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Continuum Mechanics
‘Süreç Mekaniği’





ε

Uzay araçları (atmosfere giren) 
Mikron altı (nano) 

Continuum Varsayımı
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Özellik katı sıvı gaz

Tipik götüntüleri

Makroskopik açıklaması Şeklini korur. Kabın şeklini alır, açık bir 
kapta kalabilir, serbest 

yüzeye sahiptir. 

Kapalı kabın hacmini 
kaplaycak şekilde genişler, 

serbest yüzeyi yoktur.

Moleküllerin hareketi Düşük, çünkü moleküller 
birbirlerine güçlü şekilde 

bağlıdır. 

Moleküller arasında güçlü 
bağ olmasına karşın 

kolaylıkla akarlar. 

Serbestçe hareket ederler, 
moleküller arasında çok 

düşük bir etkileşim vardır. 

Tipik yoğunlukları Çelik 7700 kg/m3 Su 1000 kg/m3 Hava 1.29 kg/m3

Moleküler boşluk Küçük Küçük Büyük

Kayma kuvveti (stres) Deformasyona neden olur. Akış yaratır. Akış yaratır. 

Normal kuvvet (stres) Deformasyona neden olur. 
Kusura yol açabilir. 

Deformasyona ve hacim 
değişimine neden olur. 

Deformasyona ve hacim 
değişimine neden olur. 

Viskozite Tanımsız Yüksek, sıcaklık ile ters 
orantılı değişir. 

Düşük, sıcaklık ile düz 
orantılı değişir. 

Sıkıştırabilirlik Zor
Çelik 169 x 109 Pa

Zor
Su 2.2 x 109 Pa

Kolay
Hava 1 x 105 Pa



Akışkan (... hal !)

Maddenin 3 hali : katı 
1 Mol = 6.0221415×1023 atoms veya molekül (Avagadro) 

Katı (çelik yoğunluğu 8000 kg/m3)
(su yoğunluğu 1000 kg/m3)
(hava yoğunluğu 1.29 kg/m3)

MW (hava) = 29 g/mol 
1 m^3 hacimde 2.7 x 10^25 adet molekül 
MW(su) = 18 g/mol 
1 m^3 hacimde 3.3 x 10^28 adet molekül 
MW(çelik) = 56 g/mol 
1 m^3 hacimde 8.6 x 10^28 adet atom

1 m^3



Akışkan (... able to flow)

Akışkan: 

Üzerine etki eden kuvvetin etkisiyle (ne kadar küçük olursa olsun!) 
sürekli ve geri dönüşsüz olarak deforme olan maddeler. 



Ekmek akışkan mıdır?

Yoğunluk = 0.25 g/cm3

Boşluk kesri = 0.5



Hedefler



Ders Hedefi - 1

A

B

İş Tanımı: 

A-B arasında sıvı gıda transferi (Q)

Pompalama maliyeti (TL/Gün) 



Ders Hedefi - 2

u=umax (r=0)

u=0 (r=r)

Q
A

A
Qu =)(

)/()/( 2

3

LA
tLQtLu =

İş Tanımı: 

Sıvı gıdanın sterilizasyonu veya pastörizasyonu (T x t) 

Proses tasarımı ve güvenliği (Gıda Mühendisi)

Hız gradyanı



Dimension & Unit
‘Boyut & Birim’







Boyut 
Birim

Fluid characteristics 
can be described 
qualitatively in terms of 
certain basic quantities 
such as length, time, 
and mass.

Dimensions, Dimensional 
Homogeneity, and Units

 İngiliz Birim Sistemi 

(EE) 

Geleneksel Metrik 

Sistem (CGS) 

Uluslararası Birim 

Sistemi (SI) 

Uzunluk, L  Feet, ft Santimetre, cm Metre, m 

Zaman, t  Saat, h Saniye, s Saniye, s 

Kütle, m  Pound, lbm  Gram, g Kilogram, kg 

Kuvvet, F  Pound force, lbf  Dyne   Newton, N 

Enerji, H  British thermal unit, Btu Kalori, Cal  Joule, J (N.m) 

Sıcaklık, T °F  °C K  

 



! F!L!T!sistemi! m!L!T!sistemi! Notasyon!

Kütle! m! m! m!

Uzunluk! L! L! l,!h,!z,!y!

Zaman! t! t! t!

Kuvvet!! F! mL/t2! F!

Sıcaklık! T! T! T!

Basınç'' F/L2' m/Lt2' P'

Alan'' L2' L2' A'

Hacim' L3' L3' V'

İş''' FL' mL2/t2' W'

Güç'' FL/t' mL2/t3' Pow'

Enerji' FL' mL2/t2' E,'H,'U'

Momentum'' Ft' mL/t' M'

Yoğunluk''' m/L3' m/L3' ρ'

Viskozite'' Ft/L2' m/Lt' µ'

Yüzey'gerilimi'' F/L' m/t2' σ'

Hız' L/t' L/t' u'

İvme'/'yerçekimi' L/t2' L/t2' a,'g'

Kayma'gerilimi' F/L2' M/Lt2' τ'

 

Temel ve Türemiş Boyutlar

point of application of a 1-N force is displaced through a 1-m distance in the 
direction of a force. Thus,

The unit of power is the watt 1W2 defined as a joule per second. Thus,

Prefixes for forming multiples and fractions of SI units are given in Table 1.2. For
example, the notation kN would be read as “kilonewtons” and stands for Similarly,
mm would be read as “millimeters” and stands for The centimeter is not an accepted
unit of length in the SI system, so for most problems in fluid mechanics in which SI units
are used, lengths will be expressed in millimeters or meters.

English Engineering (EE) System. In the EE system units for force and mass
are defined independently; thus special care must be exercised when using this system in
conjunction with Newton’s second law. The basic unit of mass is the pound mass 1lbm2, the
unit of force is the pound 1lb2.1 The unit of length is the foot 1ft2, the unit of time is the second
1s2, and the absolute temperature scale is the degree Rankine To make the equation
expressing Newton’s second law dimensionally homogeneous we write it as

(1.4)

where is a constant of proportionality which allows us to define units for both force and
mass. For the BG system only the force unit was prescribed and the mass unit defined in a

gc

F !
ma
gc

1°R2.

10"3 m.
103 N.

1 W ! 1 J#s ! 1 N # m#s

1 J ! 1 N # m

1.2 Dimensions, Dimensional Homogeneity, and Units ! 9

! TA B L E 1 . 2
Prefixes for SI Units

Factor by Which Unit
Is Multiplied Prefix Symbol

tera T
giga G
mega M
kilo k
hecto h

10 deka da
deci d
centi c
milli m
micro
nano n
pico p
femto f
atto a10"18

10"15
10"12
10"9

m10"6
10"3
10"2
10"1

102
103
106
109
1012

1It is also common practice to use the notation, lbf, to indicate pound force.

In mechanics it is
very important to
distinguish between
weight and mass.
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Orantı Katsayısı, gc



tarihçe



Önemli Kişiler ve Katkıları

• Archimedes (250 B.C.) bouyancy
• Leonardo Da Vinci (1452-1519) equation of continuity
• Edme Mariotte (1620-1684) wind tunnel
• Isaac Newton (1642-1727) law of viscousity
• Teorisyenler; Bernoulli, Euler, Lagrange, Laplace 
• Deneyciler; Chézy, Pitot, Borda, Weber, Francis, Hagen, Poiseuille, Darcy, 

Manning, Bazin, and Weisbach
• Osborne Reynolds (1842-1912) Reynold’s number
• Navier (1785-1836) & Stokes (1819-1903) viscous flow theory  
• Ludwig Prandtl (1875-1953) boundary layer theory
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Akışkanların Özellikleri



Basınç

Atmosferdeki gazların %75’I troposferdedir. 



Kütle (m, ρ, γ, SG)

 kg
m3
⎡
⎣⎢

⎤
⎦⎥

     m
L3

⎡
⎣⎢

⎤
⎦⎥

 N
m3
⎡
⎣⎢

⎤
⎦⎥

     F
L3

⎡
⎣⎢

⎤
⎦⎥



Yoğunluk & Sıcaklık

@ 4°C     = 1000 kg/m3
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Sıkıştırılabilirlik, Ev

Madde Ev (psi)

Hava 15

Su 0.32 x 106

Çelik 26 x 106
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Yüzey Gerilimi, σ
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Yüzey Gerilimi, σ

26 ! Chapter 1 / Introduction

1.9 Surface Tension

At the interface between a liquid and a gas, or between two immiscible liquids, forces develop
in the liquid surface which cause the surface to behave as if it were a “skin” or “membrane”
stretched over the fluid mass. Although such a skin is not actually present, this conceptual
analogy allows us to explain several commonly observed phenomena. For example, a steel
needle will float on water if placed gently on the surface because the tension developed in
the hypothetical skin supports the needle. Small droplets of mercury will form into spheres
when placed on a smooth surface because the cohesive forces in the surface tend to hold all
the molecules together in a compact shape. Similarly, discrete water droplets will form when
placed on a newly waxed surface. (See the photograph at the beginning of Chapter 1.)

These various types of surface phenomena are due to the unbalanced cohesive forces
acting on the liquid molecules at the fluid surface. Molecules in the interior of the fluid mass
are surrounded by molecules that are attracted to each other equally. However, molecules
along the surface are subjected to a net force toward the interior. The apparent physical
consequence of this unbalanced force along the surface is to create the hypothetical skin or
membrane. A tensile force may be considered to be acting in the plane of the surface along
any line in the surface. The intensity of the molecular attraction per unit length along any
line in the surface is called the surface tension and is designated by the Greek symbol 
1sigma2. For a given liquid the surface tension depends on temperature as well as the other
fluid it is in contact with at the interface. The dimensions of surface tension are with
BG units of and SI units of Values of surface tension for some common liquids
1in contact with air2 are given in Tables 1.5 and 1.6 and in Appendix B 1Tables B.1 and B.22
for water at various temperatures. The value of the surface tension decreases as the temper-
ature increases.

The pressure inside a drop of fluid can be calculated using the free-body diagram in
Fig. 1.7. If the spherical drop is cut in half 1as shown2 the force developed around the edge

N!m.lb!ft
FL"1

s

is about At this temperature the vapor pressure of water is 10.1 psi 1abs2. Thus, boiling
can be induced at a given pressure acting on the fluid by raising the temperature, or at a
given fluid temperature by lowering the pressure.

An important reason for our interest in vapor pressure and boiling lies in the common
observation that in flowing fluids it is possible to develop very low pressure due to the fluid
motion, and if the pressure is lowered to the vapor pressure, boiling will occur. For example,
this phenomenon may occur in flow through the irregular, narrowed passages of a valve or
pump. When vapor bubbles are formed in a flowing fluid they are swept along into regions
of higher pressure where they suddenly collapse with sufficient intensity to actually cause
structural damage. The formation and subsequent collapse of vapor bubbles in a flowing fluid,
called cavitation, is an important fluid flow phenomenon to be given further attention in
Chapters 3 and 7.

193 °F.

In flowing liquids it
is possible for the
pressure in local-
ized regions to
reach vapor pres-
sure thereby caus-
ing cavitation.

R!

!R2"p# ! F I G U R E  1 . 7 Forces acting on one-half of a liquid drop.

V1.5 Floating razor
blade
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due to surface tension is This force must be balanced by the pressure difference,
between the internal pressure, and the external pressure, acting over the circular area,

Thus,

or

(1.21)

It is apparent from this result that the pressure inside the drop is greater than the pressure
surrounding the drop. 1Would the pressure on the inside of a bubble of water be the same as
that on the inside of a drop of water of the same diameter and at the same temperature?2

Among common phenomena associated with surface tension is the rise 1or fall2 of a
liquid in a capillary tube. If a small open tube is inserted into water, the water level in the
tube will rise above the water level outside the tube as is illustrated in Fig. 1.8a. In this
situation we have a liquid–gas–solid interface. For the case illustrated there is an attraction
1adhesion2 between the wall of the tube and liquid molecules which is strong enough to
overcome the mutual attraction 1cohesion2 of the molecules and pull them up the wall. Hence,
the liquid is said to wet the solid surface.

The height, h, is governed by the value of the surface tension, the tube radius, R,
the specific weight of the liquid, and the angle of contact, between the fluid and tube.
From the free-body diagram of Fig. 1.8b we see that the vertical force due to the surface
tension is equal to and the weight is and these two forces must balance
for equilibrium. Thus,

so that the height is given by the relationship

(1.22)

The angle of contact is a function of both the liquid and the surface. For water in contact
with clean glass It is clear from Eq. 1.22 that the height is inversely proportional to
the tube radius, and therefore the rise of a liquid in a tube as a result of capillary action
becomes increasingly pronounced as the tube radius is decreased.

u ! 0°.

h !
2s cos u

gR

gpR2h ! 2pRs cos u

gpR2h2pRs cos u

u,g,
s,

¢p ! pi " pe !
2s
R

2pRs ! ¢p pR2

pR2.
pe,pi,

¢p,2pRs.

1.9 Surface Tension ! 27

! F I G U R E  1 . 8 Effect of capillary action in small tubes. (a) Rise of column for a liquid
that wets the tube. (b) Free-body diagram for calculating column height. (c) Depression of col-
umn for a nonwetting liquid.

!

h
R2h

2  R  

"

2R

"

(a) (b) (c)

#!

$

h

Capillary action in
small tubes, which
involves a liquid–
gas–solid interface,
is caused by surface
tension.
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Kılcal boru ile yüzey gerilimi ölçümü 



due to surface tension is This force must be balanced by the pressure difference,
between the internal pressure, and the external pressure, acting over the circular area,

Thus,

or

(1.21)

It is apparent from this result that the pressure inside the drop is greater than the pressure
surrounding the drop. 1Would the pressure on the inside of a bubble of water be the same as
that on the inside of a drop of water of the same diameter and at the same temperature?2

Among common phenomena associated with surface tension is the rise 1or fall2 of a
liquid in a capillary tube. If a small open tube is inserted into water, the water level in the
tube will rise above the water level outside the tube as is illustrated in Fig. 1.8a. In this
situation we have a liquid–gas–solid interface. For the case illustrated there is an attraction
1adhesion2 between the wall of the tube and liquid molecules which is strong enough to
overcome the mutual attraction 1cohesion2 of the molecules and pull them up the wall. Hence,
the liquid is said to wet the solid surface.

The height, h, is governed by the value of the surface tension, the tube radius, R,
the specific weight of the liquid, and the angle of contact, between the fluid and tube.
From the free-body diagram of Fig. 1.8b we see that the vertical force due to the surface
tension is equal to and the weight is and these two forces must balance
for equilibrium. Thus,

so that the height is given by the relationship

(1.22)

The angle of contact is a function of both the liquid and the surface. For water in contact
with clean glass It is clear from Eq. 1.22 that the height is inversely proportional to
the tube radius, and therefore the rise of a liquid in a tube as a result of capillary action
becomes increasingly pronounced as the tube radius is decreased.

u ! 0°.

h !
2s cos u

gR

gpR2h ! 2pRs cos u

gpR2h2pRs cos u

u,g,
s,

¢p ! pi " pe !
2s
R

2pRs ! ¢p pR2

pR2.
pe,pi,

¢p,2pRs.

1.9 Surface Tension ! 27

! F I G U R E  1 . 8 Effect of capillary action in small tubes. (a) Rise of column for a liquid
that wets the tube. (b) Free-body diagram for calculating column height. (c) Depression of col-
umn for a nonwetting liquid.

!
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R2h

2  R  

"
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"
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#!

$

h

Capillary action in
small tubes, which
involves a liquid–
gas–solid interface,
is caused by surface
tension.
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due to surface tension is This force must be balanced by the pressure difference,
between the internal pressure, and the external pressure, acting over the circular area,

Thus,

or

(1.21)

It is apparent from this result that the pressure inside the drop is greater than the pressure
surrounding the drop. 1Would the pressure on the inside of a bubble of water be the same as
that on the inside of a drop of water of the same diameter and at the same temperature?2

Among common phenomena associated with surface tension is the rise 1or fall2 of a
liquid in a capillary tube. If a small open tube is inserted into water, the water level in the
tube will rise above the water level outside the tube as is illustrated in Fig. 1.8a. In this
situation we have a liquid–gas–solid interface. For the case illustrated there is an attraction
1adhesion2 between the wall of the tube and liquid molecules which is strong enough to
overcome the mutual attraction 1cohesion2 of the molecules and pull them up the wall. Hence,
the liquid is said to wet the solid surface.

The height, h, is governed by the value of the surface tension, the tube radius, R,
the specific weight of the liquid, and the angle of contact, between the fluid and tube.
From the free-body diagram of Fig. 1.8b we see that the vertical force due to the surface
tension is equal to and the weight is and these two forces must balance
for equilibrium. Thus,

so that the height is given by the relationship

(1.22)

The angle of contact is a function of both the liquid and the surface. For water in contact
with clean glass It is clear from Eq. 1.22 that the height is inversely proportional to
the tube radius, and therefore the rise of a liquid in a tube as a result of capillary action
becomes increasingly pronounced as the tube radius is decreased.
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R
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1.9 Surface Tension ! 27

! F I G U R E  1 . 8 Effect of capillary action in small tubes. (a) Rise of column for a liquid
that wets the tube. (b) Free-body diagram for calculating column height. (c) Depression of col-
umn for a nonwetting liquid.
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Capillary action in
small tubes, which
involves a liquid–
gas–solid interface,
is caused by surface
tension.
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due to surface tension is This force must be balanced by the pressure difference,
between the internal pressure, and the external pressure, acting over the circular area,

Thus,

or

(1.21)

It is apparent from this result that the pressure inside the drop is greater than the pressure
surrounding the drop. 1Would the pressure on the inside of a bubble of water be the same as
that on the inside of a drop of water of the same diameter and at the same temperature?2

Among common phenomena associated with surface tension is the rise 1or fall2 of a
liquid in a capillary tube. If a small open tube is inserted into water, the water level in the
tube will rise above the water level outside the tube as is illustrated in Fig. 1.8a. In this
situation we have a liquid–gas–solid interface. For the case illustrated there is an attraction
1adhesion2 between the wall of the tube and liquid molecules which is strong enough to
overcome the mutual attraction 1cohesion2 of the molecules and pull them up the wall. Hence,
the liquid is said to wet the solid surface.

The height, h, is governed by the value of the surface tension, the tube radius, R,
the specific weight of the liquid, and the angle of contact, between the fluid and tube.
From the free-body diagram of Fig. 1.8b we see that the vertical force due to the surface
tension is equal to and the weight is and these two forces must balance
for equilibrium. Thus,

so that the height is given by the relationship

(1.22)

The angle of contact is a function of both the liquid and the surface. For water in contact
with clean glass It is clear from Eq. 1.22 that the height is inversely proportional to
the tube radius, and therefore the rise of a liquid in a tube as a result of capillary action
becomes increasingly pronounced as the tube radius is decreased.
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! F I G U R E  1 . 8 Effect of capillary action in small tubes. (a) Rise of column for a liquid
that wets the tube. (b) Free-body diagram for calculating column height. (c) Depression of col-
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Capillary action in
small tubes, which
involves a liquid–
gas–solid interface,
is caused by surface
tension.
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Yüzey Gerilimi, σ

R = D
2

γ = ρ.g

Θ<90o Θ>90o



Viskozite, μ
1.6 Viscosity

1.6 Viscosity ! 15

EXAMPLE
1.3

A compressed air tank has a volume of When the tank is filled with air at a gage
pressure of 50 psi, determine the density of the air and the weight of air in the tank. Assume
the temperature is and the atmospheric pressure is 14.7 psi 1abs2.

SOLUTION

The air density can be obtained from the ideal gas law 1Eq. 1.82 expressed as

so that

(Ans)

Note that both the pressure and temperature were changed to absolute values.
The weight, of the air is equal to

so that since 

(Ans)w ! 0.276 lb

1 lb ! 1 slug # ft "s2

 ! 10.0102 slugs"ft32 132.2 ft "s22 10.84 ft32

 w ! rg # 1volume2

w,

r !
150 lb"in.2 $ 14.7 lb"in.22 1144 in.2"ft22

11716 ft # lb"slug # °R2 3 170 $ 4602°R 4
! 0.0102 slugs"ft3

r !
p

RT

70 °F

0.84 ft3.

The properties of density and specific weight are measures of the “heaviness” of a fluid. It
is clear, however, that these properties are not sufficient to uniquely characterize how fluids
behave since two fluids 1such as water and oil2 can have approximately the same value of
density but behave quite differently when flowing. There is apparently some additional prop-
erty that is needed to describe the “fluidity” of the fluid.

To determine this additional property, consider a hypothetical experiment in which a
material is placed between two very wide parallel plates as shown in Fig. 1.2a. The bottom
plate is rigidly fixed, but the upper plate is free to move. If a solid, such as steel, were placed
between the two plates and loaded with the force P as shown, the top plate would be displaced
through some small distance, 1assuming the solid was mechanically attached to the plates2.
The vertical line AB would be rotated through the small angle, to the new position 
We note that to resist the applied force, P, a shearing stress, would be developed at the
plate-material interface, and for equilibrium to occur where A is the effective upperP ! tA

t,
AB¿.db,

da

P P

(a) (b)

Fixed plate

a

b

!

!"

B

A

B' A#

! F I G U R E  1 . 2 (a) Defor-
mation of material placed between 
two parallel plates. (b) Forces acting
on upper plate.

Fluid motion can
cause shearing
stresses.

V1.1 Viscous fluids
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20 ! Chapter 1 / Introduction

EXAMPLE
1.4

A dimensionless combination of variables that is important in the study of viscous flow
through pipes is called the Reynolds number, Re, defined as where is the fluid den-
sity, V the mean fluid velocity, D the pipe diameter, and the fluid viscosity. A Newtonian
fluid having a viscosity of and a specific gravity of 0.91 flows through a 
25-mm-diameter pipe with a velocity of Determine the value of the Reynolds num-
ber using 1a2 SI units, and 1b2 BG units.

SOLUTION

(a) The fluid density is calculated from the specific gravity as

and from the definition of the Reynolds number

However, since it follows that the Reynolds number is unitless—that
is,

(Ans)

The value of any dimensionless quantity does not depend on the system of units used
if all variables that make up the quantity are expressed in a consistent set of units. To
check this we will calculate the Reynolds number using BG units.

(b) We first convert all the SI values of the variables appearing in the Reynolds number to
BG values by using the conversion factors from Table 1.4. Thus,

 m ! 10.38 N # s"m22 12.089 # 10$22 ! 7.94 # 10$3 lb # s"ft2

 D ! 10.025 m2 13.2812 ! 8.20 # 10$2 ft

 V ! 12.6 m"s2 13.2812 ! 8.53 ft"s

 r ! 1910 kg"m32 11.940 # 10$32 ! 1.77 slugs"ft3

Re ! 156

1 N ! 1 kg # m"s2

 ! 156 1kg # m"s22"N
 Re !

rVD
m

!
1910 kg"m32 12.6 m"s2 125 mm2 110$3 m"mm2

0.38 N # s"m2

r ! SG rH2O@4°C ! 0.91 11000 kg"m32 ! 910 kg"m3

2.6 m"s.
0.38 N # s"m2

m
rrVD"m

Quite often viscosity appears in fluid flow problems combined with the density in the
form

This ratio is called the kinematic viscosity and is denoted with the Greek symbol 1nu2. The
dimensions of kinematic viscosity are and the BG units are and SI units are 
Values of kinematic viscosity for some common liquids and gases are given in Tables 1.5
through 1.8. More extensive tables giving both the dynamic and kinematic viscosities for
water and air can be found in Appendix B 1Tables B.1 through B.42, and graphs showing
the variation in both dynamic and kinematic viscosity with temperature for a variety of fluids
are also provided in Appendix B 1Figs. B.1 and B.22.

Although in this text we are primarily using BG and SI units, dynamic viscosity is
often expressed in the metric CGS 1centimeter-gram-second2 system with units of

This combination is called a poise, abbreviated P. In the CGS system, kinematic
viscosity has units of and this combination is called a stoke, abbreviated St.cm2"s,
dyne # s"cm2.

m2"s.ft2"sL2"T,
n

n !
m

r

Kinematic viscosity
is defined as the 
ratio of the absolute
viscosity to the fluid
density.
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Deformation rate = rate of change of shear rate
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Viskozite

Hız gradyanı !

plate area 1Fig. 1.2b2. It is well known that for elastic solids, such as steel, the small angular
displacement, 1called the shearing strain2, is proportional to the shearing stress, that is
developed in the material.

What happens if the solid is replaced with a fluid such as water? We would immediately
notice a major difference. When the force P is applied to the upper plate, it will move
continuously with a velocity, U 1after the initial transient motion has died out2 as illustrated
in Fig. 1.3. This behavior is consistent with the definition of a fluid—that is, if a shearing
stress is applied to a fluid it will deform continuously. A closer inspection of the fluid motion
between the two plates would reveal that the fluid in contact with the upper plate moves with
the plate velocity, U, and the fluid in contact with the bottom fixed plate has a zero velocity.
The fluid between the two plates moves with velocity that would be found to vary
linearly, as illustrated in Fig. 1.3. Thus, a velocity gradient, is developed
in the fluid between the plates. In this particular case the velocity gradient is a constant since

but in more complex flow situations this would not be true. The experimental
observation that the fluid “sticks” to the solid boundaries is a very important one in fluid
mechanics and is usually referred to as the no-slip condition. All fluids, both liquids and
gases, satisfy this condition.

In a small time increment, an imaginary vertical line AB in the fluid would rotate
through an angle, so that

Since it follows that

We note that in this case, is a function not only of the force P 1which governs U 2 but also
of time. Thus, it is not reasonable to attempt to relate the shearing stress, to as is done
for solids. Rather, we consider the rate at which is changing and define the rate of shearing
strain, as

which in this instance is equal to

A continuation of this experiment would reveal that as the shearing stress, is increased
by increasing P 1recall that 2, the rate of shearing strain is increased in direct
proportion—that is,

t ! P"A
t,

g
#

!
U
b

!
du
dy

g
#

! lim
dtS0

 
db

dt

g
#
,

db
dbt,

db

db !
U dt

b

da ! U dt

tan db ! db !
da
b

db,
dt,

du"dy ! U"b,

du"dy,u ! Uy"b,
u ! u 1y2

t,db

16 ! Chapter 1 / Introduction

b

U

!"

B'B

P

u

Fixed plate

y

!

A

a

! F I G U R E  1 . 3 Behavior of a fluid
placed between two parallel plates.

Real fluids, even
though they may be
moving, always
“stick” to the solid
boundaries that
contain them.

V1.2 No-slip 
condition
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or

This result indicates that for common fluids such as water, oil, gasoline, and air the shearing
stress and rate of shearing strain 1velocity gradient2 can be related with a relationship of the
form

(1.9)

where the constant of proportionality is designated by the Greek symbol 1mu2 and is called
the absolute viscosity, dynamic viscosity, or simply the viscosity of the fluid. In accordance
with Eq. 1.9, plots of versus should be linear with the slope equal to the viscosity
as illustrated in Fig. 1.4. The actual value of the viscosity depends on the particular fluid,
and for a particular fluid the viscosity is also highly dependent on temperature as illustrated
in Fig. 1.4 with the two curves for water. Fluids for which the shearing stress is linearly
related to the rate of shearing strain (also referred to as rate of angular deformation2 are
designated as Newtonian fluids I. Newton (1642–1727). Fortunately most common fluids,
both liquids and gases, are Newtonian. A more general formulation of Eq. 1.9 which applies
to more complex flows of Newtonian fluids is given in Section 6.8.1.

Fluids for which the shearing stress is not linearly related to the rate of shearing strain
are designated as non-Newtonian fluids. Although there is a variety of types of non-Newtonian
fluids, the simplest and most common are shown in Fig. 1.5. The slope of the shearing stress
vs rate of shearing strain graph is denoted as the apparent viscosity, For Newtonian fluids
the apparent viscosity is the same as the viscosity and is independent of shear rate.

For shear thinning fluids the apparent viscosity decreases with increasing shear rate—
the harder the fluid is sheared, the less viscous it becomes. Many colloidal suspensions and
polymer solutions are shear thinning. For example, latex paint does not drip from the brush
because the shear rate is small and the apparent viscosity is large. However, it flows smoothly

map.

du!dyt

m

t " m 
du
dy

t #  
du
dy

t # g
#

1.6 Viscosity ! 17

Dynamic viscosity
is the fluid property
that relates shear-
ing stress and fluid
motion.

Sh
ea

rin
g 

st
re

ss
,  

Crude oil (60 °F)

µ

1
Water (60 °F)

Water (100 °F)

Air (60 °F)

Rate of shearing strain, du__
dy

!

! F I G U R E  1 . 4 Linear varia-
tion of shearing stress with rate of
shearing strain for common fluids.

V1.3 Capillary tube
viscometer
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onto the wall because the thin layer of paint between the wall and the brush causes a large
shear rate and a small apparent viscosity.

For shear thickening fluids the apparent viscosity increases with increasing shear rate—
the harder the fluid is sheared, the more viscous it becomes. Common examples of this type
of fluid include water-corn starch mixture and water-sand mixture 1“quicksand”2. Thus, the
difficulty in removing an object from quicksand increases dramatically as the speed of removal
increases.

The other type of behavior indicated in Fig. 1.5 is that of a Bingham plastic, which is
neither a fluid nor a solid. Such material can withstand a finite shear stress without motion
1therefore, it is not a fluid2, but once the yield stress is exceeded it flows like a fluid 1hence,
it is not a solid2. Toothpaste and mayonnaise are common examples of Bingham plastic
materials.

From Eq. 1.9 it can be readily deduced that the dimensions of viscosity are 
Thus, in BG units viscosity is given as and in SI units as Values of viscosity
for several common liquids and gases are listed in Tables 1.5 through 1.8. A quick glance at
these tables reveals the wide variation in viscosity among fluids. Viscosity is only mildly
dependent on pressure and the effect of pressure is usually neglected. However, as previously
mentioned, and as illustrated in Fig. 1.6, viscosity is very sensitive to temperature. For
example, as the temperature of water changes from 60 to the density decreases by
less than 1% but the viscosity decreases by about 40%. It is thus clear that particular attention
must be given to temperature when determining viscosity.

Figure 1.6 shows in more detail how the viscosity varies from fluid to fluid and how
for a given fluid it varies with temperature. It is to be noted from this figure that the viscosity
of liquids decreases with an increase in temperature, whereas for gases an increase in
temperature causes an increase in viscosity. This difference in the effect of temperature on
the viscosity of liquids and gases can again be traced back to the difference in molecular
structure. The liquid molecules are closely spaced, with strong cohesive forces between
molecules, and the resistance to relative motion between adjacent layers of fluid is related
to these intermolecular forces. As the temperature increases, these cohesive forces are reduced
with a corresponding reduction in resistance to motion. Since viscosity is an index of this
resistance, it follows that the viscosity is reduced by an increase in temperature. In gases,
however, the molecules are widely spaced and intermolecular forces negligible. In this case
resistance to relative motion arises due to the exchange of momentum of gas molecules
between adjacent layers. As molecules are transported by random motion from a region of

100 °F

N # s!m2.lb # s!ft2
FTL"2.

1large du!dy2

18 ! Chapter 1 / Introduction

Bingham plastic

Rate of shearing strain, du
dy
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µap

1

Shear thinning

Newtonian

Shear thickening
! F I G U R E  1 . 5 Variation of shearing 
stress with rate of shearing strain for several 
types of fluids, including common non-Newtonian
fluids.

The various types
of non-Newtonian
fluids are distin-
guished by how
their apparent vis-
cosity changes with
shear rate.

V1.4 Non-
Newtonian behavior
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Gazlar
Sutherland Equation (C,S sabit, T mutlak sıcaklık)

Sıvılar
Andrade Equation (D,B sabit, T mutlak sıcaklık)

Viskozite & Sıcaklık

low bulk velocity to mix with molecules in a region of higher bulk velocity 1and vice versa2,
there is an effective momentum exchange which resists the relative motion between the layers.
As the temperature of the gas increases, the random molecular activity increases with a
corresponding increase in viscosity.

The effect of temperature on viscosity can be closely approximated using two empirical
formulas. For gases the Sutherland equation can be expressed as

(1.10)

where C and S are empirical constants, and T is absolute temperature. Thus, if the viscosity
is known at two temperatures, C and S can be determined. Or, if more than two viscosities
are known, the data can be correlated with Eq. 1.10 by using some type of curve-fitting
scheme.

For liquids an empirical equation that has been used is

(1.11)

where D and B are constants and T is absolute temperature. This equation is often referred
to as Andrade’s equation. As was the case for gases, the viscosity must be known at least
for two temperatures so the two constants can be determined. A more detailed discussion of
the effect of temperature on fluids can be found in Ref. 1.

m ! De 
B"T

m !
CT 

3"  2

T # S

1.6 Viscosity ! 19

Viscosity is very
sensitive to temper-
ature.

4.0

2.0

1.0
8
6
4

2

1 ! 10-1

8
6
4

2

1 ! 10-2

8
6
4

2

1 ! 10-3

8
6
4

2

1 ! 10-4

8
6
4

2

1 ! 10-5

8
6
-20 0 20 40 60 80 100 120

Temperature, °C

D
yn

am
ic

 v
is

co
si

ty
,  

  N
 •

 s
/m

2
µ

SAE 10W oil

Glycerin

Water

Air

Hydrogen
! F I G U R E  1 . 6
Dynamic (absolute) viscosity
of some common fluids as a
function of temperature.

7708d_c01_019  8/2/01  3:34 PM  Page 19

low bulk velocity to mix with molecules in a region of higher bulk velocity 1and vice versa2,
there is an effective momentum exchange which resists the relative motion between the layers.
As the temperature of the gas increases, the random molecular activity increases with a
corresponding increase in viscosity.

The effect of temperature on viscosity can be closely approximated using two empirical
formulas. For gases the Sutherland equation can be expressed as

(1.10)

where C and S are empirical constants, and T is absolute temperature. Thus, if the viscosity
is known at two temperatures, C and S can be determined. Or, if more than two viscosities
are known, the data can be correlated with Eq. 1.10 by using some type of curve-fitting
scheme.

For liquids an empirical equation that has been used is

(1.11)

where D and B are constants and T is absolute temperature. This equation is often referred
to as Andrade’s equation. As was the case for gases, the viscosity must be known at least
for two temperatures so the two constants can be determined. A more detailed discussion of
the effect of temperature on fluids can be found in Ref. 1.
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Barometre denklemini türetelim !

ipucu: 
Yoğunluk ile basınç arasında ilişki kur.
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h1

1

(1)

!

A

Manometers use vertical or 
inclined liquid columns to 
measure pressure.

2.6.1 Piezometer Tube
The simplest type of manometer consists of a vertical tube, open at the top, and attached to
the container in which the pressure is desired, as illustrated in Fig. 2.9. Since manometers
involve columns of fluids at rest, the fundamental equation describing their use is Eq. 2.8

which gives the pressure at any elevation within a homogeneous fluid in terms of a refer-
ence pressure and the vertical distance h between Remember that in a fluid at
rest pressure will increase as we move downward and will decrease as we move upward.
Application of this equation to the piezometer tube of Fig. 2.9 indicates that the pressure 
can be determined by a measurement of through the relationship

where is the specific weight of the liquid in the container. Note that since the tube is open
at the top, the pressure can be set equal to zero 1we are now using gage pressure2, with
the height measured from the meniscus at the upper surface to point 112. Since point 112
and point A within the container are at the same elevation,

Although the piezometer tube is a very simple and accurate pressure measuring device,
it has several disadvantages. It is only suitable if the pressure in the container is greater than
atmospheric pressure 1otherwise air would be sucked into the system2, and the pressure to be
measured must be relatively small so the required height of the column is reasonable. Also,
the fluid in the container in which the pressure is to be measured must be a liquid rather than
a gas.

2.6.2 U-Tube Manometer
To overcome the difficulties noted previously, another type of manometer which is widely
used consists of a tube formed into the shape of a U as is shown in Fig. 2.10. The fluid in
the manometer is called the gage fluid. To find the pressure in terms of the various col-
umn heights, we start at one end of the system and work our way around to the other end,
simply utilizing Eq. 2.8. Thus, for the U-tube manometer shown in Fig. 2.10, we will start
at point A and work around to the open end. The pressure at points A and 112 are the same,
and as we move from point 112 to 122 the pressure will increase by The pressure at point
122 is equal to the pressure at point 132, since the pressures at equal elevations in a continu-
ous mass of fluid at rest must be the same. Note that we could not simply “jump across”
from point 112 to a point at the same elevation in the right-hand tube since these would not
be points within the same continuous mass of fluid. With the pressure at point 132 specified
we now move to the open end where the pressure is zero. As we move vertically upward the
pressure decreases by an amount In equation form these various steps can be expressed as

pA ! g1h1 " g2h2 # 0

g2h2.

g1h1.

pA

pA # p1.
h1

p0

g1

pA # g1h1

h1

pA

p and p0.p0

p # gh ! p0

54 ! Chapter 2 / Fluid Statics

To determine pres-
sure from a
manometer, simply
use the fact that the
pressure in the liq-
uid columns will
vary hydrostatically.

Open

h1

1

(1)

!

A

! F I G U R E  2 . 9 Piezometer tube.
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2.3 Pressure Variation in a Fluid at Rest

2.3 Pressure Variation in a Fluid at Rest ! 45

For a fluid at rest and Eq. 2.2 reduces to

or in component form

(2.3)

These equations show that the pressure does not depend on x or y. Thus, as we move from
point to point in a horizontal plane 1any plane parallel to the x–y plane2, the pressure does
not change. Since p depends only on z, the last of Eqs. 2.3 can be written as the ordinary
differential equation

(2.4)

Equation 2.4 is the fundamental equation for fluids at rest and can be used to deter-
mine how pressure changes with elevation. This equation indicates that the pressure gradi-
ent in the vertical direction is negative; that is, the pressure decreases as we move upward
in a fluid at rest. There is no requirement that be a constant. Thus, it is valid for fluids
with constant specific weight, such as liquids, as well as fluids whose specific weight may
vary with elevation, such as air or other gases. However, to proceed with the integration of
Eq. 2.4 it is necessary to stipulate how the specific weight varies with z.

2.3.1 Incompressible Fluid
Since the specific weight is equal to the product of fluid density and acceleration of gravity

changes in are caused either by a change in or g. For most engineering ap-
plications the variation in g is negligible, so our main concern is with the possible variation
in the fluid density. For liquids the variation in density is usually negligible, even over large
vertical distances, so that the assumption of constant specific weight when dealing with liq-
uids is a good one. For this instance, Eq. 2.4 can be directly integrated

to yield

or

(2.5)

where are pressures at the vertical elevations as is illustrated in Fig. 2.3. 
Equation 2.5 can be written in the compact form

(2.6)

or

(2.7)p1 ! gh " p2

p1 # p2 ! gh

z1 and z2,p1 and p2

p1 # p2 ! g1z2 # z12

p2 # p1 ! #g1z2 # z12

!
p2

p1

 dp ! #g!
z2

z1

 dz

rg1g ! rg2,

g

dp

dz
! #g

0p
0x ! 0  

0p
0y ! 0  

0p
0z ! #g

§p " gk̂ ! 0

a ! 0

For liquids or gases
at rest the pressure
gradient in the ver-
tical direction at
any point in a fluid
depends only on the
specific weight of
the fluid at that
point.
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For liquids or gases at rest the pressure 
gradient in the vertical direction at any 
point in a fluid depends only on the 
specific weight of the fluid at that point.

Although the piezometer tube is a very simple and accurate pressure measuring 
device, it has several disadvantages. It is only suitable if the pressure in the 
container is greater than atmospheric pressure, otherwise air would be sucked into 
the system, and the pressure to be measured must be relatively small so the 
required height of the column is reasonable. Also, the fluid in the container in 
which the pressure is to be measured must be a liquid rather than a gas.
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Inclined-tube manometers can be used to 
measure small pressure differences.
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2.6.3 Inclined-Tube Manometer
To measure small pressure changes, a manometer of the type shown in Fig. 2.12 is frequently
used. One leg of the manometer is inclined at an angle and the differential reading is
measured along the inclined tube. The difference in pressure can be expressed as

or

(2.15)

where it is to be noted the pressure difference between points 112 and 122 is due to the verti-
cal distance between the points, which can be expressed as Thus, for relatively small
angles the differential reading along the inclined tube can be made large even for small pres-
sure differences. The inclined-tube manometer is often used to measure small differences in
gas pressures so that if pipes A and B contain a gas then

or

(2.16)/2 !
pA " pB

g2 sin u

pA " pB ! g2/2 sin u

/2 sin u.

pA " pB ! g2/2 sin u # g3 h3 " g1h1

pA # g1h1 " g2/2 sin u " g3 h3 ! pB

pA " pB

/2u,

Thus, in equation form

or

(Ans)

It is to be noted that the only column height of importance is the differential reading,
The differential manometer could be placed 0.5 or 5.0 m above the pipe 1

or 2 and the value of would remain the same. Relatively large values for
the differential reading can be obtained for small pressure differences, if
the difference between and is small.

(b) The specific value of the pressure drop for the data given is

(Ans) ! 2.90 kPa

 pA " pB ! 10.5 m2 115.6 kN$m3 " 9.80 kN$m32

g2g1

pA " pB,h2

h2h1 ! 5.0 m
h1 ! 0.5 mh2.

pA " pB ! h21g2 " g12

pA " g1h1 " g2h2 # g11h1 # h22 ! pB

! F I G U R E  2 . 1 2 Inclined-tube manometer.
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Inclined-tube
manometers can be
used to measure
small pressure dif-
ferences accurately.
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effect of atmospheric pressure often cancels.
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The pressure prism is 
a geometric 
representation of the 
hydrostatic force on 
a plane surface.
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so that

(Ans)

Thus, we conclude that the center of pressure is 0.0278 ft to the right of and 0.0556 ft
below the centroid of the area. If this point is plotted, we find that it lies on the median line
for the area as illustrated in Fig. E2.7c. Since we can think of the total area as consisting of
a number of small rectangular strips of area 1and the fluid force on each of these small
areas acts through its center2, it follows that the resultant of all these parallel forces must lie
along the median.

dA

xR !
81"72 ft4

19 ft2 19"2 ft22 # 0 ! 0.0278 ft

An informative and useful graphical interpretation can be made for the force developed by
a fluid acting on a plane area. Consider the pressure distribution along a vertical wall of a
tank of width b, which contains a liquid having a specific weight Since the pressure must
vary linearly with depth, we can represent the variation as is shown in Fig. 2.19a, where the
pressure is equal to zero at the upper surface and equal to at the bottom. It is apparent
from this diagram that the average pressure occurs at the depth and therefore the resul-
tant force acting on the rectangular area is

which is the same result as obtained from Eq. 2.18. The pressure distribution shown in
Fig. 2.19a applies across the vertical surface so we can draw the three-dimensional repre-
sentation of the pressure distribution as shown in Fig. 2.19b. The base of this “volume” in
pressure-area space is the plane surface of interest, and its altitude at each point is the pres-
sure. This volume is called the pressure prism, and it is clear that the magnitude of the re-
sultant force acting on the surface is equal to the volume of the pressure prism. Thus, for the
prism of Fig. 2.19b the fluid force is

where bh is the area of the rectangular surface, A.
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• Ortalama basınç
h/2 noktasında

• Etki merkezi h/3 
noktasında

2.9 Pressure Prism

68 ! Chapter 2 / Fluid Statics

so that

(Ans)

Thus, we conclude that the center of pressure is 0.0278 ft to the right of and 0.0556 ft
below the centroid of the area. If this point is plotted, we find that it lies on the median line
for the area as illustrated in Fig. E2.7c. Since we can think of the total area as consisting of
a number of small rectangular strips of area 1and the fluid force on each of these small
areas acts through its center2, it follows that the resultant of all these parallel forces must lie
along the median.

dA

xR !
81"72 ft4

19 ft2 19"2 ft22 # 0 ! 0.0278 ft

An informative and useful graphical interpretation can be made for the force developed by
a fluid acting on a plane area. Consider the pressure distribution along a vertical wall of a
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vary linearly with depth, we can represent the variation as is shown in Fig. 2.19a, where the
pressure is equal to zero at the upper surface and equal to at the bottom. It is apparent
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The magnitude of the resultant fluid force is equal to the 
volume of the pressure prism and passes through its centroid.

Basınç 
Prizması 
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The resultant force must pass through the centroid of the pressure prism. For the vol-
ume under consideration the centroid is located along the vertical axis of symmetry of the
surface, and at a distance of above the base 1since the centroid of a triangle is located at

above its base2. This result can readily be shown to be consistent with that obtained from
Eqs. 2.19 and 2.20.

This same graphical approach can be used for plane surfaces that do not extend up to
the fluid surface as illustrated in Fig. 2.20a. In this instance, the cross section of the pres-
sure prism is trapezoidal. However, the resultant force is still equal in magnitude to the vol-
ume of the pressure prism, and it passes through the centroid of the volume. Specific values
can be obtained by decomposing the pressure prism into two parts, ABDE and BCD, as shown
in Fig. 2.20b. Thus,

where the components can readily be determined by inspection for rectangular surfaces. The
location of can be determined by summing moments about some convenient axis, such
as one passing through A. In this instance

and can be determined by inspection.
For inclined plane surfaces the pressure prism can still be developed, and the cross sec-

tion of the prism will generally be trapezoidal as is shown in Fig. 2.21. Although it is usu-
ally convenient to measure distances along the inclined surface, the pressures developed de-
pend on the vertical distances as illustrated.
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Bileşke Kuvvet, FR

Etkidiği yer (yA)

Daldırılmış Cisimlere Etki Eden Kuvvetler
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This same general approach can also be used for determining the force on curved
surfaces of pressurized, closed tanks. If these tanks contain a gas, the weight of the gas is
usually negligible in comparison with the forces developed by the pressure. Thus, the forces
1such as in Fig. 2.23b2 on horizontal and vertical projections of the curved surface
of interest can simply be expressed as the internal pressure times the appropriate projected
area.

F1 and F2

74 ! Chapter 2 / Fluid Statics

2.11 Buoyancy, Flotation, and Stability

An inspection of this result will show that the line of action of the resultant force passes
through the center of the conduit. In retrospect, this is not a surprising result since at each
point on the curved surface of the conduit the elemental force due to the pressure is normal
to the surface, and each line of action must pass through the center of the conduit. It there-
fore follows that the resultant of this concurrent force system must also pass through the cen-
ter of concurrence of the elemental forces that make up the system.

2.11.1 Archimedes’ Principle
When a stationary body is completely submerged in a fluid, or floating so that it is only par-
tially submerged, the resultant fluid force acting on the body is called the buoyant force. A
net upward vertical force results because pressure increases with depth and the pressure forces
acting from below are larger than the pressure forces acting from above. This force can be
determined through an approach similar to that used in the previous article for forces on
curved surfaces. Consider a body of arbitrary shape, having a volume that is immersed
in a fluid as illustrated in Fig. 2.24a. We enclose the body in a parallelepiped and draw a
free-body diagram of the parallelepiped with the body removed as shown in Fig. 2.24b. Note
that the forces and are simply the forces exerted on the plane surfaces of the
parallelepiped 1for simplicity the forces in the x direction are not shown2, is the weight of
the shaded fluid volume 1parallelepiped minus body2, and is the force the body is exert-
ing on the fluid. The forces on the vertical surfaces, such as are all equal and can-
cel, so the equilibrium equation of interest is in the z direction and can be expressed as

(2.21)

If the specific weight of the fluid is constant, then

where A is the horizontal area of the upper 1or lower2 surface of the parallelepiped, and Eq.
2.21 can be written as

Simplifying, we arrive at the desired expression for the buoyant force

(2.22)

where is the specific weight of the fluid and is the volume of the body. The direction
of the buoyant force, which is the force of the fluid on the body, is opposite to that shown
on the free-body diagram. Therefore, the buoyant force has a magnitude equal to the weight

V!g

FB " gV!

FB " g1h2 ! h12A ! g 3 1h2 ! h12A ! V! 4

F2 ! F1 " g1h2 ! h12A

FB " F2 ! F1 !w

F3 and F4,
FB

w
F4F1, F2, F3,

V!,

The resultant fluid
force acting on a
body that is com-
pletely submerged
or floating in a
fluid is called the
buoyant force.

V2.5 Cartesian
Diver
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Bir sıvı içindeki katı cisim, taşırdığı sıvının ağırlığına
eşit bir batmazlık kuvveti ile yukarıya itilir.

FB =  rho (sıvı) . g . V (batan) 
FB= mg

Archimedes Prensibi 
Kaldırma Kuvveti (Buoyancy) 
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Akışkan Dinamiği



Akışkan aşağıdakilere uyar; 

• Kütle korunumu
• Enerji korunumu
• Momentum korunumu

Lavoisier, 18. yy
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1  GMÜ 242 Akışkanlar Mekaniği / Modül 4 

 
MODÜL 4 : AKIŞKANLAR D İNAM İĞİ   
 

 
 

 

 

Boru 

İdeal akış Gerçek akış 

u=umax u=0 

u=umax 

u=umax u=0 

 
 
Basit sınıflandırma  
 
! Ideal (inviscid, potential) / Real (viscous)  
! Laminar / Turbulent  
! Compressible / Incompressible  
! Steady / Unsteady  
! Uniform / Nonuniform  
 
 
 

 

laminar türbülant 

AKIŞ TİPİ 

ideal gerçek 

AKIŞKAN TİPİ 

(µ=0) (µ>0) (NRe<2100) (NRe>4000) 

Akış Tipleri



Osborne Reynolds, Re



Kontrol Hacmi & Sistem



Kontrol Hacmi (CV)

Proses Tankı



Sistem ve hareket
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MODÜL 6 : TEMEL EŞİTL İKLER   
 
Reynolds Transport Teorisi  
 
Sistem (CS) 
Sistem (S), kapalı bir yüzey ile tanımlanan sınırlar içerisinde yer alan akışkandır. 
Sistemin şekli zamanla değişebilir.  
Kontrol Hacmi (CV)  
Kontrol hacmi (CV), uzayda tanımlı sabit bir bölgedir, hareket etmez ve şekil 
değiştirmez.  
 
 

  
 
 

“X” akışkanın herhangi bir özelliğinin sistem (S) içerisindeki toplam miktarını 

simgelesin (kütle, enerji, momentum).  

 

 

 

 

 

 

 CV içinde S 

t anında akışkan 
sistemi 

T+Δt anında 
akışkan sistemi  

Δ∇in
CV 

Δ∇out
CV 

CV 

Reynold Transport Teorisi
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Sürekli l ik Denkliğ i (Kütlenin Korunumu) (
.
m=ρ1u1A1=ρ2u2A2) 

  

 

 

U1 Streamtube 
Hacim=∇ 

U2 

A1 

A2 

 
 
Akım çizgilerinden (streamlines) oluşan bir akım tüpü ele alalım. Akışkan 
streamtube içerisine u1 hızında ve A1 kesit alanından girip, u2 hızında A2 kesit 
alalnından çıksın.  
Reynolds Transport Teorisi’ne göre;  
 

 dt
dX

dt
dX

dt
dX

dt
dX in

cv
out
cvcvs −+=  

 
X=kütle, m için eşitlik 
 

 dt
dm

dt
dm

dt
dm

dt
dm in

cv
out
cvcvs −+=  

 
 
 
 

Süreklilik Denkliği



Momentum Korunumu

M=m.u

Hareket eden bir cisime etki eden kuvvetlerin toplamı momentum değişimine eşittir. 

∑Fnet =
dM
dt
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Varsayım : potansiyel akış (µ=0) 
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Bernoulli Denklemi
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Viskoz Akış (Pipe Flow)

Pipe flow is very important in our daily operations.only theoretical methods to obtain the desired results. A judicious combination of experi-
mental data with theoretical considerations and dimensional analysis often provides the de-
sired results. The flow in pipes discussed in this chapter is an example of such an analysis.

444 ! Chapter 8 / Viscous Flow in Pipes

8.1 General Characteristics of Pipe Flow

Before we apply the various governing equations to pipe flow examples, we will discuss
some of the basic concepts of pipe flow. With these ground rules established we can then
proceed to formulate and solve various important flow problems.

Although not all conduits used to transport fluid from one location to another are round
in cross section, most of the common ones are. These include typical water pipes, hydraulic
hoses, and other conduits that are designed to withstand a considerable pressure difference
across their walls without undue distortion of their shape. Typical conduits of noncircular
cross section include heating and air conditioning ducts that are often of rectangular cross
section. Normally the pressure difference between the inside and outside of these ducts is
relatively small. Most of the basic principles involved are independent of the cross-sectional
shape, although the details of the flow may be dependent on it. Unless otherwise specified,
we will assume that the conduit is round, although we will show how to account for other
shapes.

For all flows involved in this chapter, we assume that the pipe is completely filled with
the fluid being transported as is shown in Fig. 8.2a. Thus, we will not consider a concrete
pipe through which rainwater flows without completely filling the pipe, as is shown in
Fig. 8.2b. Such flows, called open-channel flow, are treated in Chapter 10. The difference
between open-channel flow and the pipe flow of this chapter is in the fundamental mecha-
nism that drives the flow. For open-channel flow, gravity alone is the driving force—the wa-
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Boru içi akış (pipe flow)
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Tam Gelişmiş Akış

thickness to completely fill the pipe. Viscous effects are of considerable importance within
the boundary layer. For fluid outside the boundary layer [within the inviscid core surround-
ing the centerline from 112 to 122], viscous effects are negligible.

The shape of the velocity profile in the pipe depends on whether the flow is laminar
or turbulent, as does the length of the entrance region, As with many other properties of
pipe flow, the dimensionless entrance length, correlates quite well with the Reynolds
number. Typical entrance lengths are given by

(8.1)

and

(8.2)

For very low Reynolds number flows the entrance length can be quite short if
whereas for large Reynolds number flows it may take a length equal to many pipe

diameters before the end of the entrance region is reached for For
many practical engineering problems, so that 

Calculation of the velocity profile and pressure distribution within the entrance region
is quite complex. However, once the fluid reaches the end of the entrance region, section 122
of Fig. 8.5, the flow is simpler to describe because the velocity is a function of only the dis-
tance from the pipe centerline, r, and independent of x. This is true until the character of the
pipe changes in some way, such as a change in diameter, or the fluid flows through a bend,
valve, or some other component at section 132. The flow between 122 and 132 is termed fully
developed. Beyond the interruption of the fully developed flow [at section 142], the flow grad-
ually begins its return to its fully developed character [section 152] and continues with this
profile until the next pipe system component is reached [section 162]. In many cases the pipe
is long enough so that there is a considerable length of fully developed flow compared with
the developing flow length and In other cases the
distances between one component 1bend, tee, valve, etc.2 of the pipe system and the next
component is so short that fully developed flow is never achieved.

8.1.3 Pressure and Shear Stress
Fully developed steady flow in a constant diameter pipe may be driven by gravity and!or
pressure forces. For horizontal pipe flow, gravity has no effect except for a hydrostatic pres-
sure variation across the pipe, that is usually negligible. It is the pressure difference,

between one section of the horizontal pipe and another which forces the fluid
through the pipe. Viscous effects provide the restraining force that exactly balances the pres-
sure force, thereby allowing the fluid to flow through the pipe with no acceleration. If vis-
cous effects were absent in such flows, the pressure would be constant throughout the pipe,
except for the hydrostatic variation.

In non-fully developed flow regions, such as the entrance region of a pipe, the fluid
accelerates or decelerates as it flows 1the velocity profile changes from a uniform profile at
the entrance of the pipe to its fully developed profile at the end of the entrance region2. Thus,
in the entrance region there is a balance between pressure, viscous, and inertia 1acceleration2
forces. The result is a pressure distribution along the horizontal pipe as shown in Fig. 8.6.
The magnitude of the pressure gradient, is larger in the entrance region than in the
fully developed region, where it is a constant,

The fact that there is a nonzero pressure gradient along the horizontal pipe is a result
of viscous effects. As is discussed in Chapter 3, if the viscosity were zero, the pressure would
not vary with x. The need for the pressure drop can be viewed from two different standpoints.

0p!0x " #¢p!/ 6 0.
0p!0x,

¢p " p1 # p2,
gD,

1x6 # x52 $ 1x5 # x42 4 .3 1x3 # x22 $ /e

20D 6 /e 6 30D.104 6 Re 6 105
Re " 20002.1/e " 120D

Re " 102, 1/e " 0.6D

/e

D
" 4.4 1Re21!6 for turbulent flow

/e

D
" 0.06 Re for laminar flow

/e!D,
/e.

448 ! Chapter 8 / Viscous Flow in Pipes

The entrance length
is a function of the
Reynolds number.
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8.1.2 Entrance Region and Fully Developed Flow
Any fluid flowing in a pipe had to enter the pipe at some location. The region of flow near
where the fluid enters the pipe is termed the entrance region and is illustrated in Fig. 8.5. It
may be the first few feet of a pipe connected to a tank or the initial portion of a long run of
a hot air duct coming from a furnace.

As is shown in Fig. 8.5, the fluid typically enters the pipe with a nearly uniform ve-
locity profile at section 112. As the fluid moves through the pipe, viscous effects cause it to
stick to the pipe wall 1the no-slip boundary condition2. This is true whether the fluid is rela-
tively inviscid air or a very viscous oil. Thus, a boundary layer in which viscous effects are
important is produced along the pipe wall such that the initial velocity profile changes with
distance along the pipe, x, until the fluid reaches the end of the entrance length, section 122,
beyond which the velocity profile does not vary with x. The boundary layer has grown in

8.1 General Characteristics of Pipe Flow ! 447

Inviscid core
Boundary layer

Entrance region
flow

Fully developed
flow

D

x
r

(2)(1)

!e

(3)

(4)(5)(6)

x6 – x5

Fully developed
flow

x5 – x4

Developing
flow

! F I G U R E  8 . 5 Entrance region, developing flow, and fully developed flow in a pipe 
system.

(Ans)

Similarly, at To maintain laminar flow, the less viscous hot water re-
quires a lower flowrate than the cold water.

(b) If the flow in the pipe is to be turbulent, the maximum time to fill the glass will occur
if the Reynolds number is the minimum allowed for turbulent flow, Thus,

and at while and
at 

Note that because water is “not very viscous,” the velocity must be “fairly small” to
maintain laminar flow. In general, turbulent flows are encountered more often than laminar
flows because of the relatively small viscosity of most common fluids 1water, gasoline, air2.
If the flowing fluid had been honey with a kinematic viscosity times greater
than that of water, the above velocities would be increased by a factor of 3000 and the times
reduced by the same factor. As we will see in the following sections, the pressure needed to
force a very viscous fluid through a pipe at such a high velocity may be unreasonably large.

1n ! m"r2 3000

140 °F.t ! 12.8 s
V ! 0.335 ft"s50 °F,t ! 4.65 sV ! 4000m"rD ! 0.925 ft"s

Re ! 4000.

140 °F.t ! 24.4 s

 ! 8.85 s at T ! 50 °F

 t !
V#
Q

!
V#

1p"42D2V
!

410.0125 ft32
1p 30.73"12 4 2ft22 10.486 ft"s2

Flow in the en-
trance region of 
a pipe is quite 
complex.

7708d_c08_442-531  7/23/01  2:38 PM  Page 447



Basınç düşmesi

In terms of a force balance, the pressure force is needed to overcome the viscous forces gen-
erated. In terms of an energy balance, the work done by the pressure force is needed to over-
come the viscous dissipation of energy throughout the fluid. If the pipe is not horizontal, the
pressure gradient along it is due in part to the component of weight in that direction. As is
discussed in Section 8.2.1, this contribution due to the weight either enhances or retards the
flow, depending on whether the flow is downhill or uphill.

The nature of the pipe flow is strongly dependent on whether the flow is laminar or
turbulent. This is a direct consequence of the differences in the nature of the shear stress in
laminar and turbulent flows. As is discussed in some detail in Section 8.3.3, the shear stress
in laminar flow is a direct result of momentum transfer among the randomly moving mole-
cules 1a microscopic phenomenon2. The shear stress in turbulent flow is largely a result of
momentum transfer among the randomly moving, finite-sized bundles of fluid particles 1a
macroscopic phenomenon2. The net result is that the physical properties of the shear stress
are quite different for laminar flow than for turbulent flow.

8.2 Fully Developed Laminar Flow ! 449

8.2 Fully Developed Laminar Flow

As is indicated in the previous section, the flow in long, straight, constant diameter sections
of a pipe becomes fully developed. That is, the velocity profile is the same at any cross sec-
tion of the pipe. Although this is true whether the flow is laminar or turbulent, the details of
the velocity profile 1and other flow properties2 are quite different for these two types of flow.
As will be seen in the remainder of this chapter, knowledge of the velocity profile can lead
directly to other useful information such as pressure drop, head loss, flowrate, and the like.
Thus, we begin by developing the equation for the velocity profile in fully developed lami-
nar flow. If the flow is not fully developed, a theoretical analysis becomes much more com-
plex and is outside the scope of this text. If the flow is turbulent, a rigorous theoretical analy-
sis is as yet not possible.

Although most flows are turbulent rather than laminar, and many pipes are not long
enough to allow the attainment of fully developed flow, a theoretical treatment and full un-
derstanding of fully developed laminar flow is of considerable importance. First, it repre-
sents one of the few theoretical viscous analyses that can be carried out “exactly” 1within the
framework of quite general assumptions2 without using other ad hoc assumptions or ap-
proximations. An understanding of the method of analysis and the results obtained provides
a foundation from which to carry out more complicated analyses. Second, there are many
practical situations involving the use of fully developed laminar pipe flow.

Entrance
pressure

drop

Entrance flow Fully developed
flow:   p/  x = constant!!

"p

x3 – x2 = !

x2 = !ex1 = 0
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x3 x

! F I G U R E  8 . 6 Pressure distribution along a horizontal pipe.
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thickness to completely fill the pipe. Viscous effects are of considerable importance within
the boundary layer. For fluid outside the boundary layer [within the inviscid core surround-
ing the centerline from 112 to 122], viscous effects are negligible.

The shape of the velocity profile in the pipe depends on whether the flow is laminar
or turbulent, as does the length of the entrance region, As with many other properties of
pipe flow, the dimensionless entrance length, correlates quite well with the Reynolds
number. Typical entrance lengths are given by

(8.1)

and

(8.2)

For very low Reynolds number flows the entrance length can be quite short if
whereas for large Reynolds number flows it may take a length equal to many pipe

diameters before the end of the entrance region is reached for For
many practical engineering problems, so that 

Calculation of the velocity profile and pressure distribution within the entrance region
is quite complex. However, once the fluid reaches the end of the entrance region, section 122
of Fig. 8.5, the flow is simpler to describe because the velocity is a function of only the dis-
tance from the pipe centerline, r, and independent of x. This is true until the character of the
pipe changes in some way, such as a change in diameter, or the fluid flows through a bend,
valve, or some other component at section 132. The flow between 122 and 132 is termed fully
developed. Beyond the interruption of the fully developed flow [at section 142], the flow grad-
ually begins its return to its fully developed character [section 152] and continues with this
profile until the next pipe system component is reached [section 162]. In many cases the pipe
is long enough so that there is a considerable length of fully developed flow compared with
the developing flow length and In other cases the
distances between one component 1bend, tee, valve, etc.2 of the pipe system and the next
component is so short that fully developed flow is never achieved.

8.1.3 Pressure and Shear Stress
Fully developed steady flow in a constant diameter pipe may be driven by gravity and!or
pressure forces. For horizontal pipe flow, gravity has no effect except for a hydrostatic pres-
sure variation across the pipe, that is usually negligible. It is the pressure difference,

between one section of the horizontal pipe and another which forces the fluid
through the pipe. Viscous effects provide the restraining force that exactly balances the pres-
sure force, thereby allowing the fluid to flow through the pipe with no acceleration. If vis-
cous effects were absent in such flows, the pressure would be constant throughout the pipe,
except for the hydrostatic variation.

In non-fully developed flow regions, such as the entrance region of a pipe, the fluid
accelerates or decelerates as it flows 1the velocity profile changes from a uniform profile at
the entrance of the pipe to its fully developed profile at the end of the entrance region2. Thus,
in the entrance region there is a balance between pressure, viscous, and inertia 1acceleration2
forces. The result is a pressure distribution along the horizontal pipe as shown in Fig. 8.6.
The magnitude of the pressure gradient, is larger in the entrance region than in the
fully developed region, where it is a constant,

The fact that there is a nonzero pressure gradient along the horizontal pipe is a result
of viscous effects. As is discussed in Chapter 3, if the viscosity were zero, the pressure would
not vary with x. The need for the pressure drop can be viewed from two different standpoints.
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Hagen-Poiseuille Eşitliği

which can be integrated to give the velocity profile as follows:

or

where is a constant. Because the fluid is viscous it sticks to the pipe wall so that 
at Thus, Hence, the velocity profile can be written as

(8.7)

where is the centerline velocity. An alternative expression can be writ-
ten by using the relationship between the wall shear stress and the pressure gradient 1Eqs. 8.5
and 8.72 to give

where is the pipe radius.
This velocity profile, plotted in Fig. 8.9, is parabolic in the radial coordinate, r, has a

maximum velocity, at the pipe centerline, and a minimum velocity 1zero2 at the pipe wall.
The volume flowrate through the pipe can be obtained by integrating the velocity profile
across the pipe. Since the flow is axisymmetric about the centerline, the velocity is constant
on small area elements consisting of rings of radius r and thickness dr. Thus,

or

By definition, the average velocity is the flowrate divided by the cross-sectional area,
so that for this flow

(8.8)

and

(8.9)

As is indicated in Eq. 8.8, the average velocity is one-half of the maximum velocity. In gen-
eral, for velocity profiles of other shapes 1such as for turbulent pipe flow2, the average velocity
is not merely the average of the maximum and minimum 102 velocities as it is for the
laminar parabolic profile. The two velocity profiles indicated in Fig. 8.9 provide the same
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Equation 8.3 represents the basic balance in forces needed to drive each fluid particle
along the pipe with constant velocity. Since neither are functions of the radial
coordinate, r, it follows that must also be independent of r. That is, where C
is a constant. At 1the centerline of the pipe2 there is no shear stress At  1the pipe wall2 the shear stress is a maximum, denoted the wall shear stress. Hence,

and the shear stress distribution throughout the pipe is a linear function of the
radial coordinate

(8.4)

as is indicated in Fig. 8.9. The linear dependence of on r is a result of the pressure force
being proportional to 1the pressure acts on the end of the fluid cylinder; 2 and
the shear force being proportional to r 1the shear stress acts on the lateral sides of the cylin-
der; area 2. If the viscosity were zero there would be no shear stress, and the pres-
sure would be constant throughout the horizontal pipe As is seen from Eqs. 8.3
and 8.4, the pressure drop and wall shear stress are related by

(8.5)

A small shear stress can produce a large pressure difference if the pipe is relatively long

Although we are discussing laminar flow, a closer consideration of the assumptions in-
volved in the derivation of Eqs. 8.3, 8.4, and 8.5 reveals that these equations are valid for
both laminar and turbulent flow. To carry the analysis further we must prescribe how the
shear stress is related to the velocity. This is the critical step that separates the analysis of
laminar from that of turbulent flow—from being able to solve for the laminar flow proper-
ties and not being able to solve for the turbulent flow properties without additional ad hoc
assumptions. As is discussed in Section 8.3, the shear stress dependence for turbulent flow
is very complex. However, for laminar flow of a Newtonian fluid, the shear stress is simply
proportional to the velocity gradient, 1see Section 1.62. In the notation asso-
ciated with our pipe flow, this becomes

(8.6)

The negative sign is included to give with 1the velocity decreases from the
pipe centerline to the pipe wall2.

Equations 8.3 and 8.6 represent the two governing laws for fully developed laminar
flow of a Newtonian fluid within a horizontal pipe. The one is Newton’s second law of mo-
tion and the other is the definition of a Newtonian fluid. By combining these two equations
we obtain
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Kayma gerilimi dağılımı

There are numerous ways to derive important results pertaining to fully developed lam-
inar flow. Three alternatives include: 112 from applied directly to a fluid element, 122
from the Navier–Stokes equations of motion, and 132 from dimensional analysis methods.

8.2.1 From Applied Directly to a Fluid Element
We consider the fluid element at time t as is shown in Fig. 8.7. It is a circular cylinder of
fluid of length and radius r centered on the axis of a horizontal pipe of diameter D. Be-
cause the velocity is not uniform across the pipe, the initially flat ends of the cylinder of
fluid at time t become distorted at time when the fluid element has moved to its new
location along the pipe as shown in the figure. If the flow is fully developed and steady, the
distortion on each end of the fluid element is the same, and no part of the fluid experiences
any acceleration as it flows. The local acceleration is zero because the flow is
steady, and the convective acceleration is zero because the flow
is fully developed. Thus, every part of the fluid merely flows along its pathline parallel to
the pipe walls with constant velocity, although neighboring particles have slightly different
velocities. The velocity varies from one pathline to the next. This velocity variation, com-
bined with the fluid viscosity, produces the shear stress.

If gravitational effects are neglected, the pressure is constant across any vertical cross
section of the pipe, although it varies along the pipe from one section to the next. Thus, if
the pressure is at section 112, it is at section 122. We anticipate the fact
that the pressure decreases in the direction of flow so that A shear stress, acts
on the surface of the cylinder of fluid. This viscous stress is a function of the radius of the
cylinder,

As was done in fluid statics analysis 1Chapter 22, we isolate the cylinder of fluid as is
shown in Fig. 8.8 and apply Newton’s second law, In this case even though the
fluid is moving, it is not accelerating, so that Thus, fully developed horizontal pipe
flow is merely a balance between pressure and viscous forces—the pressure difference act-
ing on the end of the cylinder of area and the shear stress acting on the lateral surface
of the cylinder of area This force balance can be written as

which can be simplified to give

(8.3)
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There are numerous ways to derive important results pertaining to fully developed lam-
inar flow. Three alternatives include: 112 from applied directly to a fluid element, 122
from the Navier–Stokes equations of motion, and 132 from dimensional analysis methods.

8.2.1 From Applied Directly to a Fluid Element
We consider the fluid element at time t as is shown in Fig. 8.7. It is a circular cylinder of
fluid of length and radius r centered on the axis of a horizontal pipe of diameter D. Be-
cause the velocity is not uniform across the pipe, the initially flat ends of the cylinder of
fluid at time t become distorted at time when the fluid element has moved to its new
location along the pipe as shown in the figure. If the flow is fully developed and steady, the
distortion on each end of the fluid element is the same, and no part of the fluid experiences
any acceleration as it flows. The local acceleration is zero because the flow is
steady, and the convective acceleration is zero because the flow
is fully developed. Thus, every part of the fluid merely flows along its pathline parallel to
the pipe walls with constant velocity, although neighboring particles have slightly different
velocities. The velocity varies from one pathline to the next. This velocity variation, com-
bined with the fluid viscosity, produces the shear stress.

If gravitational effects are neglected, the pressure is constant across any vertical cross
section of the pipe, although it varies along the pipe from one section to the next. Thus, if
the pressure is at section 112, it is at section 122. We anticipate the fact
that the pressure decreases in the direction of flow so that A shear stress, acts
on the surface of the cylinder of fluid. This viscous stress is a function of the radius of the
cylinder,

As was done in fluid statics analysis 1Chapter 22, we isolate the cylinder of fluid as is
shown in Fig. 8.8 and apply Newton’s second law, In this case even though the
fluid is moving, it is not accelerating, so that Thus, fully developed horizontal pipe
flow is merely a balance between pressure and viscous forces—the pressure difference act-
ing on the end of the cylinder of area and the shear stress acting on the lateral surface
of the cylinder of area This force balance can be written as
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Bernoulli Denklemi Düzeltmeleri

• Head Loss 
• Kinetic Energy 
• Pump Work 

only theoretical methods to obtain the desired results. A judicious combination of experi-
mental data with theoretical considerations and dimensional analysis often provides the de-
sired results. The flow in pipes discussed in this chapter is an example of such an analysis.

444 ! Chapter 8 / Viscous Flow in Pipes

8.1 General Characteristics of Pipe Flow

Before we apply the various governing equations to pipe flow examples, we will discuss
some of the basic concepts of pipe flow. With these ground rules established we can then
proceed to formulate and solve various important flow problems.

Although not all conduits used to transport fluid from one location to another are round
in cross section, most of the common ones are. These include typical water pipes, hydraulic
hoses, and other conduits that are designed to withstand a considerable pressure difference
across their walls without undue distortion of their shape. Typical conduits of noncircular
cross section include heating and air conditioning ducts that are often of rectangular cross
section. Normally the pressure difference between the inside and outside of these ducts is
relatively small. Most of the basic principles involved are independent of the cross-sectional
shape, although the details of the flow may be dependent on it. Unless otherwise specified,
we will assume that the conduit is round, although we will show how to account for other
shapes.

For all flows involved in this chapter, we assume that the pipe is completely filled with
the fluid being transported as is shown in Fig. 8.2a. Thus, we will not consider a concrete
pipe through which rainwater flows without completely filling the pipe, as is shown in
Fig. 8.2b. Such flows, called open-channel flow, are treated in Chapter 10. The difference
between open-channel flow and the pipe flow of this chapter is in the fundamental mecha-
nism that drives the flow. For open-channel flow, gravity alone is the driving force—the wa-
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Kinetic Energy

8.3 Fully Developed Turbulent Flow ! 461

8.3.1 Transition from Laminar to Turbulent Flow
Flows are classified as laminar or turbulent. For any flow geometry, there is one 1or more2
dimensionless parameter such that with this parameter value below a particular value the flow
is laminar, whereas with the parameter value larger than a certain value the flow is turbulent.
The important parameters involved 1i.e., Reynolds number, Mach number2 and their critical
values depend on the specific flow situation involved. For example, flow in a pipe and flow
along a flat plate 1boundary layer flow, as is discussed in Section 9.2.42 can be laminar or
turbulent, depending on the value of the Reynolds number involved. For pipe flow the value
of the Reynolds number must be less than approximately 2100 for laminar flow and greater
than approximately 4000 for turbulent flow. For flow along a flat plate the transition between
laminar and turbulent flow occurs at a Reynolds number of approximately 500,000 1see Sec-
tion 9.2.42, where the length term in the Reynolds number is the distance measured from the
leading edge of the plate.

Consider a long section of pipe that is initially filled with a fluid at rest. As the valve
is opened to start the flow, the flow velocity and, hence, the Reynolds number increase from
zero 1no flow2 to their maximum steady-state flow values, as is shown in Fig. 8.11. Assume
this transient process is slow enough so that unsteady effects are negligible 1quasisteady flow2.
For an initial time period the Reynolds number is small enough for laminar flow to occur.
At some time the Reynolds number reaches 2100, and the flow begins its transition to tur-
bulent conditions. Intermittent spots or bursts of turbulence appear. As the Reynolds number
is increased the entire flow field becomes turbulent. The flow remains turbulent as long as
the Reynolds number exceeds approximately 4000.

A typical trace of the axial component of velocity measured at a given location in the
flow, is shown in Fig. 8.12. Its irregular, random nature is the distinguishing fea-
ture of turbulent flow. The character of many of the important properties of the flow 1pres-
sure drop, heat transfer, etc.2 depends strongly on the existence and nature of the turbulent
fluctuations or randomness indicated. In previous considerations involving inviscid flow, the
Reynolds number is 1strictly speaking2 infinite 1because the viscosity is zero2, and the flow
most surely would be turbulent. However, reasonable results were obtained by using the in-
viscid Bernoulli equation as the governing equation. The reason that such simplified invis-
cid analyses gave reasonable results is that viscous effects were not very important and the
velocity used in the calculations was actually the time-averaged velocity, indicated in
Fig. 8.12. Calculation of the heat transfer, pressure drop, and many other parameters would
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not be possible without inclusion of the seemingly small, but very important, effects associ-
ated with the randomness of the flow.

Consider flow in a pan of water placed on a stove. With the stove turned off, the fluid
is stationary. The initial sloshing has died out because of viscous dissipation within the wa-
ter. With the stove turned on, a temperature gradient in the vertical direction, is pro-
duced. The water temperature is greatest near the pan bottom and decreases toward the top
of the fluid layer. If the temperature difference is very small, the water will remain station-
ary, even though the water density is smallest near the bottom of the pan because of the de-
crease in density with an increase in temperature. A further increase in the temperature gra-
dient will cause a buoyancy-driven instability that results in fluid motion—the light, warm
water rises to the top, and the heavy cold water sinks to the bottom. This slow, regular “turn-
ing over” increases the heat transfer from the pan to the water and promotes mixing within
the pan. As the temperature gradient increases still further, the fluid motion becomes more
vigorous and eventually turns into a chaotic, random, turbulent flow with considerable mix-
ing and greatly increased heat transfer rate. The flow has progressed from a stationary fluid,
to laminar flow, and finally to turbulent flow.

Mixing processes and heat and mass transfer processes are considerably enhanced in
turbulent flow compared to laminar flow. This is due to the macroscopic scale of the ran-
domness in turbulent flow. We are all familiar with the “rolling,” vigorous eddy type motion
of the water in a pan being heated on the stove 1even if it is not heated to boiling2. Such
finitesized random mixing is very effective in transporting energy and mass throughout the
flow field, thereby increasing the various rate processes involved. Laminar flow, on the other
hand, can be thought of as very small but finite-sized fluid particles flowing smoothly in lay-
ers, one over another. The only randomness and mixing take place on the molecular scale
and result in relatively small heat, mass, and momentum transfer rates.

Without turbulence it would be virtually impossible to carry out life as we now know
it. In some situations turbulent flow is desirable. To transfer the required heat between a solid
and an adjacent fluid 1such as in the cooling coils of an air conditioner or a boiler of a power
plant2 would require an enormously large heat exchanger if the flow were laminar. Similarly,
the required mass transfer of a liquid state to a vapor state 1such as is needed in the evaporated
cooling system associated with sweating2 would require very large surfaces if the fluid flow-
ing past the surface were laminar rather than turbulent.

Turbulence is also of importance in the mixing of fluids. Smoke from a stack would
continue for miles as a ribbon of pollutant without rapid dispersion within the surrounding
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Boru Pürüzlülüğü

microscopic determination of the average height of the roughness of the surface. They do,
however, provide the correct correlation for 

It is important to observe that the values of relative roughness given pertain to new,
clean pipes. After considerable use, most pipes 1because of a buildup of corrosion or scale2
may have a relative roughness that is considerably larger 1perhaps by an order of magnitude2
than that given. Very old pipes may have enough scale buildup to not only alter the value of

but also to change their effective diameter by a considerable amount.
The following characteristics are observed from the data of Fig. 8.20. For laminar flow,

which is independent of relative roughness. For very large Reynolds numbers,
which is independent of the Reynolds number. For such flows, commonly

termed completely turbulent flow 1or wholly turbulent flow2, the laminar sublayer is so thin1its thickness decreases with increasing Re2 that the surface roughness completely domi-
nates the character of the flow near the wall. Hence, the pressure drop required is a result
of an inertia-dominated turbulent shear stress rather than the viscosity-dominated laminar
shear stress normally found in the viscous sublayer. For flows with moderate values of Re,
the friction factor is indeed dependent on both the Reynolds number and relative roughness—

The gap in the figure for which no values of f are given 1the
range2 is a result of the fact that the flow in this transition range may

be laminar or turbulent 1or an unsteady mix of both2 depending on the specific circumstances
involved.

Note that even for smooth pipes the friction factor is not zero. That is, there
is a head loss in any pipe, no matter how smooth the surface is made. This is a result of the
no-slip boundary condition that requires any fluid to stick to any solid surface it flows over.
There is always some microscopic surface roughness that produces the no-slip behavior 1and
thus 2 on the molecular level, even when the roughness is considerably less than the
viscous sublayer thickness. Such pipes are called hydraulically smooth.

Various investigators have attempted to obtain an analytical expression for 
Note that the Moody chart covers an extremely wide range in flow parameters.

The nonlaminar region covers more than four orders of magnitude in Reynolds number—
from to Obviously, for a given pipe and fluid, typical values of the
average velocity do not cover this range. However, because of the large variety in pipes 1D2,
fluids and and velocities 1V 2, such a wide range in Re is needed to accommodate nearly
all applications of pipe flow. In many cases the particular pipe flow of interest is confined
to a relatively small region of the Moody chart, and simple semiempirical expressions can

m2,1r
Re ! 108.Re ! 4 " 103

f1Re, e#D2.
f !

f $ 0

1e ! 02

2100 6 Re 6 4000
f ! f1Re, e#D2.

f ! f1e#D2,
f ! 64#Re,

e

f ! f1Re, e#D2.
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! TA B L E 8 . 1
Equivalent Roughness for New Pipes [From Moody
(Ref. 7) and Colebrook (Ref. 8)]

Equivalent Roughness,

Pipe Feet Millimeters

Riveted steel 0.003–0.03 0.9–9.0
Concrete 0.001–0.01 0.3–3.0
Wood stave 0.0006–0.003 0.18–0.9
Cast iron 0.00085 0.26
Galvanized iron 0.0005 0.15
Commercial steel

or wrought iron 0.00015 0.045
Drawn tubing 0.000005 0.0015
Plastic, glass 0.0 1smooth2 0.0 1smooth2

E

The Moody chart
gives the friction
factor in terms of
the Reynolds num-
ber and relative
roughness.
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! F I G U R E  8 . 2 0 Friction factor as a function of Reynolds number and relative roughness for round pipes—the Moody
chart. (Data from Ref. 7 with permission.)
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Colebrook Eşitliği

be developed for those conditions. For example, a company that manufactures cast iron wa-
ter pipes with diameters between 2 and 12 in. may use a simple equation valid for their con-
ditions only. The Moody chart, on the other hand, is universally valid for all steady, fully de-
veloped, incompressible pipe flows.

The following equation from Colebrook is valid for the entire nonlaminar range of the
Moody chart

(8.35)

In fact, the Moody chart is a graphical representation of this equation, which is an empiri-
cal fit of the pipe flow pressure drop data. Equation 8.35 is called the Colebrook formula. A
difficulty with its use is that it is implicit in the dependence of f. That is, for given condi-
tions it is not possible to solve for f without some sort of iterative scheme.
With the use of modern computers and calculators, such calculations are not difficult. 1As
shown in Problem 8.37 at the end of this chapter, it is possible to obtain an equation that
adequately approximates the Colebrook!Moody chart relationship but does not require an
iterative scheme.2 A word of caution is in order concerning the use of the Moody chart or
the equivalent Colebrook formula. Because of various inherent inaccuracies involved 1un-
certainty in the relative roughness, uncertainty in the experimental data used to produce the
Moody chart, etc.2, the use of several place accuracy in pipe flow problems is usually not
justified. As a rule of thumb, a 10% accuracy is the best expected.

1Re and e!D2,

11f
" #2.0 log ae!D

3.7
$

2.51
Re1f

b
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EXAMPLE
8.5

The turbulent por-
tion of the Moody
chart is represented
by the Colebrook
formula.

Air under standard conditions flows through a 4.0-mm-diameter drawn tubing with an aver-
age velocity of For such conditions the flow would normally be turbulent. How-
ever, if precautions are taken to eliminate disturbances to the flow 1the entrance to the tube
is very smooth, the air is dust free, the tube does not vibrate, etc.2, it may be possible to
maintain laminar flow. 1a2 Determine the pressure drop in a 0.1-m section of the tube if the
flow is laminar. 1b2 Repeat the calculations if the flow is turbulent.

SOLUTION

Under standard temperature and pressure conditions the density and viscosity are
and Thus, the Reynolds number is

which would normally indicate turbulent flow.

(a) If the flow were laminar, then and the pressure
drop in a 0.1-m-long horizontal section of the pipe would be

or

(Ans)

Note that the same result is obtained from Eq. 8.8.

¢p "
32m/

D2  V "
3211.79 % 10#5 N # s!m22 10.1 m2 150 m!s2

10.004 m22 " 179 N!m2

¢p " 0.179 kPa

¢p " f 
/
D

 
1
2

 rV 2 " 10.004672 10.1 m2
10.004 m2  

1
2

 11.23 kg!m32 150 m!s22

f " 64!Re " 64!13,700 " 0.00467

Re "
rVD
m

"
11.23 kg!m32 150 m!s2 10.004 m2

1.79 % 10#5 N # s!m2 " 13,700

m " 1.79 % 10#5 N # s!m2.r " 1.23 kg!m3

V " 50 m!s
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Minor Kayıplar - Çıkış

A fluid may flow from a reservoir into a pipe through any number of different shaped
entrance regions as are sketched in Fig. 8.22. Each geometry has an associated loss coeffi-
cient. A typical flow pattern for flow entering a pipe through a square-edged entrance is
sketched in Fig. 8.23. As was discussed in Chapter 3, a vena contracta region may result

482 ! Chapter 8 / Viscous Flow in Pipes

(a) (b)

(c) (d)

Vena contracta

(2) (3)(1) V2 > V3

xV1 = 0

Flow separation
at corner

Separated flow

(a)

p1

p3

x1 x2 x3 x

p

(b)

Actual

Ideal full recovery
of kinetic energy

  V 2
2____

2
!

  V 2
3____

2
!

  V 2
3____

2
!

KL

! F I G U R E  8 . 2 2 Entrance flow conditions and loss coefficient (Refs. 28, 29). (a) Reen-
trant, (b) sharp-edged, (c) slightly rounded, (see Fig. 8.24),KL ! 0.2KL ! 0.5,KL ! 0.8,

! F I G U R E  8 . 2 3 Flow pattern and pressure distribution for a sharp-edged entrance.

(d) well-rounded, (see Fig. 8.24).KL ! 0.04

A vena contracta
region is often de-
veloped at the en-
trance to a pipe.
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veloped at the en-
trance to a pipe.
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KL=0.8 KL=0.5

KL=0.2 KL=0.04
An obvious way to reduce the entrance loss is to round the entrance region as is shown

in Fig. 8.22c, thereby reducing or eliminating the vena contracta effect. Typical values for
the loss coefficient for entrances with various amounts of rounding of the lip are shown in
Fig. 8.24. A significant reduction in can be obtained with only slight rounding.

A head loss 1the exit loss2 is also produced when a fluid flows from a pipe into a tank
as is shown in Fig. 8.25. In these cases the entire kinetic energy of the exiting fluid 1veloc-
ity 2 is dissipated through viscous effects as the stream of fluid mixes with the fluid in the
tank and eventually comes to rest The exit loss from points 112 and 122 is therefore
equivalent to one velocity head, or 

Losses also occur because of a change in pipe diameter as is shown in Figs. 8.26
and 8.27. The sharp-edged entrance and exit flows discussed in the previous paragraphs are
limiting cases of this type of flow with either respectively. The
loss coefficient for a sudden contraction, is a function of the area ratio,

as is shown in Fig. 8.26. The value of changes gradually from one extreme of a
sharp-edged entrance with to the other extreme of no area change

with 
In many ways, the flow in a sudden expansion is similar to exit flow. As is indicated

in Fig. 8.28, the fluid leaves the smaller pipe and initially forms a jet-type structure as it en-
ters the larger pipe. Within a few diameters downstream of the expansion, the jet becomes
dispersed across the pipe, and fully developed flow becomes established again. In this process
[between sections 122 and 132] a portion of the kinetic energy of the fluid is dissipated as a
result of viscous effects. A square-edged exit is the limiting case with A1!A2 " 0.

KL " 02.1A2!A1 " 1
KL " 0.5021A2!A1 " 0

KLA2!A1,
KL " hL ! 1V 2

2 !2g2,A1!A2 " #, or A1!A2 " 0,

KL " 1.
1V2 " 02.V1

KL

484 ! Chapter 8 / Viscous Flow in Pipes

A1 A2 hL = KL 
V2

2
___
2g

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

A2/A1

KL

A1 A2 hL = KL 
V1

2
___
2g

1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

A1/A2

KL

! F I G U R E  8 . 2 6
Loss coefficient for a sud-
den contraction (Ref. 10).

! F I G U R E  8 . 2 7
Loss coefficient for a sudden
expansion (Ref. 10).

Pipe entrance losses
can be relatively
easily reduced by
rounding the inlet.
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Minor Kayıplar – Giriş

because the fluid cannot turn a sharp right-angle corner. The flow is said to separate from
the sharp corner. The maximum velocity at section 122 is greater than that in the pipe at sec-
tion 132, and the pressure there is lower. If this high-speed fluid could slow down efficiently,
the kinetic energy could be converted into pressure 1the Bernoulli effect2, and the ideal pres-
sure distribution indicated in Fig. 8.23 would result. The head loss for the entrance would
be essentially zero.

Such is not the case. Although a fluid may be accelerated very efficiently, it is very
difficult to slow down 1decelerate2 a fluid efficiently. Thus, the extra kinetic energy of the
fluid at section 122 is partially lost because of viscous dissipation, so that the pressure does
not return to the ideal value. An entrance head loss 1pressure drop2 is produced as is indi-
cated in Fig. 8.23. The majority of this loss is due to inertia effects that are eventually dis-
sipated by the shear stresses within the fluid. Only a small portion of the loss is due to the
wall shear stress within the entrance region. The net effect is that the loss coefficient for a
square-edged entrance is approximately One-half of a velocity head is lost as the
fluid enters the pipe. If the pipe protrudes into the tank 1a reentrant entrance2 as is shown in
Fig. 8.22a, the losses are even greater.

KL ! 0.50.

8.4 Dimensional Analysis of Pipe Flow ! 483

D

r

0.5
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0.3

0.2

0.1

0
0 0.05 0.1 0.15 0.20 0.25

r__
D

KL

(a)

(c) (d)

(b)

(1)

(2)

! F I G U R E  8 . 2 4
Entrance loss coefficient as
a function of rounding of
the inlet edge (Ref. 9).

! F I G U R E  8 . 2 5 Exit flow conditions and loss coefficient. (a) Reentrant,
(b) sharp-edged, (c) slightly rounded, (d) well-rounded, KL ! 1.0.KL ! 1.0,KL ! 1.0,

KL ! 1.0,

V8.4 Entrance/exit
flows

Minor head losses
are often a result of
the dissipation of
kinetic energy.
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KL=1.0 KL=1.0

KL=1.0 KL=1.0

An obvious way to reduce the entrance loss is to round the entrance region as is shown
in Fig. 8.22c, thereby reducing or eliminating the vena contracta effect. Typical values for
the loss coefficient for entrances with various amounts of rounding of the lip are shown in
Fig. 8.24. A significant reduction in can be obtained with only slight rounding.

A head loss 1the exit loss2 is also produced when a fluid flows from a pipe into a tank
as is shown in Fig. 8.25. In these cases the entire kinetic energy of the exiting fluid 1veloc-
ity 2 is dissipated through viscous effects as the stream of fluid mixes with the fluid in the
tank and eventually comes to rest The exit loss from points 112 and 122 is therefore
equivalent to one velocity head, or 

Losses also occur because of a change in pipe diameter as is shown in Figs. 8.26
and 8.27. The sharp-edged entrance and exit flows discussed in the previous paragraphs are
limiting cases of this type of flow with either respectively. The
loss coefficient for a sudden contraction, is a function of the area ratio,

as is shown in Fig. 8.26. The value of changes gradually from one extreme of a
sharp-edged entrance with to the other extreme of no area change

with 
In many ways, the flow in a sudden expansion is similar to exit flow. As is indicated

in Fig. 8.28, the fluid leaves the smaller pipe and initially forms a jet-type structure as it en-
ters the larger pipe. Within a few diameters downstream of the expansion, the jet becomes
dispersed across the pipe, and fully developed flow becomes established again. In this process
[between sections 122 and 132] a portion of the kinetic energy of the fluid is dissipated as a
result of viscous effects. A square-edged exit is the limiting case with A1!A2 " 0.
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Pipe entrance losses
can be relatively
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Fittings

8.4.2 Minor Losses
As discussed in the previous section, the head loss in long, straight sections of pipe can be
calculated by use of the friction factor obtained from either the Moody chart or the Cole-
brook equation. Most pipe systems, however, consist of considerably more than straight pipes.
These additional components 1valves, bends, tees, and the like2 add to the overall head loss
of the system. Such losses are generally termed minor losses, with the apparent implication
being that the majority of the system loss is associated with the friction in the straight por-
tions of the pipes, the major losses. In many cases this is true. In other cases the minor losses
are greater than the major losses. In this section we indicate how to determine the various
minor losses that commonly occur in pipe systems.

The head loss associated with flow through a valve is a common minor loss. The pur-
pose of a valve is to provide a means to regulate the flowrate. This is accomplished by chang-
ing the geometry of the system 1i.e., closing or opening the valve alters the flow pattern
through the valve2, which in turn alters the losses associated with the flow through the valve.
The flow resistance or head loss through the valve may be a significant portion of the resis-
tance in the system. In fact, with the valve closed, the resistance to the flow is infinite—the
fluid cannot flow. Such minor losses may be very important indeed. With the valve wide
open the extra resistance due to the presence of the valve may or may not be negligible.

The flow pattern through a typical component such as a valve is shown in Fig. 8.21.
It is not difficult to realize that a theoretical analysis to predict the details of such flows to
obtain the head loss for these components is not, as yet, possible. Thus, the head loss infor-
mation for essentially all components is given in dimensionless form and based on experi-

480 ! Chapter 8 / Viscous Flow in Pipes

or about 1%. Thus, the incompressible flow assumption on which
the above calculations 1and all of the formulas in this chapter2 are based is reasonable.
However, if the pipe were 2-m long the pressure drop would be 21.5 kPa, approxi-
mately 20% of the original pressure. In this case the density would not be approxi-
mately constant along the pipe, and a compressible flow analysis would be needed.
Such considerations are discussed in Chapter 11.

101 ! 0.0107,1.076"

Q Q

! F I G U R E  8 . 2 1 Flow through a valve.

Losses occur in
straight pipes (ma-
jor losses) and pipe
system components
(minor losses).
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mental data. The most common method used to determine these head losses or pressure drops
is to specify the loss coefficient, which is defined as

so that

or

(8.36)

The pressure drop across a component that has a loss coefficient of is equal to the
dynamic pressure,

The actual value of is strongly dependent on the geometry of the component con-
sidered. It may also be dependent on the fluid properties. That is,

where is the pipe Reynolds number. For many practical applications the
Reynolds number is large enough so that the flow through the component is dominated by
inertia effects, with viscous effects being of secondary importance. This is true because of
the relatively large accelerations and decelerations experienced by the fluid as it flows along
a rather curved, variable-area 1perhaps even torturous2 path through the component 1see
Fig. 8.212. In a flow that is dominated by inertia effects rather than viscous effects, it is usu-
ally found that pressure drops and head losses correlate directly with the dynamic pressure.
This is the reason why the friction factor for very large Reynolds number, fully developed
pipe flow is independent of the Reynolds number. The same condition is found to be true for
flow through pipe components. Thus, in most cases of practical interest the loss coefficients
for components are a function of geometry only,

Minor losses are sometimes given in terms of an equivalent length, In this termi-
nology, the head loss through a component is given in terms of the equivalent length of pipe
that would produce the same head loss as the component. That is,

or

where D and f are based on the pipe containing the component. The head loss of the pipe
system is the same as that produced in a straight pipe whose length is equal to the pipes of
the original system plus the sum of the additional equivalent lengths of all of the compo-
nents of the system. Most pipe flow analyses, including those in this book, use the loss co-
efficient method rather than the equivalent length method to determine the minor losses.

Many pipe systems contain various transition sections in which the pipe diameter
changes from one size to another. Such changes may occur abruptly or rather smoothly
through some type of area change section. Any change in flow area contributes losses that
are not accounted for in the fully developed head loss calculation 1the friction factor2. The
extreme cases involve flow into a pipe from a reservoir 1an entrance2 or out of a pipe into a
reservoir 1an exit2.

/eq !
KLD

f

hL ! KL 
V 2

2g
! f 
/eq

D
 
V 2

2g

/eq.
KL ! f1geometry2.

Re ! rVD"m

KL ! f1geometry, Re2
KL

rV 2"2.
KL ! 1

hL ! KL 
V 2

2g

¢p ! KL 12rV
2

KL !
hL

1V 2"2g2 !
¢p

1
2rV

2

KL,
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Losses due to pipe
system components
are given in terms
of loss coefficients.
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8.4 Dimensional Analysis of Pipe Flow ! 489

! TA B L E 8 . 2

Loss Coefficients for Pipe Components (Data from Refs. 5, 10, 27)

Component

a. Elbows
Regular flanged 0.3
Regular threaded 1.5
Long radius flanged 0.2
Long radius threaded 0.7
Long radius flanged 0.2
Regular threaded 0.4

b. return bends
return bend, flanged 0.2
return bend, threaded 1.5

c. Tees
Line flow, flanged 0.2
Line flow, threaded 0.9
Branch flow, flanged 1.0
Branch flow, threaded 2.0

d. Union, threaded 0.08

*e. Valves
Globe, fully open 10
Angle, fully open 2
Gate, fully open 0.15
Gate, closed 0.26
Gate, closed 2.1
Gate, closed 17
Swing check, forward flow 2
Swing check, backward flow !

Ball valve, fully open 0.05
Ball valve, closed 5.5
Ball valve, closed 210

*See Fig. 8.36 for typical valve geometry

2
3

1
3

3
4

1
2

1
4

180°
180°
180!

45°,
45°,
90°,
90°,

90°,
90°,

KL

ahL " KL 
V 2

2g
b

V

V

V

V

V

V

EXAMPLE
8.6

Air at standard conditions is to flow through the test section [between sections 152 and 162]
of the closed-circuit wind tunnel shown in Fig. E8.6 with a velocity of 200 ft!s. The flow is
driven by a fan that essentially increases the static pressure by the amount that is
needed to overcome the head losses experienced by the fluid as it flows around the circuit.
Estimate the value of and the horsepower supplied to the fluid by the fan.p1 " p9

p1 " p9
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3.6.3 Flowrate Measurement
Many types of devices using principles involved in the Bernoulli equation have been devel-
oped to measure fluid velocities and flowrates. The Pitot-static tube discussed in Section 3.5
is an example. Other examples discussed below include devices to measure flowrates in pipes
and conduits and devices to measure flowrates in open channels. In this chapter we will con-
sider “ideal” flow meters—those devoid of viscous, compressibility, and other “real-world”
effects. Corrections for these effects are discussed in Chapters 8 and 10. Our goal here is to
understand the basic operating principles of these simple flow meters.

An effective way to measure the flowrate through a pipe is to place some type of re-
striction within the pipe as shown in Fig. 3.18 and to measure the pressure difference be-
tween the low-velocity, high-pressure upstream section 112, and the high-velocity, low-pressure
downstream section 122. Three commonly used types of flow meters are illustrated: the ori-
fice meter, the nozzle meter, and the Venturi meter. The operation of each is based on the
same physical principles—an increase in velocity causes a decrease in pressure. The differ-
ence between them is a matter of cost, accuracy, and how closely their actual operation obeys
the idealized flow assumptions.

We assume the flow is horizontal steady, inviscid, and incompressible be-
tween points 112 and 122. The Bernoulli equation becomes

1The effect of nonhorizontal flow can be incorporated easily by including the change in el-
evation, in the Bernoulli equation.2z1 ! z2,

p1 " 1
2rV

2
1 # p2 " 1

2rV
2
2

1z1 # z22,

3.6 Examples of Use of the Bernoulli Equation ! 129

The above results are independent of the diameter and length of the hose 1provided vis-
cous effects are not important2. Proper design of the hose 1or pipe2 is needed to ensure that
it will not collapse due to the large pressure difference 1vacuum2 between the inside and out-
side of the hose.

! F I G U R E  3 . 1 8 Typical de-
vices for measuring flowrate in pipes.

(1) (2)

(1) (2)

Venturi

Nozzle

Orifice

Various flow meters
are governed by the
Bernoulli and con-
tinuity equations.
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Orifis Metre

Q = A2
2(P1 − P2)
ρ(1− β4)

Q =CoAo
2(P1 − P2)
ρ(1− β4)

are given in Fig. 8.41. Note that the value of depends on the specific construction of the
orifice meter 1i.e., the placement of the pressure taps, whether the orifice plate edge is square
or beveled, etc.2. Very precise conditions governing the construction of standard orifice me-
ters have been established to provide the greatest accuracy possible 1Refs. 23, 242.

Another type of pipe flow meter that is based on the same principles used in the ori-
fice meter is the nozzle meter, three variations of which are shown in Fig. 8.42. This device
uses a contoured nozzle 1typically placed between flanges of pipe sections2 rather than a sim-
ple 1and less expensive2 plate with a hole as in an orifice meter. The resulting flow pattern
for the nozzle meter is closer to ideal than the orifice meter flow. There is only a slight vena
contracta and the secondary flow separation is less severe, but there still are viscous effects.
These are accounted for by use of the nozzle discharge coefficient, where

(8.39)

with As with the orifice meter, the value of is a function of the diameter
ratio, and the Reynolds number, Typical values obtained from ex-
periments are shown in Fig. 8.43. Again, precise values of depend on the specific details
of the nozzle design. Accepted standards have been adopted 1Ref. 242. Note that 
the nozzle meter is more efficient 1less energy dissipated2 than the orifice meter.
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β =
d
D

Orifis hol alanı ideal hesaplanan
alandan küçüktür. Bu nedenle pratikte
Orifis Tahliye Katsayısı ile çarpılır. 

A2 =CoAo

Co <1

are given in Fig. 8.41. Note that the value of depends on the specific construction of the
orifice meter 1i.e., the placement of the pressure taps, whether the orifice plate edge is square
or beveled, etc.2. Very precise conditions governing the construction of standard orifice me-
ters have been established to provide the greatest accuracy possible 1Refs. 23, 242.

Another type of pipe flow meter that is based on the same principles used in the ori-
fice meter is the nozzle meter, three variations of which are shown in Fig. 8.42. This device
uses a contoured nozzle 1typically placed between flanges of pipe sections2 rather than a sim-
ple 1and less expensive2 plate with a hole as in an orifice meter. The resulting flow pattern
for the nozzle meter is closer to ideal than the orifice meter flow. There is only a slight vena
contracta and the secondary flow separation is less severe, but there still are viscous effects.
These are accounted for by use of the nozzle discharge coefficient, where

(8.39)

with As with the orifice meter, the value of is a function of the diameter
ratio, and the Reynolds number, Typical values obtained from ex-
periments are shown in Fig. 8.43. Again, precise values of depend on the specific details
of the nozzle design. Accepted standards have been adopted 1Ref. 242. Note that 
the nozzle meter is more efficient 1less energy dissipated2 than the orifice meter.
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Nozzle Metre

The most precise and most expensive of the three obstruction-type flow meters is the
Venturi meter shown in Fig. 8.44 (G. B. Venturi (1746–1822)). Although the operating prin-
ciple for this device is the same as for the orifice or nozzle meters, the geometry of the Ven-
turi meter is designed to reduce head losses to a minimum. This is accomplished by provid-
ing a relatively streamlined contraction 1which eliminates separation ahead of the throat2 and
a very gradual expansion downstream of the throat 1which eliminates separation in this de-
celerating portion of the device2. Most of the head loss that occurs in a well-designed Ven-
turi meter is due to friction losses along the walls rather than losses associated with sepa-
rated flows and the inefficient mixing motion that accompanies such flow.

Thus, the flowrate through a Venturi meter is given by

where is the throat area. The range of values of the Venturi discharge coef-
ficient, is given in Fig. 8.45. The throat-to-pipe diameter ratio the Reynolds 1b ! d"D2,

Cv,AT ! pd 2"4

Q ! CvQideal ! CvAT B21p1 # p22
r11 # b42
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Q =CnAn
2(P1 − P2)
ρ(1− β4)
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Venturi Metre
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Q =CvAT
2(P1 − P2)
ρ(1− β4)

number, and the shape of the converging and diverging sections of the meter are among the
parameters that affect the value of 

Again, the precise values of and depend on the specific geometry of the de-
vices used. Considerable information concerning the design, use, and installation of standard
flow meters can be found in various books 1Refs. 23, 24, 25, 26, 312.

CvCn, Co,
Cv.
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EXAMPLE
8.15

Ethyl alcohol flows through a pipe of diameter in a refinery. The pressure drop
across the nozzle meter used to measure the flowrate is to be when the flowrate
is Determine the diameter, d, of the nozzle.

SOLUTION

From Table 1.6 the properties of ethyl alcohol are and 
Thus,

From Eq. 8.39 the flowrate through the nozzle is

or

(1)

where d is in meters. Note that Equation 1 and Fig. 8.43 represent two
equations for the two unknowns d and that must be solved by trial and error.

As a first approximation we assume that the flow is ideal, or so that Eq. 1
becomes

(2)

In addition, for many cases so that an approximate value of d can be obtained
from Eq. 2 as

d ! 11.20 " 10#321$2 ! 0.0346 m

1 # b4 ! 1,

d ! 11.20 " 10#3 21 # b421$2

Cn ! 1.0,
Cn

b ! d$D ! d$0.06.

1.20 " 10#3 !
Cnd

221 # b4

Q ! 0.003 m3$s ! Cn 
p

4
 d 2 B 214 " 103 N$m22

789 kg$m311 # b42

Re !
rVD
m

!
4rQ
pDm

!
41789 kg$m32 10.003 m3$s2

p10.06 m2 11.19 " 10#3 N # s$m22 ! 42,200

10#3 N # s$m2.
m ! 1.19 "r ! 789 kg$m3

Q ! 0.003 m3$s.
¢p ! 4.0 kPa

D ! 60 mm

! F I G U R E  8 . 4 5 Venturi
meter discharge coefficient 
(Ref. 23).

Precise standards
exist for the design
of accurate flow
meters.
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GMÜ 242 
Akışkanlar Mekaniği

Pompa Hesaplamaları

Vural Gökmen
vgokmen@hacettepe.edu.tr
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Q-H Kapasite Eğrisi



Kazanılan Yükseklik (Head Gain)



Pompa Verimi



Sistem Direnç Eğrisi (Resistance Curve)



Sistem Direnç Eğrisi



Kapasite & Direnç Eğrisi



Pompa Eğrisi - Örnek



Pompa Kapasite Sonuçları



Sistem Direnç Sonuçları



Pompa Eğrisi 



Pompa Seçimi



Pompalar



Santrifüj Pompalar





Pompa Tasarımı





Kapasite Eğrisi



Direnç Eğrisi 



Net Pozitif Emiş Yüksekliği (NPSH)



Net Pozitif Emiş Yüksekliği (NPSH)



NPSH - Örnek



Pompa Problemi Çözüm Yolu



Basit Çevirme İşlemleri
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Newtonsal Akışkanlar

€ 

Newton Kuralı

τ = µ
du
dr

τ = µγ

t, Pa

g, 1/s

µ

Deformasyon hızı, 1/s



Newtonsal Akışkan
Hız-Kayma Gerilimi Profili
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Newtonsal Olmayan Akışkan
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Newtonsal Olmayan Akışkan
Hız-Kayma Gerilimi Profili
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Bazı Gıdaların K ve n değerleri (T=30°C)

K, Pa.sn n, boyutsuz

Şeftali Pulpu, 12 Brix 7.2 0.28

Kayısı Pulpu, 16 Brix 6.8 0.30

Domates Suyu, 12.8 Brix 2.0 0.43

Domates Salçası, 30 Brix 18.7 0.40

Ketçap, %36 8.1 0.44

Mayonez 25-30 0.30-0.40

Reçel 5-25 0.55-0.70

Yoğurt 0.3-1.4 0.72-0.92


