (b) the angle that A
makes with the positive y axis.

[23] Vector A has a magnitude of 5 units, and 8 has a magnitude of 9 units. The two vectors
make an angle of 50° with each other. Find A.8.

[24] For the three vectors A=3i+j-k, B = -i+2j+5kK, and ¢ = 2j-3Kk, find ¢.(A-B)

[25] The scalar product of vectors A and B is 6 units. The magnitude of each vector is 4
units. Find the angle between the vectors.

Dr. Hazem Falah Sakeek
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Introduction

e What is a “Force?”

e A force causes somethjng with mass to move

(accelerate).

¢ From Newton’s Second Law of Motion
F=mxa

® The unit of force is Newton “N”

@ Dr. Hazem E Sakeek www.physicsacademy.org

-

Example

® What are all of the forces acting on a car (mass m)

parked on a hill?
N

Solution

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Car on Hill:

Use Newton’s 2nd Law: F,,; = ma= 0

Resolve this into x and y components:

x: f-mgsin$=0

* [i=moony

y: N-mgcos¢=0

> [Vnoeoss

@ Dr. Hazem E Sakeek www.physicsacademy.org j

" N
Statics

¢ What is a “Statics?”

® Statics is the study of forces acting on an object
that is in equilibrium and at rest.

3000 Thomean - Brock/Cole

® c¢.g. Ladders, sign-posts, balanced beams,
® buildings, bridges, some parts of
® Human body, etc...

® Statics can help to understand levers in our body.
® Statics study the balance and stability of

L many structures.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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The Conditions of Equilibrium

are satisfied:
Condition (1)
® The net force acting on the body is zero.
SF=0
Condition (2)
® The net torque about any axis must be zero

Ef=0

An object extend in space that does not change its size or shape
when subjected to a force.

@ Dr. Hazem F Sakeek www.physicsacademy.org

Static
Equilibrium

Translational Rotational

Equilibrium Equilibrium

2F= 27=0

san gl o2 8 ade Sy Lt
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Torques

Torque makes things spin!

which applied force will cause the wheel to spin the fastest?

@ Dr. Hazem E Sakeek www.physicsacademy.org
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* What makes something rotate in the first place?

TORQUE

How do | apply a force to make the rod rotate
about the axel? Not just anywhere!

]

- -

LAXEL I

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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a N

To make an object rotate, a force must be applied in

the right place.

the combination of force and point of application is

called TORQUE

lever arm, r

A

Axle
Force, F I

@ Dr. Hazem E Sakeek www.physicsacademy.org J

Net torque = 0, net force # 0

1

The rod will accelerate upward under these

two forces, but will not rotate.

@ Dr. Hazem F. Sakeek www.physicsacademy.org J




Net Force = 0, Net Torque # 0

10N

1ONI

* The net force = 0, since the forces are applied in

opposite directions so it will not accelerate.

* However, together these forces will make the rod

rotate in the clockwise direction.

@ Dr. Hazem E Sakeek www.physicsacademy.org J
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Tbrque

*When object is subjected to equal opposite forces. The net
force is zero (the object is in translational equilibrium) But it

may not in rotational equilibrium.

For example when the line of
action of the two opposite force
are not on the same line, then

the object will rotate.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Force and Torque

How are force and torque related?
moment arm.

A force can create a
torque by acting
through a moment

arm.
...produces a

torque here. A force here...

@ Dr. Hazem E Sakeek www.physicsacademy.org

...but you dfon’t ...but your hand
move very far. moves a long way.

If you hold the wrench  |f you hold the wrench
here, you need a lot of  here, you don’t need as
force... much force...

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Torque

Torque, T, is the force to rotate an object
about some axis
Hinge
Door example: / r
©

T=Fr 0 - C§1‘F

102003 Themasn - BrocksCole

Sl unit: [N m]

— T is the torque
—r is the lever arm (or moment arm)
— F is the force

@ Dr. Hazem F. Sakeek www.physicsacademy.or:
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oThe lever arm is the distance between the axis of

rotation and the “line of action®.

The lever arm, r, is the
shortest (perpendicular) distance
from the axis of rotation to a
line drawn along the direction
of the force

r=Lsin0

It is not necessarily the
distance between the axis of
rotation and point where the

force is applied

K1 8 Dr. Hazem F. Sakeek www.physicsacademy.org
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Example

°*A mechanic holds a wrench 0.3m from the center of a nut.
How large is the torque applied to the nut if he pulls at
right angles to the wrench with a force of 200N?

eSince he exerts the force at right angles to the wrench, the

angle 6 = 90°, and torque is

7=Frsind=0.3x200=60Nm

\1 9 Dr. Hazem F. Sakeek www.physicsacademy.org

-

An Alternative Look at Torque

The force could also be resolved

into its x- and y-components

— The x-component, F cos0,
produces 0 torque

Pl‘OdlICCS a non-zero torque

— The y-component, F sinB,
O_é

7 =TIk sm @

r is the distance \\ .
along the object 0 is the angle between force and object

F is the force

@ Dr. Hazem E Sakeek www.physicsacademy.org
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T=rFsind
® we can write the equation as \
)
T=rxF
PN
A
* ‘? F
LY
Y
@ Dr. Hazem E Sakeek WWW.ghysicsacademy.org
/
® The torque is a vector
quantity and its direction
is determine by the right N

hand rule, T

If the turning tendency of
the force is
counterclockwise, the
torque will be positive

If the turning tendency is
clockwise, the torque
will be negative

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Torque is out of Page

Torque is +ve

@ Dr. Hazem E Sakeek www.physicsacademy.org

Torque is into Page

y

®

Torque is -ve

-
Couples

Couples do not exert net

force on an object

Couples produce torque,
that is independent of the
point of the point P

@ Dr. Hazem E Sakeek www.physicsacademy.org

*Is a pair of forces with equal magnitudes but opposite

directions acting along different lines of action.
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Example

*Two forces with equal magnitudes but opposite directions act

on an object with different lines of action as shown in the

figure.
F A

Find the net torque on
the object resulting P X1 K] I

[ SRR >
from these forces.

-F
€——mm——m———— - >
X2 v

~

\26

Solution

Pw\ﬁcﬁﬁdswéu\c\jdjy‘gwe}ﬂ
*The torque resulting from the force at x, is

7, =—X,F

*The torque resulting from the force at x, is

7, =X,F

*The net torque is

a

T=1,+7, =X,F -X,F
7 =(X,—X,)F =-IF

Dr. Hazem F Sakeek www.physicsacademy.org
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® The minus sign means that the net torque tends to cause
clockwise rotation.

® The torque is directed into the page.

® The torque is independent on the location of the point
P, since the distance between the lines of forces is
important.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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/Example 1

Determine the net torque:

Given:
weights: w;= 500 N 00N 800 N
W, = 800 N
lever arms: d;=4 m 1. Draw all applicable forces
d,=2m
Find D 7=(500N)(4m)+(-)(800 N)(2m)
Find:
=+2000N -m—1600N -m
2=t = +400N-m

I

Rotation would be CCW

Dr. Hazem F Sakeek www.physicsacademy.org
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Where would the 500 N person have to

be relative to pivot for zero torque?

500 N 800 N

@ Dr. Hazem FE. Sakeek www.physicsacademy.orq

Example 2 .
AY
Given:
500 N
weights: w;= 500 N 800N
W, = 800 N 1. Draw all applicable forces and moment arms
lzever(e)lrms: d,;=4m ZTRHS =—(800N)(2m)
=
D 7is = (500N)(d, m)
~800-2[N -m]+500-d,[N-m]=0 = d,=32m
Find: v
According to our understanding of torque
d,=? there would be no rotation and no motion!

What does it say about acceleration and force?

Thus, according to 2" Newton’s law 2F=0 and a=0! 3 F, =(~500N)+N'+(-800N) = 0

\\30 Dr. Hazem FE. Sakeek www.physicsacademy.org N'=1300 N J
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a N

Equilibrium of Rigid Bodies

Stable, Unstable, and Neutral Equalibrium

BOWLINE BALL STABILITY

=h clear plastic hemisphe re provides 8 curved surface inand on
which the bowling ball can be placed to show stable and unstable
equilibrium,

=Place the ball an the table to show neutral equilibrium,

l'l'li',l:

e oo

neutral equilibrium stable equilibrium unstable equilibrium w

4 N

Equilibrium of Rigid Bodies

First Condition of Equilibrium
* The net external force must be zero

SF =0
EF, =0 and 2F =0

— This is a necessary, but not sufficient,
condition to ensure that an object is in
complete mechanical equilibrium

— This is a statement of translational
equilibrium

Second Condition of Equilibrium
* The net external torque must be

>7=0

e This is a statement of rotational
equilibrium
@ Dr. Hazem E Sakeek www.physicsacademy.or:
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Example3

® Two children of weights w,
and w, are balanced on a
board pivoted about its
center.

(a)  What is the ratio of their

distances x,/x, from the pivot?

(b) If w;=200N, w,=400N, and

x;=1m, what is x,?

@ Dr. Hazem F. Sakeek www.physicsacademy.or:
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Solution

(a) From the first equilibrium condition,
the force N must balance their weight
so that the net force is zero.

N-w-w,=0 N=w +w,

e  From the second condition the
torque about the pivot P is zero

2‘[:0 q TIZXIWI

r=7,+7,=0 T, =—X,W,

W, —X,W, =0 ——>

G Dr. Hazem E Sakeek www.physicsacademy.org
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(b) If w,=200N, w,=400N, and
x,=1m, what is x,?

®  From the equation

XZ _ Wl
Xl W2
W, 200N
% =% = (M) ) =0.
w,

S sa A 0 pay AN (e JET cplidal) ) o) Lidal 31 aa (3ia 138 g
IS A e Ablsall Chialiia die (s o) i (A

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

-~
Example 4

* Find x,/x, for the seesaw of the
preceding example, calculating N
the torques about P,, where the
child of w, is seated.

* Computing the torque about P,

e From the force diagram shown in the
figure we get

Force w, produce torque =0
Force w, produce torque = -(X;+X,)W,
Force N produce torque = x;N

@ Dr. Hazem E Sakeek www.physicsacademy.org
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In equilibrium the sum of these torques must be
zero

>7=0
- (x1 + )(2)W2 +x,N=0
And the Net forces must be zero

*N—w,—w,=0 o N=w, tw,

*Substitute for N we get, l‘_ ¥ + %z
- (X T x)w, T x(w, T w,) =0

XHW)H =X (W

X, W,

2
X W

MIMUIWMlmlﬁSEWWMMIWIwwg
9=xoll abosid > LU

a N

\9 Dr. Hazem E Sakeek www.physicsacademy.org j
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Example 5

e A model for the forearm in the position shown 1n
the figure 1s pivoted bar supported by a cable.

The Weight w of the forearm is 12N and can be treated as

concentrated at the point shown.

Find the tensionT exerted by the biceps muscle and the
force E exerted by the elbow joint.

@ Dr. Hazem E Sakeek www.physicsacademy.org J
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Applying the First condition of equilibrium

F=0
Then
T—E—w=0

Applying the Second condition of equilibrium
27=0

Force E produce torque =0

Force w produce torque = -(0.15)w
Force T produce torque = (0.05)T

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

In equilibrium the sum of these torques must be zero

27=0

-0.15w +0.05T =0

or
T=3w=3x12=36N

From the First equation we get the value of E

E=T—-—w=36—12=+24N

e [3lg pumo 08 lpall Loyl Wl (susy 1igd dumgo E 6Ll 0f s
wwosidoll olssVl swSce E olsil of ells (susd &Jluw E 8Ll

£9SJl (s de adgioll 8gslly alasll anwlgs dginadl T aidl 898 wilS I5Lo)
SW wsell 698 o LusS ST E
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Example 6

e An advertising sign 1s hung from a hinged beam
that is supported by a cable (see the figure).

® The sign has a weight w=1000N, and the weights of the
beam and the cable are negligible.

® Find the tension in the cable and the forces exerted by
the hinge.

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

%EL}_K———J ] [e J |
| l lm.}_m %j km FO00 M
e 2m y

*Draw a free body-diagram for all the forces.
o dindl e T 3208585 e 33 Al 858 nis sl AL (335 5 s
Oy daslan ye ed H Rl L8 daladl i e dailil) 5 58l Ll o Jaall olas)
ABal) Laghay i H 48 jas H A4S e 8580 s3] Of alas

H = [H! + H}]"

H
tan 6 = }—f
x
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OApplying the First condition of equilibrium

SF=0
Xk, =0 and XF =0

Hy sH 5T sl Ay CYalae 3 ) GU;.S.

~

H, —T cos30 =0 (1) F
H, | 30°
H_ +T sin30 — 1000 =0 (2) : x g E—hs
’ °
°Applying the Second condition _J
of equilibrium ~I 8 1000 N
27=0 ¥

e Gl LR o o) (e S 3391 Ja i Gl A (41 jlial LSy
A= gsee H s H 0o 2 )5 3Y1 O el A

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

/
Tsin30 x Im — 1000N x 2m =0 (3)

From eqn (3) The tension in the cable T is

_ 2(1000 N) _ 2000 N

= 4000 N

r==Gn30° - 03
From eqn (1) and (2) we get | % . ‘
v x N - X
H, = T cos 30° = (4000 N)0.866) = 3464 N| [® i
"|TT1J !OWN
H, = 1000 N = T sin 30° \ 4

Zm

= (1000 N) — (4000 N)(0.5) = —1000 N

@ Dr. Hazem E Sakeek www.physicsacademy.org
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4 N
We can now find H and 0 - "

H = [H? + H'? = [(3464 N)? + (1000 N)?]"2 _J
= 3605 N =km

ALY 3y (e S ) Jalad) o 855l Billy add) dad ) LaaY
fdall o 3l S ¢Say i

@ Dr. Hazem E Sakeek www.physicsacademy.org

Exercise
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Exercise 1

*A 30kg pile of rocks is balanced by a 5.0kg block of wood on a scale, as

shown below. The rocks are 0.30m from the pivot point. How far, to the

other side of the pivot point, must the block of wood be placed (ignore

the mass of the scale)?

R

A

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

0.30m d

Answer: d=1.8m

~

Exercise 2

A seesaw consisting of a uniform hoard of mass M and
length € supports a father and daughter with masses wy;and
mg, respeclively, as shown in Figure 12.8. The support
(called the julerum) is under the center of gravity of the
board, the father is a distance 4 from the center, and the
daughter is a distance £/2 from the center.

(A) Determine the mugnitde of the upward force n ex-
erted by the support on the board.
n

E

jﬂ."

l

g I

@ Dr. Hazem E Sakeek www.physicsacademy.org
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&
-

_ ma |,
nak 4= ( my ) 2t

10/27/2009

10



@ Dr. Hazem F. Sakeek www.physicsacademy.or:

Exercise 3

A person holds a 50.0-N sphere in his hand. The forearm is
horizontal, as shown in Figure 12.9a. The biceps muscle is
attached 3.00 cn from the joint, and the sphere is 356.0 cn
from the joint. Find the upward force exerted by the biceps
on the forearm and the downward force exerted by the
upper arm on the forearm and acting at the joint. Neglect
the weight of the forearm.

jo
[

mg

F=583N
R=533N

=

©

Exercise 4

A uniform horizontal beam with a length of 8.00 m and a
weight of 200 N is attached to a wall by a pin connection. Its
Far end is supported by a cable that makes an angle of 53.0°
with the beam (Fig. 12.10a}). If a GOO-N person stands 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.

T=313N
R=580N
©=71.1°

Dr. Hazem E Sakeek www.physicsacademy.org
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Exercise 1

* A 30kg pile of rocks is balanced by a 5.0 kg block of wood on
a scale, as shown below. The rocks are 0.30 m from the pivot
point. How far, to the other side of the pivot point, must the
block of wood be placed (ignore the mass of the scale)?

R

A

S

0.30m d

>

Answer: d=1.8m

@ Dr. Hazem E Sakeek www.physicsacademy.org

~

4 Example 1

Given M = 120 kg.
Neglect the mass of the beam.

L L L S S S S S S S p

a) Find the tension
in the cable

L L LS

L

1 >
b) What is the force ) 7m 7 Tom
between the beam and [M]

the wall

@ Dr. Hazem FE Sakeek www.phy:
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4 Solution A
a) Given: M =120 kg,L=10m, x =7 m
Find: T L L L L LLLLLL LS
N
\ AT
TL—Mgx =0
Solve for T = 824 N 1= > 1om
m
@ Dr. Hazem E Sakeek www.physicsacademy.org /
4 Solution R
b) Given: M =120 kg,L=10m,x=7m, T=824 N
Fmdf L L L L L S LSS 4
N
- \
N
NI 17

T-Mg+f=0 E‘|_
« g

Solve for f = 3563 N >  10m

!

@ Dr. Hazem E Sakeek www.physicsacademy.org J
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f Exercise 2

support on the board.

A seesaw consisting of a uniform board of mass M and length 1
supports a father and daughter with masses m; and md, respectively, as
shown in Figure 12.8. The support (called the fulcrum) is under the
center of gravity of the board, the father is a distance d from the center,
and the daughter is a distance !/2 from the center.

(A) Determine the magnitude of the upward force n exerted by the

(B) Determine where the father should sit to balance the system.

i3

@ Dr. Hazem E Sakeek www.physicsacademy.org

> £/2 >
y i \%
L A i
Mg

v oa- (’"d);f
lf!dg mf

n= mg+ mgg+ Mg

/

-

® Because the system in equilibrium then the net force = zero

n = mfg-l- mqg + Mg

@ Dr. Hazem E Sakeek www.physicsacademy.org

~

B
SE=0 e—

€

i
n—mg— mgg— Mg=10 %ﬁ N

/& = : . /
| A
ng
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a N

° Applying the second condition of the equﬂibrium
=20 )
£ s L_%E
(myg)(d) — (mgQ) 5 0 T PN 1}
m
d= |—2% é(’
mf =
@ Dr. Hazem FE. Sakeek WWW.ghysicsacademy.org j
4 Exercise 3 h

A person holds a 50.0-N sphere in his hand. The forearm is
horizontal, as shown in Figure. The biceps muscle is attached 3.00
cm from the joint, and the sphere is 35.0 cm from the joint. Find the
upward force exerted by the biceps on the forearm and the
downward force exerted by the upper arm on the forearm and
acting at the joint. Neglect the weight of the forearm.

g =500 N F
o m 3,00 cm
£=850cm

F=583N

"1 R=533N

@ Dr. Hazem E Sakeek www.physicsacademy.org J
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¢ Solution: ¥

* We simplify the situation by modeling the
forearm as shown in the figure, where F is the
upward force exerted by the biceps and R is the
downward force exerted by the upper arm at the

joint. From the first condition of equilibrium we
have, g

=
[

D FE=F—R=500N=0 ¢

® From the second condition of equilibrium about
point O we have,

’27':}"({— mgf':(]‘

‘F(:%,OO em) — (50.0 N) (35.0 cm) = 0 \

f'= B83N

Exercise 4

A uniform horizontal beam with a length of 8.00 m and a
weight of 200 N is attached to a wall by a pin connection. Its
far end is supported by a cable that makes an angle of 53.0°
with the beam. If a 600-N person tands 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.

T=313N
R=580N
s00m | 0=71.1°

P g o) o e

@ Dr. Hazem E Sakeek www.physicsacademy.org
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¢ Applying the first condition of the equilibrium L \\
> F,= Rcos § — Tcos 53.0° = 0 - N\
= N
2 ]*3‘ = Rsin 6 + Tsin 53.0° =600 N —-200 N =0 T_h T
e
® From the second condition of equilibrium about /{ 1 h
point O we have, L __ - |
‘:ﬂbﬂ N
S = (Tsin 53.0° (8.00 m) — (600 N)(2.00 m) -
— (200 N) (4.00 m) =0 siéhik N
T= 313N Rsin 6 Frin G0P
Rcos 8§ =188 N Ros# -
Rsin # = 550 N — =
. Y200
gl DON
tan 188 N -k 00N
188 N 188 N "'—“lmm—l‘i
9= 71.1° R= =T 118 580 N
cos 6 cos 71.1

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

Exercise 5

Suppose that you placed a 10 m ladder (which
weights 100 N) against the wall at the angle of
30°. What are the forces acting on it and when
would it be in equilibrium?

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Solution: P
. 10m :
Given: l
‘ i
weights: w;= 100 N X 0 y i
length: I=10 m . %
angle: a=30° @
>1=0
) 1. Draw all applicable forces
Find: 2. Choose axis of rotation at bottom corner (z of f and n are 0!)
f=9 Torques: Forces:
g:?) Zr:—mg%cos30"+PLsin30°=0 > F,=f-P=0
B 1 1 f =86.6N
0=-100N-=-0.866+P-1-=
2 2v > F,=n-mg=0
P=-86.6N n=100N
f 86.6N
Note: f = un, so Hs = n 100N 0.866
\15 Dr. Hazem FE Sakeek www.physicsacademy.orq j
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/
Center of Gravity

e The force of gravity
acting on an object

must be considered.

* In finding the torque
produced by the force
of gravity, all of the
weight of the object can
be considered to be
concentrated at one
point

@ Dr. Hazem F. Sakeek www.physicsacademy.or:

Calculating the Center of Gravity

The object is divided up into a large number of
very small particles of weight (mg).

Each particle will have a set of coordinates
indicating its location (x,y).

The torque produced by cach particle about the

axis of rotation is equa] to its weight times its

X ¥

e e
c.g.

X2, ¥a

lever arm.
We wish to locate the point of application of the
single force, whose magnitude is equal to the
weight of the object, and whose effect on the

rotation is the same as all the individual particles.

* This point is called the center of gravity of
the object.

\4 Dr. Hazem E Sakeek www.physicsacademy.or:
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f
Coordinates of the Center of Gravity

® The coordinates of the center of gravity can be found from
the sum of the torques acting on the individual particles being

set equal to the torque produced by the weight of the object

~m. X m.y.
Xy =——— and Yy, =——— Y,
® The center of gravity of a homogenous, symmetric body must

lie on the axis of symmetry.

® Often, the center of gravity of such an object is the geometric
center of the object.

@ Dr. Hazem E Sakeek www.physicsacademy.org

Example: Find center of gravity of the following system:
. i A
Given:
masses: m;=5.00 kg 5.00kg  |2.00 kg 4.00 kg
m, = 2.00 kg ’ o I
m, = 4.00 kg O " \r '
lever arms: d,=0.500 m L N il
d,=1.00m 0500ml 1.00m |
Find:
. = Zmixi _ MX, +MyX, +MgXg
Center of gravity c9 Z m, m, +m, +m,
_ 5.00kg(—0.500m) +2.00kg (Om) + 4.00 kg (1.00 m)
11.0kg
=0.136m

KG Dr. Hazem E Sakeek www. ghysicsacademy. org
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Experimentally Determining the Center of Gravity

®The wrench is hung freely

from two different pivots

®The intersection of the lines

indicates the center of gravity

\7 Dr. Hazem E Sakeek www.physicsacademy.org

Center of Gravity of Humans

Another technique used to determine the center of gravity of
humans is described in the figure below.

A board of length 1 is supported at its ends resting on scales
adjusted to read zero with the board alone.

When a person lies on the board the scales read w; and w,.

Scale 1 Scale 2
@ @
r (A |

@ Dr. Hazem E Sakeek www.physicsacademy.org
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® The condition for the torque|Y, 7 = (J|can be used to Find X.

® The torque about point P is

Xw, —(I-X)w, =0

~

IW Scale 1 Scale 2
X=—2

W, + W, < @

7 A |

X

-

@ Dr. Hazem E Sakeek www.physicsacademy.org

Why things fall over

* Every object has a special point called the center of
gravity (CG).The CG is usually right in the center of
the object.

® if the center of gravity is supported, the object will not fall
over.

® You generally want a running back with a low CG=> then
it's harder to knock him down.

® The lower the CG the more stable an object is. stable -
not easy to knock over!

11/3/2009



Condition for stability

If the CG is above
the edge, the object
will not fall

1
74
7 |

@ Dr. Hazem E Sakeek www.physicsacademy.org

-

when does it fall over?

If the vertical line
extending down from
the CG is inside the
edge the object will
return to its upright

|

I
t
due to gravity brings
STABLE NOT STABLE it back.

@ Dr. Hazem F. Sakeek www.physicsacademy.org

position - the torque
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d Stable structures

Structures are
wider at their
base to lower their
center of gravity

\1 3 Dr.Hazem E Sakeek www.physicsacademy.org

A box is placed on a ramp in the configurations
shown below. Friction prevents it from sliding. The
center of mass of the box is indicated by a dot in
each case.
— In which cases does the box tip over?
1 |

L

Dr. Hazem E Sakeek www.physicsacademy.org
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The beam is The beam is not
in equilibrium in equilibrium

@ Dr. Hazem E Sakeek www.physicsacademy.org

The diagram of a quadruped walking as seen
from above. The open circle represents the foot that is off the
ground. Notice that the center of gravity is always within the
triangle formed by the three feet on the ground.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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4 The Spinal Column

® The human spinal column is Cervical
vertebhrac
made of 24 vertebrae separated

by fluid-filled disks.

yeriehrae
separate the last vertebra from

the sacrum.
Sacrum

@ Dr. Hazem E Sakeek www.physicsacademy.org

I‘hnr:cnc ;
® When the person bends, the spine e
is consider as lever, producing a
very large force on the
lumbrosacral disk, which Lumbar

*The pivot exert force R

*The muscles of the back produce
aforce T

*When the back is horizontal
a=12°,

Notice that because e is small, the line of action
of T passes close to the pivot, so its lever arm r is
small. However, the weight w acts at right angles to
the spine, and its lever arm is much longer. Hence
for their torques to balance, the muscle force T
must be much greater than the weight. Because T is
large, its horizontal component is also large. In
equilibrium, the force R due to the sacrum must
have an equal but opposite horizontal component,

so this force due to the sacrum is also much larger
than the weight.

@ Dr. Hazem E Sakeek www.physicsacademy.org

*w is 65% of the total body weight.

~
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If this calculation is carried out in detail, the num-
bers obtained are impressively large. For a man
weighing 750 N (a mass of 77 kg), T and R are each
close to 2200 N! If the man is also lifting a 175-N
(18-kg) child, so that there is an extra 175-N weight
at the right end of the bar in Fig. 4.30, T and R are
each about 3300 N! Such forces in the muscles and
on the disk are potentially quite hazardous.

@ Dr. Hazem E Sakeek www.physicsacademy.org J
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fay ®)
Incorrect way to Correct way to
lift a weight lift a weight
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Example

* The illustration below shows an athlete’s outstretch arm
(length 60cm) holding w2 = 5kg. The tension T in the
deltoid muscle is applied at an angle of 17 degree. The
mass of the arm w1 is 4.5 kg (at 30 cm from shoulders
joint). Determine the tension T in the muscle, which is 15
cm away from w1, and the force exerted by the shoulders
joint F and its direction. Considerg=10m. s

Dr. Hazem F. Sakeek 1
www.physicsacademy.org

15 cm

-
30cm  yw1=45N W2=50N

60 cm

Dr. Hazem F. Sakeek )
www.physicsacademy.org
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F,=Fsin(6) T, = Tsin(17)

F\\\ L T‘ l
F, = F cos(0) =it

T =T cos(17) | |

w1 w2

* Since the outstretched arm is at equilibrium start
applying the laws of equilibrium, that is, apply the
first law of equilibrium

*2F,=0,and 2. F,=0, notice the arrow head of
each vector or vector's component.

F, T cos(17)=0=F, =T cos(17)
—F, +T sin(17)-w,-w,=0=>F =T sin(l"/)fwlfwl

Dr. Hazem F. Sakeek
www.physicsacademy.org

Zf:()
W, (O.Srﬁ )-w,(0.60m )+ T sin(17)(0.15m ) =0,

* Solve for, we have

_ (?.3177 )+w,(0.60m ) _ 45x0.3+§0x 0.60 _ 991.888N
sin(17)(0.15m ) 0.15xsin(17)

* From equation 1, we have
F. =T cos(17)=948.547N ,

* and from equation 2, we have
F, =T sin(17)-w, —w, =194.999N

|[F|=\JF+F =968.38N and its direction is 6 = tan'l(F—}] =11.6163".

x

Dr. Hazem F. Sakeek
www.physicsacademy.org
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1. Define and Explain
= Rigid Body
= Torque
= Couple
= Equilibrium
= Static

= Center of Gravity

2. Find the magnitude and sign of the torque due to each of the weights in Figure
1 relative to point P.

b ot
o i

P LX)
I m— I'm 0.5 m 0.5 m-—=
W|_=H]N W}=6N WJ—EDN 'H-'|=30N
Figure 1

3. Find the magnitude and sign of the torque due to each of the weights in Figure
1 relative to point Q.

4. Using a wrench 0.4m long. A force of a 100N is needed to turn a nut. (a) How
large a torque is required? (b) How large a force is needed to turn the nut
using wrench 0.15m long?

5. Infigure 2 find the torque due to F; and F; relative to point P.

e T — -l

Fi=5N|
im 'JI 90":
"—1;.——1'-‘—*1‘”
N

F; = 10N

Figure 2

Physics Academy 2 Dr. Hazem F. Sakeek



6. The bar in Figure 2 is pivoted at point P. Will it tend to start rotating if it is
initially at rest? Explain, and indicate in which direction it would rotate if
your answer is yes.

7. A weightless bar supported by two vertical ropes has four weights hung from
it as shown in figure 1 Find the tensions T, and T in the ropes.

8. Figure 3 shows the forearm when the person is holding a 12N weight (w1) in
the hand (w is the weight of the forearm). (a) Find the force T exerted by the
elbow joint.

&

T

Biceps muscle

0.05m

Figure 3

9. Find the tension in the ropes in figure 4

o 15° 747775

100 N

Figure 4

10. In figure 5 an object is supported by a hinged, weightless rod and a cable. Find
the tension in the cable and the force exerted by the hinge.

Physics Academy 3 Dr. Hazem F. Sakeek



Lo |
L]
-

YL A

1000 N

Figure 5
11. In figure 6 the hinged rod and cable are weightless. The cable will break when

the tension exceeds 2000N. What is the maximum weight w that can be
supported?

30°

: |
e @

L-—---Zm—t-

r
L

LA

Figure 6

12. In figure 7, the weight of the upper body is w=490N. Find the force T exerted
by the spinal muscles and the components Ry and Ry of the force R exerted by
the pivot (sacrum) if the weight w; is (a) zero; (b) 175N

0.71
Uﬁ:‘

- M/

Figure 7

Physics Academy 4 Dr. Hazem F. Sakeek
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Elastic Properties of Materials
aid L Gl Al B gAY () ARL) g pall B L yid) S8 o
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9 LIS b ity ¥ AN alwa) Al A Rigid Body

A A 38 ) Lguda il Al Lgaaa

o2l 1) Al G aaa 8 13 Glb Ll adlgl) 8 oSl o
Miah dada g AlSd (B i ) g gl 558 L) awad)
Bl ) 1)y cddde Bgh iUl Al e g ol sy
o) Johay IS juakih 7= oll) Jand B g gladil § figall
kel Ao harla 568 gl Ak 398 ) (a1 sl e Bl
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e Stress
e Strain
e Young’s Modulus
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Introduction

¢ In our first topic, Static Equilibrium, we
examined structures in which we assumed the
object were rigid

* Rigid means that the object did not deform due
to the applied force.

¢ In real, we have deformation “change in shape

and size “.

@ Dr. Hazem F Sakeek www.physicsacademy.org
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Deformation

of Solids

\5 Dr. Hazem E Sakeek www.physicsacademy.org /

Stress and Strain

¢ Stress is a quantity that is proportional to the
force causing a deformation

¢ Stress is the external force acting on an object
per unit cross-sectional Area.

* Strain is the result of stress, which is the
measure of the degree of deformation

@ Dr. Hazem F Sakeek www.physicsacademy.org J
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Types of

Stress

Tension
Stress

Dr. Hazem F Sakeek www.physicsacademy.org

-

~J—

Types of Stress

Tension Stress: is the force per unit area producing elongation of an object.

Compression Stress: is the force per unit area producing compression of an
object.

Shear stress: is the opposite force "sliding forces " applied to parallel
faces of the object. Producing change in shape of material without changing

its volume
—~ ]

Tension Compression

-

Shear

~
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Stress

* Stress : Force per unit Area

F : Force applied in Newton
A : cross sectional area in m2
O : stress in N/m?

A
-

Dr. Hazem E Sakeek www.physicsacademy.org
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Strain

Ratio of elongation of a material to the original length

Al elongation (m)
[, :original length of a material (m)

& strain Dimensionless

Elongation |4/ =1/,-1,

l; : loaded length of a material (m)

Dr. Hazem FE. Sakeek www.physicsacademy.org

&

11/7/2009



-

.

Relation Between Stress and Strain

The relation between the stress and the strain
for a material under tension can be found

experimentally.

A plot of Strain vs. Stress.

The diagram gives us the behavior of the
material and material properties.
Each material produces a different stress-strain

diagram.

Dr. Hazem E Sakeek www.physicsacademy.org
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Linear
Limit
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N
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Elastic Limit

Ultimate
tension
strength

Elastic

Region

or .
Yield Point /

Plastic
Region :

Fracture
Point

Stress-Strain
Diagram

Strain (&)
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Elastic Limit

For small values of the strain, the stress-strain
graph is a straight line; the stress o is
linearly proportional to the strain e. This is called
the linear region for a material. Beyond the linear
limit A, the stress is no longer linearly proportional
to the strain. However, from A to the elastic limit or
yield point B, the object still returns to its original

dimensions when the applied force F is removed.
The deformation up to B is said to be|elastic!

Dr. Hazem E Sakeek www.physicsacademy.org
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If the
applied force is further increased, the strain in-
creases rapidly. In this region, if the applied force is
removed, the object does not return completely to
its original dimensions; it retains a permanent defor-
mation. The highest point C on the stress-strain
graph is the|ultimate tension strength o,|of the ma-
terial or its maximum stress. Beyond this point, ad-
ditional strain is produced even by a reduced ap-
plied force, and fracture occurs at point D.| From B
to D the material is said to undergo plastic deforma-
tion. If the ultimate tension strength and fracture
points C and D are close together,
the material @ if they are far apart,

the material is said to be

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Example

A bar has dimensions 1cm
by 1cm by 20cm. It is
subjected to a 10000N
tension force and
stretches 0.01cm. Find

the stress;

the strain;

If the stress-strain graph is
straight line, how much does
the bar stretch when the
applied force is increased to
50000N?

Dr. Hazem E Sakeek www.physicsacademy.org j
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Solution

The stress is the ratio of the force applied and cross-
sectional area.Thus,

F _ 10000N

O=—=——_—10°N/m’
A (0.0Lm)

The strain is the fractional elongation
o Al 0.0lem
/ 20cm

o

=5x107*

If the stress-strain graph is a straight line, the two are
proportional. When the applied force increased by a
factor of 5 (50000/10000) then the elongation
increases to 0.05cm

Dr. Hazem FE. Sakeek www.physicsacademy.org J
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Unit 3
Elastic Properties of Materials

Lecture 9

Hook’s Law
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Young’s Modulus

¢In the linear region of the Strain vs. Stress diagram, the

slope equals the stress-to-strain ratio and is calledYoung’
Modulus or Elastic Modulus (E) of the material

Stress
(MN/m?*)
. stress
Elastic modulus = ————
straim Mlic Breaking
point
|
Elastic
y=2 1
&
‘ Strain
° 0 0002 0004 0006 001
Dr. Hazem F Sakeek www.physicsacademy.org
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Deformation types and define an elastic modulus

1.Young’s modulus, which measures the resistance
of a solid to a change in its length.

2.Shear modulus, which measures the resistance
to motion of the planes within a solid parallel to
each other.

3. Bulk modulus, which measures the resistance of
solids or liquids to changes in their volume.

Dr. Hazem E Sakeek www.physicsacademy.org
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Young’s Modulus: Elasticity in Length

=—= Young’s modulus

Young’s modulus is typically used to
characterize a rod or wire stressed under
either tension or compression.

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Shear Modulus: Elasticity of Shape

y o _Fri4
& Ax/h

Where Ax is the horizontal distance that the sheared face moves and h is

the height of the object.

Dr. Hazem E Sakeek www.physicsacademy.org

shear modulus
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Fixed face

/

&

Bulk Modulus: Volume Elasticity

_AF/A AP
AVIV,  AV/V,

o
&

A negative sign is inserted in this
defining equation so that Yis a
positive number. This maneuver is
necessary because an increase in
pressure (positive AP) causes a
decrease in volume (negative AV) and

vice versa.

Dr. Hazem F Sakeek www.physicsacademy.org
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Typical Values for Elastic Moduli

Young’s Modulus Shear Modulus Bulk Modulus
Substance (N/m?) (N/m?) (N/m?)
Tungsten 85 x 1010 14 x 1010 20 x 1010
Steel 20 x 1010 8.4 x 1010 6 x 1010
Copper 11 x 1010 4.2 x 101 14 x 1010
Brass 9.1 % 1010 3.5 x 1010 6.1 % 1010
Aluminum 7.0 % 1010 2.5 x 101° 7.0 % 1010
Glass 6.5-7.8 x 1010 2.6-3.2 x 1010 5.0-5.5 x 1010
Quartz 5.6 x 1010 2.6 x 10! 2.7 x 10'°
Water — —_ 0.21 x 1010
Mercury — — 2.8 x 101°

~

Dr. Hazem E Sakeek www.physicsacademy.org
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Example

How much pressure is needed to compress the volume of

an iron block by 0.10 percent? Express answer in N/m?,

and compare it to atmospheric pressure (1.0 x 10° N/ mz).

Solution:

Y for iron = 90x10'° N/m?
B AP
N

ﬂ = E =10"
V. 100

90x10" = -

AP
107

AP =90x10°N/m?

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Hook’ Law

The linear stress-strain region in the diagram is also called
Hook’s Law region. In this region, since the stress is
linearly related to the strain. The force is linearly related to

the elongation.

o Stress
Y=— (MMN/m®)
&
o=Y¢
Al F
8 = — O' e
l, A 1
F_, Al | Strnin
K - l_ ¢ 0002 0004 00006 0008 001
Dr. Hazem E. Sakeek www.physicsacademy.or;
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o

Thus, in tension or compression the force on an object is proportional

to its e]ongation.

F = kAl Hook’s law

Where k is the spring constant

strain Juii¥ls stress sleay) o hall il ddhaia & o gal) o a6 Gilay
Al Ji 5 adatall dalice 3 LS 3 S K dasi 0 5Si

K Dr. Hazem FE. Sakeek www.physicsacademy.org J




/

.

Example 10-2

In example 10-1, a 103N/m? stress produces a
strain of 5x10*.

What is Young’s modulus for this bar?

Solution

o 108

=510 =20x10"N/m’
& X

Dr. Hazem E Sakeek www.physicsacademy.org
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Example

A solid brass sphere is initially surrounded by air,
and the air pressure exerted on it is 1.0 x10° N/m?
(normal atmospheric pressure). The sphere is
lowered into the ocean to a depth where the
pressure is 2.0 x 10’ N/m?% The volume of the
sphere in air is 0.50 m?. By how much does this
volume change once the sphere is submerged?

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Solution

From the definition of bulk modulus, we have

AP
AV 1Y,

_yap
Y

_(0.50m2)(2.0><107N/m2 ~1.0x10°N /m*)
6.1x10° N /m’

AV =

AV =

AV =-1.6x10"m’

The negative sign indicates that the volume of the sphere decreases.

Dr. Hazem E Sakeek www.physicsacademy.org
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Example

A vertical steel girder (dd 44 \e) with a cross-
sectional area of 0.15 m? has a 1550 kg sign
hanging from its end. (Ignore the mass of the
girder itself.)

(a) What is the stress within the girder?
(b) What is the strain on the girder?

(c) If the girder is 9.50 m long, how much is it
lengthened?

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Solution

A =0.15m?, m = 1550 kg, I, =9.5m
F=mg=1550x9.8 = 15200 N

o-F_mg_15200 ., \osn/m?
A A 015

y=2
&

o _1.0><105

E=—=——""3-=50x10"
Y 200x10

Al=gx1,=4.8x10"m

\ Dr. Hazem E Sakeek www.physicsacademy.org
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A 15 cm long animal tendon (ﬂj) 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.

Solution
Al=3.7mm,],= 15cm, 2r =8.5mmand F= 134N
Al=3.7x10%m, ], = 0.15m,r = 4.25x10° m

The cross sectional area A = 7r2 = 5.7x10° m?

v=O _FIA g 105N /m
e Al

\ Dr. Hazem FE. Sakeek www.physicsacademy.org




Problem

A nylon tennis string on a racquet is under a
tension of 250 N. If its diameter is 1.00 mm, by
how much is it lengthened from its
un-tensioned length?

Dr. Hazem E Sakeek www.physicsacademy.org
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Unit 3
Elastic Properties of Materials

Lecture 10
Elastic Strain Energy
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Example 1

A 200-kg load is hung on a wire having a length of
4.00 m, cross-sectional area 0.200 x 10* m?, and
Young’s modulus 8.00 x10'° N/m?* What is its
increase in length?

F_yAL
A L
FL, (200)(9.80)(.00)
AL=—L- -[490
AY (0.200107)(8.00 10"}
\e Dr. Hazem F Sakeek www.physicsacademy.org /
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Example 2

A child slides across a floor in a pair of rubber-soled shoes.
The friction force acting on each foot is 20.0 N. The
footprint area of each shoe sole is 14.0 cm?, and the
thickness of each sole is 5.00 mm. Find the horizontal
distance by which the upper and lower surfaces of each sole
are offset.The shear modulus of the rubber is 3.00 MN/m?.

FIA hF
Y = AX=—
AXx/h YA
(5.00107 m)(200 N) )
Ax ' - =238x107 m

" [3.010° N/m?)[14010% w2

Ax :‘ 2.38 x102 mm ‘

\ Dr. Hazem E Sakeek www.physicsacademy.org j
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Elastic Strain Energy

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

elastic strain energy.

Ideally we recover all of it, but in
reality a certain amount is lost as
heat. This lost energy is called
hysteresis. The energy is the area
under the force-extension graph (the

area of the triangle). So we can use this

E-Lral
2

result to say:

K Dr. Hazem FE. Sakeek www.physicsacademy.org J
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E-= 1 FAl
2
Substituting for F, we get
YA
E=—Al°

2|

Example, What is the elastic strain energy contained in a copper
wire of diameter 0.8 mm and 16 cm length that has stretched by 4
mm under a load of 400 N?

E =%FAI =0.5x 400N x4x10°m=0.8J

Dr. Hazem E Sakeek www.physicsacademy.org
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Bone Fracture: Energy Considerations

Knowledge of the maximum energy that parts of the body can

safely absorb allows us to estimate the possibility of injury
under various circumstances. We shall first calculate the
amount of energy required to break a bone of area A

and length L.

Assume that the bone remains elastic until fracture. Let us

designate the breaking stress of the bone as G. The
corresponding force Fy that will fracture the bone is, from

Eq.,

Ra

Al YA
B _
-B_Yy I ) FB=—I Al

0o

Dr. Hazem FE. Sakeek www.physicsacademy.org
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Fe =GBA=YI—AA|

0

The compression Al at the breaking point is, therefore,

Al =Tl

YA

E= 21 7, the energy stored in the compressed bone at

From

the point of fracture is

2
i Al o,

E_ YA (O‘B|O
2Y

Dr. Hazem E Sakeek www.physicsacademy.org
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Example

Discuss the possibility of fracture of two leg bones
that have a combined length of about 90 cm and an
average area of about 6 cm? when a 70 kg person jump
from a height of 60 cm.

Solution

First we calculate the maximum energy the two legs
can absorb before fracture:

The breaking stress of the bone G is 1.5X10° N/m?,
and Young’s modulus for the bone is 1.5X10'" N/m?

Dr. Hazem FE. Sakeek www.physicsacademy.org
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The total energy absorbed by the bones of one leg at the
point of compressive fracture is

E_ Al OGBZ
2Y
-4 8y2
e - (6x107)(0.(5x10°)" o) o
1.5x10
The combined energy in the two legs is twice this value, or

385 ]
Now we have to calculate the energy gained by jumping
E=mgh=70(9.8) (0.6) =412]

The energy produced by jumping is higher than the maximum energy can
be safely absorbed by the two legs so if all this energy is absorbed by the

leg bones, they may fracture.

\ Dr. Hazem E Sakeek www.physicsacademy.org j
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Problems
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Problems

¢ (1)A 2 m long bar has a rectangular cross section. 0.02 m by 0.04
m. If it is subjected to a 10,000 N force along its length, what is
the stress?

® (2) A pipe has an inner radius of 0.02 m and an outer radius of
0.23 m. If it is subjected to a tension stress of 5x107 N/m?, how
large is the applied force?

® (3)A 0.4 m pip under compressional stress changes length by
0.005 m. What is the strain in the pipe?

@ Dr. Hazem FE. Sakeek www.physicsacademy.org J
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(4) The largest tension strain that can occur before fracture in
aluminum is 0.003. What is the maximum change in length of 1 m

aluminum pipe?

(5) A rubber rod of length 0.5 m and radius 10~ m stretches 0.1 m
when a 140 N force is applied. How large a force is needed to stretch a
rubber rod 0.1 m if its length is 0.5 m and its radius 2x1073?

(6) A steel wire 10 m long has a radius of 1 mm. Its linear limit is
2.5x10% N/m?, and its ultimate tension strength is 5x10% N/m?. The
wire is attached at one end and hangs vertically with a weight at its
lower end. (a) If the wire is just at its linear limit, how much large is

the weight? (b) What is the largest load the wire can support?

Dr. Hazem E Sakeek www.physicsacademy.org
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(7) A rod with a radius of 0.005 m and length of 2 m stretches
0.002 m when subjected to a tension force of 10,000 N. What is

Young’s modulus for this rod?

(8) An aluminum wire is 20 m long and has a radius of 2x10 m.
The linear limit for aluminum is 0.6x10® N/m? (a) How large a
tension force must be applied to stretch the wire to its linear
limit? (b) How much will the wire stretch when this force is

applied?

(9) What is the spring constant of human femur under
compression of average cross-sectional area 103 m? and length
0.4 m?

Dr. Hazem E Sakeek www.physicsacademy.org

4/10/2013


http://www.physicsacademy.org/
http://www.physicsacademy.org/

(10) A 200-kg load is hung on a wire with a length of 4 m, a cross-
sectional area of 0.2x10* m and aYoung’s modulus of 8x10'°N/m?.

What is its increase in length?

(11) If the elastic limit of copper is 1.5x10% N/m?, determine the
minimum diameter a copper wire can have under a load of 10.0 kg if

its elastic limit is not to be exceeded.

(12) When water freezes, it expands by about 9%. What would be the
pressure increase inside your automobile’s engine block if the water in
it froze? (The bulk modulus of ice is 2x10° N/m?.)

\ Dr. Hazem E Sakeek www.physicsacademy.org

(13) Assume that Young’s modulus for bone is 1.5x10'* N/m? and that a bone
will fracture if more than 1.5x10% N/m? is exerted. (a) What is the maximum
force that can be exerted on the femur bone in the leg if it has a minimum
effective diameter of 2.50 cm? (b) If a force of this magnitude is applied

compressively, by how much does the 25.0-cm-long bone shorten?

(14) The average cross-sectional area of a woman femur is

10~ m? and it is 0.4 m long. The woman weights 750 N (a) what is the length
change of this bone when it supports half of the weight of the woman? (b)
Assuming the stress-strain relationship is linear until fracture, what is the

change in length just prior to fracture?

Al ==l

\ Dr. Hazem E Sakeek www.physicsacademy.org
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(15) A man leg can be thought of as a shaft of bone 1.2 m long. If
the strain is 1.3x10"* when the leg supports his weight, by how

much is his leg shortened?

(16) What is the spring constant of a human femur under
compression of average cross-sectional area 10-3m? and length 0.4

m?

(17) (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

3x10% N/m?, does permanent deformation occur with this load?

\ Dr. Hazem E Sakeek www.physicsacademy.org /
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Unit 3
Elastic Properties of Materials

Lecture 11

Problem Solution
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Problem Solution

¢ (1) A 2 m long bar has a rectangular cross section. 0.02 m by 0.04
m. If it is subjected to a 10,000 N force along its length, what is
the stress?

F —M=12.5x106N / m?

O=—=
A 0.02x0.04

Dr. Hazem F.Sakeek www.physicsacademy.org
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(2) A pipe has an inner radius of 0.02 m and an outer radius of
0.23 m. If it is subjected to a tension stress of 5x10” N/m?2, how

large is the applied force?

2 2
A= T our — i

A= 7(0.232 —0.022)=0.16m?

[ WO ) IV PR FPT AT S S PR R LT

F=0A=5x10"N/m’x0.16m’ =8x10°N

Dr. Hazem E Sakeek www.physicsacademy.org
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(3) A 0.4 m pip under compressional stress Changes length by
0.005 m. What is the strain in the pipe?

Al -5 W — 0.0125

Dr. Hazem F.Sakeek www.physicsacademy.org

~

10/21/2013


http://www.physicsacademy.org/
http://www.physicsacademy.org/

(4) The largest tension strain that can occur before fracture in

aluminum is 0.003. What is the maximum change in length of

1 m aluminum pipe?

Al=¢l, =0.003x1=0.003m

Dr. Hazem E Sakeek www.physicsacademy.org
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(5) A rubber rod of length 0.5 m and radius 10~ m stretches 0.1

m when a 140 N force is applied. How large a force is needed to

stretch a rubber rod 0.1 m if its length is 0.5 m and its radius

2x1073?

Clylaa Jd4ie (i g g iy Jalre o V) 341 Cilhaza (4

=
Al
A I

0

S gl

y_Flo_ 140x05

AAl  7x(107°)?x0.1

=2.2x10°N /m?

How large a force

F:YIA—IA

0

Dr. Hazem F.Sakeek www.physicsacademy.org
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(6) A steel wire 10 m long has a radius of 1 mm. Its lincar limit is 2.5x10°
N/m?, and its ultimate tension strength is 5x10% N/m’. The wire is
attached at one end and hangs vertically with a weight at its lower end. (a)
If the wire is just at its linear limit, how much large is the weight? (b) What

is the largest load the wire can support?
(a) If the wire is just at its linear limit, how much large is the

weight?

A =25x10°N /m®x 7(1x107)’m? = 785N

F

inear limit — o.Iinearlimit

(b) What is the largest load the wire can support?

A =5x10°N /m*x z(1x107*)*m? =1570N

F

ultimate tension

=

ultimate tension

\ Dr. Hazem E Sakeek www.physicsacademy.org /
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(7) A rod with a radius of 0.005 m and length of 2 m stretches
0.002 m when subjected to a tension force of 10,000 N. What is

Young’s modulus for this rod?

T (().005)"‘)(0.00[l

e " e
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(8) An aluminum wire is 20 m long and has a radius of 2x10-* m. The
linear limit for aluminum is 0.6x10® N/m? (a) How large a tension force
must be applied to stretch the wire to its linear limit? (b) How much will

the wire stretch when this force is applied? (Y, =7x10'° N/m?)

(a) @{L:F“‘
A A
,"}{L:OZL-Q 5
3 oD
— .63 10 KT (2%
= FhL2NV
F =yLtb
(0) C=Tas
F

2107 2K IO
Dr. Hazem E Sakeek www.physicsacademy.org
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(9) What is the spring constant of human femur under
compression of average cross-sectional area 103 m? and length

0.4 m?

Young’s modulus for the bone is 1.5%x101° N/m?

k=—=3.75x10°N/m

Dr. Hazem F.Sakeek www.physicsacademy.org
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¢ (10) A 200-kg load is hung on a wire with a length of 4 m, a cross-

sectional area of 0.2x10* m and aYoung’s modulus of 8x10'° N/m?.
What is its increase in length?

—A XY . 0.KI0 " X3 1lo

i ".@[?éw}é 10 _3«\@

- ST S S SR

@ Dr. Hazem E Sakeek www.physicsacademy.org

minimum diameter a copper wire can have under a load of 10.0 kg if
its elastic limit is not to be exceeded.

. —7
._@_i_&: 10X9-5

O—E‘L W:élfxfaw2
Lﬂngi;;;EcTJL—JJ
Q::ffrl N
N e R S
Wﬁ;ﬁ—‘@

@: 2—"_‘;9‘% D HF
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(12) When water freezes, it expands by about 9%. What would be the
pressure increase inside your automobile’s engine block if the water in
it froze? (The bulk modulus of ice is 2x10° N/mz.)

B e e
RN / V- R \(g 100

& -1)(40"' WAl = \20X10° N

Dr. Hazem E Sakeek www.physicsacademy.org
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(13) Assume that Young’s modulus for bone is 1.5x10' N/m?” and that a
bone will fracture if more than 1.5x10% N/m? is exerted. (a) What is the
maximum force that can be exerted on the femur bone in the leg if it has a
minimum effective diameter of 2.50 cm? (b) If a force of this magnitude is

applied compresswely, by how much does the 25.0-cm-long bone shorten?

7?&_,, ~L

[FB' ke 6)&!0 )(T')K (1.25. rio-Y*

0

Fo 225000

Pl= Bk, i = Fa5qpX 25N
XA 1.5 10" X Tx(l.2s ns Y|
=

AL:Z\E‘XFD) 1
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(14) The average cross-sectional area of a woman femur is 10-*m? and it is 0.4 m long.
The woman weights 750 N (a) what is the length change of this bone when it supports
half of the weight of the woman? (b) Assuming the stress-strain relationship is linear
until fracture, what is the change in length just prior to fracture?

F_ 720 275/
Tz
A= 07
L = o0
@ Y oL
A~ L
;AL:J—“,)— 7km#‘ :{KW?;

0

AY o X 1EX0

95 lo

(D A= = _3
MU_W_L — L0 Tl
=y =L
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(15) A man leg can be thought of as a shaft of bone 1.2 m long, If
the strain is 1.3x10* when the leg supports his weight, by how

much is his leg shortened?
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(16) What is the spring constant of a human femur under

compression of average cross-sectional area 10%m? and

1ength 0.4 m?
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(17) (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 3x10% N/m?, does permanent

deformation occur with this load?
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(3) Resistance thermometer Platinum

(4) Thermocouple thermometer Chromel

(6) Magnetic thermometer
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(5) Radiation Thermometer Pyrometer

perature scale
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(1) Liquid thermometer Mercury or Alcohol Change in length
(2) Gas Thermometer Hydrogen Change in pressure
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Change in radiation colour

Change in susceptibility
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Example

An object has a temperature of 50°F. What is its temper-
ature in degrees Celsius and in kelvins?

Solution Substituting Tg = 50°F into Equation 19.5, we
get

From Equation 19.4, we find that

T=Te+273.15= 283.15K

@ Dr. Hazem FE. Sakeek www.physicsacademy.or:

Example

A pan of water is heated from 25°C to 80°C, What is the
change in its temperature on the Kelvin scale and on the

Fahrenheit scale?

AT = ATy = 80°C — 25°C = 55°C = 55K

ATy = AT = 2(55°C) = 99°F
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Thermal Expansion
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Coefficients of Thermal Expansion at 20 °C
Substance Linear Coefficient | Volum etric Coeff.
a(1/°C) B =3a(1/°C)
Aluminum 24%x10° 72x10°
Brass 19x10° 57 x10°
Copper 17x10 % 51 x10 %
Glass (ordinary) 9 x10 27 x10 %
Glass (Pyrex) 3x10 % 9x10*
Iron/Steel 12x10°* 36 x10°F
Lead 79% 10 % a7 x1n*®
Ice 51 %10 % 153 x 10 ®
Gasoline 950 x 10 ©
Mercury 180 x 10 ®
Water 210 x 10
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Example

A segment of steel railroad track has a length of 30.000 m
when the temperature is 0.0°C.

(A) What is its length when the temperature is 40.0°C?
(B) Suppose that the ends of the rail are rigidly clamped at

0.0°C so that expansion is prevented. What is the thermal
stress set up in the rail if its temperature is raised to 40.0°C?

AL= aL; AT =11 X 1075(°C)" 11(30.000 m) (40.0°C)
= 0.013m
If the track is 30.000 m long at 0.0°C, its length at 40.0°C is
30.013 m.
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(B) Suppose that the ends of the rail are rigidly clamped at
0.0°C so that expansion is prevented. What is the thermal
stress set up in the rail if its temperature is raised to 40.0°C?

Solution The thermal stress will be the same as that in the
situation in which we allow the rail to expand freely and
then compress it with a mechanical force Fback to its origi-
nal length. From the definition of Young’s modulus for a
solid (see Eq. 12.6), we have

e = F_ JAL
Stress A L}-

Because Y for steel is 20 X 10'Y N/m? (see Table 12.1), we
have

0.013 m
30.000 m

i = (20 x 101" N/rng)( ) = 87 % 107 N/m?

£
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4 Ideal Gas Equation

bg,uidl aule @ubii SVlg (acgi e bl o) ;&I 9 ww|&wb5.l

.pasio bes s 6| agizy Sl clegl) @il dopo el wly;> ,o.»(l)
e lostos )l Sl o Sasadl gzg
o5 Olyio Ugs dulgaine 45,5 Sl Ols> &S, (3

beall (Soluw b iy @,8)l 8,1, 85> sic 839>90ll whilall vl w-
»_s\Jtuo d)..cw u)fc

Mch@lﬂ;&gﬁg@h{l&d)pgﬁ@bﬂlj&lloi.iL..'bU-
A 9 Al olusall 50U awls Jupid ogyell 0in Jio gog
pS=i ol wlbMe (| Jgoglly ausl )l wVsleall Jupawid allio B9,k
L asluall ol pusiolly .sana=ll jle)l g0 Lpilao puy pi Jlndl 5lel B yas
wle whueioll 01d w @Ml awl,))g dosally pxxlly 6Ll 45,5 s

Charle J,Lisg Boyle g uladlell @y 08 Lo lisg

@ Dr. Hazem E. Sakeek www.physicsacademy.or:

-
Boyle's Law

*When gas is kept at constant temperature its pressure is
inversely proportional to the volume.

Pressure

Pal/v

at constant temperature

Volume

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Charle's Law

*When the pressure of the gas kept constant the volume

directly proportional to the temperature.

Vo T atconstant pressure

1atm

T=200K T=400K

@ Dr. Hazem E Sakeek www.physicsacademy.org

*These result can be summarized in one equation called the equation of state

for an ideal gas
P@:GEE\]T +— tempenatung

valume [ . Ideal @az Cengtant
mumber of melea

*Where n is the number of moles, R is a constant for a specific gas, which can
be determined experimentally, and T is the absolute temperature in Kelvin

*When the pressure goes to zero then the quantity PV/nT become the same
value of R for all gasses, therefore R called the universal gas constant ( «olJl
wljlel plell)

R = 8.31 J/mole.K
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*The ideal gas law can be expressed in terms of the total number of
molecules N where N = nN,

ewhere N, is the Avogadro's number = 6.022x10%3molecules/mole

P R — 2y RT
F
PV =INk.T Beltzmann's constant
k=1.38x10-2® Nm/°K
I = R/6.023x1023

*where K is called Boltzmann's constant, which has the value R/N,
K =R/N, = 1.38x1023] /K

«One mole of substance is that mass of the substance that contains
Avogadro's number of molecules

@ Dr. Hazem E Sakeek www.physicsacademy.orq
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Conversion between the different pressure unit systems

Torr, mmHg Atm Bar Pascal
Pascal 0.0075 0.87 % 107¢ 107 i
Bar 750 0.087 1 10°
atm 760 1 1.013 1.013 x 10°
Torr, mmHg 1 1.32x107% | 1.33x 1077 133.3
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° Example (1)
An ideal gas occupies a volume of 100cm? at 20°C and a
pressure of 100Pa. Determine the number of moles of gas in

the container.

e Solution

PV = nRT

® What is the number of molecules in the container?

@ Dr. Hazem E Sakeek www.physicsacademy.orq

* Example 2)
Pure helium gas is admitted into a tank containing a movable piston. The
initial volume, pressure and temperature of the gas are 15x10°m’, 200kPa
and 300K respectively. If the volume is decreased to 12x10°m* and the

pressure is increased to 350KPa, find the final temperature of the gas.
e Solution
Since the gas can not escape from the tank then the number of moles is

constant, therefore, PV = nRT at the initial and final points of the

pI‘OCGSS
PV: _ PV,
Tl TZ

T, =( pZVZ)Tl _ 3.5atm.12 liters

= _ (300K)=420K
p,V, 2 atm. 15 liters
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Example (2)

® One mole of oxygen gas is at a pressure of 6 atm and a
temperature of 7°C. (a) If the gas is heated at constant
volume until the pressure triples, what is the final
temperature? (b) If the gas is heated until both the pressure

and the volume are doubled, what is the final temperature?

@ Dr. Hazem E Sakeek www.physicsacademy.orq

Solutions
o (a)T, =273 +7=280K,

P 30 _1_3

Tl T2 Tl T2
SoT, =3T,=280x3=840K

P, :3p1 -

*b p,=2p,V,=2V,
p1V1 — p2V2 = p1V1 — 4p1V1
Tl T2 Tl TZ
T,=4T,=4x280=1120K
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Example

A 0.1 mole of 0, gas at standard conditions.
*What will the pressure be if the volume is changed to 1 Liter at

constant temperature,

*and find the density of the gas after change?

Solutions

The standard condition means that the temperature of the gas T=
273K, and its pressure p=1atm=1.013x10° Pa. The gas is expanded
at constant temperature, so that

P,V, = nRT = P,V,

_nRT _ 0.1(8.314)273

v l0? 2.27x10°Pa = 2.24atm
s X

P,

-

~

* To find the density of the O, gas, we can write the ideal gas law as

PV,=nRT =P, = M Ry

8

p M,
_ PZMW
P=RT
5 -3
_ 2.27x10°(32x10°%) _32kg/m’
8.314%x 273
one mole of a gas is the quantity that contains N, = 6.02x10%3

molecules/mole (Avogadro's number) and equals the molecular weight of
the substance expressed in grams.

N m
nN=——=—
N A M w
Dr. Hazem E Sakeek www.physicsacademy.org /
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Heat as a form of energy
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Heat 6, )=l =i

151 V] 850> 4350 Y @il 5yl 330l ol 5ol Dln sl (s 8,1, oS
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*The word of ''heat flow'' is an energy fransfer that take place as a
consequence of temperature difference only.

a8lal) Jlasl 98 )Lzl OlowsVl gl Syl (§9a:] Ol (ST

Temperature 6,1, a>,> «u xie

Jlasl (i 8)h> 0 Juld U U,)S3 S3 8)adl @) 8yl o balss VI e
a5 wsl; LlSy «bslel) adzlul @Slall pulio s 8,15dl @) Lol @lhall
iz @,S,=)l aslall wsly sl adzlul aslall wsl; 8,1,

\e Dr. Hazem E Sakeek www.physicsacademy.org /

9/22/2014


http://www.physicsacademy.org/
http://www.physicsacademy.org/

Unit of Heat 8,1 =)l 6a>9°

Pl @y L8 Sl @lb a8yl Ol @m0 oo clalell GSow ol Jude
il Bl o0 o b)30 D 8, u| L wwl sl b up il Jo>
wd,cq 8,2l calorie s,glSUl 5a>g slodall (sacl 188 Juld a2 Lo i

P> 8,1,> a=)> 89, (aSlhll) o3I 8|yl Hlaso Lpi| (sde S )elSUl WO o
15.5°C _sJ| 14.5°C (10 slodl oo Al

*The unit of heat is ''calorie'' which is defined as the amount of

heat (energy) required to raise the temperature of 1g of water
from 14.5°C to 15.5°C.

o)|)zJ| d1>9 & ).u&J| OSoud alb SO 0)|_,.>J| u| d$> Pl sl u| 9@
:0l Woe vl a8g Jg=JU

lcal = 4.186F i or 1J = 0.2389cal-

@ Dr. Hazem E Sakeek www.physicsacademy.org

The 6=l Swilsiodl  s9Salle
mechanical equivalent of heat

X Cl.x.og.o.” cu,.xdl Paouaiy -J9> leSZ” ,ol.9°
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oo lplio=i Seug Wlall )90 o by30 VI
wld e Cu)x..“ wigi Syl (sl 890
D il W gogll aslb b el
Ji>W asis Jgzeoll LI J5Is asg 0l
a5 o9 elal lie an slally a9l o
&.09.” aslb g\S ysz..” Q.wb.bg Lol o)).>
3>9 LYl 8 sloll 8,l,> a>,5 glas,| go Mgh
&_Lo.:)\”g gogll ABlb w @Ml ul Jg= pllell
ol Ol .as,b @Me (s 8=l axys (9
Dhsie ol i 1385 4,186]/Kg.CO thl.uu ol
e 25 ol a5 a A0 @)1 B AN (e s 4,18
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Ol 15] 5,08l )95 auss 9o

h lcal = 4.186J
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Example

*A student eats a dinner rated at 2000 (food) Calories. He
whishes o do an equivalent amount of work in the gKmnasium by
lifting 50Kg mass. How many times must he raise the weight to
expend this much energy? Assume that he raises the weight a
distance of 2m each time and no work is done when the weight
is dropped to the floor.

*Solution

1 (food) Calories = 1000 cal

*then the work required is 2x106cal.
*Converting this to joule, then the work required is

W = 2x10¢cal x 4.186J/cal = 8.37x106J

@ Dr. Hazem E Sakeek www.physicsacademy.org

/
Jeadls mgh sglww h @sluua) JLasVI g9,) Jgiuodl Jseidle
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98 JWVI g9, wlyo sac

W = nmgh = 8.37x106J

*Since m = 50 Kg, and h

2m

n = 8.54x103 times*

Wlhhewdl G,=) 6,0 8500 w,ley Lo Jadl &9, LUl o3l sl (sle
wulgi 5 0,lab0 o0 9 a=d, JS Sxq VS ¢Jg augllnoll &)l =]l
Naopoll 5wV aclw 12 aojly @l (susy 13p9
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Heat capacity and specific heat
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* The heat capacity is defined as the amount of heat energy
needed to raise the temperature of a sample by 1 degree Celsius.

sslol) Wl sl 8,3l @S Ol assow a)hadl dsadl s oy @

Aplyall asadl (08 gsa0 85l Clos (o9 sl sluw

Q = CAT
a3l dias J \_ Bl dl dape p wicll
Heat Quantity Temperature Difference
Al Al dnaull
Heat Capacity
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c=—
m

» where c is called the specific heat capacity or specific heat.
slol) aucgill &)=l aedl Wind (J/kg.Co ducell @)l )=l deuull 6a>99 ©
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Al |9001/kg.C® wood  |17001/kg.C®
Cu 3871/ kg.C® glass  |8371/kg.c®
Ag 1291/ kg.c® water  141861/kg.c”?
Pb  |1281/kq.cC® ice 20903/ kg.c®

16,)l,> a>,5 89,) Jg= 4186 o3l il cusw ducyi @,l,> o uS| a slodl Ol >\
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Example

*A 0.05kg of metal is heated to 200°C and then dropped into a
beaker containing 0.4kg of water initially at 20°C. If the final
equilibrium temperature of the mixed system is 22.4°C find the
specific heat of the metal. What is the total heat transferred

to water in cooling the metal?

@ Dr. Hazem E. Sakeek www.physicsacademy.org
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Solution

Lag oleod) )=l el sl ddoc @)z @lios Jlodl 14 ooy ©
QoS 9 wlas wly aygio a>,> 200 6)l > a>)s | wasedl e Lod
a>,> pwaidy dgio >, 20 6,l,> a>,5 e d3ax0 aliS Wl sloll oo
dsg8a0ll &)L,=dl VBB WJUlg @50 a>,5 22.4 slodly Vasoll 8,)l,>
slall alawly awsSoll 8=l Sglws vasedl adawlys

Heat lost by the metal = heat gained by water
Cx (Ti-Tf) =m, ¢, (Tf_Ti)

(0.05Kg) ¢, (200°C-22.4°C) = (0.4kg)(4186J /kg.C°)(22.4°C-20°C)
¢, = 4537 /kg.C°

(b) Q=mc (T,-T;)=0.05" 453 * (200-22.4) = 40207

@ Dr. Hazem E Sakeek www.physicsacademy.org

Example

* A man fires a silver bullet of mass 2g with a velocity of
200m/sec into a wall. What is the temperature change
of the bullet?

* Solution
lpolabol sic 8y sl Jgis &@S,> @lb anloyl oS ©
qSLb.” )90 P 0)9.:0 O)l)k” Ul Ct..a.u |.L9J9 )l_XZJlJ

¢ The kinetic energy of the bullet E, = 1/2 m v2 = 40J
* Q=mcAT

» where c for silver is 234Jkg.C°
* AT = Q/mc = 85.5C°

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Example

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 temperature of 35°C.

¢ Solution
Assume the mass of hot water my and cold one is m,
800 liter of water is equivalent to 800 kg,
s0 772+ 172,/~800,
From the conservation of energy
myC(Ty-Tp) = mcC (T Te)
T, =92°C, T.=12°C, T,=35°C,

@ Dr. Hazem E Sakeek www.physicsacademy.org

56 My = 23 M,
¢ So

me=2.43my
* So by substitution

3.43 my= 800,

my = 233 kg, and m, = 567 kg

@ Dr. Hazem E Sakeek www.physicsacademy.org
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‘Heat and the first law of thermodynamics

‘HeatTransfer
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HeatTransfer

® The heat is a transfer of the energy from a high
temperature object to a lower temperature one.

® Heat transfer changes the internal energy of both
systerns

¢ Heat can be transferred by three ways:
conduction,
convection

radiation.

@ Dr. Hazem E. Sakeek www.physicsacademy.or:

Heat conduction

¢ Conduction is heat transfer by means of molecular agitation within
a material without any motion of the material as a whole.

i1~

-

Conduction is the transfer of heat within a substance, molecule by
molecule.

If you put one end of a metal rod over a fire, oooo
that end will absorb the energy from the flame. ' ¥ ; :
The molecules at this end of the rod will gain  Z& =~ i :
energy and begin to vibrate faster. As they do l.’}ooo
their temperature increases and they begin to 2 : : !

bump into the molecules next to them. The heat [(.)}{" }.]00

is being transfered from the warm end to the
cold end. HEAT ©www.gcse.com
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Heat conduction

* Conduction — when two objects are in physical contact.

Cross-sectional area = A

Heat flow

H = rate of conduction heat transfer (Watt)
k = thermal conductivity (W/m/K)
Q AT Q = heat transferred
H == =KkA _ .
A = cross sectional area
¢t = duration of heat transfer
L = length

AT = temperature difference between two ends

@ Dr. Hazem E Sakeek www.physicsacademy.org /

The thermal conductivity coefficient

Substance = (W m™'K™") = Substance (W m'K™")
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
@ Dr. Hazem F Sakeck wphysicsacadeny.org )

12/7/2009



Example

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.

Dr. Hazem F. Sakeek www.physicsacademy.org

8

Solution

H = kA(ﬂj
L

For the aluminum base: T, = 102 °C,T. = 100 °C, L=12 mm
=0.012m, K, = 238Wm'K!, Base areaA = 1.5x10* mm? =
0.015 m’.

H,, =238 (0.015) L02-100)

=588W

For the copper base K, = 397 Wm K.

H ., =397 (0.015) (102 -100) =1003W
0.012

Dr. Hazem E Sakeek www.physicsacademy.org
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Heat Convection

e Convection is heat transfer by mass motion of a fluid such as
air or water when the heated fluid is caused to move away
from the source of heat, carrying energy with it.

e Convection above a hot surface occurs because hot air
expands, becomes less dense, and rises. Hot water is likewise

less dense than cold water and rises, causing convection
currents which transport energy.

N

T

@ Dr. Hazem E. Sakeek www.physicsacademy.or:

If wodume ineresses,
e densily decreanes,

making it busyant.
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Convection
current Cooling
cail

L Hat water baseboard

haating unit

{a) ()

Q: In the living room, the heating unit is placed in the floor but the the refrigerator
has a top-mounted cooling coil. Why?

A: Air warmed by the baseboard heating unit is pushed to the top of the room by
the cooler and denser air. Air cooled by the cooling coil sinks to the bottom of the
refrigerator.

\e Dr. Hazem E Sakeek www.physicsacademy.org

Heat Radiation

* Energy is transferred by electromagnetic radiation. All of the

earth's energy is transferred from the Sun by radiation.

Our bodies radiate electromagnetic

waves in a part of the spectrum that

we can't see called the infra-red.

Radiation
However, there are some cameras
that can actually see this radiation.

@ Dr. Hazem F. Sakeek www.physicsacademy.org
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Heat Radiation

® The color and texture of different
surfaces determines how well they

absorb the radiation.

* (1) Black objects absorb more

@ Dr. Hazem E Sakeek www.physicsacademy.orq

radiation than white ObjeCtS. Temperature  Temperature
rises rises
* (2) Matt and rough surfaces absorb rapidly slowly
more than shiny and smooth
surfaces.
Lampblack-coated Silver-coated
block block

J

Heat Radiation

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

P=ecA(T*-T)

P is the net radiated power measured in Watt,
¢ 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,

constant.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Example

* 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 m?2.
e Solution

* Using the Stefan-Boltzmann's law

P . =ecA(T*-T}) =(5.67x10"°)(0.9)(1.5)(310* — 293*) =143watt.

net

® The total energy lost during 10 min is

Q =P, At =143x600=85.8kJ

net

@ Dr. Hazem E Sakeek www.physicsacademy.orq j

4 N
Cooling of the Human Body

unclothed person at rest in a room temperature of 23 Celsius would be
uncomfortably cool. The skin temperature of 34 C is a typical skin
temperature taken from physiology texts, compared to the normal core

body temperature of 37 C.

@ Dr. Hazem E Sakeek www.physicsacademy.org J




PROBLEMS UNIT 4: THERMAL PROPERTIES OF MATTER

10.

Liquid nitrogen has a boiling point of -195.81°C at atmospheric pressure.
Express this temperature in (a) degrees Fahrenheit and (b) Kelvin's.

The temperature difference between the inside and the outside of an
automobile engine is 450°C. Express this temperature difference on the (a)
Fahrenheit scale and (b) Kelvin scale.

2.50 g of XeF4 gas is placed into an evacuated 3.00 liter container at 80°C.
What is the pressure in the container?

A hydrogen gas thermometer is found to have a volume of 100.0 cm® when
placed in an ice-water bath at 0°C. When the same thermometer is immersed
in boiling liquid chlorine, the volume of hydrogen at the same pressure is
found to be 87.2 cm®. What is the temperature of the boiling point of chlorine?

(a) Show that the density of an ideal gas occupying a volume V is given by
p=pM/RT Where M is the molar mass. (b) Determine the density of oxygen
gas at atmospheric pressure and 20.0°C.

An ideal gas with volume of 3 L is compressed at fixed temperature by

increasing its pressure to 250 kPa, Find the bulk modulus of this gas.

A copper telephone wire has essentially no sag (s1a3)) 2> 5 YY) between poles
35.0 m apart on a winter day when the temperature is -20.0°C. How much
longer is the wire on a summer day when Tc = 35.0°C?

A steel rod 4.00 cm in diameter is heated so that its temperature increases by
70.0°C. It is then fastened between two rigid supports. The rod is allowed to
cool to its original 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 11x
10 (°C)%, calculate the tension in the rod.

A steel ball bearing is 4cm in diameter at 20.0°C. A bronze plate has a hole in
it that is 3.9 cm in diameter at 20.0°C. What common temperature must they
have so that the ball just squeezes through the hole?

A concrete slab has a length of 12 m at -5 °C 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 10 °C™,



11.

12.

13.

14.

15.

16.

17.

18.

A steel rod is initially at 20 °C and has a length of 2 m and a cross sectional

area of 10 cm?.

a) If it is heated to 120 °C, by how much does its length increase. b) How
large a force must be applied to its end to restore the original length? (Young’s
Modulus for steel = 2x10** N/m?, the coefficient of thermal expansion for steel
=1.72x10° K1,

A thermometer has a mercury-filled glass bulb with a volume of 2x107" m?
attached to a thin glass capillary tube with an inner radius of 5x10° m. If the
temperature increases by 100°C, how far will the mercury rise in the tube?
(volume thermal expansion coefficient of mercury= 1.82x10** K1).

If 46.6 kJ is required to heat 0.15 kg of helium gas from 20° to 80°C at
constant pressure, find the specific heat of helium?

sphere of iron is heated to 900K and then cooled by placing it in a container
filled of 5 kg water of 300K, what is the mass of the sphere if the final
temperature of the mixture is 340K, the specific heat of iron is 490 J/kgK and
that of water is 4200 J/kgK. Find the heat loss by the iron in Calorie.

A box with a total surface area of 1.20 m? and a wall thickness of 4.00 cm is
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.

The surface of the Sun has a temperature of about 5800 K. The radius of the
Sun is 6.96x108 m. Calculate the total energy radiated by the Sun each second.
(Assume that e = 0.96)

A person walking at a modest speed generates heat at rate of 280 W. If the
surface area of the body is 1.5 m2 and if the heat is assumed to be generated
0.03 m below the skin, what temperature difference between the skin and
interior of body would exist if the heat were conducted to the surface? Assume
that the thermal conductivity coefficient is0.2 Wm-1K-1.

A 2 m length of copper pipe of 10 cm diameter containing hot water at 80°C.
If the surroundings are at 20°C, at what rate does the pipe lose thermal energy
due to radiation? (take e = 1)
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( Fluid Mechanics

® Fluid Mechanics is concerned with the behavior of fluids

at rest and in motion.

® Distinction between solids and fluids: According to our
experience: A solid is “hard” and not easily deformed. A fluid is “soft”
and deforms easily.

® Fluid is a substance that alters its shape in response to any force
however small, that tends to flow or to conform to the outline of its

container, and that includes gases and liquids.

A fluid is defined as a substance that deforms continuously

when acted on by a shearing stress of any magnitude.

@ Dr. Hazem FE Sakeek /
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® Fluids are playing a very important role in many fields of
sciences and medical sciences.

® Fluid movement for Solute transport in soft
connective tissue is a fundamental process, involving
many physiological phenomena, such as nutrient
supply, removal of metabolic waste product and
movement of newly-synthesized molecules.

® A gas is a fluid that is easily compressed. It fills any
vessel in which it is contained.

® A liquid is a fluid which is hard to compress. A given
mass of liquid will occupy a fixed volume, irrespective
of the size of the container.
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Pressure
e A measure of the amount of force exerted on a surface areca
N
pressure force p= P
= Nm-2 T
area  |pa) ~ = A m
*The pressure is just the weight of all the fluid
above you, Atmospheric pressure is just the
weight of all the air above on area on the surface \_J
of the earth.
*In a swimming pool the pressure on your body
surface is just the weight of the water above you
(plus the air pressure above the water).
*The deeper you go, the more weight above you Pressure acts

and the more pressure. Go to a mountaintop and perpendicular to the

the air pressure is lower

surface and increases

at greater depth.
o

/

-

* Pressure difference cause the flowing
of the fluid from point to another (from 2 -
A to B in the figure). il

BT

Fluid flow through a tube of cross sectional area A from a point
1 to 2, then the force exerted on the fluid is given by:
force = (P,-P,) A =APA

Pressure in a fluid is a measure of energy per unit volume!

force _| F _F.Ax_ W _ energy
area A AAx AV volume

pressure =

Where AV is the unit volume, and the unit mass Am =p AV

/
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density

e Kinetic energy density is the kinetic energy per unit volume

® For a unit mass Am of a fluid moving with average speed v, its

kinetic energy is given by

1 1 Am =p AV
K.E ==Amv? == pAVV’®
2 2
® kinetic energy density is written as
1 o2
LI —p AVV
K.E density = kinetic energy Hifl il 1,0\72
volume AV 2

density

* Potential energy density 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
Am =p AV

L bl b L potential energy _ Amgh _ pAVgh _ I J

volume AV AV

2/15/2013
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Compressibility and Incompressibility

® If the density of the fluid is constant (p =
constant) everywhere through the flow, it is
called incompressible and it is called
compressible if the density is not fixed.

Viscous and Nonviscous

® The viscosity s the frictional forces
originated inside the fluids and which is
considered as the resistance of flow.

® Nonviscous fluid when the frictional forces
are neglected.

@ Dr. Hazem FE Sakeek

-

Types of flow

*Consider that the fluid consists of laminar or layers, so we
can represent each layer by line called a streamline.

*Streamline describes the flow of the fluid and its direction

* the speed of flow is low\
and the streamlines of
flow are parallel

Laminar Flow

e 1)

* the speed of flow is hlgh
and the streamlines
intersect each other

Turbulent
flow

"

@ Dr.Hazem F. Sakeek Turbulent flow

J
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Fluid Flow and the Continuity Equation

* Consider a hose with a decreasing diameter along its length, as shown

in the figure

As
Aq
° Continuity Equation is a direct consequence of the fact that what

goes into the hose must come out

Q in = Q out
® The volume of water ﬂowing through the hose per unit time or 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
=——=const.
Q At

~

The flow rate is measured in the units of volume per unit time, m?/s.
The flow rate at any point in the hose is equal to the area of the hose at
that point times the speed with which the fluid is moving.

Consider a fluid is flowing in a tube as shown in figure, where the radius
of the tube is decreasing, thus at a certain point at the tube the fluid
flow rate is

Q= ﬂ = —AAX = AV = const.

At At

Take A = 7T so the continuity equation can be rewritten as

A

2y 2

v, =nv,

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

~

2/15/2013
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©

* A water pipe with radius of 1 cm leading up to a hose.
Water leaves the hose at a rate of 3 liter per minute.

(a) Find the velocity of water in the pipe.
(b) The hose has a radius of 0.5 cm. What is the velocity of

water in the hose?

® The Velocity can be found by using the flow rate and the area of

the pipe or the hose. The flow rate is
AT 0.003

Q = E = T = 5)(10_51'1‘13)"5'
® So the velocity is given by:
5 10—5 I -1
v = g — i e & — 0159 ms_l
A 2 3.14x(0.01m)2

/

-

©

® The flow rate is constant, so

2
— — v r
= 1T, =>— = =
" 7‘22

® And so the velocity in the hose v, can be calculated as:

2
v, =, & = 0.159é = 0.636 ms~!

Ta

® The water flow faster in the narrower channel.

2/15/2013
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® Bernoulli derived an important equation
to describe the flow of fluids. This
equation is stated that the work done on a
fluid as it flows from one place to
another is equal to the change in its

mechanical energy.

This equation is applicable for incompressible
fluids, nonviscous fluids (where no energy
loss), laminar flow, and for steady state flow
(when the flow speed at any point is constant

with time).

Daniel Bernoulli
Swiss physicist
(1700-1782)
Daniel Bernoulli made
important discoveries in

fluid dynamics. Born into a

family of mathematicians

he was the only member

of the family to make a
mark in physics.

/
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Derivation of Bernoulli's Equation

* To derive Bernoulli's equation, we consider the flow of a
fluid in a tube of cross sectional area A from section 1 to section
2 as shown in the figure.

- ’Ugﬂt = sz

Y1 Y2

" |

The flow of a liquid from point 1 to point 2 via a pressure difference p;-p,

@ Dr. Hazem FE. Sakeek

~

/

® The pressure, speed of flow, and height of the fluid at cross

section 1 is denoted as p,, v, ¥, respectively.
e For the same at section 2, we have p,, V,, y,.
(P-7,)A=A4pA

e [f the fluid in the section moves a short distance A%, so that the
work done on the fluid is given by

W=F. Ax=(p-p,)AAx

Since the product A Ax is the volume AV of the fluid leaving the
section, thus the equation above becomes:

W=p-p)av

@ Dr. Hazem E Sakeek
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e the change in the kinetic energy of a volume AV of the
fluid ﬂowing from section 1 to 2 is

1 _ 1 _
E pAVVZZ — E pAVVlz
® for the change in the potential energy, which is
PAVY, — pAVGY,

® Since the energy has to be conserved, the work in equation

W=-p)Aav
must equal the change in the kinetic energy and the change in the

potential energy, so that we can write:

1 o 1
‘ (P, — P,)AV = EpAszz —EpAVVf + PAVYY, — pAVgy,

L

* By eliminating AV from both sides and rearrange the similar

terms in one side, we get:

1 =2 1 —2
p1+EpV1 + o9y, = p2+§:0v2 +pgy2i

® This can be generalized for any two points through the flow of
the fluid, so Bernoulli's equation can be written as

a AL ‘
p +§pv + gy = constant

Thus Bernoulli's equation can be stated as the pressure of the fluid
plus its mechanical energy density (kinetic energy density+ potential
energy density) is the same everywhere in the flow.

2/15/2013
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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?

hose

r=0.5cm /
p = latm o

r=2cm
p = 3atm

At Point 1 in the pipe at the basement, where

p1=3atm,y,=0m, v, = 2.
At 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 —2 l —2
P1 +EPV1 + P9y = P2 +EPV2 + P9y,
Rearrange the equation, we get
i ., _
Py =P, =5 2V, =)+ p9(Y, — Y1)

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

2/15/2013


http://www.physicsacademy.org/
http://www.physicsacademy.org/

ry
V., =—5V,
n
So v = — V3 and u_% — 1;_12 e p% then we substitute in the
16 256

last equation to get:

. 1 255
(3—1) X 1.013 x 10° = — (1000) —= v}+1000(10) (10 —0)

Solve 1or v, , we get

©

v,=14.35 ms .

Water is flowing from a hole of 1 cm 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?

Solution

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

water in the container

AV =mR>H =3.14X 1?X2 =6.28 m?

2/15/2013
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©

* If we could calculate the flow rate Q = ZA22 from the hole and
which is equal AV/At, we can compute the time needed to empty the
container, so we should calculate 2.

¢ To apply Bernoulli's equation we assume two points, one at the
surface of water with Z,= 3atm, ﬁsz 2 mn, v=? and the other point
at the exit of the hole at the bottom of the container with g, = latm,
ﬁ/l =0m, v,=?. Writing Bernoulli's equation

1, 1,
P+ AV + 00Ys = P+ PV, + POV

Rearrange the equation, we get

1 _
P, — Py =§/o(vh2 —V2)+pg(Yn —Ys)

By comparing the radius of the container to the radius of the hole
R 1
- =— =100
r 1x10

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

Vg r? 1

vh R2 10000

This indicates that V<<V, which leads that 27,7 is much smaller than 2,°.
We can consider 'Lﬁf — E ~ v}f,_ yand Y, — V=V —= 2.

Substitute in Bernoulli's equation, we get:

1
Ps — Py :Epvh + 09Y;

2/15/2013
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® By solving for v, we get:

2(ps — pn) =20 gys 2 x2x 1013 x 10° - 2x10° x 10 x 2

o2 _
Un = P 10°

L?_;? =365 ,sov, =V 35 =19.1 ms~!

® So the time required to empty the container

At—AV _A 6.28 =1019s~ 17 mi
=0 Twrty, T 314 x10%xq19q o

2/15/2013
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1) Static Consequence
( q

fluid is settle in its container.

and Bernoulli's equation becomes

P+ £ gV = constant

or

PtV =P, t LIV,

® In static consequence we have zero speed of flow, where the

® In this situation the kinetic energy density term leads to zero,

This means that the sum of the pressure and the potential energy

density is constant everywhere inside a fluid in static.

©

* For example,

If we have a liquid in an open air
container as show in the figure and it
is required to measure the pressure at
a point at depth A inside the
container.

Take two points: point 1 at the surface of the
liquid, where the pressure is the
atmospheric pressure and point 2 at depth

h = (y, —y,) inside the container, also
v, = v, = 0, and then by applying

Bernoulli's equation,

©

P =Fam

h
_l_E}Pl: = Pnhn"' _Ug’l

9/10/2012
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® we have:

Pat PGV, =P, + PGV,

® so

D, =PatPIY,~Y)=PatPgh
® So the pressure inside any container is equal the pressure at the

surface plus the potential energy density at that point.

Note:

The difference between the absolute pressure at any point and the

atmospheric pressure (p — p,) is called the gauge pressure.

@ Dr. Hazem FE Sakeek

Example 5.4

What is the pressure on a swimmer 5 m below the surface
of a lake?

¢ Solution

Using the depth of the swimmer is h = 5 mm,

the density for water is p = 1000 kgm ™3, and

the atmospheric pressure is 1.013X10° Pa.

So using equation p P, + p g h to calculate the pressure on the

swimmer to be:

P=p,+pgn =1013x10° +(1000) (10) 5 = 1.5%10° Pa

@ Dr. Hazem E Sakeek
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(2) Manometer
® A manometer consists of a U shaped tube of glass filled with some liquid.

* Typically the liquid is mercury because of its high density.

® With both ends of the tube open, the liquid is at the same height in each leg

® When positive pressure is applied to one leg, the liquid is forced down in
that leg and up in the other.

PRESSURE VACUUM
A U shaped
tube called
Manometer is
used to
measure the

4 4 4
3 3 3
2 2 2
1 1 1
0 0 0
1 1 1
2 2 2
3 3 3
4 4 4

pressure of
unknown gases

/

® The difference in height, "h," which is the sum of the readings above
and below zero, indicates the gauge pressure (p = pgh).

® When a vacuum (low pressure) is applied to one leg, the liquid rises in that leg
and falls in the other.

® The difference in height, "/, " which is the sum of the readings above and

below zero, indicates the amount of vacuum.

The manometer is a part qf a device
called a sphygmomanometer

Typical sphygmomanometer used to measure
the blood pressure

L/

~
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(3) Horizontal flow consequence

®* When the flow of a fluid is horizontally. In this case, the
potential energy density term will vanish since all points on the
flow line have the same height, so that the dynamic energy term
will be considered and the equation will be given as:

p +%pv2 = consta+t

® Or we can write for two points on the same plane of flow, as:

1 _, 1 _,
‘ p1+EpV1 szzpvz ’

L/

4 FEDR
P, 2PV1—p22pV2

* This equation has many applications. The
simple one is by blowing air between two
half sheets of paper.

® We can apply Bernoulli's equation by taking two
points at the same plane. The first point is
outside the sheet, where the pressure and the
v . and the

other point is between the sheets of paper, where

speed of flow are noted as p

out? out?

the pressure and the speed of flow are noted as
D.., V.., so that we have

o + = PV = Pin = P
out 2 fjvout in 2 min

9/10/2012
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® Rearrange the equation leads to the following

pout - pin = %p(\Zi _vozut) ‘

® When a person blows between the two sheets, so that the speed of
): this

out

means that the left hand side is positive and therefore 2, >, . This

pressure difference results in the sheets moving closer toward one

air flowing inside will be larger than that out side (v, >v

another. Thus, the pressure drops when the velocity of the flow

increases for a fluid moving at a constant height.

@ Dr. Hazem FE Sakeek

® This pressure drop associated with increasing fluid velocities has

many everyday implications.

For example, concerning flight,
Bernoulli's Principle has to do Less pressure down
with the shape of an airplane's l l l
wing as shown in the Figure. The

bottom is flat, while the top is
Ajror
wind

and bottom at the same time, so ' ' t

air travels slower on the bottom
More pressure up

curved. Air travels across the top

(creating more pressure) and
faster on top (creating less

pressure).

@ Dr. Hazem E Sakeek
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Bernoulli's principle can explain the clogging of arteries when the
blood flows through an artery section of smaller cross sectional
area. According to Bernoulli the pressure of blood within this
section will drop inside the arterial wall, and on the other hand the

pressure on the outside arterial wall will be larger than inside

causing the clogging of the blood vessel.

Example 5.5
The diameter of a horizontal blood vessel is reduced from 12
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™.)

©

-

* By applying Bernoulli's equation for horizontal flow and by taking one

point in the wider section and the other at the narrower one, we get:

B G

Pwid Pharr = E:O narr wid

Using the continuity equation,
2 2
— TTIﬂ.TT —_ 4 — l
Vwid = r ia‘d Vharr = (E) Vnarr = 9 Vharr
Then substitute and solve for v, to get
3 _ 1 O 1 2 _ B1x2x4x10%

4x10° = > (1060) vEm'r (1 ~ a3 ). sothen Vg, = “soxloco | 7.64

® The flow rate is constant everywhere and can be calculated from the

narr

relation Q = nr2,. v =3.14 % (4 x 1073)? 2.76

Q= 1387 x10*m?s1 = 138.7 mL/s

©

~
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(4) The Role of Gravity on blood circulation

® From Bernoulli's principle, the pressure of the fluid change
according to its kinetic energy density and as well as it potential
energy dcnsity.

® Because of that, the blood pressure in human organs is affected by
its location from earth.

® 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.

® If we have a person in the reclining (laying down) position, the
measurement of blood pressure in the large arteries are almost the
same everywhere.

©

® The small drop in pressure between the heart and the feet or the
brain is due to the viscous forces. According to Bernoulli's
equation 1

_ >

P+5 A"+ POy = constant

We can analyze the situation in the reclining position.

¢ The velocities in the three main arteries (Brain, heart, and feet)
are small, so that the term 1 pv2 can be ignored.

® Furthermore, in this position also the height of the brain, heart
and feet are almost equal, so that the term p gy can be ignored

from the formula.
® This results in equal blood pressure in the three parts
Py = Py = Pr-
® Note that B,H and F refer to the brain, heart and feet.

©

9/10/2012
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® In the , the situation is different, where only the
term % v ?can be ignored and the term p gh has a significant
effect.

® Hence the gauge pressures at the brain pp, at the heart py and at the foot
P are related by:

pr =pu + pghuy = ps + pghs
e Note that hF = 0 in the standing position.
® Typical values for adults standing upward hHZI .3m and hB =1.7m.

Typical value of the blood pressure at the heart is pj; =13.3 kPa, and take
the blood density to be 1060 kgm ™2, we find:

pr =Py + pghy = 13.3 % 103 + (1060)(10)(1.3) ~ 27.1 kPa

L

-

® In a similar way, we find that:

ps =pu + pg(hy —hg) = 133 x 10% + (1060) (10) ( — 0.4) = 9.06 kPa

® This explains why the pressures in the lower and upper parts of
the body are very different when the person is standing, although

they are about equal in the reclining.
® The high blood pressure at the foot explain the possibility of lifting

blood uphill to the heart, and in addition the muscles surrounding
the veins contract and cause constriction.

©
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6

® 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?

Solution

® We know that the blood pressure of the organ change by changing
its position from the earth. The blood pressure at the brain in the

standing case is given by:

PBgana. = Pu + PG(hy — hg)seand

® where

(hH_hB)SI?GJId = _05m

©

-

SO Pasgna = 133 %10 4+ 1060 x 10 x (=0.5) = 8kPa

The blood pressure at the brain in the bending position is given by:

PBpending . — PH + pg(hy — hB)bendi'ng

Where (hy — hB)bending = 0.4 m, this results in

PBhending 13.3 X 10° + 1060 x 10 x (0.4) = 17.54 kPa

So the blood pressure at the brain will increase by bending, so the

change in blood pressure is

Ap = pﬁbending = PBstana. ~ 17.54 — 8 = 9.54 kPa

©

9/10/2012
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Effect of acceleration on Blood pressure

® It is a common symptom for some people having
hypotension (sl hia bsw) to feel dizziness (43 53)
when they exist in an elevator of upward

acceleration.

Is the blood pressure at the organs affected
when man under upward or downward
® acceleration?

When a person experiences an upward or downward acceleration,
his weight will be different.

Upward acceleration: If a man experience upward acceleration &, then
his effective weight becomes IM (g+a).

@ Dr. Hazem FE. Sakeek

~

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

Pp=Pyt+pP (@G +ayhy—hg)
e Or

Pp=Py—P (g +ayhg—hy)

for standing person the term ( hg—hy) is positive and also the same for
(g+a,

the blood pressure at the brain will be reduced even farther by
increasing the upward acceleration a.

At certain value of @, the human will loose consciousness (= si) 38d3)
because the collapse of the arteries in the brain when the blood

pressure at the brain equal zero.

@ Dr. Hazem E Sakeek

~
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Put pp = 0 in the above equation, we get:

0=py—p(@Gta)hg—hy)

This can results in
Pu
p (hg — hg)
Take (hg—hy) =0.4m, pgy= 13 .3 KPa,and p = 1060 kgm™, we get:

(g+a) =

13.3x 103
+a) = ————— = 314ms 2 = 3.2
(g+a) 1060 (0.4) ms 9

So the value of the upward acceleration causing consciousness is 2.2 g

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.

©

® We can also show the change of the blood pressure at the foot by
the upward acceleration situation, by putting g+a instead of

Pr=Dy+tp(g+a)hy

® This relation shows that the blood pressure at the foot will

increase by increasing the upward acceleration.

9/10/2012
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® Ifa man in an erect position experience downward acceleration, 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:
Pe=Put+P (@G —ayhy—hg
e Or
Pe=Pu—P (@G~ ayhg—hy)
Thus the blood pressure at the brain will increase even farther by

increasing the downward acceleration @, which opposite to what

occurs by the upward acceleration.

L

® This increase should be controlled and observed, where at
certain value of @ 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 results in
a decrease of the blood pressure by increasing the downward

acceleration.

Example

A 1.8 m tall man stand in an elevator accelerating upward at
12 ms™?, what is the blood pressure in the brain and foot. Take the
height difference between the heart and the brain to be
0.35 m?

L/

~
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L/

Solution

* The clevator accelerating upward, so (g+a)= 10 +12 = 22 ms™2, so
substitute in the related formula to get

Pp=pPy— P (g +ayhy—hp)
= 13300 —1060%X22X0.35=5.14 Kpa

® The pressure at the brain decrease

Pr=Pytp@G+ahy
=13300+1060X10X1.45 =28.67 Kpa

® An increase of the blood pressure at the foot is observed.
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Viscous Fluid Flow

® The viscosity in fluids is originated from the frictional forces
between the fluids laminas and their container.

® The viscosity can be considered as the resistance of flow of fluids,

like current resistance.

® Viscosity in gases is originated from the successive collision
between the gas molecules, and the viscosity of the gas is a
temperature dependent. By increasing the gas temperature, an
increase of their kinetic energy and therefore the probability of

collisions will increase.

® Viscosity in liquids, decrease by increasing the temperature.

@ Dr. Hazem FE. Sakeek

® Put a small amount of liquid between two plates of glass separated by
a distance Ay as shown in the figure. The upper plate is free to
move and the lower plate is fixed. If the upper plate was forced
to move with a velocity, AV, away horizontally, there will be a
resistance for this motion.

Moving plate There will be a lamina or layer of the
“F liquid which moves with the upper
: plate, and other lamina which is

»

Ay > — stationary.
— . Velocity . . .
— > rad There is a grachent of velocity as you
. gradient move from the stationary plate to the
tationary p v=0 moving one and the liquid tends to

move in parallel layers, which is

Two parallel fqlass plates. sel.)arated called laminar flow.
by a thin layer of liquid

@ Dr. Hazem E Sakeek
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the force F required to move the upper plate at constant average speed is
proportional directly

® proportional directly with the speed gradient

® proportional directly the surface area of the plate

e inversely proportional with the separation distance between the plates,

which means that:

1 A Av
F o« Av,F « Aand Fx — ,s0 F « ——
Ay Ay
The constant of proportion is called the viscosity coefficient, which is

represented by the symbol 1]

A Av

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
Av/Ay

MLT2/L*
LT /L

[n]=[

] = MLT!

The S.1. unit of the viscosity coefficient is Pascal second, where
kgm's'=1 Pa.s.

The Pascal second is rarely (p233u W ))ab) used, The common used

unit is called poise (P), where

1 poise = dj’m? = 10! Pa.s
cm

9/10/2012
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Typical values of viscosity coefficient for some fluids in units of Pa.s.

Temperature Normal Blood Plasma
C Castor Qil Water Air blood
0 5.3 1.792x10° 1.71x107°
20 0.986 1.005x10” 1.81x10” 3.015x10” 1.81x10™
37 - 0.695x10® 1.87x107° 2.08x107 1.257x107
40 0.231 0.656x10~ 1.9x10”
60 0.08 0.469x10° 2.00x10°
80 0.03 0.357x10° 2.09x107°
100 0.017 0.284x10° 2.18x10°

@ Dr. Hazem FE Sakeek

Laminar Flow in aTube

Consider a fluid moving through a tube of length L and cross sectional
area, A = TR
The pressure difference across the segment of the tube is

Ap=p,— p,  asshown in the figure.

® Because of the viscosity inside the fluid, the layer of the fluid adjacent
to the cylindrical wall moves very slowly and the inward successive

layers move at increasing velocities.

A laminar flow in a tube for viscous liquid

@ Dr. Hazem E Sakeek
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The maximum velocity will be for the fluid at the central axis of the
tube, 27, and the minimum velocity will be for the layer adjacent to the
wall, 7 = 0.
So the average velocity, V , is half the maximum velocity at the center of
the tube is 1

V= E Vmax

From the continuity equation, the flow rate then

1
= AV =—Av
Q o WV

The pressure drop Ap = p,— p, along the tube of length L is directly
proportional to the average velocity of flow and to the length L of the
tube. Then the average velocity of flow and the flow rate of
the fluid are proportional to the pressure gradient, A% )

©

Another factor affect the average velocity of flow is the radius of the
tube and the coefficient of viscosity of the moving fluid. In general we

can write such proportionalities as:

Ap
v« — R™n"
v I n

Use the dimensional analysis method to find the values of the

unknown powers m and n.

So

b

o[ e

—1pr-2
LT1 = ML LT Lm (M L—IT—l)n — Mntlp—2+m-—np-2-n

~
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¢ itis found n=—1 and m=2.Thus the formula for the average velocity

becomes:
RZ

A
v Tp R*y 1 = constant.

¢ From the mathematical calculation, we have the same formula, where
the value of the constantis 1/8

® the average velocity and the flow rate of laminar flow of a fluid

through a tube is given by:

_ _ ApR?
v =%
8nl
_ nApR4
= AV = niR*v = ——
Q 8nlL

~

® It indicates that high viscosity leads to low flow rate and low
speed of flow, It also shows that the flow rate is proportional to the
4th power of R.

® This 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 4 ) 1
2) 16

©
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® What is the pressure drop in the blood as it passes through a capillary
5 mm long and 3m in radius if the speed of the blood at the center
of the capillary is 0.6 ms!. Take the viscosity of blood to be 2.08x10°3
Pa.s. If the radius of the capillary is reduced by 20 %, find the change
in the flow rate?

Solution

® The speed of blood at the center of the capillary is the maximum

speed of flow, _
Upax = 2V = 0.6m/s
So that
Ap R?
¥=3x10"1= 2
81l

©

We have R = 3X107°m, L=5X10"2mand 7 = 2.08X10 Pa.s,

Substitute to get

Ay = BPIL _ Bx3x107"x2.08x107% x5x107? 277X 106 P
P= g ~ (3% 10-6)2 -~ a

The flow rate is proportional R*, when R, = 0.8 R,
So

Q, = (0.8)*Q, = 0.407 Q,

©

9/10/2012
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® The power dissipated (luring the flow of a fluid

* the power is defined as the net force F times the average speed,

p=Fv.

But the force on a segment is the pressure drop times the cross
sectional area,

F = ApA

Thus the power is given as:

P=ApAv=ApQ
Where Q is the flow rate measured in m3s~1and Ap = (p,— p,) is the
pressure difference measured in N/m?; so the unit of the power is

N m? N_m J
o

— = = =% = Watt
s

‘Hl?’ s 5

Determine the power dissipated to maintain the flow of blood in the

capillary as described in the last example?
Solution

* From the data given in the last example, the power is given as:

p = ApAv = nR*v Ap

3.14 (3 x 1076)?(0.3)(1.15 x 10°)

=9.75x 10~ °w

9/10/2012
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® The viscosity of fluids is defined as the flow resistance, which is
originated from the frictional forces inside the fluid.

® 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
R =9
When the flow is Laminar, and from Poiseuille’s equation, we get:
Ap 8nL
f = TapR*/8yL  mR*

The unit of Rf is,

= Pa.s/m> which is the unit of the viscosity
per volume

Pa
m3/s

® We can define the flow resistance as the viscosity density.

® It is observed that the flow resistance is directly proportional with the
coefficient of viscosity, and inversely proportional with the 4th power
of the radius of the tube. This means that most of flow resistances and

pressure drops occur in smaller arteries and vascular beds of the body.

Example

Compare the flow resistance in a capillary of 5 Pm in radius and that in

an artery of 5 cm in radius?

9/10/2012
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solution

Since the flow resistance is inversely proportional to the 4th power of
the radius, so that:

_on4
:R'fcapi!!ary _ R?thery _ (5X10 2)

= = 1016
Rfartery Riﬂpillm'y (5 x 10_6)4

The flow resistance in small capillaries is much larger than that of the

arteries.

From the definition of the flow resistance, the power dissipation can be

expressed in terms of fRf as:

L

~

® A large artery has an inner radius of 4 mm. Blood flows through the
artery at the rate of 1 cm’s™".
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
¢) The flow resistance of blood over the 10 cm segment

d) The power dissipated through the flow
Solution

The artery has a radius R = 4X1073 m. The flow rate of blood is
Q = 1X107°m3/s

L/
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a) the average velocity can be found from continuity equation as:
Q 1x10°°

= = 0.02ms™!
7R~ 3.14 (4 x 10 3)2 ms

v =
So the maximum speed, V=2V =0.04 ms’

b) For a segment of the artery L= 0.1 m, and take viscosity coefficient of
blood to be

n=2.08x103Pa.s
Using the equation

— Ap R?
7 ==L

. 8nlL
We can write

8nlv 8(2.08 x 10 2)(0.1)(0.02
Ap = ik = ( )_( X ) = 2.08 Pa
R? (4 x1073)2

L/

~

/
¢) The flow resistance is given by:
Ap 2.08
Ry = — = ———— = 2.08x%10° Pa. 3
f=79 ~ 1x10- a.s/m

d) The power dissipation through the flow is

p=ApQ = 2.08x1x107% = 2.08 uW

9/10/2012
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We learned that when flow speed becomes high the streamlines of the
flow start to intersect each other; and this flow is called turbulent

flow.

Laminar FIlOw s freshgasflow.com

=S

Turbulent Flow —
CIC < e
LT T Ok~ 3
AT B

In turbulent flow, the mechanical energy dissipated is much larger
than that in the laminar flow, so that it is often desirable to ensure that

the flow does not become turbulent.

Poiseuille's law is applicable for laminar flow, so it is necessary to
determine whether the flow is laminar or turbulent. There is a
dimensionless quantity called Reynolds Number (Ng) used to
distinguish the type of the flow.

Consider a fluid of density P and viscosity coefficient 1) flows with an
average velocity U_through a tube of radius R, hence the Reynolds
number is defined by

2pvR
NR == P
]
It is found experimentally that if
Ng < 2000 flow is laminar
Np > 3000 flow is turbulent
2000 < N <3000 flow is unstable

~
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The flow rate of blood in a blood vessel of 2 cm in diameter is 1 Liter per
minute, Determine whether the flow is laminar or turbulent, if the density
of blood is 1060 kgm'3 and the coefficient of viscosity of the blood is

2.1x1073 Pa.s

Solution
The flow rate of the blood
_ 1x1073
Q =mR?*3 = —— =1.66x%x10"° m?/s

so that Q 1.66 x 1073

v = = =0.053 -1

V= %RZ T 31a(1x102)2 ms
The Re)/no]ds number

2pvR 2 (1060) 0.053(1 x 1072
v, = Z0VR _ 2(1060)0.053( ) _cas

n 2.1x10°3
N <2000, so the flow is laminar

©

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

) Reynolds's number and then determine the type of flow.

9/10/2012
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Solution

a) Take the viscosity of blood to be 1 = 2.1x10-3 Pa.s, the length of the
capillary L =2x10?m and its radius R = 10"*m

_ 8L 8x2.1x1073x0.02

= — = — 12 -3
7 R 314 <1016 1.07 X 10~“ Pa.sm

3
b)If Ap = 2.3kPa,soQ = Ap _ _2.3x10

Ry 107x1012 2.15 X 102 m3/s

1

c) The flow rate is definedas Q@ = mR*¥ = E”szmax

so the maximum speed

_2Q  2(215x1077) — 0.136 m/
Vmar = gz T T314x108 o0 MS

©

d) The power dissipation is given as:

P=QAp =2.15x 1077 x2.3x10% = 4.95 uWw

e) Reynolds's number

N = 2pvR 2 (1060) 0.136/2 X (100 X 107%) 50.5 < 2000
R™ n 2.1%x 1073 R

So, the flow is laminar

©
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Chapter 5 Fluid Mechanics: Problems

. Calculate the flow rate in an aorta with a cross sectional area of 2 cm?. if the flow
speed is 40 cm/s.

. A needle of radius 0.3 mm and length 3 cm is used to give a patient a blood
transfusion. Assume the pressure differential across the needle is achieved by
elevating the blood 1 m above the patient’s arm. a) What is the rate of flow of
blood through the needle? b) At this rate of flow, how long it take to inject 500cm?
of blood into patient?

. If an elevator accelerates upward at 10 ms2, 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™.

. The aorta in humans has a diameter of about 2 cm and at certain times, the blood
speed through it is about 55 cm /s. What is the type of flow. Find also the flow
resistance over 30 cm long segment and the power for dissipating the blood
through this segment.

. A standing 1.8 m tall person in an elevator accelerates downward with 1.5 g. The
height difference between the brain and heart is 40 cm. Find the pressure at the
brain and foot if the pressure at the heart is 13.3 kPa. If this person is suddenly
bending so his brain is 30 cm below his heart, calculate the change of the pressure
at the brain.

. An artery has an inner radius of 2 mm. If the flow is laminar and the average flow
velocity is 0.03 ms™, What is the (a)maximum velocity (b) the flow rate, (c) and
the pressure drop in 0.05 m, if the artery is horizontal?

. The pressure drop along a length of a horizontal artery is 100 Pa. The radius of the
artery is 10 cm, and the flow is laminar. (a) what is the net force on blood in this
portion of the artery? (b) If the average speed of blood is 0.015 ms™, , find the
power expended in maintaining the flow?

. The radius of an artery is increased by a factor of 1.5 (a) The pressure drop
remains the same, what happens to the flow rate? (b) If the flow rate stays the
same, what happens to the pressure drop? (Assume laminar flow).

. A small artery has a length of 0.11 cm and a radius of 25 um. (a) calculate its
resistance.(b) If the pressure drop across the artery is 1.3 kPa, what is the flow
rate?
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Bioelectricity

¢ Bioelectricity refers to electrical potentials and currents
occurring within or produced by living organisms. It results from
the conversion of chemical energy into electrical energy.

¢ Bioelectric potentials are generated by a number of different
biological processes, and are used by cells to govern metabolism,
to conduct impulses along nerve fibers, and to regulate muscular
contraction. In most organisms bioelectric potentials vary in
strength from one to several hundred millivolts.

The most important difference between bioelectric currents in
living organisms and the type of electric current used to produce
light, heat, or power is that a bioelectrical current is a flow of ions
(atoms or molecules carrying an electric charge), while standard
electricity is a movement of electrons.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Electrostatics

Electric Force
Electric field
Electrical Potential
Electric Current
Electric Resistance
Electric Power
Electromotive Force

The Capacitor

Dr. Hazem E Sakeek www.physicsacademy.org /

RC circuit

In circuits containing capacitors, the current may vary in time.

A circuit containing a series combination of a resistor and a

capacitor is called an RC circuit.

Dr. Hazem F. Sakeek www.physicsacademy.org
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Charging a Capacitor

Assume the capacitor in is initially uncharged.
There is no current while switch S is open.

If the switch is closed, charge begins to flow,
setting up a current in the circuit, and the

capacitor begins to charge.

During charging, charges do not jump across

the capacitor plates because the gap between Switch

the plates, until the capacitor is fully charged. + Elowes

As the plates become charged, the potential
difference across the capacitor is increased.
The value of the maximum charge depends

on the voltage of the battery.

Dr. Hazem E Sakeek www.physicsacademy.org

8

Once the maximum charge is reached, the current in the circuit is
zero because the potential difference across the capacitor matches

that supplied by the battery.

During the charging process the battery Voltage is divided between

the Capacitor C and the resistor R. The Voltages across the resistor

and the Capacitor change with time, so we can write,
E=V(t) +Vg(®)
the voltages is time dependent, which can be rewritten as

t
=90 1 0r
C
Solving this equation for q (t),

a=QU-e"™) o

| :d_qzie—t/RC
dt R

Dr. Hazem F. Sakeek www.physicsacademy.org
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A

\4
\4

t t
(sec) (sec)

Plots of the charge Q and the current I as a function of time in the charging process

Note that the quantity RC in the equation has a unit of time (sec).

Therefore it is called the time constant of the circuit.

Unit of RC is Ohm . Farad=Sec

Coulomb _ ohm. Amp.Sec _ Volt.Sec _

Ohm.Farad = Ohm. =
Volt Volt

Sec

Dr. Hazem E Sakeek www.physicsacademy.org /

Example

An uncharged capacitor and a resistor are connected in series to

a battery. If £=12.0volt,C=5.0um, and R=0.8 M(}, find the
time constant of the circuit,
the maximum charge on the capacitor,
the maximum current in the circuit,

the charge and current as functions of time

Dr. Hazem F. Sakeek www.physicsacademy.org
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Solution

The time constant

T=RC=0.8%X10%x%x5.0 X 107% = 4sec

The maximum chargc
Q=C£=5.0x10"°x%x12.0=60uC
The maximum charging current

=12 s
° "R 0.8x10° K

Charge and current as function of time
q) = Q(1—e™R¢)  and I(t) = I,e "/R¢

q(t) = 60uc(1— e_‘/“) and I(t) = 15ude t/*

Dr. Hazem E Sakeek www.physicsacademy.org

Example

An uncharged capacitor and a resistor are connected in series to
a battery. If £=12.0volt, C=3.0pm, and R=1 M{). Find how
long it will take before the capacitor receives 99% of its final

charge.
Solution

The time constant is
T=RC=1.0x10%°x3.0X10°%=3sec
q(t) = Q(1 - e™*)
qt)
Q

Now take the natural logarithm for both side and solve for t, we

will find

=0.99=(1—e3)

t=13.8 sec

Dr. Hazem F. Sakeek www.physicsacademy.org
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Example

A resistance R and a capacitor are connected in series across a
200 Volt source. Across the capacitor is a neon lamp that strikes
(glows) at 120 volt. Calculate the value of R to make the lamp
glows after 3.0 seconds after the switch has been closed.

Solution

This means that the voltage across the capacitor has to rise to
120 Volt is 5 seconds,
V() = E(1 - e ¥/RE)
120 = 200(1 — e~5/R¢)
Now solve for RC, we find
RC =5.464 sec — R = 5.464sec/10uF
R=1.366MQ

Dr. Hazem E Sakeek www.physicsacademy.org
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Discharging a Capacitor

Switch
open

When the switch is open, a potential
difference Q/C exists across the capacitor
and there is zero potential difference across

the resistor because I=04.

If the switch is closed at t=0 the capacitor
begins to discharge through the resistor.

At some time t during the discharge, the Swirch
closed

current in the circuit is I and the charge on

the capacitor is q.

The loop equation for the circuit

0290 R
C

€=0, no battery

Dr. Hazem F. Sakeek www.physicsacademy.org
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the current through the resistance R

q(t) =Qe F¢

The current I during the discharging process is

|:9%Q:_£lgwcz_|£l
dt RC °RC

g t/RC

[,=Q/RC is the initial current

The negative sign indicates that discharging current direction is

opposite to that of charging.

Dr. Hazem E Sakeek www.physicsacademy.org

I (A)4 q4

t (sec),

t (sec)

Plots (_)fthe charge Q and the current I as afunction qf

time in the discharging process

Dr. Hazem F. Sakeek www.physicsacademy.org
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the voltage across a capacitor with time during discharging:

V,(t) =V,e Ve
At t = RC the potential difference across the capacitor equals

to V
Vc (t) |t:RC = ?0 = 0'37\/0

1 T T T

08t V(1=0.37V, y

07t s i

0.6 S E
3 Here, t=RC
L r i

04p E K ]

Vel

031 S i
02} s i

01t K i

A
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0 20 30 40 50 60 70 S0 90 100 110 120 130 140

Time in Seconds

Dr. Hazem F. Sakeek www.physicsacademy.org

Example

Consider a capacitor of capacitance C that is being discharged
through a resistor of resistance R. After how many time
constants is the charge on the capacitor one-fourth its initial

value?
Solution

We need to find the time required for the capacitor’s Charge to

drop to its one fourth, that is
q(t)=Q/4
q(t) = Q™" = Q/4 = Qe /" 1/4=e7t*
Now solve for t in terms of T=RC (the time constant),

t=1.397

Dr. Hazem E Sakeek www.physicsacademy.org
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Example

A 20UF capacitor initially charged to potential difference of 500 Volt
is discharged through an unknown resistance. After 60 seconds, the
potential difference at the capacitor terminal is 185 volt. What is the

magnitude of the resistance?
Solution

The voltage across the capacitor as a function of time is given by,
V. (1) =V,e '™
Since the ratio 185/500=0.37. This means the Voltage drops after a

time equals one time constant, that is T=60 S

Thus

60sec

20uF

R X20uF =60 >R = = 3MQ

Dr. Hazem E Sakeek www.physicsacademy.org

Example

A 0.1UF capacitor initially charged to potential difference of
100 Volt is discharged through 1M Q resistance. Find the
following: Initial value of the discharged current; its value 0.1

second later; charge of the capacitor plates after 0.1 second.
Solution

The initial discharge current, at t=0, is given by

Check the RC circuit time constant

T=RC = 0.1uF X 1MQ = 0.1 sec

Dr. Hazem F. Sakeek www.physicsacademy.org
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That means the current, charge, and voltage will drop to 0.37
of its initial value.

The current after 0.1 sec is equal to

I =0.37I, = 0.37 X 100uA = 374

The charge after 0.1 sec is also 0.37 of its initial value, that is

Q = CE = 01.uF X 100Volt = 10uC
q = 0.37Q = 0.37 x 10uC = 3.7uC

Dr. Hazem E Sakeek www.physicsacademy.org
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Electrostatics

Electric Force
Electric field

Electrical Potential

Electric Current

Electric Resistance

Electric Power

Electromotive Force

The Capacitor
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Bioelectricity

Bioelectricity refers to electrical potentials and currents
occurring within or produced by living organisms. It results from
the conversion of chemical energy into electrical energy.
Bioelectric potentials are generated by a number of different
biological processes, and are used by cells to govern metabolism,
to conduct impulses along nerve fibers, and to regulate muscular
contraction. In most organisms bioelectric potentials vary in
strength from one to several hundred millivolts.

The most important difference between bioelectric currents in

living organisms and the type of electric current used to produce

light, heat, or power is that a bioelectrical current is a flow of ions
(atoms or molecules carrying an electric charge), while standard
electricity is a movement of electrons.

Dr. Hazem E Sakeek www.physicsacademy.org
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Nerve Conduction

The human nervous system contains roughly 100 billion neurons,
connected in networks that transmit information from one location
in the body to another.

The human nervous system consisting of the brain and spinal
cord, the central nervous system interprets sensory input, initiates
muscle contraction, and carries out all other cognitive tasks. The
nerves that communicate messages between the central nervous
system and the rest of the body compose the peripheral nervous
system.

The neurons send information to one another via electrical
signals, we can treat them like classical electrical circuits.

In this topic we will review basic concepts in neurobiology
and then describe the circuit model.

Dr. Hazem E Sakeek www.physicsacademy.org
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Neuroblology Review

Neurons can be divided into three main parts: Dendrites

the soma, or cell body, which contains the

nucleus and other organelles, and two types of

Nucleus

fiber-like extensions called dendrites and axons.

Dendrites receive inputs from other cells and
conduct signals towards the cell body.
g
Axons conduct signals away from the cell body
towards their tips, where they are then passed
on to other neurons or to muscle cells.
A neuron may have many dendrites but usually

has only one axon, which can be as long as 1 m.

The junction between the axon of one neuron
and the dendrite or cell body of another is

called the synapse.

Dendrites: receive messages,
Axon: sends messages
\ Dr. Hazem F. Sakeek www.physicsacademy.org /

Resting and Acting Potential

Enclosed in the membrane of any cell is a jellylike substance that

contains both inorganic and organic matter.

In the cell body, this substance is called cytoplasm, but in the axon it

is called axoplasm.

For an inactive neuron, the axoplasm has an overall

\ Dr. Hazem F. Sakeek www.physicsacademy.org /
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is originated from the differences in

concentration of ions inside and outside the membrane.

depends also on the difference in permeability

of the cell wall to the different ions.

Two types of positively-charged ions, potassium (K+) and sodium
(Nat), can cross the cell membrane through selective ion channels.
Normally there are more potassium ions inside the cell than outside,

whereas there are more sodium ions outside the cell than inside.

Due to these ionic effects, the

relative to the extracellular fluid.

Because the resting potential is negative, the clectrical field is

directed from outside to inside.

-

8

Therefore, the electric field drives additional ions through the
membrane into the cell.

The migration of the ions cause a potential difference, V, leading to
the formation of a potential hill against the movement of extra ions
till equilibrium takes place.

When the thermal energy of the ions equal the height of
the potential hill, then the potential difference across the

membrane is given by Nernst equation:

A

- (C
v :J_r2.3;‘BT log| —=
e \C; )

Ly

Where kyT is the thermal energy, e is the electronic charge, C, and
C, is the concentration of the ions outside and inside the axon

respectively.
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For example T = 37°C = 310K, so
kT _(1.38x107%J/K)(310K) _

0.0267V =26.TmV

e 1621077 ¢
Then equation can be written as:
{ !
V=x6l4mV log| E:"
\

i/

For a nerve cell, the intercellular has K+ concentration, C; = 0.141
mol/liter, whereas the extracellular fluid has a K+ concentration,
C, = 0.005 mol/liter, which give the Nernst potential to be:

[ 0.005

V =+61.4mV log|
10.141

:= —-892mV

Dr. Hazem F. Sakeek www.physicsacademy.org
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Excitable cells have special Na and K channels with gates that open and

close in response to the membrane voltage (voltage-gated channels).

Between Schwann cells are small regions of exposed axon called nodes

of Ranvier.

These nodes contain the voltage-gated ion channels that allow action
potentials to propagate down the axon, so that the signal jumps from

node to node as shown in the figure

Basic Neural Processes

Dr. Hazem E Sakeek www.physicsacademy.org
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Structure of a neuron with myelinated axon and unmyelinated axon
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When a nerve cell receives a stimulating action such as electric signal, thermal
mechanical or chemical, its membrane suddenly become permeable to
the Na+.

This will permit the Na+ to diffuse through the cell membrane to the interior
and combine with the Cl-. Thus membrane potential will depolarize (becomes
more positive) producing spike as shown in the figure. The rate of flow through
the cellular membrane increases rapidly to 100 times that of K+ after short

time ~ 2ms.

o
=
I

Spike
The depolarization
and repolarization
process resulted
from external

.5U -
-/ k_/ stimulation of the

"] nerve
Negative Afterpotential
T T

1] 2 4 [ g 10
Time, milliseconds

=
1

Membrane Potential, m¥

-100 -
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¢ During this period the interior potential changes from — 90 mV to
35 mV.

¢ After this period, the sodium gate is closed, where the membrane
become impermeable to sodium ions and in the same time K+ gate is

opened diffusing it out of the cell.

¢ This makes the membrane repolarized (becomes more negative) till

it returns to its normal state.

® This change of the cell potential is called the action potential.

@ Dr. Hazem E Sakeek www.physicsacademy.org
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Electrical Properties of Neurons

® Axon acts as cables that transmit bioelectric impulses from one nerve cell
to another cells or the central nervous system.

e A nerve fiber consists of a thin hollow tube containing positive and
negative ions.

¢ The fiber is immersed in an extracellular fluid which contains the same
ionic composition.

Conducting outer fluid

Insulatinglayer (extracellularfluid)
(axon cell wall and myelin sheath)

Conductingcenter
(the axon)

Axon as an insulated wire
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The wall of the axon tube is semi-permeable membrane which,

although a dielectric, allows ions to migrate into and out of the fiber.

Examination of the axons of various neurons with an electron

microscopy indicates that there are two different types of nerve

fibers.

* The membrane of some axons are covered with a fatty
insulating layer called myelin (¢adl) and they are called
myelinated axons (MA).

* The membrane of other axons has no myelin sheath and they

are called unmyelinated axons (UA).

Resistance

In the neuron, there are two substances that exhibit

electrical resistance:

® the axoplasm

® the cell membrane plus myelin sheath, if present.

Dr. Hazem E Sakeek www.physicsacademy.org
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Axoplasm Resistance

The electrical resistance R along the length of the axon
follows the same principles as a wire:

[

R=bPegyz

For both myelinated and unmyelinated neurons, the resistivity p, of

the axoplasm is 2.0 Q.m.

If the average neuron has an axon 1 mm long and a 5pm radius, we
= 2.5x107 Q.

This huge value indicates that axons are actually poor electrical

can find that the resistance of the axoplasm R

axoplasm

conductors.

Cell Membrane Resistance

The cell membrane is also permeable to charge; its resistance is not
infinite, even when myelinated. the resistance through the membrane
(R

) depends on the surface area of the axonal membrane 27rl:

Pm
R —
m 2mrl

Where p,), is the membrane resistivity measured in 0. m?.

For an unmyelinated axon (UA), p,,;x= 0.2 1.m?. So, again for an
average axon 1 mm long with radius 5 pim, so R= 6.4x10° ().

For Mpyelinated axons (MA) have a much higher resistivity,
Pma= 40 Qd.m? so R=1.3x107 ().

The membrane resistance R,, represents the resistance of the leakage
current.
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There is an operator called the space parameter A, which represent
how can the impulse signal travel along the axon before the loakagc is
complete.

This occurs when the axon resistance R is equal to the membrane
resistance R, So that at R = R then put [ = 4, which gives us:

m»

Pat Pm

mr2 2nrd

So we can solve for A, which gives us

— [PmT
A= 2paq
The space parameter ranges from 0.05 to 0.7 cm for unmyelinated to
myelinated axons

Dr. Hazem E Sakeek www.physicsacademy.org

Example
A myelinated axon has a space parameter of lcm, find its radius?

Pma— 40 Q.m? and P=2 Q.m.

Solution

From equation,

we can write r in terms of the space parameter as:

2p, A2 2 (20.m).107*m? 10-5 10
r = = = m = m
P 40 Q.m? ¥

Dr. Hazem F. Sakeek www.physicsacademy.org

~

9/10/2012

10


http://www.physicsacademy.org/
http://www.physicsacademy.org/

SelectediTopics in Physics
for

Medical Sciences Students

Unit 6
Bioelectricity
"Signals in the Body"

Lecture 24

Dr. Hazem F Sakeek
Al-Azhar University - Gaza

U 14

www.physicsacademy.org

a } N
Capac1tance

¢ The capacitor is an electrical device that stores electric charge.

® It consists of two conductors side by side, separated by some insulating

substance called the dielectric.
¢ The Capacitance of parallel plate capacitor is given by
KA _ EA

C:
d d

where & = K&,

The larger the surface area between the plates the more charge can be
stored. Furthermore, the smaller plate separation the greater the
attraction between the charges, which also increases the capacity for

charge storage.
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For a lipid bilayer, € = 5x107"" F/m and d= 50 A = 5x107° mm.
Thus, the capacitance per unit area for an unmyelinated axon of 5 nm

thickness is:

c 5x10" !
C, == =222 - 1072F /m?(Unmyelinated axon)

A d 5x107°9
For myelinated axons, the myelin sheath contains a membrane that
wraps around the axon a couple of hundred times. This multilayer
arrangement effectively increases the thickness of the lipid bilayer by a
factor of 200 (1 pm total thickness),

so capacitance per unit area for a myelinated axon is:

__ 5x107t

C €
Cm = —_=—-=
A d 1x10-6

= 5 x 107°F /m’(Myelinated axon)

Dr. Hazem E Sakeek www.physicsacademy.org
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Neuron’s Equivalent Circuit

The electrical properties of neurons are summarized by the diagram,

Physical System Physical Model

The physical model shows wires, two resistors, and a capacitor
that approximate the physical flow of charge through real axons
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Useful Constants

Unmyelinated axons Myelinated axons
(UA) (MA)
Axoplasm resistivity  Paygpiam = 2.0 2.M Paxoplasm = 2:0 Q.M
Wall resistivity pua =0.20 Q.m? Pma = 40.0 Q.m?
Wall capacitance/area C/A =102 F/m’ C/A = 5x10° F/m?

@ Dr. Hazem E Sakeek www.physicsacademy.org

P
Impulse Propagation

* Neurons are connected so that action potentials travel between them
in only one direction.
¢ The impulse propagation through the nerve cells can be modeled as an

array of resistors and capacitors.

RGXOYI RGXOH

R axen

Physical model of neural connections
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Propagation Speed
For simplicity, we will at first ignore the wall resistance. For one
circuit unit (i.e. one neuron), the voltage changes over time according

to the equation

V (t) = Vo (1— eft/Ra‘x""'f‘s”p ) where V, is the resting potential

&

C.

When we add another unit, the first unit charges up before the second
unit begins to charge. With every additional unit, there is an additional
delay of T=R C

The Charging timeis T =R

axoplasm

axoplasm

The circuit with two neurons charges twice as slow as the circuit with one
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Since a unit must chargc completely before it can discharge to the next
unit, there is a time delay equal to T in the propagation of the
electrical signal between two units.

If the length of ecach unit is x, then the speed of propagation is given
by.

Y
Raxon C

X
vV===
t

Substituting the expressions for the resistance of the axoplasm as

aXx

R, =2

?Tf'z

Substituting the capacitance/area of the membrane C=C, 2Trx into
the expression for the velocity we obtain

x r

v = - =
(2—?;—) (Cm ZTH'JC) zc‘m Pa X

Dr. Hazem E Sakeek www.physicsacademy.org
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The wider the axon, the faster the axonal speed of propagation.

For myelinated neurons, the myelin sheath covers the axon in 1 mm
long sections. Thus, within each myelinated section, one would predict
that the speed of propagation is faster.

For unmyelinated neurons,

V=5X107°m/(2X2.00mX5X107°F/m?X1X1073m) 20m/ Sec

the speed of propagation is 200 times slower

While most neurons share the same basic structure, they vary

greatly in length and speed of signal propagation.

In the brain where axons are 0.01 mm, signals travel 0.5-2.0 m/s.

In the limbs axons can be up to to 1.0 m in length and carry signals at

100 m/s.
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The resistance of the cell membrane

Recall that our calculations do not take into account the resistance of
the cell membrane and myelin sheath. Including it leads to leakage of
the electrical signal through the wall, called signal attenuation.

Without R‘_._r_-‘._‘j

L&
|
3
;
A a— ]
o
|1
I

The voltage is much lower if we consider the wall resistance

Dr. Hazem E Sakeek www.physicsacademy.org
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the Voltage decreases geometrically with the number of units traveled
. X/ A
V =Ve

where x is the distance traveled down the circuit.
The value of A is 0.05 cm for unmyelinated neurons and 0.7 cm for

myelinated neurons.

Myelinated nerve fibers carry nerve impulses farther
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Example

A myelinated nerve of 10 pum thick with a space parameter of 0.5 cm.
Calculate the speed of the pulse propagation along 1 mm. Find the
dielectric constant of the membrane material?

Solution
I

N 2Cmpa x

where for myelinated axon p,=2Q.m, p, =40 . m? and
C = 5%107° F/m?.

_ 2p A2
Pm
22 (5 x 1073)2m?2 125 m/
v = — — = om/s
ConPon X (5 x 10m F) (40 2.m?)(1 x 1073m)
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