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Abstract

The research aims to design and construct a device to measure the drag
coefficient for the free falling and accelerating bodies in different fluid
mediums.

Four main factors are know to have an effect on free falling bodies.
These factors are: shape, size density of the body and density of the medium
through which the body travels.

In this study, spherical and cylindrical shape bodies were investigated.
Carbon steel and glass spheres of diameter range (0.5-20 mm) were
considered also carbon steel cylinders of I/d range (1.33, 1.375, 1.44, 1.54,
2.5, 3.33, 4) were investigated. Water and air media were used through which
the falling bodies were allowed to drop.

The experimental results revealed that the speed of the falling bodies
increases with displacement until terminal velocity is reached. This was true
for both shapes and water medium and the experimental results were found to
follow the theoretical ones with insignificant variation specially at low
velocities.

Drag coefficient was calculated after the establishment of the terminal
velocity for each body shape used in the case of free falling and hence the
relation between drag coefficients and Reynolds number were determined.

The comparison between the practical and the theoretical results shows
that the practical one is very close to the theoretical in the establishment of the
terminal velocity. While the practical results related to the drag coefficient

were very close to that obtained from the Reference [16].



Appendix A

Numerical Solution of Ordinary Differential Equation —Initial-

Value Problems Using Runge-Kutta Methods

The numerical solution of initial-value problem that involve
nonlinear ordinary differential equation is considered in this section.
Where the Runge-Kutta methods were introduced for solving the first-and
second —order equations. They are applied in this chapter for finding the

motion of a free —falling sphere through air or any another fluid.

Considering the simplest case of a first-order ordinary differential
equation having the general form
dx/dt =f(x, t) a-1
Where f 1s an analytic function. If at a starting point t-ty the function
x has a given value Xx,, it is desired to find x (t) for t>t, that satisfies both
(a-1) and the prescribed initial condition. Such a problem is called an
initial-value problem. To solve the problem numerically, the axis of the
independent variable is usually divided into evenly spaced small intervals
of width h whose end points are situated at
t=to+i*h, [=0,1,2... a-2
The solution evaluated at the point t; is denoted by x;. Thus, by
using a numerical method, the continuous function x (t) is approximated
by a set of discrete values x;, [=0,1...as sketched in fig (a 1). Since h is
small and f is an analytic function, the solution at any point can be
obtained by means of a Taylors series expansion about the previous
point.

Xie1=X(tis1)=x(t;th)=x+h(dx/dt)+h*/21*(d*x/dt*)+h*/31*(d*x



/dtV+. . a-3
=xith*fi+h*/2! *f+h*/31 *f'r ...

Where f"; denotes d'f/dt" evaluated at (x;, t;). f is generally a
function of both x and t, so that the first-order derivative is obtained
according to the formula

df/dt=cof/ot+dx/dt*of/ox a-4

Higher-order derivatives are obtained by using the same chain rule.
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Figure a.1 Numerical solution of an ordinary initial-
value problem.

Alternatively (a-3) can be rewritten as

Xir] =X; T AX; a-5
Where
Ax; =h*f+h?*0/214+h>*f" /31 +. . a-6

Starting from [=0 with x, given and Ax, computed based on any
desired number of terms in (a-6), the value of x; is first calculated. Then,
by letting=1,2,etc. in (a-5), the values of X,, x;, etc, are obtained

successively.



Theoretically, if the number of terms retained in (a-6) increases
indefinitely, the numerical result from this marching scheme approaches
the exact solution. In reality, however, it is not permissible to do so, and
the series has to be cut off after a certain finite number of terms. For
example, if two terms are retained on the right-hand side of (a-6) in
computing Ax;, the value of x;;; so obtained is smaller than the exact
value by an amount (h’/3!) f +(h*4!) £ +... .For small h the first term is
dominant. We may say that the the error involve in this numerical
calculation is of the order of the h’f;, or simply O (h’f;). This is the
truncation error that results from taking a finite number of terms in an
infinite series.

It 1s termed Euler s method when only one term is used on the
right-hand side of (a-6). The truncation error is O (h’f;), and the method
should not be used if accuracy is demanded in the result..

It 1s impractical to use Taylor’s series expansion method if f is a
function that has complicated derivative. Furthermore, because of the
dependence of the series on the derivatives of f, a generalized computer
program cannot be constructed for this method. The nth-order Runge-
kutta method is a commonly used alternative. Computations in this
method require the evaluation of the function, f, instead of its derivative,
with properly chosen arguments; the accuracy is equivalent to that with n
terms retained in in the series expansion (a-6). The second-order Runge-

kutta formulas are

Xi+1=Xi+h*f(Xi+1/2* Alxi, ti+1/2*h) a-7
Where
A1Xi :h*f(Xi, ti) a-8



For better results the following fourth-order Runge-Kutta formulas
are usually employed:

Xi+1=Xi+1/6(A1Xi+2 A2X1+2 A3Xi+ A4Xi) a-9

In which the increments are computed in the following order:

Ax;=h*{(x,;,t;)

Axi=h*f(x;+1/2* Aix;, ti+1/2*h)

Asx; =h*f(x;+1/2* Ax; t+1/2%*h) a-10
AgX; =h*f(x;+1/2* AzX;,ti+h)

The derivation of these formulas can be found, for instance, in [29].
In the fourth method the dominant term in the truncation error is (£/5!)
£,

Unless the slope of the solution is very steep, satisfactory results are
usually obtained with reasonably small h. Runge-Kutta methods can be
extended to solving higher-order or simultaneous ordinary differential
equations. Consider a second-order equation of the general form

d*x/dt* =F(x,dx/dt,t) a-11

Accompanied by the initial conditions that x=x, and dx/dt=p, when
t=to.by calling the first-order derivative a new variable p, the equation (a-
9) can be written in the form of two simultaneous first-order equations

dx/dt=p a-12
dp/dt=F(x,p,t)

With initial values x (ty) =X and p (to)=po. The fourth=order Runge-
Kutta formulas for marching from t; to ;;,are

Xi+1:Xi+1/6(A1Xi+2 A2X1+2 A3Xi+ A4Xi)



pi+1:pi+1/6(A1pi+2 AZpi+2 A3pi+ A4pi) a-13

In which the individual terms are computed in the following order:
Ax=h*p;
Api=h*F(x;,p;,t)
Axxi=h(pi+1/2* Ap;)
Aop=h*F(x;+1/2* Ax;, pit1/2* Ajp;tit1/2*h) a-14
A sx=h*(p;i+1/2* A2p))
Aspi=h*F(x;+1/2* A2x;, Yo* Aspi,tit1/2%h)
Agxi=h*(p;+ A3pi)
Agpi=h*F(xi+ Asxi,pi+ Aspi,tith)



CHAPTER ONE

INTRODUCTION

1-1 GENERAL

For a relative motion between a body and a fluid ,as when a body
moves through a fluid at rest or when a fluid flows over a body ,there are
certain forces exerted on the body . The component of the force in the
opposite direction of the relative motion is called drag force .Measuring
this force has a variety of practical applications in the field of fluid
mechanics for both internal and external flow. Different applications for
external flow are the flow around aerofoil, flow around cylinders,
wiers,sedimentation,or improvement of combustion and the minimaztion
of erosion by droplets in large turbines.[1]

This drag force was found to depend on several factors including,
the shape,alttiude, size of the body, the density and viscosity of the fluid.
Also it depends on the velocity of the relative motion between the body
and the fluid. Also the drag force depends on surface roughness of the
body and the unsteadiness or turbulence in the fluid stream .

The drag force, at low velocities exerted between a solid body and a
fluid flowing round it is due mainly to are pressure drag and the skin
friction drag forces. As for the latter part is caused by the viscous shear
forces in the boundary layers forming on the surfaces of the body . on the
other hand, pressure drag is caused by the eddies forming in the wake of
the body ,which cause eventually lower surface pressure and therefore

resulting in drag forces .In Bluff bodies the major part of the drag is the



pressure drag .This creates interest in the investigation of the wake
dynamics as the source of the pressure drag . The wake dynamics is
reported to depend highly on the Reynolds number.

While the wake is steady for very small Reynolds numbers,laminar
vortex shedding occures for intermediate Reynolds numbers ,and the
wake becomes turbulent for high Reynolds numbers . Accordingly,the

pressure drag varies depending on the wake dynamics.[27]

1-2 Streamlined and Bluff Bodies

A body is said to be streamlined if, when placed in a flow, the
surfaces of the body tend to coincide with stream-surfaces. The
streamlines, therefore, conform to the boundaries of the body. The
boundary layer may commence at the leading edge but the layer grows
from laminar to turbulent and does not separate until the trailing edge on
a streamlined body. Consequently, there is none or little eddying zone
and wake formation behind a streamlined body. However, A body may be
streamlined at low velocities but not be so at higher velocities. And a
body may be streamlined when placed in a flow in a particular direction
but may not be so when placed in another direction. An example of
streamlined body is a thin aerofoil when subject to a flow. Streamlined
body experiences drag mainly due to the skin-friction at its surfaces.
Normally, Streamlined bodies are employed to provide lift, i.e., force
normal to the direction of the free stream. Since the drag on a streamlined
body is low, the lift/drag ratio is high. Flight of birds is attributed to the
production of high lift/drag ratio by virtue of wings attached to their
bodies.

Mean while a body is said to be bluff if it requires the flow to turn
suddenly subdivided it by separation at or near the leading edge. Thus, a
bluff body may inhibit the formation of a boundary layer. The drag on a



bluff body is mainly due to the eddy-formation and wake effect. Bluff
bodies are used to promote turbulence and mixing of flow with other
substance and to accelerate diffusion in combustion chambers.

While a streamlined body is characterized by high skin-friction

drag ratio, a bluff body is characterized by high form-drag to skin-friction
drag ratio.[21]

1-3 Classification of Drag

When a fluid flows past a body immersed in it the following
phenomena come into play:

Region (a): Divergence of streamlines with a consequent decrease

in velocity and the occurrence of stagnation points up stream of the body,
which divides the flow into two streams.

Region (b): Boundary layer flow; laminar boundary layer until a
certain distance and turbulent boundary layer thereafter on the surfaces of
the body.

Region(c): Separation of the boundary layers at one or more surfaces
and rejoining of two streams at different velocities, resulting in a surface
of discontinuity which breaks up to form vortices.

Region (d): Shedding of vortices behind the body to constitute the
wake. The size of the wake is large if the separation takes place early in
the boundary layer flow over the surfaces.

These phenomena are illustrated in fig (1) where the flow around
the bridge pairs is sketched. The regions corresponding to the above
phenomena are marked (a), (b), (¢), and (d) respectively.

Consideration of the flow pattern around a body reveals that the
fluid dynamic drag may be of different region. Formation of boundary
layer and shear stresses at the surfaces in region (b) give rise to skin-
friction drag. Formation of eddies and wakes in the region (d) result in

pressure drag. The extent of pressure drag depends upon the body form of



the body. The pressure drag may far exceed the skin -friction drag for a
badly designed or badly oriented body with respect to the flow. If a body
is partly immersed in a liquid, the flow would include the formation of
gravitational waves which result in wave-drag. On other hand, if the
immersed body travels at transonic and supersonic speeds, the
compressibility effect would give rise to wave-drag. The skin-friction
drag and the form drag are generally taken together under a single name
profile drag because both of them depend the profile of the body in
relation to the direction of flow.

The drag due to three-dimensional nature of flow and finite size of
a body is called induced drag. The induced drag is due to the induced
component of velocity and vortices distribution along the span of the
body. For instant, the induced drag on an aerofoil of a finite span depends
upon the lift on the aerofoil as well as on the distribution of the lift over
the span of the aerofoil.

Types of drag and their dependence on different factors are shown
table (1).

The compressibility drag has its origin in the phenomena due to
changes in density as the flow proceeds. At high speeds of flow, in the
high subsonic range, boundary layers are thicker and grow faster due to
compressibility effect. In supersonic flows, shock formation is
accompanied by excessive energy loss. Further interaction of shocks
wave may be formed. Thicker boundary layers and shock with boundary
layers cause disruption of boundary layers and consequent excessive form
drag. In hypersonic flows, the drag may practically stay constant. The
effect of compressibility is different for different bodies. A cylinder
would experience much more compressibility drag than a sharp- nosed

projectile.



The gravitational wave drag is experienced by a body towed in a
free surface flow or when a body is placed at the interface of air and a
liquid. Under such conditions, the gravitational forces are of the same
order as the inertia forces and hence the flow pattern is considerably
influenced by the formation of gravitational waves. Surface waves are set
up energy dissipation. Gravitational waves are formed ahead of, on the

sides and at the rear ends of boats, ships.

- : o ’

Figure (1-1) flow past the immersed body



CHAPTER TWO

LITERTURE REVIEW

2-1 General

The measurement of the drag coefficient has received considerable
attention since the early days of the last century. Several mathematical
models and experimental studies were carried out to estimate such
coefficients for the measurement of several shapes against the flow of the
two types of fluids. However, the development of mathematical model
for estimating drag coefficient values is primarily based on measurement
accuracy. The literature includes both theoretical and experimental
studies. The drag coefficient may equally be measured in both Newtonian
and Non-Newtonian fluids by using the terminal velocity provisions
2-1 Theoretical Studies

A N. Pavlov, S.S. Sazhin, R. P. Fedorenko, M. R. Heikal [2]
reported the detailed results of numerical calculations of transient, 2D
incompressible flow around and in the wake of a square and cylindrical
prism at Re =100, 200, and 500. They described implicit finite-difference
operator-splitting method, a version of the known SIMPLEC-like method
on a staggered grid. The method was found to have second-order
accuracy in space, conserving mass, momentum and kinetic energy. As
for the elliptic pressure problem, a new modification of the multigrid
method was employed. Calculations were performed on a sequence of
spatial grids with up to (401x321) grids points, at sequentially halved

time steps to ensure grid-independent results. Three types of flow were



shown to exist at Re=500, a steady-state unstable flow and two transient
fully periodic and asymmetric about the centerline but mirror symmetric
to each other. Discrete frequency spectra of drag and lift coefficients were
presented. On the other hand Arnal, M. P., Goering [3] reported the
detailed results of numerical calculations of transient flow around a bluff
body in 2D and 3D for (Re=100,500,1000). Calculations were performed
on a sequence of spatial grids with up to (120*137) grid points using
explicit Runge-Kutta approximation of momentum equation.

Chven-Yenchow [6] reported the special problem of incompressible
flow past a sphere, where the Galerkin method was used to solve the
Navier-stokes equation for Re =10,100, and 300 and calculate the drag
coefficient. Streamline plots showed an almost fore-after symmetric flow
pattern at Re=10. The expansion in the separated flow region as the
Reynolds number increased from 100 to 300 was also seen.

Davis, H.W. and Moore, E.F. [9] and davi, R.W., E.F. and purtell,

L.P. [10] reported detailed results of numerical calculations of transient
flow around rectangular cylinders at Re=100,200,and 800. Calculations
were performed on a sequence of grids (61*74). Using “QUICKEST”
method. Kondo [24] reported his study about the flow around
rectangular cylinders where the finite element method was used to solve
the incompressible Navier-stokes equations and calculate the drag
coefficient, at Re =10* with grids up to (1.4x 107

Li and Humphrey [25] showed the numerical results of flow around
a square cross sectional cylinders with various orientations for (Re range
from 100 to 1000) where explicit Runge-Kutta approximation of
momentum equation in time was used, the number of staggered grids up
to (100x55). Okajima et al. [30] Introduced the numerical results of
comparison between laminar and turbulent flows around rectangular

cylinders where (Re=1,4,7x10°) approximation of momentum in space



and time method was used, and found that the laminar model provides
more adequate results than the turbulent model. Xi [39] studied the flow
around fins for different cross sections at Re=180,200. They used fully
implicit approximation of momentum equation in time where the grid
reached up to (380x130). Wissink [32] reported the use of the direct
numerical simulation approach to predict some characteristics of two-
dimensional turbulent flow at Re=10".

More over Zhng, and Balachander [38] Tackled numerically the
problem of the fluid flow around three dimensional fin heat exchangers at

the range of Re =18 to 750.
2.3 Terminal Velocity Measurement

The measurement of terminal velocity is used to measure the
viscosity in a falling sphere viscometer, The measuring of the unknown
viscosity system consists of a tall vertical transparent tube filled with
fluid, provision is made to release and drop a spherical ball. After a short
distance of travel, the ball acquires a constant velocity. The time to
traverse a known vertical distance between two fixed marks on the tube is
noted to calculate the terminal velocity U of the ball. The expression to
determine the dynamic viscosity was obtained. [18]

Blake, R.W. [4], Gal, .M. [14], Webb, P.W. [33] had reported that
to generate a steady flow relative to an object or to move the object at a
constant speed through a stationary fluid. In the laboratory a motor-driven
translating table commonly generates this steady movement. However,
steady movement through a stationary fluid also occurs when a falling
object has reached terminal velocity; the object is no longer accelerating
under the influence of gravity and its velocity remains constant with the
further passage of time. The phenomenon of terminal velocity may be
exploited to provide steady flow relative to an object for the purpose of

estimating the drag within range velocities. This method is appropriate



for applications other than falling under the influence of gravity has been
used to estimate drag on fish and frogs and it is used for drag
measurement on slower or smaller object.

Clift, R., Grace, J.R.and Webber [5] had made development the 12
different empirical equation was listed all with (0<Re<3*10’) for spheres
and the other simple shapes.

CILOUDON and ZHANG [7] reported measuring the drag
coefficient of spheres and simple shapes like antennae using terminal
velocity method. The Reynolds numbers for the falling spheres ranged
from 44t0306. Individual spheres (3.175-mm diameter plastic spheres of
1138 kg m™ density and 6.35-mm diameter glass spheres of 253kg m™
density) were allowed to fall inside a Perspex box (0.15mx 0.11mx0.20m
high) filled with aqueous ethanol or glycerol solutions or water at
temperature ranging from 18.2 to 26 c (depth of the fluid was 0.17m).

Falling objects were videotaped from the side using a Panasonic
WV CL 1200 camera at standard speed (60 fields/s) in a horizontal
orientation from a distance of a 2 m. The terminal velocity for any
individual drop was estimated from the average velocity for the middle
third of the 0.17 m fluid height in the tank. The results for the drag
coefficients of the spheres estimated using theoretical equation were
within 10% of the values predicted from theoretical equations. It
concluded that the drag measured on single antenna using the terminal
velocity assays were comparable in magnitude to drag measured on
antenna using a different method in a wind tunnel.

Douglas [8] used terminal velocity method to graph the relation
between (C4 Re®) with (Re) where Re is the terminal Reynolds number at
the terminal velocity for a simple shape like sphere.

G. Matijjasl and A Glasnovic [13] measured drag coefficient of

spheres, in non-Newtonian fluids where the evaluation based on the

10



mathematical equation is very significant. Development of mathematical
model for estimating drag coefficient value is primarily based on
measurement  accuracy. The experiments were run  using
carboxymethylcellulose (CMC) aqueous solutions with different
rheological properties that were determined by viscosity measurement.
Approximately 200 experimental results were obtained using spherical
particles of different materials and diameters. Measurements of its falling
velocities were carried out in glass tube. An optical method of
measurement was developed for this purpose.

Joseph [18], J.F. Douglas [17] showed the falling sphere
viscometer used to measure the viscosity of many types of liquid for Re
<1, where the terminal velocity of falling sphere was obtained from
measurement.

J.S.Mcnown [19] discussed the effect of wall, the liquid is
contained in a tube, the wall effect influence the drag force and hence the
fall velocity. It has been found that the wall effect can be expressed
approximately as

V/U=1+(9d/4D)+(9d/4D)*

Where D is the tube diameter, and U represents the fall velocity in
the tube .The above equation is reliable only if d/D< 1/3.

Thomoson and A.F.Kuckes [28] was estimated the viscosity of
glycerin by measuring the velocity of a falling sphere. The velocity of the
falling sphere can be measured by noting the time at which it moves
through each of the four light beams. The essence of the following
experimental work was to write programs in order to measure the

required time and to graph the resulting data.

N. Mordant and J. F. Pinton [29] studied experientially the motion

of a solid sphere settling under gravity in a fluid at rest, the particle

11



velocity was measured with a new acoustic method, It was based on the
measurement of the Doppler shift of an ultrasonic wave scattered by the
moving particle.

Variation of the sphere size and density allowed, measurements at
Reynolds numbers, between 40 and 7000. Comparison of the dynamics of
spheres of different densities for the same Reynolds number showed that
the density is an important control parameter. Light spheres showed
transitory oscillations at Re approximately 400, but reach a constant limit

speed.

2-4 Scope of this Work

The measurement of the drag coefficient of any body through
movement through fluid medium rests, for the fore seen future, of
significant importance in experimental fluid mechanics.

Although the measurement of the drag coefficients using the wind
tunnel dominated the field, the terminal velocity measurement in order to
predict the drag coefficient device has its equal significance. In this work,
a terminal velocity measuring device will be designed and constructed.

In order to assess the potential of this system, several experimental
runs are to be carried out by the free falling of spheres and cylinders of
several densities in water fluid mechanics. By measuring the terminal
velocity, it is then compared to the theoretical results that were obtained
by solving the equation of the free falling body using Runge-Kutta
numerical scheme using already published drag coefficients. And
experimental run is to be carried out by force falling of steel sphere. By

measuring the velocities at three stages and then substitute in equation (3-

11).
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CHAPTER THREE

THEORETECAL WORK

3-1 Introduction

When a body is allowed to drop in a fluid, it acquires a velocity U
such that it remains constant thereafter. For example, if a body is
dropped, starting from rest, in the atmosphere it will accelerate under the
action of its own weight, i.e., with acceleration due to gravity. As the
speed of the body increases, the body will experience a drag force that
tends to oppose the motion of the body. The drag force increases with the
velocity of fall. At the terminal or equilibrium state, the upward drag
force would just balance the downward weight force and the net force
acting on the body would be zero. Under this state of no external force
acting on the body, the body has no acceleration and hence it attains a
constant velocity called the terminal velocity. The velocity of a falling
body cannot be more than the terminal velocity. In other words, the
terminal velocity is the maximum attainable velocity by a freely falling
body in an environment.[21]

The concept of terminal velocity holds for a simple body such as a
sphere or for a composite body such as a paratrooper together with the
parachute. It may also be realized that the terminal velocity is low for
high-drag bodies and high for low-drag bodies. At the instant the body
has acquired the terminal velocity, the body must be in equilibrium, i.e.,
the net force on the body must be zero. The weight of the body, the drag

force and the buoyancy force must add to zero.

13



3-2 Problem Formulation

This section is constructed to study the motion of the body falling in
a fluid formulating the body motion, including the forces caused by the
surrounding fluid, and then perform the numerical solution using Runge-
Kutta method and then presented the associated computer program.

Because of the available drag data a cylindrical body was preferred
as two-dimensional example, and a spherical body was preferred as three
dimensional body examples.

The z-axis is chosen in the direction of gravitational acceleration g;
its origin coincides with the center of the cylinder and sphere at initial
instant t=0, assuming the cylinder is of diameter (d;) and length (I;) and
mass (my) is at a distance z from the origin and has a velocity v, and the
sphere is of the diameter (d) and mass (m) both are surrounded by a fluid
of density pr and kinematics viscosity v.In vacuum the only external force

acting on the body is the gravetential pull, mg, in the positive z

direction. While moving through a fluid it is acted upon by the following

additional forces:

1. The buoyant force, According to Archimedes principle, the
buoyant force is equal to the weight of the fluid displaced by

the body. It has the expression —mg, where

For a sphere m, = (n /6)a’3 p 3-1
For a cylinder m, = 7rzDzlpf 39
Then Fy=m,g

3-3

14



2. The force on an accelerating body. When a body immersed in
a stationary fluid is suddenly set in motion, a flow field is
induced in fluid. The kinetic energy associated with the fluid
generated by moving the body against a drag force. This

force is

F,=-1/2%m dv/dt 3-4

3. The force caused by viscosity. Around a body moving
through a real fluid, a region of rapid change exists adjacent

to the surface.[17]

F,=1/2C,4v’p, 3-5
4. Wave drag. When the speed is comparable to the speed of
sound in a fluid medium, shock waves may develop on or
ahead of the body, causing a wave drag. However, for show
free dropped body this force can be limited.
3-2-2 The Governing Equation
Applying the Newton’s law of motion to a spherical body, moving

at subsonic speeds the wave drag can be safely omitted [6], has the form

Fd+Fg+Fb+Fh=m§ 3-6
t

Substituting from (3)(4)(5) becomes

1 dv 1
2 dt 2

v_ 3-7
m—=mg—m.g-—

7 C, pfva

So that the direction of viscous drag is always opposite to the

direction of velocity . after rearranging, it can be written as

1 dv T 3-8
(m+§msz:(m—mf)g—ECDpfvzdz

15



For sphere m= %D3p 3-9

For cylinder m= TEZDZZ p 3-10

The left-hand side indicates that in an accelerating or decelerating
motion through a fluid, the body behaves as the added mass. Substituting
equation (3-1) for falling sphere, and equation (3-2) for falling cylinder,
and from equation (3-9) for sphere, and (3-10) for cylinder become

dv 1 3-11
?‘;zz[B—Cvzcd]
with
dz 3-12
—=v
dt
v dv
dt  ds 3-13
where
— Py 3-14
p:_
p
For sphere  A=1+—p
B=(1-ple 3-15

16



For cylinder A= +%E)
- 3-16

These equations fit the general form (3-29) and can be solved by
applying Runge-kutta method, however in the following section the
equation (3-7) will be solved to find a term for the terminal velocity
where the case of no memory was considered [27].

3-2-3 The Terminal Velocity

When a body traveling at the terminal velocity, the gravitational
force is balanced by the sum of buoyancy and viscous drag, so that the
acceleration is zero. From equation (3-8) an expression is derived for the

terminal velocity

v _2mg(p—p,) 3-17
A4,pCpp,
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3-3 IMPERCAL Values Of Drag Coeftficient
A-The sphere

For numerical computation, we need an empirical value for the
drag coefficient c4. To present it in a form suitable for the computer
computation, the general published curve [6] for a sphere is replaced by

several broken lines, as shown in Fig (3-1) .

102 T [ T
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Figure 3.1: Empirical drag coefficient of
sphere [6]

To the left of the point a, where Re<1, the Stokes formula

2
Re

is used, which coincides well with the experimental curve for Reynolds

numbers that are much less than unity and deviates only slightly from it

in the neighborhood of the point a (where Re=1,c4=24).On the log-log

plot a straight line is drawn between points a and b(where

Re=400,c4=0.5)to approximate the actual curve, which gives

24

Re 0.606

for 1<Re<400

C; =
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Between b and ¢ (where Re=3x10"), we assume that the drag
coefficient has a value of 0.5. The abrupt drop of drag coefficient around
c is an indication of transition from laminar to turbulent boundary layer
before flow separates from the body surface.

Another  straight line is drawn between d (where

Re=3*10",c4=0.008) and e (where Re=2*10°c4=0.18). Thus

¢, =0.000366 x Re"*" 3x10° <Re£2><106
Finally in the high Reynolds number region beyond e, a constant value of
0.18 is assumed for the drag coefficient.
B-The cylinder
For the numerical computation, In a similar manner to the sphere
computation defining the value of the drag coefficient Cy the empirical

functions of a cylinder.

Fig 3.2: Drag coefficient for smooth cylinder and
sphere[21].
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Between a and b

2388

Cd W O 1<Re< 1 0
between b and ¢
1.624
Cd = W 10<Re<2000

For Re between ¢ and d the drag coefficient may be
approximately constant (cq=1.1), and for Re between d and e

c, =6.293x Re**” 2x10° <Re<2x10°

Finally, in the high-Reynolds number region beyond e, a constant

value of 0.7 is assumed for the drag coefficient.
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CHAPTER FOUR

EXPERIMENTAL WORK

4-1 GENERAL

The experimental work associated with the scope of this work
includes the construction of a system to measure the drag coefficient. By
measure the velocity of the falling bodies (spheres, cylinders) either
accelerated or freely through a fluid medium .

This system includes the following
4-2 Experimental set-up

4-2-1 fluid medium holders

A square cross sectional glass tube (11x11) cm cross-section was
chose to avoid the effect of boundary layer also to give the ability for the
working of IR Transmitter Receiver, Also the length of tube (2 m). Open
from one end and closed from the other, the thickness of the glass is 6
mm. Enabling the fixing of the holders and the IR Transmitter and
Receiver on the opposite sides of the walls near the closed end, a top was
fixed to allow changing the fluid filling the tube as shown in fig (4-1).
4-2-2 The Velocity Measuring Unit (Chronograph)

The basic criterion of the velocity-measuring unit is to measure the
time interval that takes the body to cross a pre-determined distance.

Figure (4-2) shows the general shape of the circuits while Figure
(4-3) shows a block diagram of the unit that has provisions for the
measurement of the velocity.

Evidently, the unit consists of three identical measurement groups;
each group is integrated from the following elements:

1. IR Transmitter circuit and IR Receiver circuit
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The Infra Red Transmitter (IR) sends out Infra Red rays, the
IR Receivers sensed these rays. When the moving body passes by
the IR Transmitter and the opening Receiver rays are cut.
Consequently, the IR Receiver circuit gives a signal to the counter
circuit to start country the time elapsed before the body reaches the
next IR Transmitter-Receiver couple positional at a predetermined
distance. Figure (4-4) shows the IR Transmitter circuit while fig (4-
5) shows the IR Receiver circuit.

2. Signal processing circuit, figure (4-6) shows the electronic circuit
used for processing the electrical signal that is generated as the
body cuts off the rays between the line of IR Transmitter and the
opposing IR receiver as it passes through them. The electrical “
pulse” of the first line sensor and receiver is filtered and amplified
through a flip-flop integrated circuit to trigger on the time counting
circuit. The second “pulse” is generated as the body passes through
the second line of IR Transmitter and IR Receiver. This “pulse” is
manipulated in the same way, and it is used subsequently to stop
the time counter.

3. Electrical Digital Clock Circuit a (1 MHz) crystal quartz oscillator
generates a series of equally timed pulses; these pulses are further
fed to a (DIP) switch speed selector, through a series of digital
gates, in order to obtain a wide range of frequencies ranging from
500 to 16 kHz according to the desired accuracy.

4. Electronic Time Counter / Display Circuit, kept fed by the
electronic clock pulses, the output signal of the signal processing
stage that results as the body passes through the first line of IR
Transmitter and IR Receiver starts the counting.

Subsequently, the second signal that results as the body reaches

the second line of the IR Transmitter and IR Receiver stops counting.
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The same sequence of events is repeated as the body passes through
the following IR Transmitter-Receiver couples. Finally, the elapsed
time between each two consequent events is displayed on the seven-
segment screen.
Figure (4-7) shows a detailed diagram of the electronic signal at
each stage.
Basically, dividing the distance between two consecutive IR
Transmitters-Receiver couples by the time needed to cross it may obtain

the body velocity.

4-2-3 Holders of the IR Transmitter and receiver

The holders were used to set the IR Transmitter-Receiver couples a
fixed in position around the glass tube. Each holder made from (2 mm)
steel plate joined around the vertical tube using (M4) bolts holes were
drilled at predetermined positions where the Transmitter and receiver
couples are fixed using silicon adhesive.

Figure (4-8) show Four plates were set for each line of IR

Transmitter and receiver.

4-2-4 The Properties of the moving objects

The bodies used in the course of this work were made of steel and
glass. The solid spheres of different diameters and cylinders with
different diameters and lengths as appearing in tables (4-3) and (4-4)
were used.

4-3 Body Accelerating Device

As previously mentioned, the system was designed to measure the
velocity of free falling or accelerated bodies. The provisions for
accelerated movement of bodies consisted powder powered launching
device capable of accelerating (7.9 mm) diameter spheres and cylinder to

velocities up to 400 m/s.The device consisted of a smooth bore gun barrel
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of (7.9 mm) nominal internal diameter and (480 mm) length giving a

length to diameter L/D ratio of approximately (61). The smooth bore

enabled the use of the gun to propel rigid projectiles of any shape.

Moreover, the cartridge housing situated at the rear end of the gun was

constructed so as to accommodate many kinds of powder gun cartridges.

This capability enabled accelerating the projectiles to velocities ranging

from (100 m/sec) to (900 m/sec). Finally, the materials and dimensions

were chosen so as to withstand internal pressures as high as (3000 Bars)

resulting from the detonation of the powder gun charge. Figure (4-9) is an

assembly drawing showing the following basic parts:

a)

b)

d)

The gun barrel: A long cylinder made of a special treated alloy
steel with (27 mm.) outer diameter and (7.85 mm.) bore, one of the
barrels ends was threaded externally to be fastened to the envelop
housing.

The cartridge envelops: A steel cylinder of (27-mm.) outside
diameter and (55 mm.) length, the inside configuration was
machined so as to envelop the two types of cartridges used in this
work.

The envelope housing: A hollow steel structure with an internal
thread at one end through which it is fastened to the gun barrel. The
other end is specially designed to be securely joined to the breech
while the inside bore holds the cartridge envelops.

The breech: Made to be joined to the envelope housing at one end
and to carry the firing pin at the other.

The firing: Two basic types of firing pins are used. One with a
pointed head configuration suited for the capsule initiated
cartridge, the other with a screw-drive head configuration suitable

to the commercial type cartridges.
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The launching device was mounted vertically on top of the glass tube as
appearing in fig (4-10). And was filled in place by specially designed

clamps.
4-4 Experimental Procedures

1. Calibration of the system.

2. Weight the cylinders and spheres and measure the all dimensions.
Several spheres made of steel and glass and of geometrical
dimensions as shown in table (4-3) while steel cylinders geometry
and dimensions shown in table (4-4).

3. Holders of the IR transmitters and receivers were set pre-
design in positions.

+ The time counter was reset and the readings of the seven
segments read out were set to zero.

5. The tube was filled by water.

6. The temperature of the laboratory was checked and was
recorded.
7. The density of the water was determined from the tables at

this temperature.

8. The body was then set to fall in the tube considering the fall
to be among the line of transmitter receiver couples.

9. The time was recorded and the procedure was repeated three times
then average reading for three measurements was considered and
the velocity was calculated as shown in the sample of calculation.

10. The drag coefficient was computed through substituting the

measuring velocity in equation (3-17).
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Sample of calculation

The sphere of steel has 0.006 m diameter and mass of 7.24 g
falling in water was taking as an example of calculation. The
determination of average of reading and calculate the time is the first step
in this calculation and then must be take the distance for each stage then

calculate the velocity of sphere at all stages.

As shown in table (4-1) calculate first the average time recorded

from the seven segments as shown in equation below

_ L+ L+
ave — 3

And then convert the reading in seven segments to the time in
second, and divided the distance on the time, as shown in table.

So from circuit of frequency divider as shown in figure (4-6) the
Q; was taking as reference in free falling which equal to (0512¢-3) sec.

Where for each stage

t=0512x10"x T, _

In this case the distance between each line was shown in table (4-
1).
The velocity of free falling body can be obtained by dividing the

distance by the time where

V(m/ sec) = dis tan ce(m) _ S
time(sec) t

And the density of the sphere

m m 4
=—p,=—, Where V' =—nR’
pb V pb U 3

V=(4/3) ©*(0.006)’=0.000000904 m’
py=0.00724/0.000000904=8001.9 kg/m’
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Table (4-1) specification of 0.006 m sphere
falling in water .

Number | Time Average | Time in Distance | Average
of stage Record T | recording | sec S velocity
(0.512e-3) | for time. m m/sec
sec Tave
169
I 171 170.33 0.0877 0.1 1.139
170
171 1.1399
II 172 171.33 0.08772 0.1
171
171
11 172 171.33 0.087722 | 0.1 1.1399
171

From equation (3-17) when substitute the terminal velocity as
the velocity obtained in stage three where the body reaches the terminal
velocity, and the all properties of water was taken from Reference [21].

and from the above equation the drag coefficient was obtained (0.4325).

Calibration of the system

The IR transmitters and receivers were checked for proper
performance. The method adopted is to measure the velocity of a free
falling body at two positions. A solid sphere of diameter 0.006 m and
7.24 g weight was dropped three times and the velocities were recorded.
To calculate the acceleration of gravity (g) the following equation

recommended by Reference [20] was used
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vV, =V7>+2gs 4-1

Where s is the distance between the two positions at which velocity
measurement was made. The measured velocities at two positions and the
distance between these two positions are listed in table (4-2). Equation (4-
1) have yielded that the acceleration of gravity (g=9.82176) is very closed
to that published for Baghdad of (34 m) elevation.

Table (4-2) velocity of 0.006 m sphere in air .

Stage of | Record time | Calculated | Distance of| Velocity V
velocity (0.512¢-3) average time | stage Sinm | m/sec
sec in sec
122
I 122 122.0 0.1 1.6
123
43
II 44 43.8 0.1 4.454
44

SubstitutethV,, V2 from table (4-2) into equation (4-1)

_ (4454 - (16)°

=9.817 [m/sec’]
2% (0.88)

Results Of Experimental Work

Free Falling Body
The table (4-4) shows the characteristics of solid spheres body and

have experiments.
Where the column one is the diameters of the spheres, the second
column is the types of material, the third column is the density of the

body, the fourth column is the velocity of the third stage (terminal
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velocity), the fifth column is the Reynolds number for the third stage of
the falling spheres, and the sixth column is the drag coefficient of
spheres.

In this determination the properties of water was taken from tables at
the laboratory temperature and its equal (25 C), which obtained from

measurements in laboratory.

Table (4- 3) Numerical Results of Experimental Work for Solid
Spheres.
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Diameters | Types of | Density |terminal | Reynolds | Measured

of the | material | of the | velocity | number Drag

spheres d | of spheres | spheres py, | (m/sec) Re coefficients

(mm) of spheres
Cp

0.5 glass 2560 0.0711 41 2.067

1.5 glass 2565 0.217 360 0.668

2 glass 2480 0.261 600 0.582

17 glass 2040 0.757 14346 0.413

20 glass 2200 0.8418 18773 0.416

0.8 Steel 7699 0.316 281 0.718

1 Steel 7850 0.383 427 0.624

2 Steel 8096 0.636 1418 0.469

3 Steel 8150 0.796 2662 0.453

4 Steel 8200 0.930 4147 0.445

6 Steel 8001 1.1399 7624 0.4325

8 Steel 7833 1.319 11763 0.42

12 Steel 7800 1.627 21765 0.412

15 Steel 7300 1.775 29682 0.4013

Table (4-4) Numerical Results of Experimental Work for
Solid Cylinders.

Diam

Lengt

Type

Density

Terminal

Reynolds

Drag
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eter d|h 1| of Kg/m’ Velocity | number | coefficient
mm mm materl m/sec Cp
al

7 18 Steel | 8228 0.898 4138 0.988
7 28 Steel | 8166 0.902 4239 0.97
8 11 Steel | 8247 0.856 4508 0.971
9 13 Steel | 7860 1.07 6339 0.973
13 20 Steel | 7910 1.18 10270 1.016
15 20 Steel | 7922 1.27 12541 1.018
1.8 6 Steel | 7800 0.31 391 1.78

Accelerating Body

The results for accelerating falling of sphere and cylinder was illustrated
in table (4-5) where the velocity at two stage was measured and the
distance between the center of these stages was given also density ratio
was determined, so these magnitudes substituted into equation (3-11)

after substitute the term of accelerating by equation (4-13).

Table (4-5) Numerical Results for
accelerating bodies falling in air.

Size of Mach at | Mach at | Density of | Drag
the body | stage one | stage two | the body | coefficient

mim Cd

Sphere D=7.9 0.53 0.6 8100 0.412

Cylinder | D/1=0.395|0.573 0.691 7805 0.53
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CHAPTER FIVE

RESULTS AND DISCUSSION

5-1Introduction

In this chapter, the results of both the experimental work and those
obtained from the theoretical model are presented, discussed and compared.
Through the comparison made, the performance of the experimental rig that
was designed and constructed during the course of this work is assessed.
5-2 Theoretical results

Two forms of falling objects, namely the sphere and the cylinder are
chosen to carry out the theoretical computations. The theoretical model that
was previously presented in chapter three is to be examined for the free
falling and the initially accelerated body motion in fluid medium.
5-2-1 Effect of shape and geometry

Figures (5-1) and (5-2) show the relation between the velocity and time
for falling steel spheres of diameters (0.006,0.008,0.012,0.015,0.7) m in air.
The density of steel (8000 kg/m’) and the density of air was taken from Ref.
[19]. As shown in the figures above the falling spheres velocity increases
from zero until it reaches the terminal velocity, which is seen to increase, with
the diameter of the spheres. For smaller sphere, the Reynolds number is
relatively low and the boundary layer always remains laminar before the point
of separation. At a sufficiently high Reynolds number, when a transition from
a laminar to a turbulent boundary layer occurs on a larger sphere, the abrupt
decrease in drag shown in fig (3-1) will suddenly accelerate the sphere. As
observed in fig (5-2) on the curve for a sphere with d=0.07m around t=6.2 s.

For spheres of this diameters and larger the effect of the surrounding fluid
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becomes negligible in comparison with body inertia, so that the sphere
behaves as if it were moving in a vacuum. In this case the velocity increases
indefinitely with time, and a terminal velocity can never be reached.

Fig (5-3) shows the relation between the velocity and the time for the
steel cylinders falling in water. The selected cylinder diameters are
(0.001,0.003,0.005,0.007) with a common length of cylinder 0.01. So the
increase in diameter means the increase in Reynolds number the most
influential parameter in flow around the cylinders.

The value of the terminal velocity and the time it takes to achieve
depend on the diameter and the shape of the falling bodies. The time needed
to reach the terminal velocity for a falling body depends on the size and the
shape. The body of large diameter reaches the terminal velocity before the
smaller and the cylinder reach its terminal velocity before the sphere because
the drag for cylinder is greater than that for a sphere at the same Reynolds
number. Yet for the same mass of a sphere and a cylinder falling and the same

diameter the velocity of sphere is greater than the velocity of the cylinder.

5-2-2 Density effect

The density ratio E:& may be effective in terms (A, B, C) in
p

equations where

For sphere  A4=1+ 2P

B=(—_E
o3P
4d

0Q

and
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For cylinder A=(1+ %E)

B=(1-p)g
2p
D

The increase of density ratio increases (A), increases (C) and decreases
(B) that means any increase in density ratio will decrease the acceleration of
the falling body according to equation (3-11). The density ratio may be
increased by increasing the density of the fluid medium this effect appear in
figure (5-4) where the steel sphere falling in air need to (25 sec) to reach the
terminal velocity while the same sphere falling in water needs to reach the
terminal velocity approximately (3 sec), only because of the decrease in
acceleration of the falling sphere. Eventually the decrease in density of a
falling body increases the density ratio. Figure (5-5) show the relation of a
falling 0.015 m glass sphere in air when compared with figure (5-1), the
terminal velocity was reached for steel sphere with the same diameter at
approximately 25 sec while for glass sphere it is reached in 8 sec. Also the
magnitude of the terminal velocity for the steel sphere is 21 m/sec while for
glass sphere is 2 m/sec. Figures (5-6), (5-7) shows the relation of velocity for
falling steel spheres in water of properties from Reference [19] with time. The
diameters of spheres were
(0.0008,0.001,0.002,0.003,0.006,0.008,0.012,0.015) m and all shows the

same trends.
5-2-3 Effect of initial velocity

Figure (5-8) show the relation of velocity with time for falling steel
spheres in air with initial velocity Sm/sec, 15 m/sec. The velocity value of the

sphere is seen to decrease until it reaches the terminal velocity. As for falling
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bodies that have velocities less than its terminal velocity the velocity
increases until it reach the terminal velocity, as for a falling body with an
initial velocity greater than its terminal velocity the velocity of the body
decreases until reach the terminal velocity of the body. Consequently the
terminal velocity does not depend on the initial velocity.

5-3 Experimental Result

The measured terminal velocities are given in table (4-3) for spheres
and table (4-4) for cylinders. In each case the motion has reached a stationary
state, so that the terminal velocity is well defined. All the measurements
present the mean value of the velocity obtained after averaging three readings
of time. The drag coefficient was calculated by substitution in equation (3-
11). In the calculation of Reynolds number, the physical properties appearing
in Ref.[19] was used at temperature 25 °C for water a value confirmed by
independent measurement with a chronograph viscosimeter.

The figures (5-9) show the experimental curve Cp versus (Re) for a
range of Reynolds number from (10 to 30000). The results show good
agreement. The drag coefficient was the same in the case of a fixed sphere
measuring in wind tunnel and in the case of a free falling body when the
experimental results was compared with the standard empirical drag
measurements [16]. It is generally admitted this should be true at low
Reynolds number, where the numerical and analytical studies agree that the
drag is indeed given by the Stokes expression. However, at higher Reynolds
this result is not obvious. Indeed, it may be surprising that the particle reaches
a stationary terminal velocity, and thus probably stationary momentums flux
across the wake. This is an important difference with observations of the
wake past a fixed body where the incoming flow is set at a constant uniform
speed and the force acting on the body may take any value. In that case,

instabilities in the wake were known to exist and were related to vortex

42



shedding. In case of free falling, the constraint is just that the forcing gravity
is constant; any change on the force felt by the sphere must be related to a
change on the fluid motion.

Figure (5-10) shows the relation between drag coefficient and Reynolds
number for falling cylinders in water and compared to the empirical data
given in Reference [21]. The measured drag coefficients for the cylinders
falling in water with range of Reynolds (391 to 18565). The drag coefficient
of the cylinder is larger than the drag coefficient of spheres.

At Reynolds number 30 two symmetrical eddies, rotating in opposition
to one another, are formed. Further increase of Re tends to elongate the fixed
eddies, which then begin to oscillate until at Re=90, depending upon the free-
stream turbulence level, the eddies being washed away by the main stream,
this process is intensified by a further increase of Re, where by the shedding
of eddies from alternate sides of the cylinder is continuous, thus forming in
the wake two discreet rows of vortices. This is known as Vortex Street or von
Karman Vortex Street. At this stage the contribution of pressure drag to the
profile drag is about three quarters. Von Karman showed analytically, and
confirmed experimentally, that the pattern of vortices in a vortex street
follows a mathematical relationship,

(h/1)=(1/m)sinh™ (/) = 0.281
Where h is the distance between two eddies in two lines and 1 is the distance
between two eddies in the same line. It was seem that shedding of each vortex
produces circulation and, gives rise to a lateral force on the cylinder. Since
these forces are periodic following the frequency of vortex shedding, the

cylinder may be subjected to a forced vibration.
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The frequency of such forced vibration, sometimes called self induced

vibration, may be calculated from an empirical formula due to Vincent

Strouhal Ja_ 0.198(1 - 19—'7)
U Re
In which
Str = 12
U

and is known as Strouhal number. The formula applies to 250 < Re <2x10’
There is a great similarity in the development of drag at increasing Re

between the sphere and cylinder, except that the vortex street associated in
two-dimensional bodies as in cylinders was not formed in the case of three-
dimensional bodies as in sphere.

In the case of accelerating body the drag coefficient was measured at
(M= 0. 569) for sphere was (Cp=0.412) and for cylinder at (M=0.5145)
(Cp=0.53) so this result have difference when it compared with the results on
Ref. [18]. These difference may be due to the average velocity was taken on
the measurements of v;, v, and not local velocity. From the other side the
wave drag was canceled in equation (3-11) this decreases the drag coefficient.
Where the acceleration of the sphere greater than that for cylinder also the
velocity of sphere larger than the velocity of cylinder because the drag of
sphere less than the drag of cylinder for the same diameter.
5-4 Comparison of experimental and theoretical results

Figure (5-11),(5-12)and(5-13) shows comparison between the
experimental and theoretical results for the velocity of falling steel spheres in
water with displacement where the theoretical result its approximately less
than the experimental results, the difference for large sphere at the first stage
may be due to the velocity measured it’s the average velocity the difference

was appear and for the small sphere when its reach the terminal velocity from
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the first stage no difference between the average velocity measured and the
local because the velocity was always constant.

Figure (5-14), (5-15) and (5-16) shows the relation between the
displacement and the velocity with comparison between theoretical and
experimental for a falling cylinder in water. Where the results for the
experimental it's approximately less than the results of the theoretical work,

and it’s a very close to it.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6-1 CONCLUSIONS

From the results of the current research, the following notations can be

stated on the operation of the experimental system and the various parameters

affecting the motion of the bodies falling in fluids.

1.

The measurements of velocity were average velocity in all cases but
when the body reaches the terminal velocity the local velocity become
equal to average velocity.

The terminal velocity was obtained from experimental was very close
to the terminal velocity was obtained in theoretical model and very
close to result given in Ref.[27]

The determination of drag coefficient from the measured terminal
velocity was very close to the drag coefficient in Ref.[16].these give the
surety to the system.

For the measurement of drag coefficient at high velocity depends on the

M number and the measurement gives approximately high difference.

. The velocity of the falling body increased with the time increasing until

it reached the terminal velocity.

The terminal velocity depends on the density ratio p =L .
P
Also the terminal velocity depends on the shape of the body where the

terminal velocity of cylinder greater than the terminal velocity of

sphere.
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6-2RECOMMENDATION

1. Improve the sensors and the electrical circuit to measure the local
velocity with time.

2. Increase the length of the tube to measure the terminal velocity for
larger spheres.

3. Measure the drag coefficient in different fluid medium.

4. Improve the accelerating system to use for measuring deferent shapes.
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NOMENCLATURE

1-Simple Variables:

Symbol Definition Units

Cp Drag Coefficient -

d Diameter of the falling body m
Fy Bouncy force N
Fq Drag force N

g The acceleration of gravitational W/m®
1 Length of the cylinder M
my Mass of the moving fluid Kg
m Mass of the falling body Kg

Re Reynolds Number

S Distance between two stage m

t Time sec
\Y Volume m’
\4 Velocity m/s
Vi Velocity at stage m/s
Vi Terminal Velocity m/s

vV




3- Greek Symbols:

Symbol Definition Units
P Density ratio -
P, Density of fluid Kg/m’
P Density of the body Kg/m’
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Figure (4- 3 ) block diagram of the
velocity measuring unit.
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Figure (4-8) the plates used to hold the IR Transmitter-
Receiver couples.
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Figure (4-10) the structure for mounting the lunch device vertically.
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