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Fluid Basics: Introduction

The main principles of chapter 4 (chapter 7 in the fluid book) are:

o Review the concepts of dimensions and units.

o ldentify dimensionless groups Pl-Theorem. (Buckingham)

o Discuss the concept of similarity between a model and a prototype.

Dimensional Analysis

—_—
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- Let’s say we want to find the drag force on a prototype
sports car

- It would be easier to measure the drag on a smaller model
and then scale it up

Dynamic Similarity

How many seconds are in
one day?
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- In dynamic similarity all of the forces in the smaller
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* https://www.youtube.com/watch?v=d W{CwJWO0Oq

« https://slideplayer.com/slide/16883552/

flow scale by a constant factor to forces in the larger
flow

- For the model and prototype to be dynamically similar,
all 11 groups must be the same


https://www.youtube.com/watch?v=d_WfCwJW0Og
https://slideplayer.com/slide/16883552/
https://slideplayer.com/slide/16883552/
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1- Dimensions and Units

https://www.slideshare.net/YusriYusup/1-dimensions-and-units

DIMENSIONS AND UNITS

Definition:

Dimensions are basic concepts of physical
measurements such as:

— Length =[L]

= Time =[T]

—  Mass = [M]

— Temperature = [0]

Units are terms that precede and describe the
dimensions.
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Physical quantity measured Base unit S| abbreviation

‘ mole mol

ﬁ meter m

‘ kilogram kg

® second s

\ kelvin K

i’_ ampere A

Q candela cd
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2- Buckingham mn- Theorem or Pl Theorem

There are several methods to learn how to generate the non-dimensional parameters,
that have been developed for this purpose, but the most popular (and simplest) method
is the method of repeating variables or Pl-Theorem, popularized by Edgar

Buckingham (1867—-1940).

» As a simple example, consider a ball falling in a vacuum as discussed in Section 7-23.

A
Wy = initial vertical speed

g = gravitational
. acceleration in the
I, = initial negative z-direction

elevation '

Z = elevation of ball
= f(t, Wo. . Q)

Z = 0 (datum plane)

FIGURE 7-23

Setup for dimensional analysis of a
ball falling in a vacuum. Elevation z is
a function of time t, initial vertical
Speed w,, initial elevation z,,, and
gravitational constant g.

Basic Dimensions

®

Us) N_iSh
Acceleration LT LT =
Angular Velocity T-1 T
Area L2 L=
Mass Density | FL4T2 MmL3
Weight Density FL® | ML2T2
Force (weight) F MLT 2
e | i | o
Length L L
Mass FL-T 2 M
Power FLT-' | mLeT-3
Pressure FL2 | mLT-2
Surface Tension FL- MT =
Velocity LT LT
Viscosity FL2T | mLiT!
Volume L2 L2
Volume Flowrate | 371 L3171
Work, Energy FL ML=T =

> Basic Dimensions of Common Parameters that are used in n- Theorem

https://www.ecourses.ou.edu/cqi-

bin/eBook.cgi?doc=&topic=fl&chap s

ec=06.1&page=theory
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2- 1ti- Theorem or Pl Theorem: Solution Procedure steps
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Number of dimensionless constants =
involved)

(Number of variables) — (number of fundamental units

Example:

See examples in the table below:

Number of Number of fundamental Nuniber of

Given sei af variables variables units consfanis dimensionless
Constants Constants

Legt 3 2(LT) 3-2=1
Lwg 3 2(LT) 3-2=1
pDpQ 4 J(LMT) 4-3=1
EDovp 5 LMD i=3=2
QHgYy 4 2(LN 4-2=2
DN p R 5 3(L.MT) 5-3=2
LvppgR 6 (LM 6-3=3
Ap, D1 p vt 7 3(LMT) 7-3=4
lvp W ER ] ILMT 6-3=3

{iv) The repeating variables, each raised to an index, are grouped with a non-repeating variable
to form a dimensionless constant. For example, if the given variables are F, D, v, p, g, p then
since there are 6 variables involving 3 fundamental units, we can frame 6 — 3 = 3 dimensionless
constants. Since three fundamental units are involved we should select three repeating
variables. Obviously, the best choice of repeating variables will be D, v and p.

The three dimensionless constants are given by —

n, = D& ],blpﬂ Fir, = Dd'vb'pc"g

and 3 = D%ybipty,

https://www.engineeringenotes.com/fluids/dimensional-
analysis/dimensional-analysis-of-a-fluid-methods-
equations-buckingham-pi-theorem-and-table/47411
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2- - Theorem or Pl Theorem: Solution Procedure steps
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Example: iy G S (5 5
The simple pendulum |[edit]
We wish to determine the period T of small oscillations in a simple pendulum. It will be assumed that it is a function of the length L, the mass ol
M, and the acceleration due to gravity on the surface of the Earth g, which has dimensions of length divided by time squared. The model is of _
the form o - [ Pm\olﬂ\j
I(T,M,L,Q)ZD \N\".’\K_‘-L 2
(Note that it is written as a relation, not as a function: T isn't written here as a function of M, L, and g.) W= /\I\L\Cﬁ =R -~ "
A =7 W =
There are 3 fundamental physical dimensions in this equation: time £, mass m, and length £, and 4 dimensional variables, T, M, L, and g. B o :V%,_f L\
Thus we need only 4 - 3 = 1 dimensionless parameter, denoted m, and the model can be re-expressed as ?('m E(M\—TE) ay A
-
fm) =0, M e R oy
where 7 is given b e v o o
given by MLT = M- T
o= T" M™% gh . —- = 4]
pass —> U7 U;\\ 2\ = O = -\
T=T"M"L'g Lgughin =3 ORBET o gl
2 : e, 2 B A BT
=gT*" /L ‘
1 R \
=
m
g

https://en.wikipedia.org/wiki/Buckingham %CF%80 theorem
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Nondimensional Parameters

2

Dimensionless Parameters t =r Vl

>
>

Re rvi f - mV
» Reynolds Number - m S

Fr = L f =r
> Froude Number Jal <=8
_ V2 .
» Weber Number W= Gp f, = 12
_ g, sl
» Mach Number =Y v

E

c (Dp+r gDZS

»> Pressure/Drag Coefficientsc - 2D ] B;=
P r VZ ,OV 2A

» (dependent parameters that we measure experimentally)

Drag coefficient

Eckert number

Euler number

Fanning friction factor

Fourier number

Froude number

Grashof number

Jakob number

e Knudsen number
S

_ K Drag force
P 1pvia Dynamic force
N Kinctic ccrgy
cpl’ Enthalpy
— ﬁ_P( — ) Pressure difference
pV? ipV?] Dynamic pressure
P 3:1 Wall friction force
I pv? Inertial force
. at Physical time
Fo (sometimes 1) 2 T s
Fr= : (samnm ) &
VL L Gravitational force
o gBlA|TLp? Buoyancy force
p.z Viscous force
fy o T~ T Sensible energy
3 = — e
h, Latent energy
Kn = A Mean free path length
L Characteristic length

L

https://www.slideserve.com/joy/dimensional-analysis-and-similitude

https://www.slideshare.net/ADDISUDAGNEZEGEYE/fluid-mechanics-chapter-5-dimensional-analysis-and-similitude

Note: Just for briefing, you can See table 7-5 in the fluid mechanics book (pp.287-288)
that shows some nondimensional parameters.
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2- - Theorem or Pl Theorem: Explanatory question

The elevation z of the ball must be a function of time f,
initial vertical speed w,, initial elevation z,, and
gravitational constant g (Fig. 7-23).
Solution: List of relevant parameters: z = f(t, wp, Zp, Q) n=>5
7 t Wp Iy g
{L" {t {L't™ {L" {L't™%
n=5&m=2: n.= n-m=5-2=3
Repeating parameters: wp and zg
Dependent IT: I, = Wiz (7-15)
Dimensions of I1,: {I1,} = {L%°} = {zwdzd} = {L(L't "D}
Time: Y = {t*} 0= —a, a,=0
Length: {L°} ={U'L*L™} o0=1+4+a,+by b=-1-a b=-1
Equation 7-15 thus becomes
z
I1, = Z_-s- (7-16)

First independent IT: Equating exponents,

Fig. 7-23 &
Wy, = initial vertical speed

g = gravitational
acceleration in the
negative z-direction

7, = initial
7 = elevation of ball

elevation ' L
=f(t wo, Zp. )

Z = 0 (datum plane)

Time: {1={"t* o0=1-a, a,=1
: : . — 0 — 701 — 1+ —1ya;) b
Dimensions of TI,:  {T1,} = {L%°} = {tw§zi} = {t(L't ")} lengih: () = {L5%)  O—mab, b= -2, b= 1
I1, is thus
ng :W_Ut (7-17)



2- - Theorem or Pl Theorem: Explanatory question

Finally we create the second independent IT (II;) by combining the repeat-
ing parameters with g and forcing the I1 to be dimensionless (Fig. 7-26).

Second independent I1: I1; = gwizl

Dimensions of IT;;: {11} = {L%°} = {gqwgzy} = {L't 2(L"t ")»L%}
Equating exponents,

Time: tr={tt&%3% 0=-2-a, a;=-2

Length: {L% ={L'L*L>} o0=1+a;+b; by=-1-a; by=1

I1; is thus
0Zp
]._[3 = — (7-18)
G
7 -1/ W
MDd|f|Ed HE: Hgf modified — (Q_g) {II_ = Fr (7-19)
Wa V azy
. . z Wol W
Relationship between I1's: [T, = f (I, I13) — — = ( 'D, D_)
EU EU \IQEU

Or, in terms of the nondimensional variables z* and t* defined previously
by Eq. 7-6 and the definition of the Froude number,

Final result of dimensional analysis: z* = f(t*, Fr) (7-20)
z _ wt

Nondimensionalized variables: * = - t* .
0 0

(7-6)

10



2- - Theorem or Pl Theorem: Explanatory question

Example: Flow in a Circular Pipe For a better illustration of the use of dimensional

analysis, take fluid flow in a circular pipe.

Solution: n=7 &m =3 ; n=n-m=7-3=4

The pi terms are then given by:

HI - i'l.pDal"u"mpM
HE - |Da21lllrb2p|:2
]._I3 - HDEEUDEPES
I, = EDac‘rvhdpcﬂf

The exponents of the first pi terms are determined as
follows:

HI - jpDaIvb“lpE*l — {ML-“IT-E:I{L]E“I{LT-*I:IM[ML-
H-:IEI
= M[*I + 1) L[-I +al+bl-3ct) T{-.'J_' - b1

In order f{:rl'LI to be dimensionless:

M: 1+cl1=10
cl=-1

T 2-bB1=10
b1=-2

L: 1+al+b1-3c1=10
al=3(-1)-{-2)+1=0

Hence, I1; is determined to be AplpV2.

!f"'h

v
e P D
I o .
Fluid Flow in a Circular Pipe
Quantity Symbol MLT
Pressure Drop Ap ML 1T2
Pipe Length | L
Fipe Diameter D L
Fluid Velocity v L T-1
Fluid Density p ML=
Fluid Viscosity T MLT!
FPipe Surface . L
Foughness

https://www.ecourses.ou.edu/cgi-
bin/eBook.cgi?doc=&topic=fl&chap sec=
06.1&page=theory
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2- - Theorem or Pl Theorem: Explanatory question

Since the basic dimension for the pipe length lis L, by
inspection, the second pi term is given by (a2 = -1, b2
=0 andc2 =10

II,=1/D

Similarly, the last pi term is given by (a4 = -1, b4 =10 F_{:r flow in a circular pipe, the pressure drop is then
and c4 = 0}; given by

[y =¢D Ap/pV2 = function(l/D, /D, Re)
The exponents of the third pi terms are determined as

follows:

H3 - HDESUbSPESZ {ML'1T'1 HL]EEI-{LT-*I ]IhE'I:M L-3}E‘.3
— pall 3 -1 3+b3-3c3 -1 -b3 ’
= M+ 3] LT =23+ b3 - 363) 701 -b3) https://www.ecourses.ou.edu/cgi-

In order for I15 to be dimensionless: bin/eBook.cgi?doc=&topic=fl&chap sec=0

6.1&page=theory

M: 1+c3=0
c3d=-1

T -1-b3=0
b3=-1

L: 1+a3+b3-3c3=10
ai=3-1)--1)+1=41

Hence, I1; is determined to be w/pDV. Recognizing

that the inverse of the pi term is also dimensionless, 12
the third pi term can also be written as pDV/u, which

is the Reynolds number (REe).
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Examples

Example,: Primary Dimensions of Surface Tension

An engineer is studying how some insects are able to walk on water (Fig.7-2). A fluid
property of importance in this problem is surface tension (o.), which has dimensions of
force per unit length. Write the dimensions of surface tension in terms of primary

dimensions.

FIGURE 7-2

The water strider is an insect that can
walk on water due to surface tension.
© Dennis Drenner/MVisuals Unlimited.

SOLUTION The primary dimensions of surface tension are to be determined.

Analysis From Eq. 7-1, force hab dimensions of mass times acceleration, or
{mL/t?}. Thus,

m - L/t?
L

Dimensions of surface tension: {o.} = { F:}rce} = {
Length

} = {m/t} ()
Where:
Length

Dimensions of force: {Force} = {Mass : E} = {mL/t?} (7-1)
Time

13



Homeworks:

HW1: Using Buckingham Pi theorem, determine the dimensionless P parameters
involved in the problem of determining pressure drop along a straight horizontal
circular pipe shown below. The relevant flow parameters are:

* Ap pressure drop,

* p density,

* Vaveraged velocity,
* uviscosity

* L pipelength

* D pipe diameter.

Hint: Use the following product groups:

k

» Groupl:p,V,D, Ap
» Group2:p,V,D, n
» Group3:p,V,D, L

https://www.chegg.com/homework-help/questions-and-answers/using-buckingham-pi-theorem- 14
determine-dimensionless-p-parameters-involved-problem-determin-q23654965
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»Note:

= Solve all five Homeworks and sending
me the answering next week on Sunday
21March 2024.

= Read examples 7-7 & /-8 in the fluid
mechanics book (pp.290-293)

I hope everything is clear for all students

“*Good luck

15



