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Abstract

An experimental study is carried out on the effect of vortex generators (Circular and square) on the flow and heat
transfer at variable locations at (X = 0.5, 1.5, 2.5 cm) ahead of a heat exchanger with Reynolds number ranging from
62000< Re < 125000 and heat flux from 3000 < g < 8000 W/m?.

In the experimental investigation, an apparatus is set up to measure the velocity and temperatures around the heat
exchanger.

The results show that there is an effect for using vortex generators on heat transfer. Also, heat transfer depends on
the shape and location. The circular is found to be the best shape for enhancing heat transfer at location [X,=0.5 cm]
distance before heat exchanger is the best location for enhancing heat transfer. The square is the best shape for
enhancing hesat transfer at location [X,=2.5 cm] distance before heat exchanger is the best location for enhancing heat
transfer.

The results of flow over heat exchanger with vortex generators are compared with the flow over heat exchanger
without vortex generators. Heat transfer around heat exchanger is enhanced (56%, 50%, 36%) at location (X=0.5,
1.5, 2.5cm) respectively by using circular vortex generators without turbulator and heat transfer around heat exchanger
is enhanced (39%, 42%, 51%) at location (X=0.5, 1.5, 2.5cm) respectively by using square shape vortex generators

without turbulator.

Keywords: Vortex generator: VGs, NUX: Local nusselt number heat exchanger, vortex flow, heat transfer.

1. Introduction

Convectional types of heat exchanger are
externally plain tube in cross flow. They are
widely used in chemical, petrochemical,
automoative industry, cooling towers, heated pipes
refrigerators of power plants as wel as in
applications for heating, refrigeration and air
conditioning. In finned tube heat exchanger liquid
or steam flows through the tube and gas through
fin ducts, [1], [2]. Hesat transfer is closely related
to fluid dynamics. That is why heat transfer is
considered simultaneously with fluid dynamics
[3].

Heat transfer and fluid dynamic around
curvilinear body as cylinder is complex process
and need a big efforts to find out temperatures,
pressure and velocity distribution. Therefore one

must know what happens when the fluid flows
over bluff bodies as sphere, wire and tube.

The ability to manipulate a flow field to
improve efficiency or performance is of immense
technological importance. Flow control is one of
the leading areas of research of many scientists
and engineers in fluid mechanics. The potential
benefits of flow control include performance and
maneuverability, affordability, increased range
and payload, and environmental compliance. The
intent of flow control may be to delay/advance
transition, to suppress / enhance turbulence, or to
prevent/promote separation. The resulting benefits
include drag reduction, lift enhancement, mixing
augmentation, heat transfer enhancement, and
flow—induced noise suppression. The objectives of
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flow control may be interrelated, leading to
potential conflicts as the achievement of one
particular goal may adversdly affect another goal.
For example, consider an aircraft wing for which
the performance is measured by the improvement
in lift-to-drag ratio. Promoting transition will lead
to a turbulent boundary layer that is more resistant
to separation and increased lift can be obtained at
higher angle of incidence. The viscous or skin —
friction drag for a laminar boundary layer can be
an order of magnitude smaller than that for a
turbulent boundary layer. However, a laminar
boundary layer is more prone to separation
resulting in a loss in lift and an increase in form
drag.

The performance of liquid-to-air and two-
phase-to-air heat exchangers is important in many
applications, including thermal management and
processing systems found in the air conditioning,
automotive, refrigeration, chemical, and petroleum
industries. Improving the performance of these
heat exchangers can lead to a smaller surface-area
requirement, reduced material cost, and a lower
heat exchanger mass. Furthermore, improving hest
exchanger performance can have a significant
impact on the environment through improvements
in energy efficiency. The total thermal resistance
in these heat exchangers can be considered as the
sum of three contributions: the liquid or two-phase
convective resistance, the wall conductive
resistance, and the air-side convective resistance.
The air-side convective resistance is typically the
dominant resistance to heat transfer,[4], and
efforts to improve these heat exchangers should
focus on the air - side heat-transfer behavior.
The type of turbulator using heat exchanger is
shown in Figure (1). [5]
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Fig. 1.Type of Vortex Generator.
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1.1.Vortex Generation

At the front of region of tubethereis high heat
transfer due to small boundary layer (B.L)
thickness but there is a small heat transfer at the
rear region especially at separation point. This
region is therefore prime focus area for transport
enhancement, [4]. The strategy proposed here
involves placing the vortex generators (V.Gs) in
front of or behind the tube to prevent growth of
boundary layer (B.L) and to transfer the separation
point to the rear region of tube in order to reject
the minimum heat transfer region to the rear. The
(V.Gs) are small plates placed in the stream flow
of mixed flow, disturbing flow and controlling the
growth of boundary layer, [6], has any shape; the
common shapes of (V.Gs) (winglets) are circular
and square. The (V.Gs) winglets affect both tube
and fin, all previous studies were studied the effect
of wing and winglet on heat transfer from the fin
by generating a vortex due to pressure difference
between front surface and back surface, this
vortex will mix the hot fluid near the surfaces with
cold main flow, this process enhances heat
transition from the surfaces, [7]. The effect of
winglet on tube guides the flow at high
momentum in to low heat transfer region, [6].The
size, shape and angle of attack of winglet
determine the specific characteristics of the
vortices generated in the flow, [8].

1. 2. Application of VGs

The advantages of these vortex generators or
tabulators (turbulence promoters) are to:

1. Improve heat exchange in compact heat
exchangers and eectronic equipment packages
or microgectronic devices in industrial
application ,[9] like the wide use of plate-fin
and fin-tube heat exchangers, for example, in
dry cooling towers, in chemical industry and in
automotive applications,[10].

2. Enhance heat transfer in channels. e.g, paralle
plate channel, rectangular, triangular, square
ducts, U-Bend of strong curvature applications,
and grooved channdl, [11].

3. Increase heat transfer rate inside or out side
tubes, for example, gas flow out side the tube
and liquid flow inside the tube and the finned
tubes situated in vertical channel.

4. Enhance the cooling capability of gas-cooled
nuclear rector, for example, finned nuclear
fud.
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5. Increase internal cooling in the passages of
modern gas turbine blades and vanes that must
be protected from hot gas streams.

6. Improve the aerodynamic performance by
using various types of vortex generators, for
example, to improve the performance of
conical diffusers, or by using thin slender
wings to make modern combat airplanes fly at
high angles of attack.

7. Decrease vortex losses in channds, for
example, in channels of power plants,
ventilation systems, and in various pipes,
owing to the influence of the positive pressure
gradient associated with variation in cross
section or bending of the channd intense
formation of vortices which takes place as a
rule due to flow separation. These formations
of vortices cause an increase in hydraulic
losses and in degree of no uniformity. A new
method of decreasing losses is based on
division of vortices by transverse baffles or
fins positioned on one side[12].

8. In aerodynamics, in spite of longitudinal
(stream wise) vortices, which lead to an
improvement of 80%, also a reduction of 5%
behind the investigated grids depends on the
wavelength and the intensity of the disturbance
[13].

1.3. Applications of Heat Exchangers

Flow of this nature can be found in engineering
systems of significant technological interest such
as heat exchangers, nuclear reactor cores, air-
cooled solar collectors, some microelectronic
circuit boards, waste water aeration tanks as well
as chemica mixees and other chemical
engineering applications [14].

1.4. Objective of Present Work Problem

The experimental goals of this study areto: -
1-Investigate the flow and heat transfer
phenomena of multi-types vortex generators
located in rectangular ducts and to enhance heat
transfer in turbulent flows.
2-Set up an experiment model for a duct rig
especially designed and manufactured for this
study to cover wide range of applications with
more accurate tools of measurements for flow
pattern and temperature isothermal contours in air
and solid domains.
3-Investigate the effect of changing Reynolds
number, velocity, temperature, and thermal
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performance, and average Nusselt number on
ducts and VGs surfaces.
2. Literature Survey

21. The Effect
Exchanger

of Vortex on Heat

Chien-Nan Lin and Jiin-Yuh Jang [15] studied

the use of fins with embedded wave-type vortex
generators to enhance heat transfer in fin-tube heat
exchangers .An infrared thermo vision is used to
visualize the temperature distribution on the
surface of a scaled-up plain fin and upon fins with
embedded vortex generators. Numerical methods
are used to investigate the conjugate heat transfer
and to perform a 3-D turbulence.
Analysis of the heat transfer and fluid flow
associated with wave type vortex generators
embedded fins. The current results indicate that
heat transfer and friction losses are strongly
dependent on the geometric parameters of the
vortex generators. This study identifies maximum
improvement of (120) % in the local heat transfer
coefficient and an improvement of (18.5) % in the
average heat transfer coefficient. Furthermore; it is
found that a reduction in fin area of approximately
(18-20) % may be obtained if vortex generators
embedded fins are used in place of plain fins.
Finally, it is noted that the magnitude of the
attainable fin area reduction increases for higher
Reynolds numbers.

Pested, e a [16] measured Local heat
transfer coefficients on fin-tube heat exchanger
with winglets using a single heater of 2 inch
diameter and five different positions of winglet
type vortex generators. The measurements were
made at Reynolds number about 2250. Flow
losses were determined by measuring the static
pressure drop in the system. Results showed a
substantial increase in the heat transfer with
winglet type vortex generators. It was observed
that average Nusselt number increased by about
(46) % while the local heat transfer coefficient
was improved by several times as compared to
plain fin-tube heat exchanger. The maximum
improvement is observed in the re-circulation
zone. The best location of the winglets was with
DX = 0.5D and DY = 0.5D. The increase in
pressure drop for the existing situation was of the
order of (18) %.

Torii, e a [17], in their paper propose that can
augment heat transfer but nevertheless can reduce
pressure-loss in a fin-tube heat exchanger with



Wisam Abed Kattea

Al-Khwarizmi Engineering Journal, Vol. 8, No.2, PP 12 -29 (2012)

circular tubes in arelatively low Reynolds number
flow, by deploying delta winglet-type vortex
generators. The winglets are placed with a
heretofore-unused orientation for the purpose of
augmentation of heat transfer. This orientation is
caled ‘““‘common flow up’’ configuration. The
proposed  configuration causes  significant
separation delay, reduces form drag, and removes
the zone of poor heat transfer from the near-wake
of the tubes. This enhancement strategy has been
successfully verified by experiments in the
proposed configuration. In case of staggered tube
banks, the heat transfer was augmented by (30) %
to (10) %, and yet the pressure loss was reduced
by (55) % to (34) % for the Reynolds number
(based on two times channel height) ranging from
350 to 2100, when the present winglets were
added. In case of in-line tube banks, these were
found to be (20%) to (10%) augmentation, and
(15%) to (8%0) reduction, respectively.

In a Joardar and Jacobi [18] the eff ectiveness of
delta-wing type vortex generators was
experimentally evaluated by full-scale wind-
tunnel testing of a compact heat exchanger typical
to those used in automotive systems. The
mechanisms important to vortex enhancement
methods are discussed, and a basis for selecting a
delta-wing design as a vortex generator is
established. The heat transfer and pressure drop
performance are assessed at full scale under both
dry- and wet-surface conditions for alouvered- fin
basdline and for a vortex-enhanced louvered-fin
heat exchanger. An average heat transfer increase
over the baseline case of (21) % for dry conditions
and (23.4) % for wet conditions was achieved with
a pressure drop penalty smaller than (7) %. Vortex
generation is proven to provide an improved
thermal-hydraulic performance in compact heat
exchangers for automotive systems.

22. Wing and Winglet-Type Vortex
Generators

Heat transfer and fluid mechanics data were
obtained by Pauley and Eaton [19], for a turbulent
boundary layer with arrays of embedded stream
wise vortices containing both counter-rotating and
co-rotating vortex pairs. The data show that these
arrays can cause both large local variations in the
heat transfer rate and significant net heat transfer
augmentation over large areas. Close proximity of
other vortices strongly affects the development of
the vortex arrays by modifying the trajectory that
they follow. The vortices in turn produce strong
distortion of the norma two-dimensional
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boundary layer structure, which is due to their
secondary flow. When one vortex convects
another toward the wall, a strong boundary layer
distortion occurs. The heat transfer is eevated
where the secondary flow is directed toward the
wall and reduced where the secondary flow is
directed away from the wall. When adjacent
vortices lift their neighbor away from the wall,
minimal modification of the heat transfer results .
The primary influence of grouping multiple vortex
pairs into arrays is the development of stable
patterns of vortices. These stable vortex patterns
produce vortices that interact with the boundary
layer and strongly modify the heat transfer far
downstream, even where the vortices have
decayed in strength.

Vortex generators are small plats placed in the
flow path (Sohal et a)[7] , using to generate a
secondary flow or vortices by swirl and disability
the flow, along the side edges of vortex generator
the flow was separated and it generated a
longitudinal vortices due to pressure difference
between the forward and back side of vortex
generators.

Vortex generators such as pins, ribs, wings,
winglets have been successfully used as a
powerful way for enhanced heat transfer in the
development of modern heat exchangers. Vortex
generators can be generating a transfer
longitudinal vortex with strongly disturbed the
flow structure. Longitudinal vortex generated by
using wing and winglet and spiral the flow around
there axis. Many researchers have studied the
effect of vortex generator on heat transfer and
pressure drop from the duct wall numerically and
experimentally with common type of vortex
generated (rectangular and triangular (delta)
shapes).

The analogy between heat and mass transfer
has been used by Wang et al, [20], to obtain local
and average heat transfer characteristics over a
complete flat tube-fin element with four VGs per
tube. Several types of surfaces involved in heat
transfer process such as fin surface mounted with
VGs, its back surface (mounted without VGs) and
flat tube surface are considered. The mass transfer
experiments are peformed using naphthalene
sublimation method. The effects of the fin spacing
and VGs parameters such as height and attack
angle on heat transfer and pressure drop are
investigated. The comparisons of heat transfer
enhancement with flat tube-fin element without
VGs enhancement under three constraints are
carried out. The local Nusselt number distribution
reveals that VGs can efficiently enhance the heat
transfer in the region near flat tube on fin surface
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mounted with VGs. On its back surface the
enhancement is almost the same as on the fin
surface mounted with VGs but enhanced region is
away from flat tube wall with some distance.
Average results reveal that increasing of VGs
height and attack angle increases the enhancement
of heat transfer and pressure drop, whereas small
fin spacing causes greater increase in pressure
drop. The heat transfer performance, correlations
of Nusselt number and friction factor are also
given.

Tiggelbeck et a, [21], Investigated the effect
of four types of vortex generators (delta wing,
delta winglet rectangular wing and rectangular
winglet) as shown in Figure (2) on local heat
transfer and drag of plat fins and compared the
results between these types of vortex generators
and in the Reynolds number range (2000-9000)
with angle of attack range of (30°-90°). The
results show that the vortex generators increase
heat transfer and also the flow losses in channd,
and for al vortex generators geometries there
exists an optimum angle of attack between (50°
and 70” for maximum heat transfer. However the
flow losses increase monotonically with the angle
of attack. Results show that the winglet gives
better performance than wings and pair of delta
winglet performs dlightly better than the pair of
rectangular winglets.

e
A

ﬂﬁ :

Fig. 2. Triangle and Rectangle Wings and Winglets.
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2.3. Vortex Phenomenon

Davis and Moore[22], presented numerical
solutions for two-dimensional time-dependent
flow about rectangles in infinite domains . The
numerical method utilizes a third order upwind
differencing for convection and a Leith type of
temporal differencing. An attempted use of a
lower-order scheme and its inadequacies are also
described. The  Reynolds-number  regime
investigated is from 100 to 2,800. Other
parameters that are varied are upstream veocity
profile, angle of attack, and rectangle dimensions.
The initiation and subsequent development of the
vortex-shedding phenomenon was investigated.
Passive marker particles provide an exceptional
visualization of the evolution of the vortices both
during and after they are shed. The properties of
these vortices are found to be strongly dependent
on Reynolds number, asare lift, drag, and
Strouhal number. Computed Strouhal numbers
were compared well with those obtained from a
wind-tunnd test for Reynolds numbers beow
(1,000).

Yasuo Mori e a, [YY], studied experimentally
the mechanism of symmetrical vortex shedding
behind a cylinder in a uniform, upward flow by
heating the wake with fine wires or by using a
splitter plate or mesh. In the case of heating the
wake the vortices are gradually modified from
Karman vortex to symmetrical vortices with
increase of heat input. Similar symmetrical vortex
shedding is also observed by the increase of the
splitter plate length or mesh number behind the
cylinder.

An experimental investigation of a longitudinal
vortex/boundary layer system was made by
Eibeck and Eaton [Y <], to understand the effects
of the vortex on local convective heat transfer
coefficients. Measurements in the presence of a
single longitudinal vortex embedded in an
otherwise two-dimensional turbulent boundary
layer included local Stanton number distributions,
momentum and thermal boundary layer profiles,
and skin friction distributions. The local Stanton
number varied, with an increase of (22) % over
flat plate values in the downwash region of the
vortex, and decreases of (12) % in the up wash
region. The vortex imposed spanwise variations of
boundary layer parameters such as thickness, wall
shear, and profile shape. In spite of this, the heat
transfer process was locally dominated by two-
dimensional mechanisms, as evidenced by the
existence of alog-region in the boundary layer, as
well as the applicability of the Reynolds analogy.
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The heat transfer effects on an isolated
longitudinal vortex embedded in a turbulent
boundary layer were examined experimentally by
Eibeck and Eaton [25], for vortex circulations
ranging from (0.12 to 0.86). The test facility
consisted of a two-dimensional boundary-layer
wind tunnel, with a vortex introduced into the
flow by a haf-delta wing protruding from the
surface. In all cases, the vortex size was of the
same order as the boundary-layer thickness. Heat
transfer measurements were made using a
constant-heat-flux surface with 160 embedded
thermocouples to provide high resolution of the
surface-temperature distribution. Three-
component mean- velocity measurements were
made using a four-hole pressure probe. Span wise
profiles of the Stanton number showed local
increases as large as 24 percent and decreases of
approximately 14 percent. The perturbation to the
Stanton number was persistent to the end of the
test section, a length of over 100 initial boundary-
layer thicknesses. The weakest vortices examined
showed smaller heat transfer effects, but the
Stanton number profiles were nearly identical for
the three cases with circulation greater than
I''U..899= 0.53. The local increase in the Stanton
number is attributed to a thinning of the boundary
layer on the downwash side of the vortex.

Experimental studies on bodies of revolution
at high angles of attack have shown that the forces
and moments developed are greatly affected by
the formation of rolled up vortex cores. Thusit is
felt that an accurate model of the vortex would aid
in the design of fuselage fore bodies or slender
bodies in general. Due to geometric simplicity
several mathematical models of the vortex flow
over a dender, sharp-edged, delta wing have been
formulated. However, these models generaly
ignore the entrainment effect of the vortex core,
and are found to yield results which are not in
agreement with experiment, thus, their extension
to the more general case would be of little value.
A technique referred to as the leading-edge
suction analogy, has been found to yield
extremely accurate results when compared with
experiment. Paul [26], indented to propose a
mathematical model of the vortex, which
incorporates the previoudy ignored entrainment
effect, and leads to an expression similar to the
| eading-edge suction analogy.

2.4. Scope of the Present Study

The aim of present study is to investigate
turbulent flows in rectangular ducts using two-
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shapes of VGs and different locations and
dimensions, to know the effect of these small
bodies on flow and heat transfer characteristics.
Experimental investigations are to be undertaken
in the present study. In the experimental part,
none of the previous studies have tackled the
problem of constant wall temperature along the
duct.
Therefore, a rig is to be built to study the
velocities and temperatures for a range of
Reynolds number (62000-125000) so that the
flow become fully development, using accurate
tools and modern measurement equipments and
devicesthat can be calibrated accurately.
Also we found correlation between the average
Nussdt number and Reynolds number (62000-
125000) in different vortex generator shapes
(circular, square).

Thus, the layout of research can be demonstrated
asfollows:

1. Set up an experimental rig to measure the
velocity, temperatures.

2. Study the effect of vorticities on the heat
transfer on the heat exchanger.

3. Study the obstruction that can produce
maximum heat transfer.

2.5. Summary

A conclusion of the available data in literatures
for effect of vortex generators on heat exchanger,
both wing and winglet — type vortex generators
and vortex phenomena was presented. All data
related to study friction factor, pressure drop, heat
transfer from heat exchanger, and relation between
Nussdt number and Reynolds number. From this
summary and to the author's knowledge no study
of the heat transfer and pressure drop through the
heat exchanger by using vortex generators,
circular and square shapes was conducted.



1- Thermometer calibrator
2-Digital Thermometer
3-Thermocouples

4- Digital anemometer

5- Fan

6- Electrical heater

7-Plian tube heat exchanger
8-Rectangular duct
9-Throttling valve

10- Vortex generators

11- Flow meter

Fig. 3. Scheme Diagram.

3. Experimental Work
3.1. Rig Requirement

A schematic diagram given in Figure (3)
shows the experimental arrangement. The
experiment was carried out at the heat transfer
laboratories of the University of Technology using
plain tube heat exchanger with six rows tube
staggered and vortex generator. The test model
was constructed from rectangular wood duct the
dimensions of duct were 0.3m height and 0.15m
width and 3m length, and the length of duct before
the heat exchanger is0.3 m.
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3.2. Rig Description and preparation

The test rig shown in Figure (4) is designed
and manufactured to fulfill the requirements of
the test system for finned duct. The experimental
apparatus consists basically of

1-Theairflow rates supply section.
2-Thetest section. (Heat exchanger).
3-The heating and control sections.
4-The measuring instruments.
5-Vortex generators.

Most of these parts ae designed and
manufactured during the current work, and care
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was taken to prevent any air leakage between the
connected parts; the rig was completely damaged
and during the current work so it was rehabilitated
reconstructed according to the acceptable wind
tunnel standards.

Fig. 4 Rig Description.

3.3. Air Supply Equipment

Suction type axial fan shown in Figure (5) was
used to supply the flow of air to the rig working
section. The Axial fan [made by Tecquipment in
England, se. no. w/4/20029,] is driven by A.C.
motor, the flow of air is controlled by using an
adjustable throttling valve mounted just at the
mouth of the air intake. Since there is no need for
any connection in the fan inlet and the throttling
valve being fully open to obtain maximum air
flow rate, the air delivered by the fan should has a
uniform velocity profile with minimum turbulence
level.

Fig. 5. Axial Fan.
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3.4. Air Duct

It consist of a rectangular wood duct as shown
in Figure (5) which is constructed of four section
clipped tightly together. Identical entry and exist
section are separated by a plain center section
which can easily be replaced with the optional
heat exchanger .The apparatus is supplied with
the axial fan connected to the exit . The fan
discharges directly to the atmosphere thought an
adjustable throttle plate which can be used to vary
the volume flow rate. Air flow rate measurement
is computed by using a pitot static tube and
manometer or anemometer, the dimensions of
duct were 0.3m height and 0.15m width and 3m
length.

3.5. Plain Tube Heat Exchanger

A bank of pure copper heat transfer tube
arranged vertically consists of 33 tube 5/8 inch
outer diameter and 1/2 inch inner diameter tube
30 cm length as shown in Figure (6) . Hot water
supply and return duct connection are made by
means of flexible rubber hoses and plug in
connection through heat exchanger. Water
temperature is measured by thermocouples.

Fig. 6. Plain Tube Heat Exchanger.
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3.6. Vortex Generators

The vortex generator was used to generate the
longitude vorticities to make difference in
pressure between front surface of heat exchanger
flow and the end surface causes enhanced heat
transfer from heat exchanger. Most studies used
two common shapes of winglets, (Circular and
square) shapes as shown in Figure (7a&7b) . In
the experimental the following things were fixed:-
There were two types of Grid vortex generator

1- One Grid consisting of (21) pieces of small
circular, diameter=2.5 cm. The area of small
piece of circular is (4.84) cm?®

2- The other consisting of (21) pieces of small
square, length=2.2cm. The area of small piece
of squareis (4.84) cn.

The purpose of this study is to compare the
enhancement heat transfer with vortex generator
and without vortex generator.

Fig. 7.a Circular Vortex Generator.
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Fig. 7.b Square Vortex Generator.

3.7. Water Pump

Water Pump of [Q=60 L/min]capacity and a
(20) m head is used To circulate Hot Water
between heat exchanger and water heater by using
flexible pipes as shown in Figure (8).

Fig. 8. Water Pump and Heater.
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3.8. Supply Unit of Hot Water

Water tank of (150) liter capacity provided
with two heaters each of (3) KW capacity, a
thermostat is used to control water temperature at
60C as shown in Figure (8).

3.9. TheMeasuring Instruments
3.9.1.Digital Thermometer

This digital thermometer contains Pt 100 ohm
thermometer and thermocouple type K/JR/E/T
thermometer. It contains also microcomputer
circuit with high performance wide temperature
measuring range. It is used to measure
temperature. See Figure (4).

3.9.2.Digital Anemometer

This vanetype probe portable anemometer
provides fast accurate readings, with digital
readability and the convenience of a remote sensor
separately. It is used to measure the average air
velocity. The low friction ball bearing design
alows free vane movement, resulting in accuracy
at both high and low veocities. The sensitive
balanced vane whedl rotates. Freely in response to
ar flows. Conventional twisted vane arms
eliminate the source of unrdiability, see Figure

(9).

Fig. 9. Digital Anemometer.

3.9.3. Thermocouples Circuit

The thermocouple circuit consists of a digital
electronic thermometer (type TM-200, seria no.
13528) as shown in Figure (4), connected in
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paralld to the thermocouples by leads through a
thermometer, and digital thermometer Calibration
(type TM-300, serial no.13645) by using only
calibration digital eectronic  thermometer.
Thermocouple (type K), this type can be used in
temperature range from -200 to 1300C,(Chromel
90 % Ni- 10% Cr ; Alume 95%Ni- 2% Al-
3%Mn).

3.9.4.Flow Meter

To measure the average flow rate of hot water
, @ Rota meter which isa flow meter containing a
calibrated glass tube and a float [0.2Y m¥hr] and a
globe valve was used to control the average flow
rate of hot water, seefigure (10).

Fig. 10. Flow Meter.

3.10. Calibration of Instruments
3.10.1. Thermometer Calibration

This is a two in one device including type K
thermometer and type K thermocouple calibrator.
It is a calibrating process device and measuring
process signals. Microprocessor circuit assures
high accuracy and provides special function and
features. Built-in  temperature  linearity
compensation high precision circuit is fitted with
standard K input measuring socket. It is used to
calibrate the other cadibratable digital
thermometers see Figure (4).

3.10.2. Anemometer Calibration

The vane-type rotary anemometer is calibrated
just after the duct test section because of the large
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cross-sectional area of the probe, in the free
stream of the outlet region, for the five Reynolds
numbers. The static-pitot tube with the manometer
is used in that calibration, for checking. For many
stations, the average velocity (Uawe) is calculated
by integration. The average error percentage for
al Reynolds numbers Rangeis around 2%.

3.10.3. Thermocouples Calibration

All thermocouple were used with leads and
calibrated using the melting point of ice made
from distilled water as reference point and the
boiling points of several pure chemical
substances. The calibration results are given
in Table (1) and Figure (11a &11b).

Tablel,
Experimental Accuracies.

Independent variables
(v) (w)

uncertainty interval

Surface to bulk air

+0.16C
temperature
Voltage of the heater + 0.04 volt
Current of the heater + 0.0003 Amp
Hydraulic diameter +0.0002 m
Velocity +0.2% m/<s
Thermometer + (0.2%+05C)
8
) e
7— a Aceton
i b Ethanol
¢ Distilled water
6 — d Orthoziline
i e Xylene d
5 |
% T c
> 4o
E T b
3
- a
5 ]
1
0 T I T I T I T I T
0 40 80 120 160 200
Boiling point temperature (°C)

Fig. 11. a. Thermocouple Calibration Results.
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3
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40—
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Fig. 11. b. Thermocouple Calibration Results.

3.11. Velocity M easurement

One method to measure and calculate the
velocities in this research was the direct
measurement by the anemometer, it is used to
calculate the streamwise velocity (u). The
velocity was determined according to [27].

These velocities were used in calculating the
Reynolds number and the airflow rate. The mass
flow rate for the different flows is calculated from
thefollowing:

XN Yny
m= 0 O Uy xdy xdx ..(2)
Xy Y1

where the ui, is the inlet streamwise vel ocity
and it is not constant across the duct height but it
has a specific profile.

Xnx YNy
M=12* & (Y, dy>dX (2
X %

So the volumetric flow rateis:

G=r/r e
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3.12. Temperature M easurement

Temperature distribution at various stations
and points inside the duct at inlet and outlet of
water inside heat exchanger However
temperatures distribution before vortex generators
and after heat exchanger in the test section,
infrared thermometers and type K thermocouple.
The temperature measurement devices were
calibrated.

3.13. Procedure

1. Connect heat exchanger to hot water supply.

2. Set hot water temperature.

3. 3-Plant two thermocouples in air duct to
measure inlet and outlet air temperature.

4. Plant two thermocouples to measure inlet and

outlet hot water temperature inside heat

exchanger.

Set water flow rate as desired.

Switch on fan.

Switch on circulation pump.

8-Take reading every 50 min after steady state

condition.

©~No O

3.14. Data Analysis

Simplified steps were used to analyze the heat
transfer process for the air flow and water in heat
exchanger.

The local hest transfer coefficient can be obtained

aq28]:-

h, = q (4
T, - (T, @

=M C, AT
g=heat flux

(Tb ) = Local bulk air temperature.
(T_), = Local tube surface temperature.

All the air properties are evaluated at the mean
film air temperature

1)), = (To)x ;(Tb)S ...(5)

Tf -Local meansfilm air temperature.

The local Nusselt number (Nu,) then can be
determined as:

Nuc— Nx Dy ..(6)
K
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Where:
K=thermal conductivity of air

Dr=hydraulic diameter of duct
4 A

The average values of Nussdt number Nup,
can be calculated as follows:

_1

m~ T
..(7

The average values of the other parameters can be

calculated based on calculation of average tube

surface temperature and average bulk air
temperature as follows:

L
Nu oNu , dx
(0]

1x=L
Ts:f (‘) (Ts)x dx ..-(8)
x=0
1x:L
Tb:f O(Tb)x dx
x=0
..(9)
__'I'_S+'|'_b
Tf = 7 ...(10)
Ren=P Yin Dh ..(12)
1)

Where u_ =V/A . A = LH
All the air physical properties p, u and k were
evaluated at the average mean film temperature

(T,).

4. Results and Discussion
4.1. Introduction

The restriction on shape and paosition of a duct
strongly influences fluid flows along the duct.
The main results from the experimental are used
in this research, for a fully developed turbulent
flow in a rectangular duct for different Reynolds
numbers and they are presented graphically.
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4.2. Experimental Results

Experimental study was carried out at
Reynolds number equal to (62000-125000) for all
shapes of vortex generators. The location of the
winglets was changed according to longitudinal
distance to get the best location of vortex
generators at X,,=0.5 cm at circular shape and
Xm=2.5 at square shape.

4.3. The effect parameters on the heat
transfer

Finding many parameters effect on the heat
transfer coefficient, | will recogniz the Nussdt
number reference to enhance the heat transfer
from the heat exchanger as shown below.

4.3.1. Vortex generator shape effect

Figures (12,13,14) represent the relation
between Nussdt number and flow Reynolds
number at location (X=0.5, 1.5, 2.5cm)
respectively, as shown Nusselt number increases
higher by inserting circular and square vortex
generators with respect to without turbulator
but the increase in Nusselt number is shown to be
highest at Reynolds number Also it indicates that
the circular vortex generators at location
(X=0.5,1.5 cm) increases Nussdt number with
respect to the square vortex generators with
ratios (28.5%, 13.5% ) respectively, because the
turbulence flow in the circular vortex generators
greater than the sguare vortex generators is
leading to enhancement the heat transfer in the
circular shape better than the square shape . The
square vortex generators at location (X=2.5 cm)
increases Nussdt number with respect to the
circular vortex generators with ratio (29.5%).

The circular vortex generators at location
(X=0.5, 1.5, 2.5cm) increases Nusselt number
with respect to without turbulator with ratios
(56%, 50%, 36%) respectively, and the square
vortex generators at location (X=0.5, 1.5, 2.5cm)
increases Nusselt number with respect to
without turbulator with ratios (39%, 42%, 51%)
respectively
For both cases the general equation of thisreation
is given as equations 12 and 13 for Figures 15 and
16 respectively.

Nu= [-21757(X/L)* 4693.8(X/L) + 35454 ]+
[ 0.855(X/L)* + 0.063(X/L) + 0.002 ]Re +

[-9 x 10°(X/L)*- 6 x 107 (X/L) + 1 x 10°]*R¢?
(circular) ...(12)

Nu= [ 27720(X/L)? - 4766.7(X/L) - 187.18] +
[ -0.45(X/L)*> + 0.066(X/L) + 0.0069 ] Re +
[2 x 10% (X/IL) - 2x 10® ] Ré
(square) ... (13)

Where: X: location of vortex generator.
L: the distance before heat exchanger.

700
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—s—square
500 | —a— without turbulator
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400 |
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200 |
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50000 60000 70000 80000 90000 100000 110000 120000 130000
Re

Fig. 12. Experimental Variation of Nusselt Number
with Reynolds Number at location (X=0.5 cm) for
Vortex Generators.
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Fig. 13. Experimental Variation of Nusselt Number
with Reynolds Number at location (X=1.5 cm) for
Vortex Generators.
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Fig. 14. Experimental Variation of Nusselt Number
with Reynolds Number at location (X=2.5 cm) for
Vortex Generators.

4.3.2. Location of vortex generator

Figures (15, 16) show the relation between
Nussdt numbers (with vortex generators, and
without vortex generators) for both cases (circular
and square) respectively and flow Reynolds
number. As shown in these Figures the behavior is
the same as that obtained in Figure (12, 13, and
14). But the heat transfer process in circular shape
is better than in sguare shape at location
(X=0.5, 1.5 cm) , the square vortex generators at
location (X=2.5 cm) is better than circular shape
because the square vortex generators in this
location provide turbulence flow better than the
circular shape as shown in figures.

700

——x=05cm
600{ | —-m—x=15
—4—x=25¢cm

500

400

Nu

300

200

100

0 T T T T T T T
50000 60000 70000 80000 90000 100000 110000 120000 130000
Re

Fig. 15. Experimental Variation of Nusselt Number
with Reynolds Number at Circular Vortex
Generators.
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300
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50000 60000 70000 80000 90000 100000 110000 120000 130000

Re

Fig. 16. Experimental Variation of Nusselt Number
with Reynolds Number at Square Vortex
Generators.

4.3.3. Reynolds Number

Figures (12, 13, 14, 15, and 16) show that
Nusselt numbers are enhanced with Reynolds
number increasing for all cases dueto increase the
inlet velocity (ui) and that will increase the heat
transfer from the heat exchanger.

5. Conclusion and Recommendations
5.1. Conclusion

Experimental study for heat transfer around
heat exchanger using vortex generators (circular
and square) in turbulent flow has been done. In
the experimental study, an apparatus was set up to
measure the velocity and temperatures around the
heat exchanger with constant heat flux using two
shapes of vortex generators at afixed point.

1- There is an effect for the shapes of vortex
generators on heat transfer, Temperatures and
velocity distribution.

2- Circular shape is the best shape for enhancing
heat transfer and the sguare shape gives
minimum hest transfer in the present work.

3- Heat transfer is enhanced (36-56) % when
Circular shapes of vortex generators are used.

4- Heat transfer is enhanced (39-51) % when
Square shapes of vortex generators are used.

5- Heat transfer increases by using Circular shape
when the distance of vortex generatorsis equal
to (X= 0.5, 1.5 cm) before heat exchanger.
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6-

Heat transfer increases by using square shape
when the distance of vortex generators is equal
to (X= 2.5 cm) before heat exchanger.

5.2. Recommendation for future work

The following points can be recommended for

future work.

1

Numerical investigation can be extended to
consider 2-D or 3-D problems.

2. Other shapes of vortex generators can be
investigated numerically and experimentally
(elipsoidal, trapezoidal, triangle, rectangular)

3. New fixed location for vortex generators and
angle (in front of heat exchanger) can be used.

4. The effect of area can be taken into
consideration.

5. Replace air with steam and study its
characteristics.

6. Compare the turbulence model used in this
research with LES (large eddy simulation)
turbulence model.

7. Increasing the number of vortex generators
fixed in each study.

Notation

Symbol Description Unit

A Tube surface area m?

Specific heat at N

Co constant pressure JKgC

Dy, Hydraulic diameter m

h Coefficient of heat W/nEeC

transfer
K Thermal conductivity W/im.°C
L Length of tube m
m Volumetricflow rate ~ m’/s
T Air temperature at any o
point

Symbol Description Unit

Th Bulk air temperature °C
Mean film air o

Ti temperature C
Air temperature at tube

T C
entrance
Tube surface o

Ts temperature C

g Axial velocity m's

component

U Axial velocity at tube m's

entrance

Xm Longitude distance Cm

Dimensionless Groups

Symbol  pescription Equation
hD
Nu Nusselt number > h
nC
Pr Prandtal number " P
D
Re Reynolds number Ui Ly
n
Subscript
Symbol M eaning
S Surface
a Air
i Inter
h Hydraulic diameter
X Local
f Film
m Meter
Greek letters
Symbol Description Unit
0 Dynamic viscosity Kg/m.s
v Kinematicsviscosity ~ m?/s
Air density at any 3
P point Kg/m
Abbreviation
Symbol  pecription
B.L Boundary layer
V.G Vortex generator
H.E Heat exchanger
DX Horizontal Distance of Winglet
DY Vertical Distance of Winglet
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Abstract

Wireless channels are typically much more noisy than wired links and subjected to fading due to multipath
propagation which result in 1S| and hence high error rate. Adaptive modulation is a powerful technique to improve the
tradeoff between spectral efficiency and Bit Error Rate (BER). In order to adjust the transmission rate, channd state

information (CSl) isrequired at the transmitter side.

In this paper the performance enhancement of using linear prediction along with channe estimation to track the
channel variations and adaptive modulation were examined. The simulation results shows that the channd estimation is
sufficient for low Doppler frequency shifts (<30 Hz), while channel prediction is much more suited at high Doppler
shifts with same SNR and target BER=10. It was shown that the performance a higher Doppler frequency shifts
(>30Hz) was improved by more than 2dB over channel estimation at target BER=10"*and 32QAM constell ation used.

Keywords: channel estimation, adaptive communication.

1. Introduction

Wirdess communications is an emerging field,
which has seen enormous growth in the last
several years [1]. The transmission performance
and throughput of wireess communication
systems is limited due to random variation of the
channel. The exponential growth of the internet
had resulted in an increased demand for new
methods to obtain high capacity wireless
networks. The wirdless radio channel poses a
severe challenge as a medium for reliable high-
speed communication. It is not only susceptible to
noise, interference, and other  channe
impediments, but these impediments change over
time[2].

The basic idea behind adaptive transmission is
to maintain a constant Signal to Noise Ratio
(SNR). Thus, without sacrificing Bit Error Rate
(BER), these schemes provide high average

spectral efficiency by transmitting at high speeds
under favorable channd conditions, and reducing
throughput as the channel degrades [3]. Extensive
research work was carried to improve the
transmission rate over wireess link and efficient
use of allowable bandwidth, using Adaptive
transmission techniques, such as adaptive
modulation, channd coding, power control, and
antenna diversity [4,5,6]. The transmission
scheme is sdected rdativdy to the channd
characteristics [7]. For very dowly fading
channds, outdated CSl is sufficient for reliable
adaptive communication while for faster fading,
even smal dday will cause significant
degradation of performance since channd
variation due to large Doppler shifts usually
results in a different channd at the time of
transmission than at the time of channd
estimation. Due to unavoidable delays involved in
signal estimation, feedback transmission, and
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modulation adjustment; the adaptation needs to be
based on predicted channed rather than estimated
one[7].

The rest of the paper is organized as follows.
In the next section M-ary Quadrature amplitude
modulation MQAM technique was presented.
Wirdess channel modeling, estimation, prediction
are discussed in section 3¢ system architecture and
simulation in section 4 and results and
conclusions are discussed in section 5.

2. M-ary Quadrature Amplitude
M odulation M QAM

Spectrum is the most precious commodity in
wirdess communications. Along with SNR, it
determines the data rate at which the information
can be transmitted.

In spectraly efficient M-ary QAM (MQAM),
there are a total of (M) possible states for the
signal with transition from any state to any other
state at every symbol time. Since M=2", m hits
per symbol can be sent. In Adaptive MQAM the
transmission parameters are varied according to
variation of the channel state.

For every modulation mode, its error
probability is directly related to the received SNR.
The symbol error rate (SER) of MQAM is given
as[8]:

Py moam (v) = 2(%1) Q < /ﬁy) ..(2)

Where (g) is the received SNR. This
approximation to the error probability is good for
all values of M. When the Gray coding is used in
the mapping of bits to constdlation symbol, the
equivalent bit error rate (BER) for MQAM is well
approximated by [8]:

1
Pomoam (V) = o= Psmoam (¥) (2

In adaptive MQAM system, modulation is
selected according to the channd state which is
obtained in the form of Signal to Noise Ratio.

3. Channel Modeling

Unreliable wireless communication channd is
resulted due to temporal and spatial variations of
the received signal [8]. Besides the path loss,
shadowing, and multipath fading the inherent
noise from the receiver's dectronics and
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interference  from competing  transmissions
complicated the recovery of the original signal.

Multipath fading is the dramatic variation in
signal power that occurs when the received signal
is a sum of multipath components each with
independent amplitude, phase, and frequency
components. Fading is caused by a phenomenon
known as the Doppler Effect [8].

fa = fc7 - c0SO = famaxCOSO ..(3)

Where f. is the carrier frequency, 6 is the
angle of arrival of the received signal, v is the
reative velocity, and fqpnax IS the maximum
Doppler frequency. The recelved signal was
modeled as a sum of non-resolvable multipath
components each with independent amplitude,
phase and frequency components. The channel is
thus modeled in a complex baseband as [9,10].

c(t) = XL, A; . @/@rlait+) ..(4)

Where N is the number of scatterers, A is the
amplitude, and f4 is the Doppler frequency shift of
the i™ complex sinusoid. Figure(1) shows a typical
Rayleigh fading channel simulated over different
Doppler frequency shifts. The multipath fading
channel was modeled as a linear finite impulse
response FIR filter using MATLAB7.6. The
envelope of the channel was faded throughout the
channel samples. The fading rate is highly
dependent upon Doppler frequency shift.
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Fig. 1. Rayleigh Fading Envelope.
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4. Proposed System Architecture

Figure (2) shows the proposed system block
diagram. Where r(t), s(t), c(t) and n(t) is the
received, transmitted, channel and noise signal
respectively.

A pilot symbol which does not convey useful
information is inserted every L™ channel symbol

Transmitter
moTTTTT T 1 [l B
s(t) | M odulation : : X :
Pilot Adaptive i i T i
insertion | Ratecontrol | | ! c(t) :

e

T

n(t)

for real time channd monitoring, where each
frame starts with a pilot symbol. The frame length
(L) can be adjusted depending on the channel
quality. The proposed system uses bandwidth
efficient MQAM modulation technique with
different levels. The randomly generated symbols
are first mapped into M possible phases using
Gray coding.

Pilot Channd
Extraction - Estimation

Channel
Prediction

Fig. 2. System Architecture.

Received pilot symbols are extracted and used
for channel estimation. The modulated symbols
are then converted back to baseband bits with
appropriate demodulation and Gray decoding.
Coherent demodulation is used in order to achieve
an undistorted bit stream. In order to cope with
channel variations, the received data are fed
through a baseband equalizer to reduce signal
distortion. It is worthy to note that perfect clock
and carrier recovery is assumed.

The estimated channel values are fed back to
the transmitter to adjust the transmission mode
suitable for the channd state at the transmission
time.

4.1. Adaptive Modulation Boundaries

Switching between different  modulation
schemes was based on BER threshold which is
directly related to the channe SNR, at the
receiver.
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Recall equation (2) SNR can be found as:

_1(Pb.MQaM¥)*VM=logaVM z
¢ 2(VM-1)

3/(M-1)

y =10 * logy, ...(5)

Where Q* is the inverse of the Q-function.
Proper switching boundaries are decided based on
target BER selected specified depending on the
type of information to be transmitted over the
channel (voice, video, data,...etc). This means
that the system will try to keep a BER lower than
a target BER with the most spectrally efficient
modulation scheme whenever possible. Figure (4)
shows the BER performance for MQAM over
AWGN channel with target BER=107.
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Fig. 4. BER Performance for MQAM in AWGN Channel with Threshold BER=107 .

Different  modulation  techniques were Fig. (6) show the BER performance for 64QAM
simulated over a Rayleigh fading channd with and 256QAM over Rayleigh fading channel.
different Doppler frequency shifts. Fig. (5) and

S40AM BER cvar DIFfzrant Dopplsr ratas

10’

20
EbiHe [<B)

Fig. 5. 64QAM BER Performance Over Rayleigh Channel .
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Fig. 6. 256QAM BER Performance over Rayleigh Channel .

4.2. Channel Estimation

The ultimate goal at the receiver is to recover
the transmitted signal that was subjected to both
time varying attenuation and phase distortion.
Using pilot symbols accurate channel values can
be obtained at the pilot times. In order to obtain
the channel impulse response, the channel values
can be interpolated. FFT-based interpolation
approach was used to interpolate in between
channel values.

The input data to the channel estimator is the
ratio of the received pilot symbals to the known
pilot symbols g(n) [7]. This factor gives a measure

50

of the distortion that the pilot symbol has
undergone due to the channel fading.

_ whNp-1 j2nnk
G(K)=X,2, g(n)exp (_—N,, ) ...(6)

Where N, is the number of pilot symbols used
to create channel estimate.

Both SNR and the Doppler frequency shift
have a strong impact on the performance of
channel estimation and hence rate adaptation. The
effect of different values of Doppler frequency
shift on channel estimation was simulated as
shown in Figure (7).

System Identification Doppler frequency=5Hz

40
30 *\a/\l/\%s

20 -

SgHE \de

10 -

-10 I I I L

S b/\y/V\/ ijfx/? mﬂvj

—*—— Desired
FFT_stimated

[ [ [ [ I

1050 1055 1060 1065

1070

1075 1080 1085 1090 1095
Time Index

1100

a. Doppler Frequency=5Hz.
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System Identification Doppler frequency=30Hz
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b. Doppler Frequency=30Hz.

System Identification Doppler frequency=40Hz
50 . . . . T T
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_10 1 i i i i L 1 1 1
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c. Doppler Frequency=40 Hz

Fig. 7. FFT Egtimation of Signal Transmitted over Rayleigh Fading Channdl.

4.3. Channel Prediction Where ¢, is the predicted value based on the

linear combination of (p) previous values (¢, ;)
multiplied by the prediction coefficients(d;). And
the error generated by this estimateis [14]:

In channel prediction, the future power level of
the channd can be estimated using past and
present channel samples[11].

Unlike AWGN the channel is correlated from en =Cp—Cp ...(8)
sample to sample. Therefore, advantage of the
deterministic properties can be taken and what the Where ¢, isthetrue channel value.
value of the channel will be at a later time can be In order to predict multiple samples in the future,
predicted. In the linear prediction (LP) model, the the latest predicted sample is just treated as an
current sample is approximated by a linear actual sample. In linear prediction the state of the
combination of past samples of the input signal channel will be up to date at the time the
[10,12,13]: transmitter receives the control information from
— the recelver hence propagation delay of the
Cn = j=1d) Cn-j -(7) feedback channel will be less of a problem.
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In order to predict the Rayleigh fading
channel, channel estimation followed by linear
prediction will be employed. A linear predictor is
used to predict the channd status based on the
outdated estimates.

Figures from (8) to (10) show the prediction of
future channel values. The prediction efficiency is
depending on the number of symbols that could
be predicted ahead. As the number of symbols
increases, the accuracy of the prediction would be
decrease.

[Inmmal Sinnal s 11 | stimate

4 |

Aunphlimde

Original Signal
R LPC Eafimate

. i i
oo 410 420 430 440 480 4RO 480 490 GCHl
Somple Nurmber
Fig. 8. Linear Prediction for 1 Symbols Ahead.
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glII 430 444 465 465 470 AR 440 (=i}
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Fig. 9. Linear Prediction for 10 Symbols Ahead.
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4".1 ! T T ! T
i : orlginal Slgnal
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Fig. 10. Linear Prediction for 20 Symbols Ahead.
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BER performance of 64QAM and 256QAM
simulated over predicted channel with different

prediction depth (10 and 20 samples ahead) is
shownin Fig. (11) and Fig. (12).

Channel predicilon for 64QAM

-5 [ —8— Original Rayleigh channal I
f—t—Pradletlon 10 symbols ahsad f
" S —w—PFredlotlon 20 symbols ahead £

o 18 18 20 22

id

EbiNu {uH]

Fig. 11. 64QAM BER Performance for Predicted Rayleigh Fading Channel .

Channel prediction for 256 2AM

[ —8— Original Raylsigh channal [
E —t— Pradletlan 10 gymbols ahsad |

L —we— Predictlon 20 symbols ahead -

2 24 ] &

il

EbfNu {UH)

Fig. 12. 256QAM BER Performance for Predicted Rayleigh Fading Channd .

5. Reaultsand Conclusions

It is worthy to note that the channel estimation
and prediction at the receiver side differ from the
original Rayleigh channel because of the error due
to estimation and prediction process. As Doppler
frequency increases, the BER also increases
because of the deep fades that occur on Rayleigh
channel during data transmission.

From previous results it can be concluded that
the BER performance over predicted channel with
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10 symbols ahead is better than the BER
performance over predicted channel with 20
symbols ahead since as farther as many samples
predicted, the less accuracy of the channd will be
observed because of accumulated error.

Figures (13-14-15) show the BER performance
for 32QAM, 64QAM and 256QAM constellations
with different values of Doppler frequency shift
for each case simulated over original, estimated,
and predicted Rayleigh fading channels.

The results clearly reveal that the channel
estimation was sufficient for low Doppler
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frequency shifts (<30 Hz). At higher Doppler
shifts the channd estimator fails to track the
channel variations due to high fading rate, while
channel prediction is much more suitable at high
Doppler shifts and same SNR.

Channdl prediction based on the estimated
channel samples was simulated and tested for
target  BER=10". It was shown that the
performance at higher Doppler frequency shifts
was improved by more than 2dB over channel
estimation and 32QAM modulation used. Higher
constellation size is more sensitive to increased
Doppler shift.

Fig. (16) shows that the BER performance of
adaptive system is much better than static system
because it provides efficient spectral efficiency at
any given SNR. The reason for such improvement
is that when a channel encounters a deep fade, it is
better to use a modulation with lower
constellation size in order to get low error
probability, while in good channel state it is better
to transmit as many bits as possible. As aresult, in
order to overcome the outdated CSI ,when
channel estimation is used, past and present
channel symbols can be used to predict future
channel symbols.

o Channel estimation and prediction for 32QAM with Doppler frequency=30Hz

10

Original channel 4

— S— - Estimated I
10° ’ \\\\ﬂ% 7 — % Predicted =
102 i

% 10° \
\
10™
10°
10° \
10 15 20 25
Eb/No (dB)

Fig. 13. Channel Estimation and Prediction 32QAM.

o Channel estimation and prediction for 64QAM with Doppler frequency=20Hz

10

Original channel [

- Estimated =

10* —+— Predicted =

—
107 —
% 10°
10”
10°
10°
20 21 22 23 24 25 26 27 28 29 30
Eb/No (dB)

a. Doppler Frequency=20 Hz.
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Channel estimation and prediction for 64QAM with Doppler frequency=30Hz

10

Original channel
Estimated t
10 ——#—— Predicted =

LI —

10

10

10
20 25 30 35

Eb/No (dB)

b. Doppler Frequency=30Hz.

Fig. 14.Channd Estimation and Prediction for 64QAM.

0Channel estimation and prediction for 256QAM with Doppler frequency=10Hz

10

Original channel [
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10" B —#+—— Predicted =

S
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10
25 30 35 40
Eb/No (dB)

a. Doppler Frequency=15Hz.

0Channel estimation and prediction for 256QAM with Doppler frequency=20Hz
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ﬁ 102 | X \
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b. Doppler Frequency=20Hz.

Fig. 15.Channd Estimation and Prediction 256Q AM.
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Adaptive modulation (MQAM) over Rayleigh Fading Channel fd=20Hz

o
L
[aa]
10.4 | —<0— QPSK . \
—+— 16QAM A s
—E&— 640AM \
256QAM
R —— adaptive system
10 : o
0 5 10 15
EbNo (dB)
Fig. 16. BER Perfor mance of Adaptive System.

Fig. (17) shows the spectral efficiency the channd estimation alone fails to track the
throughput for estimated and predicted Rayleigh channel variations, and hence low spectra
fading channel taken over BER threshold 10 and efficiency, while channel prediction is much more
Doppler frequency shift f4 =20 Hz and 40 Hz. It is efficient with high spectral efficiency.

clear that when the Doppler frequency increases

throughput at BER=0.0001 and Doppler frequency=20Hz

8 /—A
N
% 7 —@— original channel
S *— estimated channel
26 * —=— predicted channel
=
35
£ ﬂ/
4 ’
15 20 25 30 35 40
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throughput at BER=0.00001 and Doppler frequency=30Hz

8 ﬁ/—A
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>
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= /
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Fig. 17. Throughput of Predicted and Estimated Channel f;=20Hz, and 30Hz BER=10".
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Abstract

In this paper, atheoretical study to the effect of journal misalignment on the static characteristics of il filled porous
journal bearing when lubricated with couple stress fluid has been carried out.

The analytical moddl used through this work is for a bearing with isotropic permeability. Considering isotropic
permeability the Reynolds equation for the il film is modified to include a so — called filter term and the effect of fluid
coupled stress. The pressure equation for the porous medium is obtained from Darcy's law and continuity equation. The
equation which was used to evaluate the ail film thickness was modified to include the effect of possible misalignment
in longitudina and transverse directions. The governing equations with appropriate boundary conditions are
numerically solved using a suitable numerical technique. A computer program has been prepared to solve the governing
equations. The validity of the program has been tested by comparing the results obtained through this work with that
published in available works. The comparison shows a good agreement between the results obtained through this work
and that published by other workers.

By comparing the behavior of aligned and misaligned bearing it was found that the journal center misalignment has
a considerabl e effect on the performance parameters of the bearing which can not be neglected.

Keywords: Static Characteristics, Self Lubricated Bearing, Misaligned Bearing, Uniform Permeability, Coupled Stress.

1. Introduction

In most theoretical investigations  of
hydrodynamic lubrication it has been assumed
that the journal and the bearing axis are aligned.
This is an unrealistic assumption for the bearing
operating with small film thickness since the
bearings often operate in misaligned condition.
Bearing misalignment can vary in magnitude and
direction. The most important cases to be
considered are vertical , twisting , and horizontal
misalignment or combination of these can also
occur.

Most investigators in this area confined their
work to solid bearing. A little work has been
found related to the behaviour of aligned porous
bearing lubricated with coupled stress fluid, while
most works found reated to study the behaviour
of porous bearing lubricated with Newtonian —
lubricant as can be seen in references [1 — §]. It

was found that the Newtonian fluid constitutive
approximation is not satisfactory engineering
approach to many lubrication problems. Hence the
effects of non — Newtonian behaviour must be
taken into account in the redlistic study of these
bearings. Many micro continuum theories have
been developed to describe the behaviour of non —
Newtonian fluids. Airman et. al. [9,10] developed
a micro continuum  theory to describe the
behaviour of fluids containing structure such as
polymer. Naduvinamani €. al. [11] wused the
couple stress theory to analyze the squeeze film
[ubrication of a short porous bearing. A main
conclusion through this work is that under cyclic
load the couple stress fluid provide a reduction in
journal velocity and an increase in minimum
permissible height of squeeze. The surface
roughness effect in a short porous journal bearing
lubricated with a couple stress fluid was studied
by Naduvinamani e. a. [12]. It was


mailto:lekaa_hameed@yahoo.com

Lekaa' H. Abd Al-shaheed

Al-Khwarizmi Engineering Journal, Vol. 8, No. 2, PP 42 -53 (2012)

observed during this work that the effect of
surface roughness on the bearing characteristics
are more pronounced for couple stress fluids as
compared with Newtonian fluids. Using the
couple stress theory to investigate the lubrication
mechanism of synovial joints was carried out by
Bujurke and Ramesh [13]. They showed that the
effects of surface roughness are considerably
prounced for porodastic bearings with couple
stress fluid as lubricant compared to classical
case.

Recently the flow and heat transfer of couple
stress fluid in a porous channd with expanding
and contracting walls have been investigated by
Srinivasacharya and Srinivasecharyulu [14].
Graphs for velocity components and temperature
distribution are presented for different values of
the fluid and  geometric  parameters.
Naduvinamani and Patil [15] used a numerical
solution to the finite modified Reynolds equation
for couple stress squeeze film Ilubrication of
porous journal bearing. They concluded that under

a cyclic load, the effect of couple stress is to
reduce the veaocity of the journal center and to
increase the minimum permissible height of the
sgueeze film.

So far it seems that al the above researches
ignore the effect of journal center misalignment.
The effect of bearing misalignment on the bearing
characteristics such as the mean load carrying
capacity, mean frictional force, and the other
bearing characteristics are investigated during this
work.

2. Numerical analysis

2.1. Model of the misaligned porous
journal bearing

The modd of misaligned porous journal
bearing lubricated with couple stress fluid shown
in Figure (1) is adopted through the present work.

Sideview

Front view +

Fig. 1. Geometrical Configuration of the Misaligned Porous Journal Bearing.

2.2. Governing Equations

The governing eguation for the pressure
distribution in the ol — film is given by the
modified Reynolds equation including a so —
called filter term and coupled stress effect. For a
journal bearing lubricated with coupled stress
flud with a constant viscosity the modified

Reynolds' eguation can be written as [12]:-

l'e( - 12kd QfPU ﬂle( - 12kd QP U
ﬂx:g (1-b)g ﬂx)k/, ﬂzle (1- b)uﬁﬁ
Th
=6nyY —
fix ..
Where
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Equation (1) can be written in dimensionless form
asfollows:-

T1é. 1 u‘ﬂP U
)+ +
Ta 5 - b)Y ﬂxg
1 T 1é . » o« 12 P u_ _fn’
———=ia0 (h I, =6
4a® 1z %89( A )17} 1
(2
Where: [15]
ANy A A A3 A2 A &h o]
g (h,l.)=h -12_ h +24, tanh(}_T
&2, 5.3
aEhg/k (4
gmﬂ
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Where b represents the ratio of microstructure
Size to the porous size. For a vary small b, i.e
b<<1, the polar additives percolate into the porous
matrix. It in clear that when b—0, the flow
become Newtonian flow.

It can be shown that the couple stress
parameter (I) has a units of length and it may be
regarded as chain length of polar additives and
can be evaluated as [15,16]:

I, =4h/m ...(5)

The fluid film thickness in cooperating the
effect of journal misalignment in both directions
(axial and twisting) can be expressed in non —
dimensional form asfollows [17]:-

h" =1+ecosq - zs, cosq +zs ,SiNq ...(6)
Where:
el ©
S, = Zéadi-:g—qangl ~..(7)
eCeEDg
G 6
S, = aE5—:(;—+tangz ...(8)
eCeDg

The two independent misalignment angles (g
and @) are measured from x=0; it is clear from
equation (6) that the cil gap geometry depends on
(g and x).

Due to the continuity of the fluid motion at the
porous matrix, the cil pressure inside the porous
matrix satisfies the Laplace equation which can be
expressed as[12, 15]

2p* 2p* 2p*
TP, TP, T°P
S AR 4

The classical Reynolds' boundary conditions

are adopted through this work. The Reynolds
conditions can be expressed as|[ 1,18];

=0.0 ..(9)

P

P@o=P@a)=P"(q0=P’r"q1=0
P'0,2=P’ (02 =0
P’@,2) =PY (% q,2)at(r") =1
PY(rl g2 =P

O it =

R V]
Ilé:ﬂP Oatq =p +a,

Tla
...(10)

Where a , isthe angle at which cavitations starts.

2.3. Bearing Parameters

After evaluating the pressure fied through the
oil film, the bearing performance parameters can
be calculated as follows:-

The radial and tangential components of the
load arefound as :

Fi2=- 0 olP" @ )emsa Jaox 3'?
€ 0 0, !

- 1p+a ?/
&, 2= ¢ P (@.x)sin q Hadx i
€ g 4 o b

The total bearing load carrying capacity can
be expressed in dimensionless form as;

..(12)

The attitude angle can be found as:-

() = tan" 1w /) ..(13)

The friction force can be expressed in
dimensionless form as[16] ;

1p+"j‘cael h* qP" 0
Ry = —+——‘dqd ..(14)
gh 2 g

The coefficient of friction can be evaluated as:

A

f(RIC) = ...(15)

The oil side leakage flow for the porous
journal bearing can be evaluated as[ 16];

N = .,
QG =0 ~| h
0 0 T[Z z =1
i é .~ o
I é coshgeziﬂ +ujr
[ A2 A ,\ze 2l p A
1|'y h” -y h" +2. " a- < ﬂydqdy
i & 2y 0 G
i & cosh€¢ Gi
i 8 §2.° 5 6
...(16)

2.4. Method of solution

The pressure distribution in the ail film can be
obtained by solving the modified Reynolds
equation (1), the Laplace equation (9) coupled
with the modified oil film thickness equation (6)
with the Reynolds' boundary conditions equation
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(10) simultaneously using iterative numerical
scheme. The fidd of solution is divided into grid
spacing (N;=8, N,=180, N3=12); each has a mesh
size Dr' * D9 *Dz for porous matrix and grid
spacing (N2=180, N3=12); each has a mesh size
DO *Dz" for oil film thickness.

Gauss Siedd iterative scheme with successive
under relaxation has been used to solve the
governing equation of the problem. The iterations
are stooped when the following convergence
criteria are satisfied.

For the oil pressure inside the porous matrix
the convergence criterion can be expressed as:-

8
<105+ ..(17)

While for the oil pressure in the bearing oil
film the convergence criterion can be expressed

as:-
o O A(n+1) Aln) A
gapPx Py 2
c o o O <10 = (18)
8 a a P« 5

A computer program written in FPRTRAN —
90 language has been used to solve the governing
equations of the problem. Figure (2) shows the
flow chart of the computer program used during
this work.

Start

{

Read
LycyRi1R01Nj1klyu1 gly gZ:IC 1p$

>y

Assume e=0.05
I

=V

Calculate F?'Aj'k for porous bearing matrix using the finite

difference of the Darcy's equation

Y

Calculate the error from equation ( 17 )

e=e+0.05

’yYes

Calculate P;, ail film

Y

Calculate the error from eauation ( 18 )

® R
e=e+0.05 B X=X+1 NO
Yes

Will be continue

45
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{

CaculsteW f ¥, S O

¥

Print
W f. ¥, S Q,ea, &l

¥

e=e+005 |

>

Yes

Assume g1, Czlc

O~—-

|

End ]

Fig. 2.Flow Chart of the Computer Program.

3. Reaultsand discussion

The combined effect of couple stress and
journal center misalignment on the performance
of porous journal bearing is predicted through this
work. The effect of couple stress is taken into
consideration on the basis of stokes couple stress
fluid modd for lubricant. A finite porous journal
bearing operated under steady conditions is
analyzed. All bearing characteristics such as the
load carrying capacity (W), frictional coefficient
f(R/C) , friction force, the lubricant side leakage
and the attitude angle are functions of the couple
stress parameter (I) and the eccentricity ratio (€).

The computer program prepared to solve the
governing equations of the present work is
verified by comparing the obtained results with
those obtained by Mokhiamer (1999). Figures (1)
and (2) shows a comparison between the pressure
distribution obtained in this work with that
obtained by Mokhiamer (1999) for eccentricity
ratio of (0.4, 0.6) respectively. It can be shown
from these figures that the maximum percentage
of error between the obtained and the published
results is (6.25% and 5%) respectively, while
Figure (3) shows that the maximum error between
the attitude angle obtained during this work in
comparison with that obtained by Mokhiamer
(1999) did not exceed (6%). The percentages of
error mentioned above are based on the difference
between the calculated and published data divided
by the published data. It is clear from the above
figures that the results obtained through this work
are in a good agreement with the published results
and give a reasonable rdiability to the program
used to analyze the problem of the present work.
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Figure (4) shows that the load carrying
capacity of the bearing decreases when combined
misalignment (axial and twisting) which gives an
indication that the ail film thickness increases
when the bearing suffers from the combined
misalignment is taken into consideration. A
maximum decrease of (28%) in load carrying
capacity is noticed in this case A greater
decreases in load carrying capacity is noticed
when axial misalignment of the bearing is taken
into consideration especialy for low values of
eccentricity ratio. The maximum reduction is
calculated and found to be about (35%) , which
indicates an increase in ail film thickness in this
range of eccentricity ratios. A dlight increase in
load carrying capacity is noticed when the
twisting misalignment is considered especially for
low values of eccentricity ratio (i.e. to about e =
0.4) while it has no effect for higher values of
eccentricity ratio.

A decrease in attitude angle is seen when
combined axial and twisting misalignment is
taken into consideration as shown in Figure (5). A
maximum decrease is calculated and found to be
(20%). This can be attributed to the variation in
load carrying capacity components mentioned
before. An increase in attitude angle is noticed
when axial misalignment of the bearing is taken
into consideration. This is due to the increase in
ail film thickness in this case.

A dlight decrease in coefficient of friction is
shown when the twisting misalignment is
considered as shown in Figure (6) , which
indicates a lower shearing rate of the oil in this
case. An increase in coefficient of friction is
shown when twisting and combined misalignment
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is taken into consideration. This is due to the
increase of the shearing rate of the lubricant in
this case.

Figure (7) shows that the side leakage flow
rate of the bearing deceases when the axial
misalignment of the journal bearing is taken into
consideration. This can be attributed to the
increase in ail film thickness, which affects the
velocity component in axial direction, and the
pressure gradient in circumferential direction. A
decrease in side leakage flow rate of (20%), is
noticed in this case. An increase in side leakage
flow rate has been shown when axial and twisting
misalignment of the journal bearing have been
taken into consideration. A higher increase in side
leskage is noticed when the twisting
misalignment only is taken into consideration
which indicate the increase in ail film thickness
of the [ubricant.

Figure (8) shows that the load carrying
capacity for a porous bearing lubricated with
couple stress fluid is higher than that obtained
when the bearing lubricated with Newtonian
lubricant for different values of the eccentricity
ratios. This can be attributed to the higher
viscosity of the couple stress lubricant than that of
Newtonian lubricant. It is clear from this figure
that a higher enhancement is obtained when the
bearing is lubricated with couple stress lubricant
of higher couple stress parameter (l). About
(40%) enhancement in load carrying capacity is
shown for the bearing lubricated with a lubricant
of couple stress parameter of (I = 0.2).

The bearing attitude angle is seen to have
lower values for the bearing lubricated with
couple stress lubricant than that lubricated with
Newtonian lubricant as shown in Figure (9). This

u —®— Program results
5 - —e@— Published reaults
- (1999)
4 —
o3
2 —
1
o) L 1 | 1 | L | L
o 90 180 270 360
0 (degree)

Fig. 1. Comparison Pressure Distribution Between
Present and Published Result U.M.Mokhiamer et.

al. (1999) at P=0.1, I;=0.4,R/L=0.5,3=0.0, ¢=0.0
and e=0.4.
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is attributed to the increase in load carrying
capacity component mentioned above when
lubricating the bearing with couple stress fluid.
The decrease in attitude angle becomes higher
when the bearing lubricated with couple stress
lubricant of higher couple stress parameter.

A decrease in friction coefficient of the
bearing has is when the bearing lubricated with
couple stress lubricant rather than that lubricated
with Newtonian lubricant as shown in Figure
(10). The decrease in coefficient of friction
become higher when the bearing lubricated with a
couple stress lubricant with higher couple stress
parameter. This can be explained if we know that
the load carrying capacity of the bearing is
increased in this case, since the coefficient of
friction is inversey proportional to the value of
the load.

Figure (11) shows a dlight increase in oil side
leakage from the bearing lubricated with couple
stress lubricant than that for lubricated with
Newtonian lubricant. A couple stress parameter
(o) is shown to have a dight effect on the ail side
leakage of the bearing. A dlight increase in ail
side leakage is shown with increasing values of
(I). The increase oil side leakage can also be
attributed to the effect of combined misalignment
of the bearing which causes larger oil film
thickness.

The effect of length to diameter ratio of the
bearing on the load carrying of the bearing is
shown in Figure (12) . It is clear that the load
carrying capacity increase for the bearing with
higher length to diameter ratio, while the
coefficient of friction decreases as shown in
Figure (13).

20
18 — —&— Program results
16 —®— published
14 | Results (1999)
12 [
o 10
s
6 __
a4 .
2 __
o f 1 . [T S 1 o
o 920 180 270 360
0(degree)

Fig. 2. Comparison Pressure Distribution Between
Present and Published Result U.M.Mokhiamer et.
al. (1999) at P=0.1,1,=0.4,R/L=0.5,3=0.0, 3=0.0
and e=0.6.
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Y —@— Published results
70 (1999)
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T 40 -
- R
30
20 |~
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e
Fig. 3. Comparison attitude angle versus

eccentricity ratio between present and published
result U.M.Mokhiamer et. al. (1999) at P<= 0.1, I
=0.4,R/L=05,3=0.0, g=0.0and e=0.4.
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a
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Fig. 5. Attitude angle verse eccentricity ratio for
different misalignment ratiosat | = 0.4.
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Fig. 4. Load carrying capacity verse eccentricity
ratio for different misalignment ratiosat |, =0.4.
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Fig. 6. Coefficient of friction ver se eccentricity ratio
for different misalignment ratiosat |; = 0.4.
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Fig. 7. Dimensionless Side Flow Verse Eccentricity
Ratio for Different Misalignment Ratiosat | =0.4.
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Fig. 9. Attitude Angle Verse Eccentricity Ratio for
Various Values of Couple Stress Parameter.
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Fig. 8. Load Carrying Capacity Verse Eccentricity

Ratio for Various Values of Couple Stress
par ameter.
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Fig. 10. Coefficient of Friction Verse Eccentricity
Ratio for Various Values of Couple Stress
Parameter.
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Fig. 11. Dimensionless Side Flow Verse Eccentricity

Ratio for Various Values of Couple Stress
Parameter.
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Fig. 13. Friction Factor Verse Eccentricity Ratio
for Various Values of L/D Ratios.

4. Conclusions

On the basis of microcontinum theory
developed by Stokes, the present investigation
reveals the effect of couple stresses on the
performance of misaligned finite length porous

50

100.00

10.00

Fig. 12. Load Carrying Capacity Verse Eccentricity
Ratio for Various Values of L/D Ratios.

journal bearing. The results abtained through this
work leads to the following main conclusions:-

1- The journal center misalignment has a
considerable effect on the performance
parameters of the bearing which can not be
neglected. The presence of combined
misaligned (axial and twisting) causes a
decreases of the load carrying capacity and
attitude angle.

2- The presence of bearing axial misalignment
causes a dlight increase in load carrying
capacity and attitude angle, while a decrease in
side leakage of the bearing, is noticed in this
case.

3- Using the coupled stress fluid as a lubricant
seems to improve some of the steady state
characteristics of the porous bearings in
comparison with the bearing lubricated with
Newtonian lubricant. An increase in load
carrying capacity, a decrease in attitude angle,
friction coefficient and dight increase in side
leakage flow have been noticed.
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5. Nomenclature

The following symbols are used throughout
this work.
ratio of length to diameter
Journal Bearing Clearance (m)
diameter of bearing (m)
friction force (N)
Dimensionless friction force,
F' = (Fc/mwiraL)
Dimensionless Friction Coefficient,
= (R/o)f
Dimensionless Film Thickness,
(h" =h/c)
L Length of the Bearing (m)
L. characteristics length of the additive
L. dimensionless coupled stress parameter
, Lo~ Ldc
k Permeability parameter (m?)
N Journal Rotational Speed (r.p.m)

MTMgo

>

—

P Dimensionless Oil-Film Pressure,
P"=c’P/(r* mw;)

P”  Dimensionless Oil — Film Pressure
Inside the Porous Matrix,
P =c*P'/(r*mw;)

P Supply Pressure(N/m?)

Qs  Dimensionless side leakage flow,
Q= Q:L/UR*

rt Normalized radial coordinate, r'= r/r;

R inner radius of porous bearing (m)

Ro outer radius of porous bearing (m)

ri Inner Radius (M)

lo Outer Radius (m)
S Sommerfeld Number ,
S= (Rmw,L / W)*(r;/ c)?
U Journal Velocity (m/s)
W Dimensionless L oad Carrying Capacity,

W'=(W ¢/ hw; r3L)

W'  Dimensionless Component of Oil Film
Force Along the Line of Centers

W';  Dimensionless Component of Oil Film
Force Perpendicular to the Line of
Centers

y' Dimensionless bearing coordinates in
axial direction, y" =y/h

z non — dimensional axial co- ordinate
Z'=z/L

Greek Symbols

e Eccentricity Ratio

n Absolute Viscosity of lubricant (pa. s)

h material constant responsible for the

couple stress parameter
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q Angular Coordinate from Maximum
Film Thickness Position (Degree)

r Density of oil  (kg/m®)

d porous layer thickness (m)

o Permeability parameter , ®= k*d/c®

y Attitude Angle (degrees)

r,

z

g, Bearing coordinates in  radial,
circumferential and axial directions.
0,0 tiltangles (rad)
s,;, two independent misalignment

S, parameters
X Normalized axial coordinate (z/L)

W journal rotational speed (rad/sec)
Subscript
b Referring to Bearing

j Referring to Journal

Super script

u Dimensionless Quantity
Porous Parameter
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Abstract

This paper gudies the effects of stiffeners on shear lag in sted box girders with giffened flanges. A three-
dimensional linear finite element analysis using STAAD.Pro V8i program has been employed to evaluate and determine
the actual top flange stress distribution and effective width in steel box girders. The stedl plates of the flanges and webs
have been modeled by four-node isoparametric shell elements, while the diffeners have been modeled as beam
elements. Different numbers (4, 8, and 15) for the sted gtiffeners have been used in this study to establish their effects
on the shear lag and longitudinal stresses in the flange. Using stiffeners reduced the magnitude of the top flange

longitudinal stresses about 40%, but didn’t affect the shear lag.

Keywords. Shear lag, effective width, box girder, stiffeners.

1. Introduction

A box girder is a beam which has the shape of
a hollow box. The box girder normally comprises
either structural steel, prestressed concrete, or a
composite of sted and reinforced concrete. The
box is typically rectangular or trapezoidal in
cross-section. Box girder bridges are commonly
used for highway flyovers and for modern
elevated structures of light rail transport.
Although normally the box girder bridge isaform
of beam bridge, box girders may also be used on
cable-stayed bridges and other forms.

1.1. Advantages and Disadvantages

Compared to I-beam girders, box girders have
a number of key advantages and disadvantages.
Box girders offer better resistance to torsion,
which is particularly of benefit if the bridge deck
is curved in plan. Additionally, larger girders can
be constructed, because the presence of two webs
alows wider and hence stronger flanges to be
used. This in turn alows longer spans. On the
other hand, box girders are more expensive to
fabricate, and they are more difficult to maintain,

because of the need for access to a confined space
inside the box.

1.2. Shear Lag

The conventional engineering theory of
bending assumes that plane sections remain plane,
which means that shearing strains are neglected.
The term shear lag is used to describe the
discrepancies  between  the  approximate
engineering theory, and the real behavior that
results in both the increases in the stresses in the
flange component adjacent to the web component
in a sted box girder, and to the decreases in the
stresses in the flange component away from the
web.

As shown in Figure (1), the longitudinal stress

sx() at the flange of a box section distributes

uniformly with Sb along the y-axis based on the
elementary beam theory. However, at the
intersection of the flange and web wherey = +b,
the actua maximum longitudinal  stress

Sx,max (Y = £b)

longitudinal stress of Sb. This high stress of the
transfer of the shear force from the web to the

is higher than the average
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flange edge is called the shear lag phenomenon
(Timaoshenko and Goodier 1970).

In the analysis of any box girder, it isimportant to
take the effects of shear lag into account since
these effects can lead to a significant increase in
the longitudinal stresses developed in the flanges.

e
Icam theary': -..,'\H-';E\-L'I:IIINLHII‘

Fig. 1. Typical Box Section under Bending
(Timoshenko and Goodier, 1970) .

1.3. STAAD.Pro V8i

STAAD.Pro V8i is a comprehensive and
integrated finite edement analysis and design
offering, including a state-of-the-art user
interface, visualization tools, and international
design codes. It is capable of analyzing any
structure exposed to static loading, a dynamic
response,  soil-structure interaction,  wind,
earthquake, and moving loads. STAAD.Pro V8i is
the premier finite dement method analysis and
design tool for any type of project including
towers, culverts, plants, bridges, stadiums, and
marine structures

2. Review of the Previous Studies

Shear lag has long been of interest to
researches. Firstly, shear lag in box girders was
studied by Reisser (1946). Malcolm and Redwood
(1970) suggested analytical procedure using
stiffener-sheet  solution. Moffatt and Dowling
(1975) studied the shear lag phenomenon in steel
box girder bridges by means of the finite element
method of analysis. Kuzmanovic’ and Graham
(1981) found the minimum potential energy
principle which was a suitable approach to
evaluate the shear lag in box girders. Foutch and

Chang (1982) investigated the effects of shear lag
and shear deformation on the static and dynamic
response of tapered thin-walled box beams. Dezi
and Mentrasti (1985) discussed nonuniform
normal longitudinal stress distribution (shear lag)
in a trapezoidal box beam with lateral cantilever.
Chang and Zheng (1987) analyzed shear lag and
negative shear lag effect in cantilever box girders
through variation approach and finite element
techniques. The substructuring analysis method
for shear lag stress using the conditions of
compatibility and equilibrium was introduced by
Fafitis and Rong (1996) Lee and Wu (2000)
improved the inefficiency of traditional finite
element analysis using uniform meshes in the
solution of shear lag stress. Wang (1997) derived
an energy equation for the lateral buckling of thin-
walled members with openings considering shear
lag phenomenon. Also, Luo et al. (2001) studied
the negative shear lag in box girder with varying
depth. However, these studies recognized that the
complicated equations are not so practical for the
design of stee box girders. Luo et al. (2002)
carried out experimental study on the shear lag
effect of box girder with varying depth. Hwang et
a. (2004) presented shear lag parameters for
beam-to-column connections in steel box piers.
Zhibin Lin and Jian Zhao (2010) used an energy-
based variation analysis to evaluate the AASHTO
provisions for effective flange width.

2.1. Shear Lag in Box Beam

Under symmetrical flexure, the distributions of
bending stress across wide flanges of a girder
cross section are non-uniform. The bending stress
near the web is much larger than that far from the
web, as shown in Figure (2-a). This phenomenon
is usually noted as positive shear lag (Chang and
Zhang, 1987).

In a cantilever box girder with constant depth,
under uniform load, at the region beyond 1/4 the
cantilever length from the built-in end, the
bending stress near the web is much smaller than
that far from the web. This result is opposite to
positive shear lag and is called negative shear lag
as shown in Figure (2-b) (Chang and Zhang,
1987).
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Fig. 2. Shear Lag Effecta) Positive shear lag, b)
Negative Shear lag (Chang and Zhang, 1987).

2.2. Effective Flange Width

The effective width of a flange is the width of
a hypothetical flange that compresses uniformly
across its width by the same amount as the loaded
edge of the real flange under the same edge shear
forces. Alternatively, the effective width can be
thought of as the width of theoretical flange which
carries a compression force with uniform stress of
magnitude equal to the peak stress at the edge of
the prototype wide flange when carrying the same
total compression force (Hamply, 1976).

The effective width concept has been widely
recognized and implemented into different codes
of practice around the world.

The effective width of a girder flange varies
along the span and depends significantly on the
load distribution, cross-sectional properties, and
boundary conditions, as wdl as the plan
dimensional of the girder (Moffatt and Dowling,
1975).

Effective width may be defined in a variety of
ways depending on which design parameter is
deemed more significant. It is generally obtained
by integrating the rigorously calculated
longitudinal stress in the flange, and dividing by

the peak value of stress. And therefore b is
calculated here by considering flange stress and is
given by:

®
QS « dy

(D)
(5 ).

b=

65

Where b is one-side effective flange width, b is
half flange width, o« represent the normal stressin
the longitudinal direction, and (ox)ma. iS the
maximum normal stress between 0 <y <b. In this
work, the numerator of Equation (1) was
calculated by the approximate method by using
trapezoidal rule; these calculations have been
done by a computer program written for that
purpose.

The main aim of the present study is to
investigate the effect of the stiffeners on the top
flange longitudinal stress distribution and
effective width in steel box girders by using finite
element method to idealize the stedl box girder.

3. Finite Element M odeling

STAAD.Pro 2007 program was used to create
three dimensional finite element mode of the
steel box girder. Three-dimensional four-node
isoparametric shell elements were used to model
the stedl plates, while the stiffeners were modeled
by beam dements. The sted model used for all
components in the girder model was linear/dastic,
the dastic modulus used was 29,000 ksi and the
Poisson’s ratio was 0.3 (ASTM A36).

The sted box girder used as a reference
throughout this paper is based on the cross-section
shown in Figure (3). The simply supported girder
has a width that equals 144 in., a depth that equals
72 in., and a length that equals 720 in. The
thickness of the steel plates equals 0.5 in. The
stiffeners of each flangeis4.5in. "1in. @ 9 in.
c/c (total = 15). Same stiffeners wear used for top
and bottom flanges to fix the distance between the
neutral axis and the top flange as the tiffener
ratio changed.

144 in.

72in.

Fig. 3. Cross Section of the Reference Steel Box
Girder .
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The three-dimensional finite element mesh for
the reference steel box girder used in STAAD.Pro
V8i program is shown in Figure (4).

T
uit E'T‘ﬂﬁm

Fig. 4. Three-Dimensional Finite.

4. Parametric Study

In this section, influence of various parameters
on top flange stress distribution and effective
width in steel box girders were investigated. The
parameters studied can be summarized as follows:

1. Stiffener ratio (area of stiffeners/area of top
flange).

Distribution of Stiffeners.

Type of loading.

Depth/width of the section.

Length of girder.

agrLDN

In this work, two types of loading are
investigated, the magnitude of the two loads was
selected to give equal deflection at the mid-span,
and these two cases will be referred to in the
following as:

Tablel,

a. Uniformly distributed load (UDL) (150 kips)
(on the overal flange).

b. Two concentrated loads (CL) (2" 47 kips) at
midspan (one on each web).

The maximum top flange stresses (over the
web) for different stiffener ratios with respect to
the two types of loading (UDL and CL) are listed
in Table (1), and the distributions of the top flange
stresses are shown in Figures (5 and 6)
respectively. Each set of lines represent the edge
of the effective width for one web. Adding
stiffeners with area that equals the flange area
decreases the maximum top flange stress in about
40%. The effective flange widths for different
stiffener ratios with respect to the two types of
loading are shown in Table (2), and the
distribution of the effective flange widths is
shown in Figures (7 and 8) respectively. It can be
seen from the results obtained that:-

The top flange longitudinal stresses decrease
as the dtiffener ratio increases. The decreasing
ranged between 18% and 40%. This is due to
the share of the stiffeners in the forces makes
the stresses in the flange decrease.

The maximum top flange longitudinal stress
over each web decreases as the stiffener ratio
increases. The decreasing reached 40%.

The addition of stiffeners to the flanges results
no effect on shear lag because the shear lag
phenomenon does not affect the shape of the
flange.

The effective width decreases dightly as the
stiffener ratio increases (5% in case of UDL
and 13% in case of CL).

Maximum Top Flange Stressesfor Different Stiffener Ratios with Respect to the Two Types of Loading

(UDL and CL).

Maximum Top Flange Stress

Stiffener Ratios UbL cL
Beam L ength Percentage Beam L ength Percentage
01L 02L O03L 04L O5L 0aL 0.2L o03L 04L 05L
0.0 1067 1551 1964 2234 2328 664 1109 1627 2211 3356
0.5 880 1190 1464 1653 1719 521 813 1178 1625 2642
1.0 780 999 1195 1334 1385 436 646 930 1302 2239

66
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Table 2,

Effective Flange Widthsfor Different Stiffener Ratios with Respect to the Two Types of L oading.

Effective Flange Width

UDL CL
Stiffener Ratios Beam L ength Percentage Beam L ength Percentage
01L 02L 03L 04L O05L 01L 02L 03L 04L 05L
0.0 93 127 135 136 136 104 139 143 140 111
0.5 80 119 129 132 133 92 134 140 135 103
1.0 73 113 125 128 129 86 131 138 132 96

Another parameter, investigated is changing
the number (4, 8, and 15) of the stiffeners with
keeping the same area of the stiffeners. Effect of
distribution of stiffeners on maximum top flange
stress and the effective flange widths are listed in
Table (3). Figures (9 and 10) show the distribution

Table 3,

of the top flange stress and the effective flange
respectively. The results declare that there are no
effects because the stiffeners have the same area
in all three cases.

Effect of Distribution of Stiffeners on Maximum Top Flange Stress and the Effective Flange Widths.

Maximum Top Flange Stress

Effective Flange Width

g??et:% gf Beam L ength Percentage Beam L ength Percentage
01L 02L O03L 04L O5L 0aL 02L 03L o04L 05L
797 1022 1220 1361 1411 72 115 126 129 130
784 1005 1202 1339 1389 73 113 125 129 130

15 781 999 1195 1335 1385 73 113 125 128 129

Table (4) shows the maximum top flange
stresses and effective flange widths according to
type of loading. The distribution of longitudinal
normal stresses in the top flange has different

Table 4,

shapes along the flange according to type of
loading as shown in Figure (11). The distribution
of the effective flange widths which is due to type
of loading is shown in Figure (12).

Maximum Top Flange Stresses and Effective Flange Widths Accor ding to Type of L oading.

Maximum Top Flange Stress

Effective Flange Width

IZS;?L Beam L ength Percentage Beam L ength Percentage
01L 02L O03L 04L O5L 0aL 02L 03L o04L 05L
UDL 781 999 1195 1335 1385 73 113 125 128 129
CL 436 647 930 1302 2240 86 131 138 132 95
Effect of the ratio depth/width on the effective flange widths distribution for different

maximum top flange stresses and the effective
flange widths is listed in Table (5), and the effect
on the top flange stresses distribution and the

67

ratios is shown in Figures (13 and 14)

respectively.
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Tableb,

Effect of the Ratio of Depth/Width on Maximum Top Flange Stresses and Effective Flange Widths.

Maximum Top Flange Stress

Effective Flange Width

Depth/Width Beam L ength Per centage Beam L ength Per centage
01L o02L O03L 04L o05L 01L 02L 03L 04L 05L

0.5 781 999 1195 1335 1385 73 113 125 128 129

1.0 151 420 541 606 630 116 111 122 127 128

Table (6) shows the effect of length of girder
on the maximum top flange stresses and effective
flange widths and Figure (15 and 16) show the top

Table6,

flange stress distribution and the distribution of
the effective flange widths for different lengths of
the girder.

Effect of Length of Girder on Maximum Top Flange Stresses and Effective Flange Widths.

Maximum Top Flange Stress

Effective Flange Width

I(‘;ng] of Beam L ength Percentage Beam L ength Percentage

01L 02L O03L 04L O5L 01L 02L 03L 04L 05L
375 333 560 603 636 651 52 78 98 107 110
60.0 781 999 1195 1335 1385 73 113 125 128 129
82.5 1203 1667 2112 2392 2487 96 128 134 135 136
105.0 1676 2579 3330 3787 3940 114 135 137 138 139
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Conclusions

Using the longitudinal stiffeners in the flanges
of steel box girder did not affect the shear lag
in the top flange, athough it reduced the
magnitude of the top flange longitudinal
stresses to about 40%, and decreases dightly
the effective width (5%-13%) because portion
of these stresses go to the stiffeners.

Increasing the stiffener ratio make the top
flange longitudinal stresses decrease.

Changing the number (4, 8, and 15) of the
stiffeners with keeping the same area of the
stiffeners has no effects on the magnitude of
the top flange longitudinal stresses due to
using the same area of the stiffeners.

Notations

< mrm°Oolo
w

S

X

(Sx)max.

6.

[1]

[2]

3]

[4]

(5]

One-Side Slab Width

One-Side Effective Slab Width
Modulus of Elasticity of Steel

Span Length of the Beam

Poisson's Ratio

Normal Stress in the Longitudinal
Direction

Maximum Normal Stress
Longitudinal Direction

in the
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Abstract

In this research the natura frequency of a cracked simple supported beam (the crack is in many places and in
different depths) is investigated anaytically, experimentally and numerically by ANSY'S program, and the results are
compared. The beam is made of iron with dimensions of L*W*H= (0.84*0.02* 0.02m), and density = 7680kg/m®,
E=200Gpa. A comparison made between analytical results from ANSY S with experimental results, where the biggest
error percentage is about (7.2 %) in crack position (42 cm) and (6 mm) depth. Between Rayleigh method with
experimental results the biggest error percentage is about (6.4 %) for the same crack position and depth. From the error
percentages it could be concluded that the Rayleigh method gives close results to experimental than ANSYS. Also it is
found that the frequency of beam when the crack isin the middle position isless than the frequency with crack near the

end position.

Keywords:. Vibration beam, crack beam, health monitoring, experimental vibration beam, cracks effect beam frequency.

1. Introduction

The importance of the beam and its
engineering applications is obvious, and it
undergoes many different of loading. Many types
of loading may cause cracks in the beam. These
cracks and their locations effect on the shapes and
values of the beam frequency. Recently these
topics are so prevailing in the industry of
gpacecraft, airplanes, wind turbines, turbines,
robot arm and many other applications.

Many studies were performed to examine the
vibration and dynamic of cracked beams; one of
them was Shen and Pierrg[1],who present a finite
dement approach which make it possible to
predict in the first few eigen frequencies due to
cracks (pairs or single open cracks).The change in
the first natural frequency with crack depth is
matched closdy by the present finite dement
approach and also with the experimental results.

Also, Shen and Pierre [2] derived the equation
of motion with associated boundary conditions for
uniform Bernoulli-Euler beam. The resulting
equation is solved for simple supported and

cantilevered beams with single edge cracks by
Galerkin and Ritz procedure; they matched the
theoretical results with the experimental and finite
element results and they match closdly.

Chati et . al. [3] modeled the non-linearity as a
piecewise-linear system. In an attempt to define
effective natural frequencies for this piecewise
linear system, the idea of a 'bilinear frequency' is
utilized. The finite dement method is used to
obtain the natural frequencies in each linear
region.

Choondros €. a [4]studied the dynamics of a
cracked fixed-free bar with a breathing crack in
longitudinal vibration. They showed in results the
eigenfrequency changes due to a single open-edge
breathing crack in order to depend on the bilinear
character of the system. They tested their method
fordifferent bar configurations corresponding to
crack location, crack depths, cross-section
dimensions, andPoisson's ratio. The natural
frequencies obtained from this model agree well
with experimental results.

Choondros et. al [5]used a continuous cracked
beam vibration theory for predication of changes
in transverse vibration of simply supported beam



Luay S. Al-Ansari

Al-Khwarizmi Engineering Journal, Vol. 8, No. 2, PP 30- 41(2012)

with a breathing crack. They found that the
changes in vibration frequencies for fatigue
breathing crack are smaller than the ones caused
by open cracks. Utilizing aluminum beams with
fatigue cracks for experimental setup they
compared the results with the analytical.

Chondrog[6]used a continuous cracked beam
vibration theory for predication of changes in
dynamic characteristic due to loading conditions
and vibration amplitude. He used the numerical
results to corrdate the analytical results for
lumped crack beam vibration analysis for
aluminum and sted beams with open cracks. He
supported the theoretical result by experimental
results for the same cases.

Camand et. a. [7] studied ,experimentally and
theoretically, the effect of the crack on vibration
of cracked beam. They used echo method for
predication the size and location of the crack in
cracked beam. They found that the theoretical
results (ANSYS) agreed with experimental
results.

In this paper, three approaches are employed,
an analytical approach is compared with
experimental result and with that gained
numerically by ANSYS program to verify the
results.

The objective of this paper is to study the
effect of crack depth and position on the natural
frequency of the simple supported beam and to
find the best method that gives good results to be
compared with experimental results.

2. Theoretical Approach

2.1. Analytical
method)

Approach (Rayleigh

Rayleigh method is a good method and simpler
than the other analytical methods for finding the
natural frequencies. It includes calculating the
kinetic energy and potential energy of the system.
where the kinetic energy can be calculated by
integration the mass through length of the beam
and the potential energy by integration the
stiffness through the length of the beam. So one
can get from the above, S. S. Rao [12]:

I 2 <2 n+l
BT,

WZ - 0 dX ﬂ = i=1 I (l)
| n+l
FAY)2d A my?

0 i=1

31

Where,

w is the natural frequency of beam.

E is the modulus of easticity of beam (N/m2).

| is the second moment area od cross section area
of beam (m4).

r isthe mass density of beam (kg/m?3).

A isthe cross section area of beam (m2).

g isthe gravity accderation (9.81 m/s2).

m; is the mass in each Rayleigh divided point of
beam.

yi is the deflection in each Rayleigh divided point
of beam.

By calculating the deflection of the beam(y(x))
using the following steps:

1. Dividing the beam into (n) parts (i.e. (n+1)
nodes).

2. Calculating the delta matrix [8] 2y (n+1y)-

3. Calculating the mass matrix [m]+a).

4. Calculating the deflection at each node by
multiplying delta matrix and mass matrix ([y]
()= [8l(way ery [M]en) after applying the
boundary conditions.

The analytical results are solved using
MATLAB. Where a MATLAB program that
simulated the Rayleigh method is written in order
to calculate the first natural frequency of any
beam (Different materials, different dimensions
and different shape).

2.2. Numerical
Elements M ethod)

Approach (Finite

In this method, the finite dements method was
applied by using the ANSYS program(ver.13).
The three dimensional modd were built and the
element (Solid Tet 10 node 187) were used.

Generadly the number of nodes was
approximately (1250-1300) and the number of
dements was (550-600). A sample of meshed
beam is shown in Fig. 1.
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End.
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d) Meshed Beam with Crack at 32 cm from L eft
End.
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€) M eshed Beam with Crack at 32 cm from left End.

Fig. 1. A sample of a Meshed Beam.

3. Experimental Approach

The (TM16 universal vibration apparatus)
from TQ company is employed in this study and
is shown in Fig. 3. The dimensions of the
specimen used are (L*W*H=0.84*0.02 *0.02 m)
as shown in Fig. 2. The material of the specimen
was stainless stee (Code No.: 314, Robert L.
Norton [16]) with density of (7680 kg/m),
calculate by divided the weight of beam per
volume of beam, Y oung modulus (200 GPa) and
Poisson’s Ratio (0.3).

The crack was created in the specimens with
certain dimensions of crack ;(see Table (1)).

Table1,

Dimensions of the Cracksthat Used Experimentally.

Specimen No. E:r; S’:lck L ocation E:r; S’:le Length \(/:\/r|?j(t:|;1 - E:r; ;c)k Depth

1 0.12 0.2 0.0015 0 2 46 8 10
2 0.22 0.2 0.0015 0 2 46 8 10
3 0.32 0.2 0.0015 0 2 46 8 10
4 0.42 0.2 0.0015 0 2 46 8 10
5 0.54 0.2 0.0015 0 2 46 8 10
6 0.64 0.2 0.0015 0 2 46 8 10
7 0.74 0.2 0.0015 0 2 46 8 10

32
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- I
Y H

Crack Position ‘

Crack Depth
- |e

—7//4— crack width
crack length / fu”/;y

L

-~

(a) Dimensions of sample

(b) Sample of beam

(c) Different Crack Position

Fig. 2. Dimension and Crack Depth and Crack Position of Samples Test.
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L eft supported

Sample (beam) |

dded mass

(b) Moator. (d) Veocity Meter.

(e) Left and Right Supported.

Fig. 3. The Universal Vibration Apparatus.
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Table 2,
Natural Frequency with Different Crack Position and Crack Depth.

Crack Crack Frequency (H2) Error Exp. Error Exp.
Position Depth . . and ANSYS  and Rayleigh
(cm) (mm) Experimental ANSYS Rayleigh M ethod (%) (%)
0 143.74 148.81 145.2758759 35 1.06
2 141.42 148.7 145.2784708 5.15 2.73
12 4 146.805 148.46 145.2810655 1.13 1.04
6 141.99 148.01 145.2836602 4.2 2.3
8 142.5665 147.39 145.2862548 34 19
10 139.75 146.5 145.2888493 4.8 3.96
0 143.74 148.81 145.2758759 35 1.07
2 153.57 148.8 145.2784708 31 5.4
4 149.4 148.77 145.2873931 0.42 2.75
22 6 152.85 148.69 145.2931524 2.7 4.9
8 149.4 148.61 145.2989122 0.53 2.7
10 141.42 148.43 145.3046725 4.95 2.7
0 143.74 148.81 145.2758759 35 1.07
2 150 148.65 145.2784708 0.9 3.15
30 4 139.2 148.17 145.2873931 6.4 44
6 139.75 147.35 145.2931524 5.4 3.96
8 142.56 146.03 145.2989122 24 19
10 138.144 144.03 145.3046725 4.26 5.18
0 143.74 148.81 145.2758759 35 1.06
2 140.3 148.54 145.2886394 5.87 3.6
4 4 141.3 147.77 145.3014064 4.6 2.8
6 136.59 146.44 145.3141768 7.2 6.4
8 140.3 144.43 145.3269508 29 3.6
10 141.99 141.44 145.3397282 0.39 24
160 - 160 1
01 ——yg——u—yn g 150 I=I—I—==-=I
. :
~—~ ’ ~N o ’
£ 140 MK T e SN 140
> >
(8] (8]
g 130 g 130
> >
g 120 8 120
B ANSYS B ——-ANSYS
110 + —— Experimental Linear 110 _ _
—— Experimental Linear
100 r r r ' 100 r r r .
0 2 4 6 8 0 2 4 6 8
Crack Depth (mm). Crack Depth (mm).
Fig. 4. The Comparison between the Experimental Fig. 5. The Comparison between the Experimental
and ANSYS Results at Different Crack Depths and ANSYS Results at Different Crack Depths
When the Crack liesat (12 cm) . When the Crack liesat (22 cm) .
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Fig. 6. The Comparison between the Experimental
and ANSYS Results at Different Crack Depths
When the Crack liesat (32 cm) .
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Fig. 7. The Comparison between the Experimental
and ANSYS Results at Different Crack Depths
When the Crack liesat (42 cm) .
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Fig. 8. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Depths When the Crack liesat (12 cm) .
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Fig. 9. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Depths When the Crack liesat (22 cm) .
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Fig. 10. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Depths When the Crack liesat (32 cm) .
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Fig. 11. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Depths When the Crack liesat (42 cm) .
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Fig. 12. The Comparison between the Experimental
and ANSYS Results at Different Crack Position
When the Crack Depth is (2mm).
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Fig. 13. The Comparison between the Experimental
and ANSYS Results at Different Crack Position
When the Crack Depth is (4mm) .
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Fig. 14. The Comparison between the Experimental
and ANSYS Results Different at Crack Position
When the Crack Depth is (6mm) .
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Fig. 15. The Comparison between the Experimental
and ANSYS Results at Different Crack Position
When the Crack Depth is (8mm).
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Fig. 16. The Comparison between the Experimental
and ANSYS Results Different at Crack Position
When the Crack Depth is (10mm) .
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Fig. 17. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Position When the Crack Depth is (2mm) .
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Fig. 18. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Position When the Crack Depth is (4mm).
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Fig. 21. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Position When the Crack Depth is (10mm).
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Fig. 19. The Comparison between the Experimental
and Rayleigh Method Results at Different Crack
Position When the Crack Depth is (6mm).
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4. Reaults and Discussion

A comparison made between analytical results
from ANSYS with experimental results shows a
good approximation where the biggest error
percentage is about (7.2 %) in crack position (42
cm) and (6 mm) depth, asillustrated in Fig. 7. and
the comparison between Rayleigh method with
experimental results shows a good approximation
where the biggest error percentage is about (6.4
%) in crack position (42 cm) and (6 mm) depth, as
illustrated in Fig. 11.

Figs. 4, 5, 6, and 7. explain the comparison
between theoretical results (ANSYS) and
experimental results for natural frequency and
how it changes with crack depth for different
crack position (12, 22, 32, and 42 cm) where the
natural frequency decreased with increasing crack
depth for the same crack position because of the
decreasing of stiffness of the beam.

Figs. 8, 9, 10, and 11. show the comparison
between Rayleigh method and experimental
results for natural frequency and how it changes
with crack depth for different crack position (12,
22, 32, and 42 cm) where the natural frequency
decreased with increasing crack depth for the
same crack position because of decreasing of
stiffness of the beam.

Figs. 12, 13, 14, 15, and 16. The explain the
comparison between theoretical results (ANSYS)
and experimental results for natural frequency and
how it changes with crack position for different
crack depth (2, 4, 6, 8, and 10 mm) where the
natural frequency decreased with increasing crack
position for the same crack depth because of the
decreasing of stiffness of the beam.

Figs. 17, 18, 19, 20, and 21. explain the
comparison between Rayleigh method and
experimental results for natural frequency and
how it changes with crack position for different
crack depth (2, 4, 6, 8, and 10 mm) where the
natural frequency decreased with increasing crack
position for the same crack depth because of the
decreasing of stiffness of the beam.

Generally from all the figures one can see that
the natural frequency decreases with increasing
crack depth for different crack positions because
of the changing in stiffness of the beam. And the
rate of decreasing for experimental is close for
different crack positions. For ANSYS the rate of
decreasing of natural frequency is the biggest in
crack position (42 cm). And, for Rayleigh method
the rate of decreasing is close for different crack
positions, as shown in Figs. 22. and 23. and Table

).
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5. Conclusion

From the results shown in the Figs. 4 to 23, the
following concluding marks are observed:

1- A comparison made between analytical results
from ANSY S with experimental results shows
a good approximation where the biggest error
percentage is about (7.2 %) in crack position
(42 cm) and (6 mm) depth, as shown in Fig. 7.

2- The comparison between Rayleigh method
with experimental results shows a good
approximation where the biggest error
percentage is about (6.4 %) in crack position
(42 cm) and (6 mm) depth, as shown in Fig.
11.

3- From the error percentages in Table 2, the
Rayleigh method gives close results to
experimental than ANSYS.

4- The crack in the beam has an effect on the
stiffness of the beam; this will affect the
frequency of the beam. So, with the increasing
of the crack depth, the stiffness of beam will
decrease and this will cause a decreasing in the
natural frequency of the beam.

5- The position of crack in the beam near the
middle of the beam has more effect on the
stiffness and natural frequency of beam from
the other positions (near to the ends of the
beam), i.e frequency of the beam when the
crack is in the middle position has a lower
frequency of the beam with respect the cracks
near to the end position.

6. References

[1] Shen, M. -H. H and Pierre C. . "Modes of
free vibrations of cracked beams', paper (of
46 pages) presented to UM-MEAM, (1986).

[2] Shen, M. -H. H and Piere C. . "Free
Vibrations of Beams With a Single Edge
Crack", Journal of sound and vibration,
170(2), pp. 237-259. (1994).

[3] Chati, M., Rand, R. and Mukherjeg, S.
"Modal analysis of a cracked beam"”, Journal
of sound and vibration, 207(2), pp. 249-270.
(1997).

[4] ChondrosT. G., Dimarogonas A. D. and Yao
J " Longitudinal vibration of a bar with a
breathing crack", Engineering fracture
mechanics, pp.503-518, 1998.

[5] Chondros T. G., Dimarogonas A. D. and Yao
J. "Vibration of a beam with a breathing
crack" journal of sound and vibration,
239(1), pp. 57-67. (2001).



Luay S. Al-Ansari

Al-Khwarizmi Engineering Journal, Vol. 8, No. 2, PP 30- 41(2012)

6]

[7]

(8]

[9]

Chondros T. G. "The continuous crack
flexibility model for crack identification”
Blackwell Science Ltd., fatigue fact matter
24, pp. 643-650, 2001.

Cam Ertugrul, SadettinOrhan and Murat Luy
"An analysis of cracked structure using
impact echo method", Elsevier journal,
NDT&E International 38 (2005) 368-373.
Alexander Tessler, Marco Di Sciuva and
Marco Gherlone, "Refinement of
Timoshenko Beam Theory for Composite
and Sandwich Beams Using Zigzag
Kinematics' paper of NASA, NASA/TP-
2007-215086.

Lin-Tai Tang, "Cracked Beam and Related
Singularity  problems’, master thesis,
National Sun Yat-sen University, Taiwan,
July 1, 2001.

[10] H. R. Oz and M. T. Das, "In-Plane

Vibrationsof Circular Curved Beamswitha
Transverse Open Crack” Department of
Mechanical Engineering, University of
Gaziantep, 27310, Gaziantep, Turkey,
Mathematical and Computational
Applications, Vol. 11, No. 1, pp. 1-10,
2006.

40

[11]

[12]

[13]

[14]

[15]

[16]

D.S rinivasarao, K.MallikarjunaRao and
G.V.Raju, "Crack identification on a beam
by vibration measurements and wavelet
analysis ", International Journal  of
Engineering Science and Technology, Vol.
2(5), 2010, 907-912.

S. S. Rao 'Mechanical Vibrations' Addison-
Wesley Publishing Company, (1995).
Krawczuk, M., Zak, A., and Ostachowicz,
W. “Dynamics of Cracked Composite
Material Structures,” Comput. Mech., 20,
pp. 79-83, 1997.

Birman, V., and Simitses, G. J. “Vibration
of Sandwich Panels and Beams With
Matrix Cracks in the Facings,” Compos.
Sci. Technal., 61, pp. 1605-1613, 2001.
Kisa, M. “Free Vibration Analysis of a
Cantilever Composite Beam with Multiple
Cracks’,  Composites  Science  and
Technology, Vol. 64, 1391-1402, 2004.
Robert L. Norton “Machine Design”
Pearson Education, Inc., 2006.



(2012) 41 - 30 4adea 2 ialf (8 Alaall Loutigll o sad) e dads ol (5 31

Bp) apfiil) cufd ciliall agdal) 03 1) e gl il dpaae ¢ dadidas 4 )

O dada (e giabﬂz\iﬂug.n Laaa (dila g9
4 50 b [Austigl) LS [ 8lS0al) Lustigl] ansd

AadAl)

Liall mpdall 20500 Jo 331 Bae g adge Ll Al )0 a8 G 3y ja Baulal) Cliiall gl 2053 e el 8 Al s Gl 1 b s
e *dsh )alaly 3V gl (e Ao gian diad Gl Lpdany pe U 45 )lie &5 L (ANSY'S) el alasinly dpaae 5 Allad o dlac 48yl el
S a5 Cun ANSY'S gl 2 G Aleaninsall il 43 Jlia o3 (p=7680kg/M’) 44ES 5 ( E=200Gpa) w=! 55 5 (0.84*0.02%0.02m= Lo
1Y oa Und A 50 any 5 aalls L) A8y sk (e Aleaiusal) il 4 jie Gl Caai g o(pal) e s (mmif V) (35 @Bsal 06 V.Y o Und 4y
O any S5 ANSY S 4 sk e (lanll il @l and U 45k ) LY Sy Lall) o 8 (n () Gaes (V) 35 @sal %
Ledl okl e ol BAN ()5S Larie Aiall 23 )5 (e JB Leiatia (& 38 (6 Ledie Agiall 23 53

41



Al-K hwarizmi
Engineering
Journal

Al-K hwarizmi Engineering Journal, Vol. 8, No. 2, PP 77 - 83 (2012)

Extraction of Penicillin V from Simulated Fer mentation
Broth by Liquid-Liquid Membrane Technique

Khalid W. Hameed

Department of Biochemical Engineering/Al-Khwarizmi College of Engineering/University of Baghdad
Email:Kwhameed74@yahoo.com

(Received 25 December 2011; accepted 22 February 2012)

Abstract

Liquid-liquid membrane extraction technique, pertraction, using three types of solvents (methyl isobutyl ketone, n-
butyl acetate, and n-amyl acetate) was used for recovery of penicillin V from simulated fermentation broth under
various operating conditions of pH value (4-6) for feed and (6-8) for receiver phase, time (0-40 min), and agitation
speed (300-500 rpm) in a batch laboratory unit system. The optimum conditions for extraction were at pH of 4 for feed,
and 8 for receiver phase, rotation speed of 500 rpm, time of 40 min, and solvent of MIBK as membrane, where more

than 98% of penicillin was extracted.

Keywords: Liquid-liquid membrane, Penicillin V, pertraction, extraction.

1. Introduction

Liquid-liquid membranes extraction technique
combines extraction and stripping into one step,
rather than the two separate steps required in
conventional  processes such as  solvent
extractions. A one-step liquid membrane process
provides the maximum driving force for the
separation of a targeted species, leading to the
best clean-up and recovery of the species”.
Liquid membrane process, called also pertraction
process, have gained increased attention due to its
ambient temperature operation, rdatively low
capital cost, high separation efficiencies and
modular construction. The process is inherently
low-energy, continuous, and can be made highly-
automated. The amount of organic solvent
required are generally very small, and thus the
technology is environmentally benign® 9. Two
agueous solutions, feed solution F, and receiver
solution R, are separated by a third, organic liquid
M, representing the “liquid membrane” which is
insoluble in the other two liquids. The solute is
transferred from the feed to the acceptor solution
under the effect of appropriately chosen
equilibrium conditions at the two interface F/M
and M/R. In liquid membranes, facilitated

trangport is the mass transfer mechanism for the
target species to go from the feed solution to the
receiver solution.* ®. Extraction using liquid
membranes has been studied since the 1980s and
is one of the most advantageous techniques of
separation at the present. This separation method
consists in the transfer of a solute between two
agueous phases of diffeeent pH which are
separated by a solvent and carrier layer. The
claimed advantages are as follows: the quantity of
solvent used is small because of its continuous
regeneration, the loss of solvent is small during
extraction process provided the pH gradient
between the two agueous phases is maintained,
there is a possibility of solute transport through
liquid membranes that have been used for the
separation of some biosynthetic products, namely
carboxylic acids, amino acids and antibiotics'®
) The membrane interposed between two miscible
agueous solution, at one side (feed phase) in
which the solute to be transport is extracted, while
at the other side (strip phase), re-extraction
occurs. Since in each of the agueous phase some
specific, and different for each of them,
thermodynamic conditions exist, the extraction
and re-extraction occur simultaneously® 9.
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The steps of transport of solute in the
pertraction system are described as. diffusion
through the boundary layer in the feed solution,
sorption on the feed solution/liquid membrane
interface, diffusion through boundary layer on the
feed side, transport in the membrane, diffusion
through boundary layer on the receiving side,
desorption on the membrane/receiving solution
interface and diffusion through the boundary layer
in the receiving solution®®,

The incessant stripping of solute of the liquid
membrane keeps low concentration of solute in
this phase and therefore provides its complete
recovery from the feed solution. One of the
principal advantages of pertraction process is the
practically complete removal of the valuable
component from the source material using, in
most cases, not sophisticated, friendly solvents, in
particular-water. As far as the membrane liquid is
considered, it is noteworthy to mention that the
requirements to the liquid membrane are not the
same as to the conventional solvents used in a
solvent extraction process, because in pertraction,
priority is given to the membrane selectivity,
rather than to the capacity and the solute
distribution coefficient ™.

Penicillin V is a secondary metabolite
produced at low growth rates and its syntheses
have been described extensively in the literature.
Penicillin formation starts from three activated
amino acids, and involves several enzymes and
isopenicillin N as a major intermediate. Penicillin
V (phenoxymethylpenicillin) is the commercially
most important penicillin. It is mainly converted
to 6-aminopenicillanic acid (6-APA), which in
turn is used to make amoxicillin and ampicillin.
Penicillin V is aweak acid and it is extracted with
n-butyl acetate at pH 2-3. In this pH range
penicillin V is unstable and decomposes, therefore
the agueous medium in fermentation broth is
cooled to 0°C and extracted in centrifugal
extractor to keep contact time as short as
possible™?.

In the present work the fermentation broth was
simulated by dissolving penicillin V sodium salt
in distilled water. Liquid-liquid pertraction
techniqgue was conducted for the recovery of
penicillin V in a batch pertraction laboratory unit.
Methyl isobutyl ketone (MIBK), n-amyl acetate,
and n-butyl acetate were proposed as membranes
for penicillin V pertaction at 25°C. The effect of
speed of agitation, time, and pH were studied.
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2. Experimental Work
2.1. Material

Feed Phase (Donor Phase):

The feed phase was prepared by dissolving 1 g
of penicillin V sodium sat in 1 L of distilled
water, the pH of solution is adjusted by [4%
H,SO, (BDH)] and [5% Na,CO; (BDH)]®.

Receiver Phase (Stripping Phase):
A sodium carbonate solution was used as a
receiver phase.

Membr ane Phase:

In the present study, methyl isobutyl ketone
(BDH), n-amyl acetate (BDH), and n-butyl
acetate (BDH) were used as liquid membrane.

2.2. Pertraction Lab Unit

Pertraction experiments were carried out in 1
liter laboratory pertractor as shown in Fig. 1. The
pertractor consists of two coaxial Pyrex beakers
and baffles where placed in each beaker as shown
in Fig. 1. The outer beaker is 1 liter and the inner
is 2560 ml. The two beskers were arranged as
shown in Fig. 1 and placed on a magnetic stirrer
with heater in order to control the temperature and
the speed. The membrane, feed, and receiver
phases were stirred by using two Teflon-coated
magnetic bars.

2.3. Experimental Setup

500 ml of feed phase was placed in the annular
space between the two beakers, and 200 ml of
receiver phase was placed in the inner beaker.
After that 300 ml of membrane phase was added
to cover the other two phases as shown in Fig.1.
The outer beaker was covered with a thin plastic
layer to prevent evaporation of membrane phase.
In the present study the effect of speed of
agitation using the three proposed membranes was
studied in the range of 300-500 rpm. The speed of
agitation and temperature were adjusted and
controlled by using hotplate and magnetic stirrer.
The pertraction time was continuing up to 40 min
and during this period of time samples were taken
at a specified time interval from the feed and
receiver phases for penicillin V analysis by
HPLC. HPLC type Shimadzu model LC20AD
was used in this analysis using column 100 RP-18
(5 um). The penicillin V in the membrane organic
phase was evaluated by material balance.
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Fig. 1.Schematic Diagram of Pertraction L aboratory Unit.

3. Reaults and Discussion

In the present work, the batch pertraction of
penicillin V using the three proposed liquid
membranes was studied, the agitation speed, and
liquid membrane type was conducted in this work.
The efficiency of penicillin V extracted, E, was
calculated as follows:

_ GV
CtoVs

E "~ 100%

(1)

Where C; is the penicillin V concentration in
the receiver phase, Cy, is the initial concentration
in the feed phase, V; is the volume of receiver
phase, and V4 is the volume of feed phase.

3.1. Effect of pH

Figures 2 and 3 show the relationship between
the penicillin transport from feed and to the
receiver phases respectively with pH at different
liquids membrane and at agitation speed of 400
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rpm and time of extraction of 40 min. The range
of pH for feed phase is taken between (4-6) and
for receiver phase between (6-8) because the
penicillin V is unstable and decomposes for pH <
4 and pH > 8™, From Figure 2, it can be seen that
the extraction of penicillin V from feed is
increasing with the decrease of pH value and also
from Figure 3 the extraction of penicillin V by the
receiver is increasing by increasing of pH value
because the over all mass transfer coefficient
increases when the difference in the pH value
between two phases is high as possibld®™. In the
Figure 2, it seems that the best value of pH for
extraction of penicillin V from feed is 4 where
about 98% of penicillin V is extracted by MIBK,
while from Figure 3, the best value of pH for
extraction of penicillin V by the receiver phase is
8 although the pH value of 7.5 has little effect on
the extraction.
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Fig. 3. pH Effect on Penicillin Extraction by
Stripping Phase after 40 min and Agitation Speed of
400 rpm.

3.2. Effect of Membranetype

From figures 2 and 3, it can be seen that is a
better solvent as a membrane and it can give
better extraction efficiency methyl isobutyl ketone
(MIBK) with respect to other solvents (n-amyl
acetate and n-butyl acetate). The extraction
efficiency of penicillin V is evaluated by using
equation 1 for three types of membranes at
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temperature of 25°C, rotation speed of 400 rpm
and pH for feed 4 and for receiver phase 8 as
shown in Table 1, where the difference in
extraction efficiency for three types of membrane
arevery little i.e., the effect of membrane type on
extraction islittle.

Tablel,

Extraction Efficiency, E, of Penicillin V for 3 Types
of Membrane at 25°C, 400 rpm and pH of Feed 4
and of Receiver 8.

Membrane type E
MIBK 90.8
n-amyl acetate 90
n-butyl acetate 89.6

Figure 4 shows the penicillin V content in the feed

(R = =), membrang, MIBK, (Rn= <) and
Cto Cto
receiver phases (R = CCf ) during the extraction
fo

at temperature of 25°C, agitation speed of 400
rom and pH of 4 for feed and 8 for receiver
phases. It seems that about 80% of penicillin V is
extracted during 15 min; i.e, the extraction
process during this time is fast, while after 30 min
the extraction is stable and there is no effect of
time on extraction.

1.0

08

"8 Feed pH=4
0. Membrane
A, Receiver pH=8

06

04+

02

0.0

time (min)

Fig. 4. Penicillin V Content in Feed, Membrane
(MIBK), and Receiver Phases with Time at 25°C
and 400 rpm .
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3.2. Effect of Agitation Speed

Figure 5 shows the effect of speed of agitation
on the extraction efficiency, E. In order to explore
the effects of stirring rate, the extraction
experiment were carried out at three different
stirring rates, 300, 400, and 500 rpm. E value
increases with increasing speed of agitation,
which means that the extraction efficiency of
penicillin V from feed phase to the receiver phase
through liquid membrane improved with
increasing the speed of agitation; this is because
the higher stirring rate leads to much severer
mixing between the agueous solution and organic
phase, which could accelerate the transport of
penicillin V and enhance the mass transfer area
between the aqueous solution and liquid
membrane solution and reduce the mass transfer
resistances of penicillin V from feed to liquid
membrane in the extraction process, and from
liquid membrane to the receiver phase in the
stripping process. This variation in the efficiency
indicates a diffusion control of the extraction
process. According to previously published
literature, athough the mass transfer improved
with higher speed of agitation, it was not applied
because of increased risk of droplet formation
which causes phase intermixing and deterioration
of the process 2.

Fig. 5. Effect of Rotation Speed on the Extraction
Efficiency Using MIBK as Membrane, at 25°C, and
pH of 4 for Feed and 8 for Receiver Phases.
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4. Conclusion

The liquid-liquid membrane extraction,
pertraction, of biosynthetic products constitutes
advantageous  alternatives to  conventional
separation methods because it reduces the number
of stages required for an efficient separation and,
therefore, for the corresponding energy and
material consumption. It can be concluded that the
separation of Penicillin V from simulated broth
could be enhanced by decreasing the pH value for
feed up to 4 and increasing pH value up to 8 for
receiver phase and increasing rotation speed up to
500 rpm. The type of solvent as a membrane has
little effect on the extraction efficiency.
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Abstract

Freguency equations for rectangular plate model with and without the thermoelastic effect for the cases are: all
edges are simply supported, all edges are clamped and two opposite edges are clamped others are simply supported.
These were obtained through direct method for simply supported ends using Hamilton’s principle with minimizing Ritz
method to total energy (strain and kinetic) for the rest of the boundary conditions. The effect of restraining edges on the
frequency and mode shape has been considered. Distributions temperatures have been considered as a uniform
temperature the effect of developed thermal stresses due to restrictions of ends conditions on vibration characteristics
of aplate with different will be investigated. it is noticed that the thermal stress will increase with increasing the heatnig
temperature and that will cause the natural frequency to be decreased for all types of end conditions and for all modes of

frequency.

Keywords: Thermoelasticity, thin plate, ends condition, mode shape, natural frequency.

1. Introduction

Thermoelasticity is concerned with questions
of equilibrium of bodies treated as
thermodynamic systems whose interaction with
the environment is confined to mechanical work,
external forces, and heat exchange. Because of
constraints, a non -uniform  temperature
distribution in a component having a complex
shape usually gives rise to thermal stresses. It is
essential to know the magnitude and effect of
these thermal stresses when carrying out on
rigorous design of such components. The thermal
stresses alone and in combination with the
mechanical stresses produced by the external
forces will be effect on dynamics properties of
apart such as natural frequency and mode shape .
Naji, e a. [1] studied the thermal stresses
generated within a rapidly heated thin metal plate
when a parabolic two-step heat conduction
equation is used.

The effect of different design parameters on
the thermal and stress behavior of the plate is

investigated. Al-Huniti, et al. [2] investigated the
thermally induced vibration in a thin plate under a
thermal excitation .The excitation is in the form of
a suddenly applied laser pulse (thermal shock).
The resulting transient variations of temperature
are predicted using the wave heat conduction
model (hyperbolic model), which accounts for the
phase lag between the heat flux and the
temperature gradient. The resulting heat
conduction equation is solved semi analytically
using the Laplace transformation and the Riemann
sum approximation to calculate the temperature
distribution within the plate. The equation of
motion of the plate is solved numerically using
the finite difference technique to calculate the
transient variations in deflections. Norris and
Photiadis [3] enabled direct calculation of
thermoelastic damping in vibrating elastic solids.
The mechanism for energy loss is thermal
diffusion caused by inhomogeneous deformation,
flexure in thin plates. The general result is
combined with the Kirchhoff assumption to obtain
a new equation for the flexural vibration of thin
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plates incorporating thermoelastic loss as a
damping term. The therma relaxation loss is
inhomogeneous and depends upon the local state
of vibrating flexure, specifically, the principal
curvatures at a given point on the plate. The
influence of modal curvature on the thermoelastic
damping is described through a modal
participation factor. The effect of transverse
thermal diffusion on plane wave propagation is
aso examined. It is shown that transverse
diffusion effects are always small provided the
plate thickness. Tran a, et al. [4] studied the
thermally induced vibration and its control for
thin isotropic and laminated composite plates. The
structural intensity (Sl) pattern of the plates which
have different material orientations and boundary
conditions was analyzed. The thermoeasticity
simulation is performed using the finite element
method. It shows that the structural energy flows
are dependent on the material structures aswell as
the boundary conditions for a prescribed thermal
source. The position to attach a damper for
controlling the thermally induced vibration is
investigated based on the virtual sources and sinks
of the Sl patterns.

2. Analytical Study

The plate analyzed has usualy been assumed
to be composed of a single homogeneous and
isotropic material with shape and dimensions as in

Fig. (1) [5].

Fig. 1.Schematic Diagram of Thin Plate.

3. Boundary Conditions

General closed — form solutions are given  of
a thermoeastic rectangular plate with various
edementary boundary conditions on each of the
four edges. Appendix A collect some important
combinations of end boundary conditions. [Let the

plate be placed in a coordinate system with the
origin at it center and the edge width (a) be
paralld to x — axis and and the edge width (b) be
parald toy asin Fig. (1)

4. Natural Frequency and Mode Shape of
dynamic Thermoelastic plates

Free, transverse vibrations of the
thermodastic structural with neglecting the effect
of in plane vibrations are studied with different
end boundary conditions under uniform
temperature distribuation.

4.1. All Edges are Simply Supported

The general governing differential equation of
free vibration of thermodastic plate is represented
by [6]:

N2M w R 7w

NENT— t
..(1)
Eh® -
Where D=———-, andthequantities
12(1-u®)
h/2
N, =aE (yDT)dz
-h/2
h/2
M, =aE (yDT)zdz ..(2)
-h/2

Which represents the thermal stressresultants .
Then the boundary conditions for the
deflection w are represented in Appendix C

Wi=p = Wy=g = 0 Wy=0 = Wy:b =0
W TP,
v

The initial conditions assuming the plate
initially at rest in the refrence position ,are given
by

2 2
ﬂ Wx:O - ﬂ Wx=a -
2 ™2

o , =0

w(X, y,0) =11TT—\1V(><, y,00=0 O£ x£fa,
Of£yEDb ...(3)

The displacement function WX Y. s
approximated by means of the expansion [7].
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w(X, y,t) »w(x y)snw,t=
¥
sin wta a W, SIN %sn nEy ()

m=1 n=1

And the displacement function W(X:¥)is
assumed from functions, that satisfies identically
the boundary conditions; these functions are
different due to the types of end conditions at x
and y axis and this will be studied .

The plate will have uniform temperature

DT =T, ...(5
substitution of Eq.(5) in Eq. (2) we have
N, =aEhT, M, =0 ...(6)
Sothat for all edges are restrained

N
NX:Ny:-l_‘u N,, =0 ..(7)

with all edges are restrained ,substituting the
thermal forces in Eqg. (7) and the deflection from
Eq. (4) into the governing differential equation of
free vibration of thermodastic plate in Eq.(1)
noting that Mt =0 , one obtains the following
frequency equation.

4 2, N2 P Np2ém, NaU_ o
ool Q@ [ T e

for natuaral frequancy of plate without thermal
load N, =0

2 Dp4 > 2212
wWo . = m°+r<n ...(9
mnf rha4[ ] ( )
Then
2
w2 =w2 . - N‘—pz(m2 +r2n?) ...(10)
rh(l- v)a

Substituting Eq. (7) into Eq. (10) , the natuaral
frequancy as a function of uniform temperature
T, can be presented as

o aETp?

= - (m?+r%n? .11
mn mnf r h(l- v)az ( ) ( )

w

And for restrained edges a x=0,a and
unrestrained at y=0,b thermal forces will be

NX:-l_tu N, =N, =0 ..(12)

and the natuaral frequancy will be

N, m?

2 a2 t

W, =wW-o . - —— ...(13
™M k(- v)a? (13

and the function of the uniform temperature T,
will be
2 _ o, aETp’m’

Wmn :Wmnf - W (14)

4.2. All Edges are Clamped

To derive the differential equation for lateral
vibration of rectangular thermoelastic plate a
kinetic energy of the plate in edition to the total
strain energy of the plate and apply the Hamilton's
principle to derive the equation of motion. The
kingtic energy due to the velocity Wwonly is
represented as

_1
T_Egghwwmw ...(15)

the Hamilton's principle for the plate undergoing
small deflection can be set as[8]:

t2
d JT - P grain)t =0 ...(16)
t1

Then the lagrangian of the plate from the above
equation can be written as

“ ‘H W0 adTWo
== dxdy - = N &—2
@ T[X ﬂyZ - dy " Qﬂx
&ﬂwé ad]wda&ﬂwo
+ N —
Eayg oS gy 5 0
M, &@Pw ﬂ wo 2
+ L - = Coy hw“d
- V& X? ‘Hy by GU Xy
...(17)

For free vibration the solution is assumed

g o .
Wx Y. =Q & AX (Y, (Y)snwt ...(18)
i=1 j=1
Substituting Eqg. (18) by Eqg. (19) and minimizing
the resulting lagrangian with respect to A; ,we
get
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CDI(X87Y2 +2X6Y® + X?(Y42)xcly
N OXPY2 + N X3(YG? + 2N, XX®YG dlx d;g
u

Thisisthe general frequency equation.

With uniform temperature T, and all edges are

restrained with the aid of Eqg. (2) for thermal

ab
Dfx‘{(x B2Y? + 22X KY W + XZ(Y(II)Z)dXdy +

2

w2=_00

i=1 j=1 )00

u
&q a
é00 a &4
eab Lﬁ+aa
é A
é
é

(l-v)00

ab
(X + XY@axdy= & § hvvz@‘j(zdexd)(AJ ..-(20)

00

forces and thermal moments into general
frequency equation we have:

ab

Cx‘{(xq)zvz + XZ(YG)Z)dxdy

ab
rh X 2Y ?dxdy
00

Thefrequency of plate without thermal effect has
theform

ab
DI} 97V + 2X &Y + X (Y92 ixdy

2__00

ab
rhe)< %Y Zdxdy
00
(22

Then with substituting the mode shape of clamped
ends X; andY; from Appendix C

N(a2+r2a2)
2 W 2 Mt\? 3

W~ =W, ...(23
! 4 rha?(1- v) 23
With w  for free vibration of clamped plate
Dla/ +2r%a, +r%as
Wijf2 = ( : z 3) ..(24)

r ha’

Then w;; terms of uniform temperature will be as:

2 2 aETC(af+r2a§)
Wij = Wie - 3
ra“(1- v)

...(25)

Where a,,a,anda, are calculated from

Appendix C
For  clamped edges restraind at x=0,a and
unrestrained at y=0,b

N,a;/
2 ., 2 141
Wi =Wy - ————— ...(26
ij ijf r ha2 (1_ V) ( )
In terms of temperature
2 _ 2 aETa 2
Wy T =Wy T ..(27)

ra?(l- v)

..(21)

4.3. Edges are Clamped at x=0,a and
Simply Supported at y=0,b

The general frequency equation of clamped
edges Eq. (20) are suitable for edges clamped at
x=0,a and simply supported at y=0,b. With
uniform temperature T, and all edges restrained
with the aid of Eq. (2) for thermal forces and
thermal moments into general frequency equation
and arranged with substituting the mode shape of
two clamped ends and two simply supported ends

X;andY; from Appendix C into above equations

theresult will be

Nt(bf + r2b32)
rha?(1- v)

2 _ 2
Wi =Wy -

..(28)

With wy,  for free vibration suitable for edges
clamped at x=0,a and simply supported at y=0,b .

Dbz, ort) e
r hat

Wit
Then w;; in terms of uniform temperature will
be:

2 _ 2 aElC(bl2 +r2b32)
W _Wijf - >
ra“(1- v)

...(30)

Where b,,b,andb, calculated from Appendix C
For  clamped edges restraind at x=0,a and
simply supported unrestrained at y=0,b

2
RS L .(31)
rha“(1- v)

In terms of temperature
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2 » aET.b/
W:." =W, - ——= =
ij ijf r az(l_ V) ...(32)

5. Reaults and Discussions

The sample of calculations was made on
Aluminum 1060-H18 rectangular plate which has
the mechanical and thermal properties given in
appendix A respectively. Rectangular plate with
three aspect ratio a/b (r = 1.2). and a/h (] =120)

and owing constant magnitude of a=0.12 m has
been considered. The effects of the uniform
increase of temperature of plates (thermoelastic
behavior) on the natural frequency and mode
shapes with different three types of ends
conditions have been studied.

Figures (2), (3) and (4) show the effect of
temperature rising on natural  frequencies
analytical magnitudes till it reaches the thermal
buckling temperature for plates with al edges
restrained. The types are SSSS, CCCC and CSCS
respectively

It is observed that the lowest natural
frequencies of all types reach zero when the

temperatures get to the therma buckling
temperature; also the first five natural frequencies
of plates decreas with increasing the temperature.
Second and third natural frequencies of CSCS
plate have the same magnitudes almost.

Figures (5), (6) and (7) show the effect of
temperature rising on natural  frequencies
analytical magnitudes till it reaches the thermal
buckling temperature for plates with edges at
x=0,a restrained the typesare SSSS, CCCC and
CSCS respectivey

The lowest natural frequencies of all types
reach zero when the temperatures has the thermal
buckling temperature. The first five natural
frequencies of plates decrease with increasing the
temperature.

The fifth natural frequency of SSSS plate will
become the fourth natural frequency and vice
versa when the temperature has magnitude close

to 6 C° . Also CCCC natural frequencies have the
same behavior of SSSS type but they are

switching at magnitude close to 3 C°.
CSCS natural frequencies have the switching
behavior between second and third natural

frequencies at magnitude close to 1 C°.

T 1400

A
‘\.\\ L 1000
[ S — A

2000

- 1800
SSSS

L 1600 R
natural frequancy (Hz)

r 1200

—e&— mode 1,1
—=— mode 2,1
—a— model,2

- 800
—><— mode 2,2

r 600 —+— mode 3,1

- 400

Fig. 2. Effect of Temperature on First Five Natural Frequencies M agnitude on SSSS Plate, All Edgesare

Restrained.



Waed R. Abdul-Majeed Al-Khwarizmi Engineering Journal, Vol. 8, No.2, PP 1-11 (2012)

2500

4c
r=12

T 2000 patyral frequancy (Hz)

r 1500

'S —— mode 1,1

—m=— mode 2,1

[ S — —&— model,2
- L4

=g 1000 >— mode 2,2

—>— mode 3,1

r 50

T©

Fig. 3. Effect of Temperature on First Five Natural Frequencies M agnitude on CCCC Plate with All Edgesare
Restrained.

250
W, o0
M natural frequancy (Hz)
150
r—— —&—mode 1,1
-
—_— mode 1,2
100 — —Mode2,1
—<—mode 2,2
4 —*—mode 3,1
500
0
0 1 2 3 4 5 5.47

T(©)

Fig. 4.Effect of Temperature on First Five Natural Frequencies M agnitude on CSCS Plate, All Edgesis
Restrained.

2000

I 1800 SSSSs
r=1.2
I 1600
F 1400

1200

—&—mode 1,1
—8—mode 2,1

model,2
—>¢—mode 2,2
—¥—mode 3,1

[ 1000

- 800

natural frequancy (Hz)

I 600

400

I 200

(o]
(o] 2 4 6 8 10 11.1783

Fig. 5.Effect of Temperature on First Five Natural Frequencies Magnitude on SSSS Plate, Edgesat y=0, b are
Unrestrained.
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2500

CCCC

2000
Natural frequency (Hz)

1500

—*—mode 1,1
—=—mode 2,1
— —model,2
—¢—mode 2,2
—*—mode 3,1

1000

50

6.8

Fig. 6.Effect of temperatureon First Five Natural Frequencies M agnitude on CCCC Plate, Edgesat y=0, b are

Unrestrained.

r 200

r 150

N‘?‘\-‘-‘-\. —=— mode 1,2
—_ ' ,
T - 100 — —mode 2,1
——mode 2,2
4 —*—mode 3,1
r 500
0
0 2 4 6 7 8 8.946
T(©)

250

CSCS

Natural frequency (Hz)

—4—mode 1,1

Fig. 7. Effect of Temperature on First Five Natural Frequencies M agnitude on CSCS Plate, Edgesat y=0, b are

Unrestrained.

6. Conclusions

The following are the man summarized
conclusions of this paper:

1. Thermal stresses have a significant influence
on the natural frequency for the free boundary
conditions compared with clamped boundaries,
so that the boundary condition is one of the
important factors that influence the vibration
and mode shapes.

2. The lowest natural frequencies of all types
reach zero when the temperatures has the
thermal buckling temperature

3. The first five natural frequencies of plates
decreasing with increasing of the uniform
temperature of the plates for al types of ends
conditions

4,

In the case of the two opposite edges which are
unrestrained, there is a switching between the
modes of natural frequency when the
temperature increases for each type of ends
conditions.

Nomenclature

Latin Symbols

A Area(mmz)

ab Plate side length (mm)

D Flexural rigidity of an isotropic plate
(N.mm)

E Modulus of elasticity of isotropic materia
(N/mm”"2)



Wael R. Abdul-Majeed

Al-Khwarizmi Engineering Journal, Vol. 8, No.2, PP 1-11 (2012)

h Plate thickness (mm)

i Integer

Mt Thermal bending moment (N.m)

m,n Integer

Nx, Ny  Edgeforces per unit length (N/m)

Nxy Shearing forces per unit length (N/m)

Nt Thermal forces per unit length (N/m)

r Dimensional aspect ratio a/b (m/m)

T Temperature (CO), Kinetic energy of the

element (J)

t Time (sec)

X, Y, Z Cartesian coordinates

Greek Symbols

a., bn Coefficients

n Poisson’sratio

r Mass dendty (Kg/mm~3)

P wrain Strain energy stored in complete plate (J)

W, W, Angular frequency without and with

e thermal effect (rad/s)

j Dimensional aspect ratio side / thickness
(m/m)

a Coefficient of therma expansion (1/C°)

W Deflection (mm)

Abbreviations Symbols

CcccC
CSCSs
SSSS

Clamped-Clamped-Clamped-Clamped
Clamped-Simply-Clamped-Simply
Simply-Simply-Simply-Simply
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Appendices

Appendix A

Some Combinations of End Boundary Conditions

deflection Mid-plane defor mation symbol
Restrained ’f’ :f’f’

clamped .
unrestrained -—m
restrained )ﬂ

supported _
unrestrained g_ﬁ‘
restrained —d_’_IE

free
unrestrained

Appendix B

Mechanical Properties of Aluminum 1060-H18

Density

Hardness, Brinell
Ultimate Tensile Strength
Tensile Yield Strength
Elongation at Break
Modulus of Elasticity
Poisson’'s Ratio
Fatigue Strength
Machinability
Shear Modulus
Shear Strength

2705 kg/m?®

35

27 MPa
20 MPa
6 %

69 GPa
0.3

44.8 MPa
30 %

26 GPa
75.8 MPa

Thermal Properties of Aluminum 1060-H18

Heat Capacity 0.9Jg°C
Thermal Conductivity 233W/m~°C
Coefficient of Thermal expansion 2.34e-5/°C
Convection Coefficient 2.5W/m? °C
Appendix C
For SSSS ends condition

X;=snmx , Y; =sinmy

W: :W: :0 y W,_n =W, _ =0 y 1-[2W><=0:1-[2W><=a: y

x=0 x=a y=0 y=b Y 0 W

2 2
wymo _ Wy _

Ty?
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For CCCC ends condition

X; =sinm; x- sinhm, x- h, (cosm; x- cosh;X)
h, =(snma- snhma)/(cosma- coshma)
Y, =snmy- sinh my-h,(cosmyy- cosh myy)
h; =(snmb- sinh mb)/(cosmb- cosh mb)

W,o =W, =0, w,_o=w,_, =0 , Ty _ TWea _ g, Moo _ TWo
fix fix v

For SCSC ends condition

X, =sinm,x- sinhm,x- h, (cosm,x- coshm;x)

h, =(snma- sinhma)/(cosma- coshma) , Y,=snmy
Wx:0 = Wx:a = O ' Wy=0 = Wy=b =0 ’ _ﬂszo = —ﬂ sza =0, ﬂzwyzo = ﬂzwy_b
fix ix y? fy?
Where ma andmb  arethe roots of the above equations
Theroots of SSSS ends condition are
_m _np
m 3 m b
Theroots of CCCC ends condition are
= = =473
8,28, =48 o g, o AT Fori=l, j=2,34,....
a, =151 .3 a;=(j+09p
a,=123,(a,- 2

a,=(i+05)p _ _ a, =(+09p _ _
a, =437 Fori=2,34,... =1 a, =(j+05p Fori=2,3,4,. j=2,34,...\
a, :12-3a1(a1 - 2) a2 :ai(a'l' aaa(as' 3
a, =(+0.5)p
a :(J +05)p For i:2,3,4,. j:2,3,4,....

. .
a,=a,(@a,- da,@;- 2
Theroots of CSCS ends condition are

b,=4.73 S b, =(i+0.5)p _ _

b, = jp Fori=1 ,j=1,2,3,.. b3 =ip Fori=2,34,... j=1,2,3....

b,=12.3j%p°? bzzal(al'z)jzpz

10
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Abstract

The general approach of this research is to assume that the small nonlinearity can be separated from the linear part
of the equation of motion. The effect of the dynamic fluid force on the pump structure system is considered vibrates at
its natural frequency but the amplitude is determined by the initial conditions. If the motion of the system tends to
increase the energy of the pump structure system, the vibration amplitude will increase and the pump structure system is
considered to be unstable. A suitable MATLAB program was used to predict the stability conditions of the pump
structure vibration. The present research focuses on fluid pump problems, namely, the role played by damping

W
coefficient C, damping factor D and angular speed o (termed the ratio (—)) and the determining stability of a
n
centrifugal pump structure. The data demonstrate substantia rotor dynamic effects, a destabilizing chart appears to be
inversely proportional to the D, C, and ®, and resonance changes significantly with flow rate.

Keyword: Sability, Amplitude, Vibration, Resonance, Pump.

1. Introduction

Because of the complex spectra behavior of
pump structure system it is not easy to interpret
the results of pressure or velocity measurements
of such systems [1]. The pump vibration comes
from several sources that include mechanical
causes of vibration, i.e. unbalanced rotating
components, damaged impellee’s and non
concentric shaft sleeves are common, non-laminar
flow and operating the pump at a critical speed
[2]. Frequencies below running speed can be
caused by acoustical resonance. Generally these
effects are due to the impeler passing and
discharge diffuser [3]. Ableto originate internally
or externally, an excitation force is the only cause
of vibration. Repeating forces create the vibration
problems most commonly associated with
centrifugal pump. These forces are often caused
by the rotation of imbalanced, misaligned, or
worn pump components [4]. However, in real
structures the energy input by the flow has a finite
limit, because the fluid forces on the structure are
limited. Thus the amplitude of unstable region can

only grow until it is limited by nonlinearities in
the structure itself [5]. Resonance can be avoided
by changing a systems frequency, which is
determined by the mass, stiffness and damping
properties of all of the components involved,
including the pump, base, motor, piping-coupling,
guard, foundation, etc. If the resonance vibration
isjust below the natural frequency, the stiffness of
the system should be increased so the vibration
frequency shifts above the natural frequency. If
the resonance vibration is just above the natural
frequency, the systems mass should be increased,
shifting the vibration frequency below the natural
frequency [6]. Many vibration problems are
results of interactions among a system pump,
motor, fluid, piping and structure. This requires
systems approach to vibration analysis, rather than
theinvestigation of individual components

[7]. A nonlinear system could have more than one
equilibrium, some of which may be stable and
others unstable as it is clearly noticed in the
stability charts of the pump structure vibration[8].
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2. Theory

The investigated equation of motion of the
model pump structurein y-axis[9] is:

my+(C-3K,) ¥ +Ky=F; ..(2)
Let a= E = 2mwD and b=K/m
m m
- - Ff
v+av+by-— =0 ..(2)
m

To solve Eq. (2) ,a particular solution is assumed
as.

y=Ysn(ot)
Substituting Eg. (2) as:

-0’Ysn(ot)+amYcos(wt)+bYsin(ot)-
Ff
— =0 ...(3)
m
The stable and unstable regions of equation (3)
depends on the parameters a and b and are shown
in the charts of stability condition of the pump
structure system.
Substituting and rearranging Eq. (3), the
parameter b becomes:
F, )
b= — + w*—aw cot (wt) ..(4
Y.msin(wt)

Substituting the values and after modifying
and neglecting the small values of Eq.(1) the
amplitude of the oscillating motion of the pump is
obtained [9]:

Ff
Y = ...(5
KJ[l- (1)1 +[2D ()T
W, w

n

By substituting values Y and K= m. w® and
substituting Eq. (5) in Eq. (4) as.

J[l- (X)212 +[2D(2)?]?
b: Wﬂ Wn
sin(wt)

+1- Ecot@zvt)
W

...(6)
The conditions of stability of the pump
structure are given by therootsaand b as:
b > 0 stability isincreased
b < 0 instability isincreased
a > 0 always and pump structure system is stable

Equation (6) is known as the Mathieus equation
[10].

The stable and unstable regions of Eq.(6)
depends on the parameters a and b and are shown
in the stability charts obtained. There are no
known closed form solutions to the nonlinear
differential equations describing the response of
the pump structure used in an oscillating flow. It
is possible to numericaly integrate these
nonlinear equations to obtain a solution.

At resonance w = wy,

If the frequency of the oscillating flow is much
greater than the natural angular frequency of the
structure, then the pump structure; becomes
intensive to high frequency forces that energy in
to the pump structure and cannot be transfer the
response approaches zero [11].

Therefore the parameter b in EQ.(6) becomes:

b= _2'D r1- -2 cot (wit) (7
snw, mw,,

The parameter b will be positive or negative
depending actually upon the time of oscillating t
and on the damping factor D.

The MATLAB program is used to solve the
equation of motion (6) to get the stability charts.
And reach the following assumptions:

r:(ﬂ)2
W

n

M=[1- ()22
W

M=[1-r]?

S=[2.D. (Wﬂ)z]z

n

S=[2.D.r?

w w
N = \/[1- (—)*1* +[2D(—)°]
Wn Wn
N=+M+S
Substituting these values in Eq.(6) as:
b=— N
sin(wt)

+1—(%)cot(wt)
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MATLAB Program

>> 9% Wewill now get Stability Condition at o=
112

>> =
0.001;0.002;0.003;0.004;0.005;0.006;0.007;0.008;
0.009;0.012;0.016;0.020;

>>r =
0.221;0.307;0.469;0.623;0.854;1;112;1.44;1.74;1.
94.2.175; 2.509;

>>D =
0.01;0.06;0.10;0.15;0.25;0.35;0.40;0.55;0.65;0.75
;0.85;0.95;

>>a=2*n*D;

>>a

>>M = (1-nN"2

>>M

>>S=(2*D*r)"2

>> S

>> N =sgrt (M+S)

>>N

>> b= N/sin(o *t)+1-(a/ )*cot(w *t)

>>D

To draw the stability charts of the pump
structure at different values of times, ratios of
angular speeds with natural speed and damping
factors, the MATLAB program was used:

>> 9% Wewill give variablesfor plot at = 112
>> a=[ 2.24; 13.4; 22; 33; 56; 78; 89; 123; 145;
168; 190; 212];

>> b=[ 7.79; 3.98; 2.79; 2.18; 1.68; 1.39; 1.32;
1.16; 1.161; 1.52; 2.26; 3.63];

>> 9% Wewill plot

>> plot (a,b,'-0b','LineWidth',2,'MarkerSize', 1)

>> xlabd ('a)

>> ylabel('b")

>> title("\bf Stability Condition’)

The MATLAB program of the stability
condition at resonance state where

o= 0= 238is:

r=1

M=0

>> 9% We will now get Stability Condition at
resonance state o=w,=238

>>t=
0.001;0.002;0.003;0.004;0.005;0.006;0.007;0.008;
0.009;0.012;0.016;0.020;

>> D = 0.01; 0.06; 0.1; 0.15; 0.25; 0.35; 0.40;
0.55; 0.65; 0.75; 0.85; 0.95;

>>a=2* o, * D;

>> S= (2*D)"2,

>> S

>> N=2*D;

56

>> b= N/sin(238 *t)+1-(a/ 238)*cot(238*1);
>>p

The MATLAB program to plot the stability
condition at o= 132is:

%%WE will now give the variable for plotl of
stability chart at Omega=132
a=[2.64,;15;26;39;66;92;105;145;171,198;224;250
I;
b=[6.11;3.21;2.32;1.87;1.51;1.32;1.31;1.26;1.33;1
.85;3.03;6.34];

%Now we will plot the plotl of stability at
omega=132
plot(a,b,-ob','LineWidth',2,'MarkerSiz€,2)

% WE will give values for plot2 of experimental
a=[2.64,;15;26;39;66;92;105;145;171,198;224;250
I;
b=[0;3;4.3;3.9;3.6;2.5;6.3;5.8;4.5;6.9;7.8;9.1];

% We will plot plot2 of experimental

% but we must use hold command to be able to
show the the plot2 at the same window

hold on
plot(a,b,'--*r','LineWidth',2,'MarkerSiz€e',2)

% We will give values for plot3 at resonance
a=[4.76;28;47;71;119;166;190;261;309;357;404;4
52];
b=[1;1.02;1.07;1.15;1.33;1.60;1.88;2.54;3.38;11;-
3.9;-0.81];

%% We will plot for plot3 at resonance
plot(ab,-.+k','LineWidth',2,'MarkerSize,2)
xlabel('a)

ylabel('b")

legend('132','exp’,'res,0)

Displacement amplitudes are used at low
vibration frequencies typically between
( 17-62 ) Hz. High displacement amplitudes at
low frequencies can cause a considerable amount
of stress damage to a pump structure. Using
MATLAB program determined the stability
conditions at angular speeds o= [112, 132, 163,
188, 220, 238, 251, 286, 314, 332, 351, 377]. And
MATLAB program was used aso to plot the
stability conditions of the pump structure at these
angular speeds.

Fig.2.indicates the particular stability condition
at angular speed ©=112. It has two small regions
of stability and large area of instability. It is
nearly similar to stability in Fig.3. inwhich it is at
angular speed o= 132 at the ratios of angular
speeds (o/ vn)=(1/2.1 and 1/1.8).
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3. Experimental method

The measurements method was tested on
l[aboratory test instrument “Pumps Training
System lab-volt”. The photographic picture of the
research experiment is shown in Fig.1. In the
l[aboratory test, water is circulated from the water
tank. The speed is measured by using an electro-
magnetic flow meter. The static pressure is
measured, relative to atmospheric pressure at the
suction and discharge flanges of the pump. When
operating the pump will act as an active element
in the test loop . In this experiment pump induced
pulsations are suppressed by coherence analysis
with the external source signal as a reference.
Measurements should be taken at operating speed
for constant speed motor and at varying speeds for
pump operating on variable speed drives[12].

Fig. 1. The Photographic Picture of the Research
Experiment [9].

This research is carried out by using the type
of centrifugal non-positive displacement, which
has two kinds of openings, one opening is for
flow- drag and the other opening is for flow-
pushing. The drag opening is connected with fluid
tank, and the pushing opening is joined with flow-
meter to measure the fluid flow discharge. Then
thereis avalve for hindering the fluid flow which
is coupled with its valve adjustment in paralld.
The motor is linked with the pump, and the
regulation is lying on the motor speeds by varying
the frequencies. It takes the readings of the fluid
flow discharge, and the pressure readings are

taken by the manometer. The readings of the
vibration amplitudes of the pump structure are
taken by the vibrometer, and the rpm of the
propeller of the pump are also taking. The
readings are shown in the Appendix of Table.l.
and Table.2.

Thevalue of the natural angular speed v,=238
is determined by using the Analyzer.

Tablel,
The M easur ed Parameter s of the Fluid Flow in the
Pump [9].

Frequency Angular
F[HZ] speed

Vibration  Speed of
Amplitude Pump

ofrad/ls] RMS [rpm]

0 0 0 0

17.9 112 3 1029
21 132 4.3 1207
26 163 39 1495
30 188 3.6 1725
35 220 25 2012
38 238 6.3 2185
40 251 5.8 2300
45 283 4.5 2587
50 314 6.9 2875
55 345 7.8 3162
60 377 9.1 3450

Table2,
Shows the M easured and Calculated Parameter s of
the Pump Structure[9].

Total M easur ed Entrained  Cross-sec.
mass mass mass of pump
m [kq] mo[kd] my [ka] A [m?]
7.2 12 6 0.00567
Stiffness Measured Width of Diameter
of pump  angular pump of pump
K speed of B [m] d[m]
[N./m] pump

o, [rad/s]
47203 238 0.0265 0.085
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4. Reaults and Discussion

Figure (4) Shows the stability chart taking

another form with small increasing in the zone of
stability at angular speed ratio (1/1.26). Fig.5 the
area of stability decreases to some values, then the
curve increases sharply to some extent. In Fig.6.
and Fig.7. show the stability charts reduce at
angular speed ratios more than one, i.e. (o/ ) =
(/0.94 and 1/0.75), they are very close to each
others. It is concluded from the figures that the
stability charts depend on the effect of the time of
occurring of the vibration of the pump structure,
in which parameter b plays the main role than the
other parameters. It means that at the time
occurring the amplitude of vibration at natural
angular speed o, = 238 was higher than that of the
lower angular speeds. However, it was predicted
that the time of vibration amplitudes at lower
frequencies were near zero values, which gave
almost straight line at zero line of b parameter.
The parameter b is playing a more important role
than the values of a parameter at all values of the
angular speeds, because the values of a parameter
are always positive, while the values of b
parameter are positive or negative values; they
depend on the values of the times of vibration
amplitudes.
The stability charts are obtained in the figures, by
keeping natural angular speed o, and some other
parameters are constants and then varying angular
speed o to vary the ratio o/ o,. It will be noticed
actually, if the horizontal shaft is run at angular
speed lower than natural angular speed o, = 238,
then it will be instabilized at angular speeds 112,
132, and 163 which are nearly equal to half value
of natural angular speed as shown in Figures 2, 3,
and 4. In Figures 5, 6, and 8, the behavior of the
stability charts are different at angular speeds 188,
220 and 251 because the stable areas were noticed
evidently at negative b parameter, if the variable
damping factor is assumed with constant value of
the stiffness.

It is concluded also from the figures of
stability charts, that the region between curves of
theoretical stability charts at ®=(112 and 132) and
of resonance chart at o, = 238 is called critical
zone, which here it represented in small area. But
at o = (163, 188, 220, 251 and 286) critical zone
coincides at the same line of each curve for
certain extent of values of parameter a which is
always positive. However, this means the system
of the pump structure has the same critical limit.
Then with th increasing the values of ® = (314,
332, 351 and 377) the possibility of the critical
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zone begins to increase gradually for small area
also at positive values of parameter b.

The ratio of error between the theoretical and
experimental is between ( 0.2590 and 0.1403) for
»=(112 - 377).

Fig. 2. Stability chart at @=112.

When blue line represents o= 112 ,red line exp.
represents experimental ,black lineres. represents
resonance.

—_—

I0- riE

— ey | =

T .

Fig. 3. Stability chart at = 132.
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Fig. 12. Stability chart at @= 377.

5.

Conclusions

From the results obtained the following

conclusions can be withdrawn:

1-

The stable and unstable regions of the equation
of motion Eq.(6) depend on the parameters a
and b which are shown in the stability charts
figures.

Veay smal values for time of vibration
amplitudes are required to get accepted results.
If timet was not sufficiently small, the results
would be very inaccurate.

The accuracy of the procedure increases as the
value of the dynamic fluid force and damping
forces decrease rdative to the inertial and
spring forces in the equation of motion.
Parameter b played a more important role than
parameter a at values of angular speeds,
naturally, because the parameter b depends on
angular speeds, dynamic fluid force, damping
factors and different values of time of vibration
amplitudes.

It is noticed that the effect of pump structure
damping is important near the ratio o/ o,
which is between 0.45 and 1.58.

It is pointed out that a typical swirl velocity
ratio at inlet ( pump discharge ) would be
about 0.65 and may not be therefore large
enough for the resonance to be manifest.

Nomenclature

60

total mass of the model pump
structure [kq]

damping coefficient of
structure [N.g/m]

fluid force velocity coefficient
[N.g/m]

stiffness of the pump structure
[N/m]

total fluid force [N]

measured angular speed of the
pump [rad/s]

natural angular speed of the blades
of the modd pump structure
immersed inthefluid [rad/q]
frequency of the pump structure
[HZ]

damping factor of the pump

the pump
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Abstract

Liquid-liquid membrane extraction technique, pertraction, using three types of solvents (methyl isobutyl ketone, n-
butyl acetate, and n-amyl acetate) was used for recovery of penicillin V from simulated fermentation broth under
various operating conditions of pH value (4-6) for feed and (6-8) for receiver phase, time (0-40 min), and agitation
speed (300-500 rpm) in a batch laboratory unit system. The optimum conditions for extraction were at pH of 4 for feed,
and 8 for receiver phase, rotation speed of 500 rpm, time of 40 min, and solvent of MIBK as membrane, where more

than 98% of penicillin was extracted.

Keywords: Liquid-liquid membrane, Penicillin V, pertraction, extraction.

1. Introduction

Liquid-liquid membranes extraction technique
combines extraction and stripping into one step,
rather than the two separate steps required in
conventional  processes such as  solvent
extractions. A one-step liquid membrane process
provides the maximum driving force for the
separation of a targeted species, leading to the
best clean-up and recovery of the species”.
Liquid membrane process, called also pertraction
process, have gained increased attention due to its
ambient temperature operation, rdatively low
capital cost, high separation efficiencies and
modular construction. The process is inherently
low-energy, continuous, and can be made highly-
automated. The amount of organic solvent
required are generally very small, and thus the
technology is environmentally benign® 9. Two
agueous solutions, feed solution F, and receiver
solution R, are separated by a third, organic liquid
M, representing the “liquid membrane” which is
insoluble in the other two liquids. The solute is
transferred from the feed to the acceptor solution
under the effect of appropriately chosen
equilibrium conditions at the two interface F/M
and M/R. In liquid membranes, facilitated

trangport is the mass transfer mechanism for the
target species to go from the feed solution to the
receiver solution.* ®. Extraction using liquid
membranes has been studied since the 1980s and
is one of the most advantageous techniques of
separation at the present. This separation method
consists in the transfer of a solute between two
agueous phases of diffeeent pH which are
separated by a solvent and carrier layer. The
claimed advantages are as follows: the quantity of
solvent used is small because of its continuous
regeneration, the loss of solvent is small during
extraction process provided the pH gradient
between the two agueous phases is maintained,
there is a possibility of solute transport through
liquid membranes that have been used for the
separation of some biosynthetic products, namely
carboxylic acids, amino acids and antibiotics'®
) The membrane interposed between two miscible
agueous solution, at one side (feed phase) in
which the solute to be transport is extracted, while
at the other side (strip phase), re-extraction
occurs. Since in each of the agueous phase some
specific, and different for each of them,
thermodynamic conditions exist, the extraction
and re-extraction occur simultaneously® 9.
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The steps of transport of solute in the
pertraction system are described as. diffusion
through the boundary layer in the feed solution,
sorption on the feed solution/liquid membrane
interface, diffusion through boundary layer on the
feed side, transport in the membrane, diffusion
through boundary layer on the receiving side,
desorption on the membrane/receiving solution
interface and diffusion through the boundary layer
in the receiving solution®®,

The incessant stripping of solute of the liquid
membrane keeps low concentration of solute in
this phase and therefore provides its complete
recovery from the feed solution. One of the
principal advantages of pertraction process is the
practically complete removal of the valuable
component from the source material using, in
most cases, not sophisticated, friendly solvents, in
particular-water. As far as the membrane liquid is
considered, it is noteworthy to mention that the
requirements to the liquid membrane are not the
same as to the conventional solvents used in a
solvent extraction process, because in pertraction,
priority is given to the membrane selectivity,
rather than to the capacity and the solute
distribution coefficient ™.

Penicillin V is a secondary metabolite
produced at low growth rates and its syntheses
have been described extensively in the literature.
Penicillin formation starts from three activated
amino acids, and involves several enzymes and
isopenicillin N as a major intermediate. Penicillin
V (phenoxymethylpenicillin) is the commercially
most important penicillin. It is mainly converted
to 6-aminopenicillanic acid (6-APA), which in
turn is used to make amoxicillin and ampicillin.
Penicillin V is aweak acid and it is extracted with
n-butyl acetate at pH 2-3. In this pH range
penicillin V is unstable and decomposes, therefore
the agueous medium in fermentation broth is
cooled to 0°C and extracted in centrifugal
extractor to keep contact time as short as
possible™?.

In the present work the fermentation broth was
simulated by dissolving penicillin V sodium salt
in distilled water. Liquid-liquid pertraction
techniqgue was conducted for the recovery of
penicillin V in a batch pertraction laboratory unit.
Methyl isobutyl ketone (MIBK), n-amyl acetate,
and n-butyl acetate were proposed as membranes
for penicillin V pertaction at 25°C. The effect of
speed of agitation, time, and pH were studied.
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2. Experimental Work
2.1. Material

Feed Phase (Donor Phase):

The feed phase was prepared by dissolving 1 g
of penicillin V sodium sat in 1 L of distilled
water, the pH of solution is adjusted by [4%
H,SO, (BDH)] and [5% Na,CO; (BDH)]®.

Receiver Phase (Stripping Phase):
A sodium carbonate solution was used as a
receiver phase.

Membr ane Phase:

In the present study, methyl isobutyl ketone
(BDH), n-amyl acetate (BDH), and n-butyl
acetate (BDH) were used as liquid membrane.

2.2. Pertraction Lab Unit

Pertraction experiments were carried out in 1
liter laboratory pertractor as shown in Fig. 1. The
pertractor consists of two coaxial Pyrex beakers
and baffles where placed in each beaker as shown
in Fig. 1. The outer beaker is 1 liter and the inner
is 2560 ml. The two beskers were arranged as
shown in Fig. 1 and placed on a magnetic stirrer
with heater in order to control the temperature and
the speed. The membrane, feed, and receiver
phases were stirred by using two Teflon-coated
magnetic bars.

2.3. Experimental Setup

500 ml of feed phase was placed in the annular
space between the two beakers, and 200 ml of
receiver phase was placed in the inner beaker.
After that 300 ml of membrane phase was added
to cover the other two phases as shown in Fig.1.
The outer beaker was covered with a thin plastic
layer to prevent evaporation of membrane phase.
In the present study the effect of speed of
agitation using the three proposed membranes was
studied in the range of 300-500 rpm. The speed of
agitation and temperature were adjusted and
controlled by using hotplate and magnetic stirrer.
The pertraction time was continuing up to 40 min
and during this period of time samples were taken
at a specified time interval from the feed and
receiver phases for penicillin V analysis by
HPLC. HPLC type Shimadzu model LC20AD
was used in this analysis using column 100 RP-18
(5 um). The penicillin V in the membrane organic
phase was evaluated by material balance.
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Fig. 1.Schematic Diagram of Pertraction L aboratory Unit.

3. Reaults and Discussion

In the present work, the batch pertraction of
penicillin V using the three proposed liquid
membranes was studied, the agitation speed, and
liquid membrane type was conducted in this work.
The efficiency of penicillin V extracted, E, was
calculated as follows:

_ GV
CtoVs

E "~ 100%

(1)

Where C; is the penicillin V concentration in
the receiver phase, Cy, is the initial concentration
in the feed phase, V; is the volume of receiver
phase, and V4 is the volume of feed phase.

3.1. Effect of pH

Figures 2 and 3 show the relationship between
the penicillin transport from feed and to the
receiver phases respectively with pH at different
liquids membrane and at agitation speed of 400
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rpm and time of extraction of 40 min. The range
of pH for feed phase is taken between (4-6) and
for receiver phase between (6-8) because the
penicillin V is unstable and decomposes for pH <
4 and pH > 8™, From Figure 2, it can be seen that
the extraction of penicillin V from feed is
increasing with the decrease of pH value and also
from Figure 3 the extraction of penicillin V by the
receiver is increasing by increasing of pH value
because the over all mass transfer coefficient
increases when the difference in the pH value
between two phases is high as possibld®™. In the
Figure 2, it seems that the best value of pH for
extraction of penicillin V from feed is 4 where
about 98% of penicillin V is extracted by MIBK,
while from Figure 3, the best value of pH for
extraction of penicillin V by the receiver phase is
8 although the pH value of 7.5 has little effect on
the extraction.
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Fig. 2. pH Effect on Penicillin Extraction from Feed
Phase after 40 min and Agitation Speed of 400 rpm.
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Fig. 3. pH Effect on Penicillin Extraction by
Stripping Phase after 40 min and Agitation Speed of
400 rpm.

3.2. Effect of Membranetype

From figures 2 and 3, it can be seen that is a
better solvent as a membrane and it can give
better extraction efficiency methyl isobutyl ketone
(MIBK) with respect to other solvents (n-amyl
acetate and n-butyl acetate). The extraction
efficiency of penicillin V is evaluated by using
equation 1 for three types of membranes at

80

temperature of 25°C, rotation speed of 400 rpm
and pH for feed 4 and for receiver phase 8 as
shown in Table 1, where the difference in
extraction efficiency for three types of membrane
arevery little i.e., the effect of membrane type on
extraction islittle.

Tablel,

Extraction Efficiency, E, of Penicillin V for 3 Types
of Membrane at 25°C, 400 rpm and pH of Feed 4
and of Receiver 8.

Membrane type E
MIBK 90.8
n-amyl acetate 90
n-butyl acetate 89.6

Figure 4 shows the penicillin V content in the feed

(R = =), membrang, MIBK, (Rn= <) and
Cto Cto
receiver phases (R = CCf ) during the extraction
fo

at temperature of 25°C, agitation speed of 400
rom and pH of 4 for feed and 8 for receiver
phases. It seems that about 80% of penicillin V is
extracted during 15 min; i.e, the extraction
process during this time is fast, while after 30 min
the extraction is stable and there is no effect of
time on extraction.

1.0

08

"8 Feed pH=4
0. Membrane
A, Receiver pH=8

06

04+

02

0.0

time (min)

Fig. 4. Penicillin V Content in Feed, Membrane
(MIBK), and Receiver Phases with Time at 25°C
and 400 rpm .
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3.2. Effect of Agitation Speed

Figure 5 shows the effect of speed of agitation
on the extraction efficiency, E. In order to explore
the effects of stirring rate, the extraction
experiment were carried out at three different
stirring rates, 300, 400, and 500 rpm. E value
increases with increasing speed of agitation,
which means that the extraction efficiency of
penicillin V from feed phase to the receiver phase
through liquid membrane improved with
increasing the speed of agitation; this is because
the higher stirring rate leads to much severer
mixing between the agueous solution and organic
phase, which could accelerate the transport of
penicillin V and enhance the mass transfer area
between the aqueous solution and liquid
membrane solution and reduce the mass transfer
resistances of penicillin V from feed to liquid
membrane in the extraction process, and from
liquid membrane to the receiver phase in the
stripping process. This variation in the efficiency
indicates a diffusion control of the extraction
process. According to previously published
literature, athough the mass transfer improved
with higher speed of agitation, it was not applied
because of increased risk of droplet formation
which causes phase intermixing and deterioration
of the process 2.

Fig. 5. Effect of Rotation Speed on the Extraction
Efficiency Using MIBK as Membrane, at 25°C, and
pH of 4 for Feed and 8 for Receiver Phases.

81

4. Conclusion

The liquid-liquid membrane extraction,
pertraction, of biosynthetic products constitutes
advantageous  alternatives to  conventional
separation methods because it reduces the number
of stages required for an efficient separation and,
therefore, for the corresponding energy and
material consumption. It can be concluded that the
separation of Penicillin V from simulated broth
could be enhanced by decreasing the pH value for
feed up to 4 and increasing pH value up to 8 for
receiver phase and increasing rotation speed up to
500 rpm. The type of solvent as a membrane has
little effect on the extraction efficiency.
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Technical characteristics

- Manufacture
-Cycle

-Number of cylinder
-Diameter

-Stroke

-Swept volume
-Compression ratio
-Max. power

-Max torque

-water cooled

-No load speed rang
-Load speed range
-Intake start

-Intake end
-Exhaust gart
-Exhaust end
-Fixed spark advance

PRODIT sas.

OTTO or DIESEL, four strokes
1 vertical

90 mm

85 mm

541 cm®

4175

4 kWat 2800 rpm

28Nm at 1600rpm

500-+3600 rpm (Otto cycle)
1200-+-3600 rpm (Otto cycl€)
54° before T.D.C.

22° after T.D.C.

22° before T.D.C.

54° after T.D.C.

10° (spark ignition)
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Study of Effect of Diesel Fuel Energy Ratein Duel Fue on
Performance of Compression Ignition Engine

M aan Janan Basheer
Department of Machines and Equipment Engineering /University of Technology

Abstract

The aim of this work is to study the effect of diesel fuel percentage on the combustion processes in compression
ignition engine using dual — fuel (diesel and LPG).

The brake thermal efficiency increased with the increase of diesdl fud rate at low loads, and decreased when load
increased. To get sufficient operation in engine fueled with dual fudl, it required sufficient flow rate of diesd fud, if the
engine fueled with insufficient diesel fuel erratic operation with miss fire cycles presented.

Dual-fuel operation at part load showed higher specific fuel consumption than straight died operation. At full loads,
brake specific fuel consumption of duel fuel engine approaches that for diesel fue values.
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