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Abstract

The laminar flow through an obstacled sudden expansion channel is numerically investigated.
Rectangular adiabatic inclined obstacles mounted behind the expansion region on the upper
and lower wall of the channel were used. The effects of obstacles inclination angle, obstacles
length, obstacles thickness and the number of obstacles on the flow and thermal fields for
different Reynolds number and expansion ratio were examined. The angle of obstacles
inclination was taken in the direction of streamwise flow and ranged from 30° to 90°. Three
values of expansion ratio(ER=H/h) equal to 1.5, 1.75 and 2 were used. The choice of values
of Reynolds number takes the consideration of symmetry state. The body fitted coordinates
system is used to transfer the considered physical problem to computational domain in order
to treat the complexity arising from applicable the boundary conditions near the inclined
obstacles. The governing stream-vorticity equations expressed in generalized coordinates
system were transformed to algebraic equations by using finite difference method. The
solution of these equations was done by iteration method. The obtained results showed that
there is a significant effect of obstacles angle on the hydrodynamic characteristics. The
performed tests of the present results with related published results showed that there is an

acceptable agreement.

Key words Sudden expansion channel, Laminar flow, Obstacles.
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Introduction

The flow in a sudden expansion channels is encountered in many engineering applications.
Although the flow is considered simple, the complexities arise due to the separation and
reattachment after the expansion region. In recent studies, an increasing interest is focused on
energy conservation systems. These systems include heat exchangers, cooling of electronic
devices and solar collectors. The large number of previous studies focused on hydrodynamic
and thermal behavior of the flow behind sudden expansion geometry. Therefore, non-
published studies were done on using an inclined solid obstacles mounted behind the
expansion region, and as a result, the effects of these obstacles on dynamic behavior of the
flow and enhancement of heat transfer. The laminar flow of Newtonian fluid in planar and
axisymmetric sudden expansion was studied by Scott et al. [1]. They covered the steady state
flow at Reynolds number up to 200 and expansion ratio of 1.5, 2, 3 and 4. The results showed
that the reattachment length and the eddy center location vary linearly with Reynolds number,
but the relative eddy intensity was an exponential function of Reynolds number. Tao tang and
Ingham [2] studied the steady laminar flow past a sudden expansion for incompressible fluid.
The study covered Reynolds numbers up to 1000 and uniform inflow. The results showed that
the eddy length increased linearly with Reynolds number for both small and large values of
expansion ratios. Baloch et al. [3] investigated numerically the incompressible Newtonian
flows through two and three dimensional expansions. The sudden expansion geometry had a
square cross section. The obtained results show that for Reynolds number up to 10, a
significant vortex activity was generated by fluid inertia giving recirculation zone and vortex
enhancement. Battaglia et al. [4] performed numerical simulations and bifurcation
calculations for flow of Reynolds number up to 200 in a two-dimensional sudden expansion
channel. They found that the critical Reynolds number decreased with increasing expansion
ratio. Thiruvengadam et al. [5] demonstrated the effects of flow bifurcation on temperature
and heat transfer distributions in plane symmetric sudden expansion. They verified that the
maximum Nusselt number that occurs on lower stepped wall is larger than the one that
develops on the upper stepped wall and it develops near the side wall and not at the center of
the duct. Battaglia and Papadopoulos [6] investigated experimentally and by two- and three-
dimensional simulations the effect of three dimensionality flows of Reynolds number from
150 to 600 past 2:1 symmetric sudden expansion channel of 6:1 aspect ratio. They showed
that when two-dimensional simulations were performed using the effective expansion ratio,
the new results agreed well with the three-dimensional simulations and the experiments. The

laminar flow through an axisymmetric sudden expansion using real-time digital particle



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

image velocimetry was studied by Hammed et al. [7]. They verified that the reattachment
length and redevelopment length downstream of reattachment were linear functions of
Reynolds number. The steady bifurcation phenomena for three dimensional flows through a
plane—symmetric sudden expansion was investigated numerically by Chiang et al [8]. They
showed that the bifurcation was dependent on flow Reynolds number, channel aspect ratio
and expansion ratio. Simulations of three dimensional laminar forced convection in a plane
symmetric sudden expansion were performed by Nie and Armaly [9]. They verified that the
maximum Nusselt number was located inside the primary recirculation flow region and its
location did not coincid with swirling flow impingement. The laminar incompressible flow in
a symmetric plane sudden expansion was studied numerically by Wahba [10] where different
iterative solvers on calculation of the bifurcation point were tested. He verified that the type
of inflow velocity profile, whether uniform or parabolic has a significant effect on the onset of
bifurcation. In the present work, a computational study has been made to study the dynamic
of the flow behavior and thermal field in an obstacled sudden expansion channel. Inclined
solid obstacles were mounted on upper and lower wall of the channel after the expansion
region. The obstacles were inclined towards the flow stream. Different values of angle of
inclination (AOI) 30° < AOI < 90° were used. The angle of inclination of obstacles, obstacles
length and number of obstacles are studied for different values of Reynolds number and
expansion ratio. The symmetry state is considered. The aim of the present study is to show the
effect of inclined obstacles mounted behind expansion region on the flow behavior and
thermal field.
1. Model description

The considered physical model is shown in Fig.1. It represents the upper half of plane
symmetric sudden expansion. The upstream height is (h) and the downstream height is (H).
The geometry provides a configuration within expansion ratio (ER=H/h) equals to 1.5, 1.75
and 2. The assumed fully developed flow at inlet leads to reduce the upstream length (L1) to
be equal to the upstream height (h). The downstream length (L2) equals to 14 times the
upstream height is considered where the effect of obstacles is vanished. The insulated
obstacles were mounted symmetrically on the upper and lower walls of the expansion region
and equal distance (I) between the obstacles was considered. The number of obstacles is
varying as 1 and 3. Three obstacle lengths (Lo) equal to 0.1H, 0.15H and 0.2H and three
obstacles thickness (th) equal to h/24, h/12 and h/6 were studied. Three values of angles of

inclination (AOI) equal to 30°, 60° and 90° were examined. Different values of Reynolds
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number (Re = 50, 100, 150 and 200) were selected taking by consideration the achievement of

symmetric flow conditions.

|—l LZ

f=h

Fig.1 Schematic diagram of the considered problem

2.1. Mathematical model

H/2

The continuity, Navier-Stokes and energy equations for two dimensional steady state

incompressible flow are described below by using the stream function - vorticity formulation

after adopting the following assumptions:
e Fully developed at inlet.
e Constant thermo physical properties of the working fluid (air).
e Non-slip flow.
e Constant temperature at the expansion region walls.
Continuity equation:
ou oV
x + 5 =0 (1)

Momentum equation in x-direction:

ou ou _ou o°u o°u, 1op
—HU—+V—=0(5+—)——— 2)
ot ox oy oxt oyt pox

Momentum equation in y-direction:
ov ov ov o°’v o°v, 1op
—+tU—+V—=0(F+—3)——— (3)
ot OX oy ox° oy Yoo,

Energy equation:

ar aT 8T_a(82T GZTJ

+Uu +V =

ot ox oy ox®  oy? (4)

Differentiate Eq. (2) with respect to y and Eq.(3) with respect to x and then subtract Eq. (2)

from Eq. (3) and rearrange the result:
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0,0 oOu, ou,ov ou, ov,ov ou 0 ,0v ou
S ) — ) - U ()
X Oy OX OX oy oy ox oy OX OX oYy

0 ,0v ou 0> v ou, 0° ,ov ou
() =0 () (- )
oy ox oy OX® OX oy  oy° ox oy (5)
from the definitions of stream function and vorticity:
de = udy — vdx (6)
ov ou
QO=-—_==
So, the governing equations will be:
2 2
a—(o + 8 (D - —Q 8
ox?  oy? 8
0Q Op Q) Op oQ 0’Q o’
— +—F———-————=0 -+ —
ot oy oX  Ox oy ox> oy ©))
oT O dT O¢dT o°T  o°T
+ — =a >+ —5
ot oy ox  Ox oy ox? oy (10)
The above equations are dimensionlessed via using the following parameters :
X y u v ) ut Qh T-T
X:—'Y:—’U:—’V:—’ = — =_°’a):—’9:
h h u, u, v hu_ ‘ u, T,-T.
So, equations (8-10) will become :
Py Dy _
ox2 Tayr T ¥ (11)
dw Oy ow Owdow 1(0°w O’w
—t—_— ——=— +
or oY oX oX oY Relox? oY? (12)
06 Oy 00 Oy 00 1 (0% 0%
TN A Ay Av 2 T 2 (13)
or oY oX oX oY RePr{oX oY

2.2. Grid generation

2015

Due to presence of inclined obstacles, the physical domain becomes non-rectangular. So a

suitable treatment for obstacles boundary conditions is needed to capture the inaccuracy arises

for imposing a rectangular domain on this complex boundary. The grid generation

method

proposed by Thompson [11] is used to map the non- rectangular grids in physical domain into

rectangular one in computational space. The most popular partial differential equati

for any complex-shaped bodies in two dimensional zone is an elliptic poison equation:

on used
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S T¢, =P(&\7) (14)

Ny 1y, =Q(&, 1) (15)
Where P and Q are known functions used for controlling the grids clustering. It is worth to
mention here that the grids adopted for the present work were generated at P ({, ) = O ({, n)
=0.

This process is accomplished by addling the boundary conditions which specify {and # as
functions of x and y. The dependent and independent variables are interchanged to produce a
system of elliptic differential equations.

So, the governing equations, Eq. 11-13 will become:

o, +(—w40)ﬂ +w”w§)4=

2
(ﬂw§+ow”+aa)g—Zﬂa){”ﬂ/ww)/J Re (16)

er +(_V/§9ri +V/,]9¢)A=

(10, +8, +at. ~2p8,, +76,,) /3 Repr 17)

Ay +oy, +ay, =2Py, +w,, =-I'0 (18)

Eq.16-18 are discretized by using finite difference scheme and then solved by iteration

method with succesive over relaxation method (SOR).
2.3. Boundary conditions

In order to solve the mathematical model, the following boundary conditions were imposed
On the upper wall:

-
l//:l ) w:?l/lgg [12] ' =1
On the obstacles:
P 00 0
l//=_l ! w:_zl//gg[].Z] ) %_ )
Where n is a unit normal Vector. On the symmetric line:
=0 o0 =0
oY
Fully developed conditions at inlet were imposed:
o¢
_ = O y =
o v=w()

Where ¢ representsy, w and 4.
At exit, to insure the smooth transition at the flow boundary, the following boundary

conditions are used 5, Ow 00
_—= — =0 y —=0
oX oX oX
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2.4.Grid dependency

To ensure that the hydrodynamic and thermal parameters are not affected by the mesh,
different grid densities were examined for each expansion ratio ER. For ER = 1.5, the grid
densities were (390x15), (390x30) and (600x45). For ER = 1.75, the grid densities were
(390x21), (390%35) and (600%x48). While for ER = 2, the grid densities were (390x30),
(390%40) and (600x60). The results showed that increasing in grid density more than
(390%30), (390x35) and (390x40) for ER = 1.5, 1.75 and 2 respectively has no significant
effect on the results as shown in Fig.2 and Fig.3. So, these grid densities were selected in the

present work.

0.015 -
r - - - - Grid (390*30)

sk i Grid (390*40)
r ! ®  Grid (600%60)

001}

0.005

Cf
Nu

-0.005
- = = = Grid (390*15)
Grid (390*30)

.0_02; rification ®  Giid (390%45) . _

. —————————— ) R R SRR EE R S|

Fig.2 Friction coeffiCient variation at Fig.3 Local Nusselt nimber variation at
various grids at Re=150for ER=1.5,  various grids at Re=150for ER=2, three
three obstacles, L0o=0.15H, th= h/24 and obstacles, Lo=0.2H, th= h/24 and
AOI=90°. AOI=60°.

3. Verification
To verify the present built home computer program, two tests were performed with related

published results as show in Fig. 4 and Fig. 5. As the figures show, the comparison indicated an

acceptable agreement.

Present study
—— = Battaglia and Papadopoulos [6]

i JEEEE P N SRR PR DTN NN PR ST PR
0 01 02 03 04 05 06 07 08 09
ufuo

Fig.4 Comparison of present results of dimensionless streamwise velocity for ER=2 and
x/h=4.5 at Re=171 with the predicted results of Battaglia and Papadopoulos [6].
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fig. 5 Comparison of present results of recirculation region for 2:1 expansion duct with
the published results of Georgtou et al. [13].(a) Re =10. (b) Re =50.

4. Symmetry and asymmetry

fig.6 shows the streamwise velocity contours of flow at Re = 200 inside a channel of
expansion ratio equals to 1.5 (case a), 1.75 (case b) and 2 (case c). This figure shows that at
this Reynolds number, a two recirculation zones of equal size mounted symmetrically on
upper and lower the centerline of the channel are developed. The streamwise velocity is
primarily positive in the direction of flow except for the two recirculation zones that form
immediately downstream of the expanding channel where the flow attaches the upper and
lower walls. An effect of expansion ratio is that as it increases, the recirculation zone becomes
larger at same Reynolds number due to the decreasing in the pressure drop. This effect can be
seen by comparison cases a, b and c of fig.6.

—_—————————— — —
=S
a- ER=15
il — ——
n— = — S— —
b- ER=1.75
_Ce——————————
_l(:; — — — —
c- ER=2

fig.6 Streamwise velocity distribution with symmetric flow pattern at Re=200.
The symmetry will disappear as Reynolds number accedes the critical Reynolds number as
shown in fig.7 where the flow leaves the symmetric state (case a) to asymmetric state (case b)
in which different sizes of recirculation zones are formed along the upper and lower walls. In
this study, the symmetry state is taken in consideration which means that the values of studied
Reynolds number will not accede 200.
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f— —
(a)
[ =

e

(b)
fig.7 Streamwise velocity contours for ER=2. (a) at Re = 200, (b) at Re =230.

5. Results and discussions
The two dimensional incompressible laminar flow in a sudden expansion obstacled channel

has been numerically studied. Effects of number of obstacles, angle of inclination of the
obstacles (AOI), length of obstacles (Lo) and Reynolds number (Re) on hydrodynamic and

thermal parameters were tested for different expansion ratios.

5.1. Effects of number of obstacles on the hydrodynamic and thermal fields
The effect of number of obstacles on the flow structure at constant Reynolds number is

shown in Fig. 8. The stream function contours and its recirculation zone for cases of no
obstacles, one obstacle and three obstacles are shown. As the obstacles interrupt the
development of the boundary layer, the recirculation zone downstream the obstacles is
induced due to the flow separation. Therefore, increasing number of obstacles increases
number of recirculation areas. The figure shows that the recirculation zone of the non
obstacled channel develops to a longer zone of two recirculation areas created by adding one
obstacle and by adding three obstacles, it becomes more longer with four recirculation areas.

No obstacles
101382
101023

I \ o
100034
0998720
P e = o om o on ommor omm ot ommon omm omomm o n o o omm o omm oo - 0 sEzaLl
QBTTISE
One obstacle e
0355558
0125222
X LY X

Three obstacles

Fig. 8 Stream function contours at Re=150 for ER=1.5, Lo=0.15H and AOI=60°.
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Fig.9 shows the effect of adding obstacles on the reattachment length. It is shown that the
reattachment length is a linear function of the Reynolds number. It is also found that if the
straight line representing reattachment length-Reynolds number relationship for not obstacled
channel was to be extended, it will pass through the origin point. This trend is expected
considering that the average shear rate at any chosen fixed streamwise distance normalized by
the reattachment length is nearly constant [7]. Adding obstacles will remain the linear
function of reattachment length-Reynolds number relationship but if it was to be extended, it
will not pass through the origin. The extended line will shift to pass through a point represents
the point of remote separation due to presence of obstacle. Note that the point of separation
due to obstacle coincides with the free edge of the obstacle. Also, increasing number of

obstacles increases reattachment length due to increasing flow separation.

12
11

[
(=]

No obstacles
One obstacle
Three obstacles

Lr/h

O B N W M 01 O N O ©

© LAY LRSS MRS LN LAY LAY AR LARS LRAN LARAN LARED AX

T I
50

TR - TR - TR -
100 150 200
Re

Fig. 9 Reattachment length-Reynolds number relationships for different obstacles
number of AOI = 60° for ER = 1.75.
Fig.10 shows the average friction coefficient for the cases of different numbers of obstacles

with respect to the Reynolds number. The friction coefficient changes its sign from negative
to positive at the reattachment point. So, the longer recirculation region obtained by
increasing number of obstacles will remain the negative sign friction coefficient for a longer
axial distance. Therefore, the figure shows that average friction coefficient decreases by

adding one obstacle, and more decreasing is shown by increasing obstacles number.

0.045

.

+ == . = No obstacles
One obstacle

Three obstacles

\ _ - -

o
o
N
o
L LA RS LANAN RALAS LAARE NRRRE RARAY REREN AN

P P T L1
100 150 200
Re

Fig. 10 Average friction coefficient at upper wall of expansion region with respect to
Reynolds number for ER=1.5, Lo=0.15H and AOI1=60°.

10



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

Fig. 11 represents the contours of dimensionless temperature for different number of
obstacles. As the figure shows, the zone of high fluid temperature lies in the obstacled
channel. The cause arises to increase recirculation zones due to presence of obstacles which

increase the mixing and heat losses.

0.94555
0835585
0.B4887TT
0.799a7

0. 783082
Q05555
0.859947
0.5398939
0.549832
0.438824
0.443917
0.295900
0.349501
029985+
02458588
0198878
0.1438T1
009580624
Qoa3pes

Mo obstacle

One obstacle

[ N ENEENEEEREEREE) |

Three obstacles

Fig. 11 Dimensionless temperature distribution at Re=150 for ER=1.75, Lo=0.2H and
AOI=60°.
Fig. 12 shows the average Nusselt number variation with respect to the Reynolds number for

cases of different obstacles number. As the obstacles number increases, the average Nusselt
number increases. The increasing in the average Nusselt number is due to the intense mixing

by the induced vortex.

0.75
0.7 |-

0.65 |-
Nu,,

055 4 = == = No obstacles
i \/ — = = One obstacle
Three obstacles

[ TSN NS R R R R
0'550 100 150 200

Re

Fig. 12 Average Nusselt number at upper wall of expansion region with respect to
Reynolds number for ER=2, Lo=0.2H and AOI=60°.
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Table (1) shows the percentages increasing in the average Nusselt number when one and three

obstacles are added comparing with case of non-obstacled channel.

Table (1) percentages increasing in the average Nusselt number for the case
of ER = 1.5 with obstacles of Lo = 0.15H, th = h/6 and AOI = 90° at different
Reynolds number.

No. of
Re =50 Re =100 Re =150 Re =200
obstacles
1 32.503 % 25.712 % 23.219 % 21.852 %
3 59.284 % 51.203 % 47.947 % 46.133 %

5.2. Effects of the angle of inclination of obstacles on the hydrodynamic and thermal
fields

The stream function distribution for different values of angle of inclination is seen in Fig. 13.
As the figure shows, a vortex is observed downstream of the obstacles, which was induced
due to the flow separation. The vortex was located close to the solid wall and its height was
approximately equal to the extent of the flow blockage by the obstacles. The figure shows that
the obstacles inclination angle has an effect on the area of the recirculation zone behind the
obstacle. When the angle of inclination (AOI) increases from 30° to 60°, the recirculation
zone becomes larger in its long and height. However, with further increment in AOI to 90°, it
becomes smaller. The reason of this behavior is that the inclined obstacle will control the flow
direction and as its angle increases from 30° to 60°, the flow toward duct center increases
which enlarges the recirculation zone. But as its angle increases from 60° to 90°, the flow
toward the duct center decreases compared with the flow toward the duct wall. However, the
case of AOI =30° indicates the shortest recirculation zone.

AQI=30¢°

N——

AOI=g60°

AQOI=90°

Fig. 13 Stream function contours at Re=150 for one obstacle case of ER=1.5 and
Lo=0.2H.
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Fig. 14 shows the effect of the angle of obstacles inclination on the reattachment length.
Followed the separation behavior, it is shown that as the angle increases from 30° to 60°, the
reattachment increases. But, as it increases from 60° to 90°, the reattachment length decreases

but it remains larger than that for the case of 30°.

12F
F AOI =30
1LE = — - AOI=60
wk === Aoci=90
o
s
= -
f 7: - -
= = - .
a 6F -
= - .
- -
5 /
= - -
= - -
4 = - -
= - =
= -, =
3F =
2F
1E
e
(] 50 100 150 200

Re

Fig. 14 Reattachment length for obstacled channels with one obstacle of Lo = 0.15H for
ER =1.75.
The effect of the obstacle inclination on the average friction coefficient (Ct ) is shown in

Fig. 15. It can be seen that the average friction coefficient for the case(AOI=60°) is less than
that for other cases specially at low Reynolds number due to increasing in the recirculation

region in which it still with negative sign for longer channel length.

0.045 |-

Y AOI =30
004 F . — — - AOI=60

- \ - = = AOI=90
0.035 |- W _—— = No obstacles

0.03 —
0.025 —
0.02 —
0.015 —

0.01

0.005 |-

L L L L 1 L L L L 1 L L L L 1
50 100 150 200
Re

Fig. 15 Average friction coefficient at upper wall of expansion region for three obstacles
case of ER=1.5 and Lo=0.15H.
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Table (2) shows the percentages decreasing in the average friction coefficient when three
obstacles of different inclination are added comparing with those of not obstacled channel.

Table (2) percentages decreasing in the average friction coefficient for the case of
ER = 2, three obstacles of th = h/24 and Lo=0.15H at different Reynolds number.

AOlI Re =50 Re =100 Re = 150 Re =200
30° 14.611 % 26.285 % 34.094 % 34.211 %
60° 16.712 % 28.936 % 45.140 % 50.712 %
90° 7.915% 24.201 % 39.312 % 40.976 %

Fig. 16 shows the dimensionless temperature distribution for different values of obstacles
inclination angles. Due to the higher improved mixing that obtained by increasing in the area
of the recirculation zone when AOI = 60°, a better temperature distribution enhancement is

seen.

0.93Ta58
0.874558
0.812457
0.7a555%
L
D.825953
0. 882280
0. 4585551
043788
0.375583
0. 312887
0.249988
0. 187485
0124984
0.0624829
0.0220068

AOQI=30°

AOQI=60°

. EEENEEEEEENN) |

AOQL=90°

Fig. 16 Dimensionless temperature distribution at Re =100 for one obstacle case of
ER=1.75 and Lo=0.2H.

The improvment in the Nusselt number by changing obstacles inclination angle can be
seen in Fig. 17. This figure shows that the case of AOI = 60° obtains larger recirculation
region, the average Nusselt number for this case has higher values as compared with other
cases. Also, as Reynolds number increases, the difference between the average Nusselt
number of different AOI cases increases as a result to the different increasing in the

recirculation zones.

14
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Fig. 17 Average Nusselt number at upper Wall of expansion region with respect to
Reynolds number for one obstacle case of ER=2 and Lo=0.2H.

5.3. Effect of obstacles length on the hydrodynamic and thermal fields

Fig. 18 shows the stream function contours with various inclined obstacles length Lo. It can

be seen that more streamlines will separate due to increase the length of these obstacles which

leads to increase the area of the recirculation zone downstream the obstacles as a result of the

increasing in the pressure drop behind the obstacles.
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Fig. 18 Stream function contours at Re=50 for ER=2, one obstacle case and AOI=60°.
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Fig. 19 shows the effect of obstacles length on the reattachment length. It is shown that as the
obstacles length increases, the reattachment length increases due to increasing in the size of

recirculation zone.
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Fig. 19 Reattachment length-Reynolds number relationships for obstacled channels with
one obstacle of AOI = 60° for ER = 1.75.
Fig. 20 shows the average friction coefficient for different inclined obstacle lengths with

respect to the Reynolds number. As seen in this figure, the value of average friction
coefficient for Lo=0.2H is lower than those of Lo=0.15H and 0.1H due to increase in the
separation zone which leads the friction coefficient to remain with negative sign for longer
channel length. Also, this figure shows that the dropping in average friction coefficient and its

difference between the compared cases is decreased as the Reynolds number increases.
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Fig. 20 Average friction coefficient at upper wall of expansion region with respect to
Reynolds number for ER=1.5, one obstacle case and AOI =60°.
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Table (3) shows the percentages decreasing in the average friction coefficient when three

obstacles of different length are added comparing with those of non obstacled channel case.

Table (3) percentages decreasing in the average friction coefficient for the case of ER

= 1.5, three obstacles of th = h/24 and AOI = 90° at different Reynolds numbers.

Lo Re = 50 Re = 100 Re = 150 Re = 200
0.1H 7.123% 4.301 % 2.887 % 3.542 %
0.15H 12.819 % 8.641 % 6.721 % 6.325 %
0.2H 15.031 % 13.934 % 13.203 % 12.001 %

Fig. 21 shows the dimensionless temperature distribution for cases of different inclined
obstacle lengths (Lo). It is shown through this figure that the temperature distribution
enhances as obstacle length increases specially at higher temperatures zone due to the

improving in the fluid mixing.
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Fig. 21 Dimensionless temperature distribution at Re=200 for ER=2, three obstacle case
and AOI=60°.

Fig. 22 shows the effect of obstacle length Lo on the average Nusselt number Nu,,.. It can be
seen that that as the obstacle length increases, the average Nusselt number increases
especially at higher Reynolds number. Also, there is a coincidence in the average Nusselt
numbers for obstacles length Lo = 0.15H and Lo = 0.2H for (50< Re <100) is shown in this
figure.
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Fig. 22 Average Nusselt number at upper wall of expansion region with respect to
Reynolds number for ER=2, three obstacles case and AOI =60°.

6. Conclusions

The laminar flow through a sudden expansion obstacled channel has been numerically
analyzed. The obstacles were inclined towards the main flow stream. Different angles of
inclination were tested as 30° < AOI < 90° . The obstacles length (Lo) was changed as 0.1H <
Lo<0.2H. The following conclusions can be obtained from the present study:

1- Increasing number of obstacles leads to decrease the friction coefficient and increase
Nusselt number.

2- Increasing angle of inclination towards the main stream increasing the average rate of
heat transfer. However, this increasing continues till AOI = 60° after that the rate of
heat transfer decreases. The maximum values of average Nusselt number were noticed
at AOI = 60°.

3- Increasing obstacles length leads to increase the rate of heat transfer and decrease the
friction coefficient for all the studied angles of inclination.

4- Adding obstacles will shift the straight line that represents the reattachment length-
Reynolds number relationship to pass through a point represents the point of remote
separation.

7. Nomenclature

Crav. - Average coefficient of friction, [-] X,Y - Dimensionless
coordinates, [-]
ER - Expansion ratio (= H/h), [-] {,n - computational domain

coordinates
- stream function, [ m%/s]

H - Dimensionless downstream Channel height, [-] @

h - Dimensionless upstream Channel height, [-] 7 - dimensionless stream
function, [-]

J - Jacobian of direct transformation Q - vortisity, [1/s]

Nugy. - Average Nusselt number, [-] ® - dimensionless vortisity, [-]
Re - Reynolds number(=Uh/v), [-] 0 - dimensionless

temperature, [-]
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Pr - prandle number, [-] a, B, y— Transformation
parameters

T  -temperature, [K] o,) - Geometrical parameters
U - Dimensionless streamwise velocity, [-]
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Abstract:

Laboratory investigations were performed in order to assess the effectiveness of three
types of inhibitors, calcium nitrite , ethanolamine and Sika ferro gard 901(commercial
inhibitor) with 1%, 2% and 3% concentration by weight of cement for each inhibitor to
retarding corrosion of steel embedded in concrete. Concrete specimens were used to assess
the effects of corrosion inhibitors on the compressive and tensile strength of concrete and
corrosion of reinforcement.

Some of the specimens were subjected to wetting and drying cycles and reinforcement
corrosion was evaluated by measuring corrosion potentials and corrosion current density.
Other concrete specimens were immersed in the salt (CI'+Sos) solution and reinforcement
corrosion was accelerated by impressing an anodic potential of +12 V from a DC power
supply and measuring the time-to-cracking of the concrete specimens. The results indicated
that the concrete specimens incorporated corrosion inhibitors of calcium nitrite and Sika ferro
gard 901 did not adversely affect the compressive and tensile strength of concrete.
Furthermore, the time-to-cracking in specimens contains those two inhibitors (calcium nitrite
and Sika ferro gard 901) were higher. Two percent of calcium nitrite followed by three
percent of Sika ferro gard 901 were efficient in delaying the initiation of reinforcement
corrosion and reducing the rate of reinforcement corrosion current density in the concrete
specimens, while all the percentages of ethanolamine corrosion inhibitor were ineffective to
delay corrosion of the rebar under the conditions of the study and it's adversely affect the
strength.

Keywords: concrete, strength, corrosion inhibitors, corrosion potential, current density
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1. Introduction

Corrosion of steel in concrete is one of the major causes of premature deterioration of
reinforced concrete structures, leading to structural failure and the useful service-life of the
structures is drastically reduced because of this phenomenon™. When these structures are
exposed to aggressive substance containing chloride, the corrosion faults are frequently
induced by the presence of chloride ions, these ions cause localized breakdown of the passive
film that is initially formed on the steel due to the high pH of the concrete interstitial
electrolyte. Once corrosion has initiated accumulation of corrosion products occurs on the
steel surface. Since these products occupy a volume several times larger than that of the
original steel', thus, the result is, an increase of the internal tensile stresses that generally
induce cracking and spalling of the concrete cover. This situation facilitates further intrusion
of aggressive agents and consequent acceleration of the corrosion process.

There are several sources of chlorides, chlorides incorporated in the concrete when it is
mixed (e.g. from salty aggregated and salty mixing water) and chlorides penetrating in to
concrete from the environment (e.g. from sea water, salty ground water and sea spray)™! .
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To minimize the corrosion processes a number of procedures can be assessed such as
coating of concrete surface, surface treatment of the rebars, cathodic protection, chloride
extraction and use of corrosion inhibitors.

ACI 116R-85 define a corrosion inhibitors as a chemical compound, either liquid or
powder, can be mixed within the fresh concrete as an admixtures, usually in very small
concentrations in order to reduce the risk of steel corrosion in reinforced concretel.

The corrosion inhibiting admixtures should not be as an alternative to the design
specifications for durable concrete but to increased protection against corrosion . Corrosion
inhibitors can be divided into three types: anodic (e.g. Calcium nitrite, Sodium nitrite, Sodium
benzoate, Sodium chromate), cathodic (e.g. sodium hydroxide, sodium carbonate, Phosphates,
silicate and polyphosphates), and mixed (e.g. amine and aminoalcohol), depending on
whether they interfere with the corrosion reaction preferentially at the anodic or cathodic sites
or whether both are involved!®.

Several studies have been accomplished to evaluate the effectiveness of chemical
admixtures in inhibiting reinforcement corrosiont %, Early studies were concentrated on
sodium nitrite, potassium chromate, sodium benzoate, and stannous chloride. Later work
concentrated mainly on calcium nitrate. Craig and Wood!”, studied sodium nitrite, potassium
chromate, and sodium benzoate using the polarization technique and found that sodium nitrite
was the most effective corrosion inhibitor, but it had harmful effects on concrete strength.
Similar results were also reported by Treadaway and Russel®® who found that sodium nitrite
inhibited corrosion of steel bars in the presence of chlorides, whereas sodium benzoate did
not. Rosenberg et al.'% studied the effect of calcium nitrite as an inhibitor in reinforced
concrete. They used polarization techniques for evaluation of the inhibitors and reported that
the relative corrosion rates for samples soaked in saturated sodium chloride solution for 90
days with 2% and 4% admixed calcium nitrite were about a factor of 15 times lower than
those without the calcium nitrite admixture.

Tomazawa et al.l'y! also supported effectiveness of calcium nitrite as a corrosion
inhibitor in concrete. In accelerated tests with wetting and drying cycles at 80°C, calcium
nitrite was found to be an effective inhibitor for long-term exposures even in marine
environment.

Collins et al.*? evaluated several inhibitors including (1) a calcium-nitrite-based
inhibitor, (2) a monofluorophosphate-based inhibitor, (3) sodium tetraborate, (4) zinc borate
(5) a proprietary oxygenated hydrocarbon produced from an aliphatic hydrocarbon, (6) a
proprietary blend of surfactants and amine salts (MCI12020 which migrate through concrete),
and (7) a proprietary alkanolamine inhibitor (MCI 2000). The results of the study, which
involved monitoring of corrosion, compressive strength and resistivity, showed that the
calcium-nitrite-based inhibitor was the most promising to mitigate corrosion in a repaired
structure after removal of chloride-contaminated old concrete. On the other hand, both borate
compounds were found to retard the setting of Portland cement.

Prowell et al.*® evaluated some of the inhibitors studied by Collins et al.l*? and
conducted ponding experiments where they monitored corrosion by measuring half-cell
potential, linear polarization resistance, and chloride ion concentration for a period of 325
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days. They reported that two proprietary inhibitors Alox 902 and MCI 2020 were the best
performers.

Berke and Hicks ™, published long-term data to show the levels of chloride that a given
level of calcium nitrate can protect. They also indicated that once corrosion initiates, the rates
are lower with the addition of calcium nitrate.

Jamil et al.l™™ conducted electrochemical impedance measurements in order to obtain
information on the corrosion behavior of reinforcing steel in the presence of a penetrating
amino-alcohol corrosion inhibitor. The investigation was performed in solutions contaminated
with chlorides, in the presence of the inhibitor. The electrochemical results indicated that the
inhibitor is able to penetrate through mortar, minimizing steel corrosion.

The significance of using corrosion inhibitors in aggressive exposures is ascribable to the
fact that data are lacking on the performance of reinforced concrete that is subject to both
chloride and sulfate salts.

This investigation was conducted to evaluate the effectiveness of three different types of
corrosion inhibitors in reducing reinforcement corrosion in concrete subjected to chloride and
sulfate salts with percentage equivalent to these present in soil and underground water in
southern parts of Irag. The performance of the selected inhibitors in reducing reinforcement
corrosion was evaluated by adopting various techniques.

2. Experimental Works
2-1: Materials and Mixes
Sulfate resistance cement (Type V) was used, the chemical composition and physical

characteristics are given in tables 1 and 2, which indicate compliance with the requirements of
Standard Iragi Specification 5/1984°!,

Table 1: Chemical composition of cement*

Lime
Chemical components  |CaO |Sio, |Al,O3 |Fe;O3 | Saturated |MgO | SOz |L.O.1 | "™okbe C A
Factor
Content for tested 62 |24 | 4 5 0.75 48 |1.78 | 27 1092 |2.15
cement,%
Limit of Iraqi specification | ) ) ) 0.66-1.02 | <5 |<25 | <4 |<4 |<35

No0.5/1984, %
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Table 2: Physical characteristics of cement”

Limit of Iraqi specification

Physical properti Test resul
ysical properties est results No. 5/1984, %

Setting time, min.

-Initial setting 121 >45

-Final setting 200 <600
Compressive strength, MPa

3 days 19 > 15

7 days 23.5 >23

*: This test was done by construction laboratory at College of Engineering- University of Thi Qar.

Natural sand of 4.75 mm maximum size complying with the Standard Iragi Specification
45/1984™" has been used. The sieve analysis is given in table 3. The coarse aggregate is
crushed gravel with maximum size of 20 mm has been used and its comply with Iraqi
specification 45/1984, table 4. Tap water was used for mixing and curing operations. Steel
deformed bars, ¢ 12 mm, conforming to ASTM-A615/A 615-06"% specifications were used.
The mechanical properties of steel are shown in table 5.

Table 3 :Grading of sand

Sieve size, mm 10 4.75 2.36 1.18 0.6 0.3 0.15
Percer_ltage 100 99 90 75 52 15 2
passing
Limits of Iraqi
Specification No. 100 90-100 | 75-100 | 55-90 35-59 8-30 0-10
45/1984 (Zone 2)

Table 4: Grading of gravel

Sieve size, mm 375 20 10 4.75
Percentage passing 100 99 57 2
Limits of Iraqi
Specification No. 100 95-100 30-60 0-10
45/1984 (5-20)mm
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Table 5: Mechanical properties of steel bars”

ASTM-A615/A 615-06
requirements

Test results for steel bars

Nominal diameter, mm 12 -
Yield strength, MPa 566 > 420
Tensile strength, MPa 637 > 620
Elongation,% 10 Min. 9

*: This test was done by construction laboratory at College of Engineering- University of Thi Qar.

The mix proportion by weight of cement, fine and coarse aggregate were (1:1.72:2.8).
The ingredient proportions are kept constant throughout the work. The cement content was
390 kg, w/c ratio was 0.52 for all concrete specimens.

Three types of inhibitors were used in this work (calcium nitrite(inorganic compound),
ethanolamine(organic compound) and sika ferro gard 901(combination of organic and
inorganic inhibitors)) with percentage of 1%, 2% and 3% by weight of cement for each
inhibitor.

2-2: Preparation of The Salt Solution (CI" + So,?)

The salts used in preparing the solution were pure NaCl, CaCl,.2H,0 and MgSo,.7H,0
with concentration of 4.5%, 0.55% and 1.79%, respectively to give concentration of CI" equal
to 30000 ppm and So, equal to 7000 ppm to simulate sulfate and chloride salts in soil and
underground water in southern parts of Iraq according to the report of National Center for
Geological Survey . Potable water was used as a solvent for these salts.

2-3: Specimens Details

100 mm x 100 mm x 100 mm concrete cubes were prepared for compression strength,
concrete cylinders 150 mm diameter and 300 mm high were casted for tensile strength and
reinforced concrete specimens of 100 x 100 x 100 mm with a centrally placed 12 mm
diameter reinforcing steel bar of 50 mm long were casted for electrochemical measurements
(corrosion assessment). Copper wire is connected to the steel rebar embedded in concrete for
electrical connections . The specimens were cast with and without inhibitors ranging from
1% to 3% by weight of cement. Three specimens for each percentage of the corrosion
inhibitors were tested, the specimens were covered with nylon sheet to minimize evaporation
during 24 hrs after casting. Thereafter, the specimens were removed from the mould and
cured in potable water for 27 days.

3. Techniques Used

3-1. Compressive Strength
After curing (24 hr. in air and 27 days in potable water) the specimens of compressive
strength were tested according to BS 1881: Part 116: 19831,

3-2: Tensile Strength
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ASTM C496-96*" was adopted to test the concrete specimens for tensile strength after
curing.

3-3: Half-Cell Potential (Corrosion Potential)

In normal conditions, the evolution of salts ingress is slow and has an evolution rate
measured in years. In order to accelerate this process. After 28 days of curing, the specimens
were exposed to sulfate and chloride solution using the wetting and drying cycles, consisting
of 8 days immersion in the solution followed by 7 days drying period in open atmosphere.
The corrosion potentials were measured according to ASTM C876[%2. Corrosion potentials
were measured using a copper— copper sulfate reference electrode (CSE) and a high
impedance voltmeter. The positive terminal of the voltmeter was connected to the working
electrode (rebar) and the common terminal was connected to the reference electrode (CSE) .
The cycle in continued for 120 days. From the results, potential with time plot is drawn using
the average potentials obtained. According to ASTM C 876 potential values more negative
than -350 mV CSE indicate more than 90% probability of corrosion activation. Figure (1)
illustrate the test method.

3-4: Accelerated Corrosion

In this technique!®® the reinforced concrete specimens, after 28 days of curing, is placed
in the salt (CI" + So42) solution and accelerate the corrosion of steel embedded in concrete by
impressing a +12 V fixed anodic potential from a DC power supply until cracking of the
specimens. The steel bar in the concrete specimens were connected to the positive terminal of
a DC power supply to be anode. 100 x 100 mm stainless steel plate was placed in the solution
tank and connected to the negative terminal of a DC power supply to be cathode.

For each specimen, the time taken for initial crack was recorded. Figure (2) illustrate the
electrical connection. Battery, charger power 12V and AC conductor were used to overcome
main electrical power outage.

Figure 2: Electrical connection for
applying a +12 V fixed anodic
potential to accelerate the corrosion

Figurel: corrosion potential measurement
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3-5 : Corrosion current density by weight loss method %!

For the determination of corrosion rate by (weight loss) measurement, the initial weight
of the rebar samples was taken in 4-digit electronic balance. After the curing period was over,
all the specimens were completely immersed in chloride and sulfate solution for 8 days and
then subjected to drying for another 7 days in open air at room temperature (wetting and
drying cycles). All the concrete specimens were subjected to eight complete cycles.

After testing, the concrete specimens were broken and the reinforcing steel bars were
removed. The procedure stated in ASTM G1-03%® was adopted for the cleaning of corroded
steel bars and for the determination of mass loss. The corrosion rate was calculated using the
following equation given in ASTMG1-03[%°.

Corrosion rate (mm/year)= _(KxW)
(AxT xD)
Where:
K: a constant equal to 8.76 x 10*
W: mass loss in grams
A: actual corroded area of steel bar in cm? after removal from specimen and visually
examining
T: time of exposure in hours
D: density of steel ( 7.85 g/cm®).

Using Faraday’s law, the corrosion rate in (mm/year) obtained from mass loss
measurement was converted to corrosion current density (uA/cm?) by assuming uniform
corrosion occurred over the steel surface by the following equation 4,

(0.00327 x a x Icorr.)
(nx D)

Corrosion rate(mm/year)=

Where:

Icorr.: corrosion current density in pA/cm?

a: atomic weight of iron(55.84 amu)

n: no. of electrons exchanged in corrosion reaction(2 for iron)
D = density of steel ( 7.85 g/cm®).

4. Results and Discussion

4-1: Compressive Strength

Figure(3) shows the average compressive strength of the control concrete specimens
(0% corrosion inhibitor) and those containing the corrosion inhibitors after 28 days of curing.
The experimentally obtained results showing the value of compressive strength of the
specimens incorporating ethanolamine corrosion inhibitors was less than of the control
specimens and the decrease was about 3.5-13.8% depending on percentage of inhibitor, the
maximum reduction was about 13.8% when 3% of this corrosion inhibitor was added and that
is may be due to retarding effect of the inhibitor and the air content might be slightly
increased. This reduction was also confirmed during another research project %°!.
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From Figure (3) it is indicated that there is slightly increased in compressive strength
when percentage of Sika ferro gard 901 corrosion inhibitor increased and that is indicate there
is no adverse effect on the compressive strength of concrete.

The strength for concrete containing 2% of calcium nitrite corrosion inhibitor was about
10% higher than for control specimens. In 3% calcium nitrite there was reduction in the rate
of increasing. K.Y. Ann et al.”"] indicates that an increase in dosage of corrosion inhibitor
may not guarantee the properties of concrete. The cause of the reduction in compressive
strength is not well known.

4-2: Splitting Tensile Strength

Figure (4) shows the splitting tensile strength with percentage of inhibitor addition and
it's illustrate the same behavior for compressive strength with slightly different in reduction or
increasing in value of tensile strength. With 1% inhibitor addition, there was no adverse effect
for tensile strength except ethanolamine inhibitor there was a slightly reduction than the
control concrete. With 2% of calcium nitrite inhibitor addition, the tensile strength was about
5% higher than the control concrete. With 3% inhibitor addition, the figure illustrate that, as
the percentage of calcium nitrite and ethanolamine inhibitor level increases, the split tensile
strength decreases but there is slightly increase with Sika ferro gard 901 inhibitor.
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Figure 3: Compressive strength at 28 days of concrete ~ Fi9ure 4: Splitting tensile strength at 28 days of
specimens incorporating corrosion inhibitors concrete specimens Incorporating corrosion

inhibitors
4-3: Half-Cell Potential (Corrosion Potential)

The corrosion potentials on steel in the concrete specimens incorporating with 1% of the
selected corrosion inhibitors are showed in Figure (5). From the figure it is observed that the
corrosion potentials on steel in the all concrete specimens were more negative than — 350 mV
CSE after about 30 days of exposure indicating the corrosion activation of the rebar based on
the ASTM C 876 criteria.

Figure (6) shows the corrosion potential corrosion with time for 2% inhibitor added
concrete in the solution under alternate wetting and drying conditions and it is illustrate that
concrete specimens containing calcium nitrite was less negative -350 mV CSE indicating the
passivity of reinforcing steel even after 120 days of test period and it was -274 mV CSE.
Concrete specimens incorporating Sika ferro gard 901 was showing a more negative potential
than -350 mV CSE after 60 days of exposure. Control specimens and that incorporating
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ethanolamine inhibitor were more negative -350 mV CSE after 30 day of exposure and it
were -552 and -605 mV CSE respectively after 120 days of exposure indicating the corrosion
activation.

Figure (7) shows the corrosion potential with time for 3% inhibitor added concrete in the
salt solution under alternate wetting and drying conditions. In 3% inhibitor added , the control
concrete specimens and incorporating with calcium nitrite and ethanolamine are showing a
more negative potential than -350 mV CSE after 30 days of exposure indicating the active
condition of the rebar while concrete specimens with Sika ferro gard was less negative -350
mV CSE along of period of exposure. The corrosion potentials on steel in the control, Sika
ferro gard 901, calcium nitrite and ethanolamine concrete specimens were -552, -316, -410
and -626 mV CSE respectively after 120 days of exposure. Comparing with control
specimens, the potentials in the concrete specimens incorporating sika gard 901 and calcium
nitrite were less negative (more positive) than the control concrete specimens.

Figures (6) and (7) can be showed the potentials in the concrete specimens incorporating
3% calcium nitrite were unexpectedly more negative than those incorporating 2% calcium
nitrite under the conditions of this study, it were after 120 days of exposure -274 and -410 mV
CSE for 2% and 3% calcium nitrite respectively. The same result was obtained by Al-Amoudi
et al.? when they were used concrete specimens prepared with seawater and incorporating
calcium nitrite with 2% and 4%.

Figures (5-7) show that corrosion potential of ethanolamine inhibitor was decreasing and
it's more negative than control when increased the percentage of inhibiter, it was after 120 day
of exposure conditions -573, -605 and -626 mV CSE with 1%, 2% and 3% of ethanolamine
inhibitor respectively, that is means this inhibitor ineffective to delay corrosion of the rebar
under the conditions of the study.

4-4: Accelerated Corrosion

The time to cracking of control concrete specimens and those incorporating with
corrosion inhibitors are shown in figure 8. From this figure it can be observed that the time to
cracking is maximum in the Specimens incorporating calcium nitrite and Sika gard 901
corrosion inhibitors addition, it were ranged (90-98) hours, indicating the lower permeability
of the concrete when compared to control and ethanolamine specimens. There was no clear
effect to the percentage of inhibitor.

/__ 9— control h 4 - -econtrol h
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Figure 5: Corrosion potential on steel in the concrete Figure 6: Corrosion potential on steel in the concrete
specimens incorporating with 1% inhibitor specimens incorporating with 2% inhibitor
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4-5: corrosion Current Density by Weight Loss Method

The average corrosion current density calculated in pA/cm? for rebar embedded in
concrete after 120 days of exposure in the solution with different type and percentage of
added inhibitors from 1% to 3% by weight of cement are shown in figure (9).

Figure 9 shows the corrosion current density (Icorr) values in the concrete specimens
with 1% corrosion inhibitors were in the range of (0.714-0.886) pA/cm?® while in the concrete
specimens with 2% corrosion inhibitors were in the range of (0.602—0.963) pA/cm?. The Icorr
values in the concrete specimens with 3% corrosion inhibitors were in the range of (0.696—
0.963) pA/cm? and 0.911 pA/cm?® for control. The effective corrosion inhibitors were
calcium nitrite and Sika ferro gard 901 in the study conditions, the minimum Icorr values
were noted in the concrete specimens with 2% calcium nitrite inhibitor , followed by those
incorporated with 3% Sika gard 901 inhibitor, The decrease in the Icorr was 33.9% and 23.6%
respectively comparing with control specimens.
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Figure 9: Corrosion current density for concrete
specimens incorporating inhibitors
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5- Conclusions

1. There is no adverse effect on the compressive and tensile strength of concrete
specimens incorporating calcium nitrite and Sika ferro gard 901 corrosion inhibitors.
The results showing maximum increasing were about 10% and 5% in the compression
and tensile strength respectively when 2% of calcium nitrite inhibitor was used
comparing with the control specimens and there was a slightly increasing with
specimens containing Sika ferro gard 901.

2. Corrosion potential studies revealed that the best performance was shown by 2% of
calcium nitrite corrosion inhibitor followed by 3% of Sika ferro gard 901 corrosion
inhibitor, the corrosion potentials were -274 and -316 mV CSE, respectively, and they
were less negative (more positive) than -350 mV CSE indicating the passivity of
reinforcing steel.

3. Ethanolamine corrosion inhibitor ineffective to delay corrosion of the rebar under the
conditions of the study and there was adverse effect on the compressive and tensile
strength.

4. Calcium nitrite and Sika ferro gard 901corrosion inhibitors increased the time to
cracking of concrete specimens to about 90% higher comparing with control
specimens.

5. The minimum corrosion current density values were obtained in the concrete
specimens with 2% calcium nitrite inhibitor, followed by those incorporated with 3%
Sika ferro gard 901 inhibitor, the percentage reduction in the values of corrosion
current density was 33.4% and 23.6% than that in the control specimens, respectively.
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Abstract :

Power generation by using concentrated solar thermal energy on liquid enclosures is one
of the most promising renewable energy technologies. In this work, a developed liquid
enclosure fitted with various number and configurations of horizontal metal rings have been
analyzed, fabricated and tested. The influence of adding metal rings arrangement is
investigated for its potential to enhance radial heat conduction to the center-line of the
enclosure from the side-walls. Experiments were carried out for fluid in both static and
dynamic modes of operation inside the enclosure that subjected to high heat flux.

A developed two-dimensional CFD model to predict the transient flow and thermal fields
within liquid enclosure subjected to heat flux has been developed and tested. The developed
numerical model takes into consideration energy transport between the liquid inside enclosure
and the solid material of the enclosure. The numerical simulations have been compared with
experimental measurement. The computational code has been found in a good level of
agreement with the experimental data except for liquid at the peak part of the enclosure.

The results indicate that adding metal rings produce significant impact on the transient
temperature difference inside enclosure during both static and dynamic modes. The six-ring
model is found to be more effective for enhancing radial heat transfer than other three models
that have been tested. The in-line arrangement is found to provide better thermal effect as
compared to the staggered rings.

Two new correlations for natural heat transfer inside liquid enclosures subjected to high
heat flux have been formulated (one for no-ring model and the other for six-ring model). The
natural Nusselt number is found to be around a constant value for Rayleigh number less than
(5 x 10%).

The recommended use of metal rings inside liquid enclosures subjected to heat flux, and
the predicted Nusselt number correlation, will add to local knowledge a significant mean to
gain more heat in large scale concentrated solar power plants.

Keywords : horizontal rings, liquid enclosure, concentrated solar energy, Nusselt number.

34



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

Introduction:

The heating and cooling processes within liquid cylindrical enclosures often occurs in
many engineering applications and industrial processes, such as, industrial food production,
domestic solar water heaters, petroleum exploration and metallurgic industry, among others
[1] . Another application is related to chilled-water storage unit in air-conditioning systems.
This chilled storage is charged at night during hours of maximum coefficient of performance,
and discharged at the next day (or in the hours of electricity cutoff) to meet the load demand
[2]. Generally, these processes involve a heat transfer of a fluid that has initially a uniform
temperature. The design of such systems, demands an understanding of the transient
temperature fields that arises in liquid enclosure during charging/discharging and relaxation
periods (i.e. in the absence of external flow).

In the recent few years a significant effort has been invested into the determination of
the flow profiles and heat flow distribution within the Concentrated Solar Thermal (CST)
systems. (CST) is a method where by the solar radiation that falls on a given surface is
focused on a smaller surface to increase its intensity. (CST) is a proven renewable energy
technology that harnesses solar irradiation in its most primitive form for electricity generation
and industrial applications [3]. In many ways, the design and operation of solar thermal power
generation systems is more complex and challenging than that of conventional fossil fuel
power—plants. Therefore, technologies are required to concentrate, absorb and transfer solar
thermal energy to the working fluid [4].

Several works concerning about this field are available in the literature, involving
experimental and numerical analysis. Experimental investigations by Shyu et al. [5] showed
that degradation of thermocline in storage tank with thicker walls is more pronounced due to
larger axial heat conduction in the tank wall. It was concluded that the heat loss to the ambient
was the major factor in degradation of the thermal stratification in an un-insulated tank.

Hariharan and Badrinarayana [6] studied the effect of ambient and operating conditions
on temperature distribution of hot water storages. They observed that temperature gradient
improves with increasing temperature difference and water flow rate.

Zachar et al. [7] studied numerically the impact of a baffle plate facing the inlet jet on
temperature fields in vertical tanks. According to their study, the use of large baffle plates
allows the preservation of the thermal gradient even for high flow rates.

Altuntop et al. [8] analyzed numerically the effect of using different obstacles on
thermal behavior in hot water tanks. The results indicate that the obstacle types having gap in
center appear to have better thermal gradient than those having gap near the tank wall.
However, the numerical model ignored the effect of tank wall in the calculations. Also, no
experimental work has been conducted to validate these numerical results.

Haltiwanger and Davidson [9] investigated experimentally the effect of adding
cylindrical baffle in a cylindrical water thermal storage. The results indicate that the baffle
increases the storage side convective heat transfer.

Ham et al. [10] concluded that two-dimensional models can take the mixing between
layers into account, which includes more factors than that of one-dimensional level. They
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concluded that further research should be focus on enhancement of temperature gradient
between layers.

A comprehensive examination of literature in the field indicates that there are a
significant number of studies related to the problem of the thermal water enclosure. However,
the majority of these works have ignored the thermal effect of the solid enclosure materials.
Also, most of these previous works consider either the enclosure is adiabatic, or the direction
of heat flow is out of the enclosure. Also, it seems that most of previous researches have been
focused on thermal response for solar domestic hot storage tanks and very little work has been
done on thermal gradient evaluations for liquid energy storage packed with solid materials. In
fact, just recently Valmili et al. [12] concluded that there are no insufficient experimental data
related to heat transfer and energy transport inside liquid enclosures that packed with solid
materials.

However, the authors of this paper did not find in the literature any work related to
thermal response of liquid enclosure packed with metal material and subjected to heat flux at
the same time.

On the other hand, and as far as known, laboratory measurements of natural heat
transfer coefficient in conventional liquid enclosures that subjected to heat flux are very
limited in open literatures. Actually, it has been noted that there are only a few simple
correlations for limited boundary conditions [13-20]. Further, unlike the conventional liquid
enclosures, there is a lake for heat transfer correlations that related to liquid enclosures fitted
with solid materials and subjected to heat flux at the same time. However, these seem to be
proprietary data.

Keeping the above in view, the main objectives of the present research are to:

1- Provide knowledge of the thermal effects of adding several new metal rings inside liquid
enclosure that subjected to high heat flux. The rings should be suitable to incorporate into
existing liquid enclosures. Also, these metal rings should be in good thermal contact with
the inner enclosure wall to increase the enclosure ability to absorb and store more thermal
energy from the walls.

2- Develop a two-dimensional numerical model based upon the conservation equations of
mass, momentum and energy to represent the transient flow and thermal fields within the
liquid enclosure during both static (with no liquid flow) and dynamic (with liquid flow)
modes of operation. The developed model should take in consideration the thermal
interaction between the liquid and the solid materials of the enclosure.

3- Test and validate the developed numerical model against a directly measured experimental
data of a laboratory scale liquid enclosure that is made locally for this purpose. The
enclosure should be exposed to heat flux and packed with several metal rings.

4- Formulate suitable correlations for heat transfer coefficient inside liquid enclosure that
subjected to high heat flux and fitted with new arrangement of horizontal rings (at the
same time).
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Numerical Model :

The numerical model proposed in this work consists of cylindrical vertical tank as
shown in Figure (1) whose geometrical aspect ratio is (H/2R), and is subjected to heat flux.
The governing equations in the enclosure are the mass continuity equation, the momentum
equations in the axial and radial directions, the energy equation of the liquid and an additional
energy equation for the solid material of the enclosure. Assuming the working fluid is
incompressible, Newtonian and two-dimensional, the transient conservation equations can be

written as:
ap = 0 10
E+a(pu)+;5(pvr): (1)
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Equation (5) is an additional energy equation in the present improved numerical model used
to include the solid material effect at different enclosure heights.

For static mode (i. e. without liquid flow), the initial condition is null velocities in
whole enclosure when the hot water in the upper part and the cold water in the lower part. The
boundary conditions are no-slip condition at symmetry line, lateral wall and enclosure top
and bottom. The heat gain to the liquid is through lateral walls and enclosure top. The bottom
of the enclosure is considered perfectly insulated.

For dynamic mode simulations, the liquid is initially at a prescribed temperature profile
with the entry of hot or cold liquid during charging or discharging processes. The boundary
conditions are the same for the natural heating simulations, but considering null shear stress at
the symmetry line.

The boundary conditions for the momentum and energy equations, at the inlet jet, were
(u=1u;,) ; (v=0)and (T = Tin). At the outlet jet, boundary conditions were (du/dx =0) ; v
=0 and (6T /6x = o). In simulations, the boundary condition symmetry is applied along the
vertical line (r = 0), therefore, the calculations domain was just half the physical body.
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Figure (1): Boundary conditions of the mathematical model.

The above model requires solution of the conservation of the mass momentum and
energy equations for the multiple zone enclosure the separated by multi-horizontal metal
circular rings. The above transient equations are solved using the finite volume method in
cylindrical structured mesh. To solve the algebraic linear equations resulting from the
discretization of the governing equations, the Tri-Diagonal Matrix Algorithm (TDMA) was
employed.

The solution of the transient problem was carried out in a completely implicit form. For
each time step, the iterative process was applied until reaching the convergence criterion.
Solutions are assumed to converge when the following convergence criterion is satisfied by
every dependent variable at every grid point in the computational domain;

Pnew—Poid <o

q)‘I’I.EW

Where @ in general could be any dependent variable. In this work, @ is less than (107%) for
continuity and momentum equations and @ is less than (10°) for energy equations. The
simulations run with a time step of (1-3) seconds.

In the formulation of the mathematical model, the physical properties of the water (p, 4,
K) are considered uniform in space and updated in time as a function of water average
temperature, (T,,.) in K.

Density, [kg/m°] p=863+121%T,, —0.00257 xT2,
Dynamic viscosity, [kg/m.s] T\ >°
= 0.0007 * | ===
H ) (315)
Thermal conductivity, [W/m.K] K=0.375+8.84x 107* % T,
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Experimental Work:

In this work, thermal behavior of water enclosure subjected to high heat flux is
investigated experimentally. The tests were preformed to obtain the temperature profile inside
the enclosure during both static (stagnation) and dynamic (charging/discharging) modes of
operation. Figure (2) shows the experimented apparatus.

Figure (2): Experimental setup.

The test section of the present experimental work consists of a vertical cylindrical water
enclosure with an immersed, removable, screen rings fitted inside the enclosure. The
laboratory scale enclosure is constructed from galvanized steel with an inside diameter of
(305) mm and a height of (550) mm. The main purpose of using metal screen rings is to
increase the heat transfer from the external enclosure wall to the inside water by conduction.
In addition, these screens packing should provide a torturous path for the water flow through
the enclosure. The system of removable screen packing includes up to twelve horizontal rings
through and around which the storage water should pass. As shown in Figure (3), the screen
ring packing is fitted inside the enclosure in two arrangement systems (in—line and staggered).

T

(@): In-line arrangement (b): Staggered arrangement
Figure (3): Removable in—line and staggered screen ring packing fitted inside the enclosure.
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During the experimental measurements, the external wall of the enclosure is heated by
electric heating elements to a uniform wall temperature. These heating elements should
simulate the solar energy heat flux. The water enclosure is covered by an insulated box, so
there is no heat loss from it. Therefore, the heat gain to the enclosure is equal to the power of
the electric heating elements. The effect of heat gain on thermal gradient inside enclosure will
be investigated experimentally. The temperature range investigated of approximately 28°C to
g7°C.

The experiments were divided into two categories:
I) Static experiments (without water flow).
I1) Dynamic experiments (with charging /discharging water flow).
In the first experiments the water was heated until a specified temperature was reached, and
the temperature was monitored during this process. The temperature measurements were
taken with 5-min intervals along three hours. In later experiments, after reaching the specified
temperature, hot water was discharged at constant mass flow from the top of the enclosure
whereas an identical quantity of cold water was charged through its base. The temperature
profiles were also measured along the process. After a predefined volume of cold water was
charged and the thermocline formed, the charge/discharge process was interrupted, and the
degradation of the thermocline zone was observed by monitoring the temperature profiles.

The filling of the tank produces fluid motion that persists for some time and may affect
the results. It has been determined that after about two minutes of waiting time between
fillings and test running, the detrimental vertical motion had dissipated. In general, tests were
started after five minutes of filling and the decay in the temperature distribution beyond this
point is studied. The detailed of the thermocouple distribution inside the water enclosure are
shown in Figure (4).

B =A== 4TI0

T out I

R L R )
1 TI3

T3

T12
|
___1;24_;_..|TT
Tin Tl' m
— - == = T

i X

K (305 ) mm )l

Fig. (4): Locations of the thermocouples inside the water enclosure.
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The thermocouples were located at fixed distances of 10 cm intervals along a vertical
plane and were attached to a vertical rod, which was inserted into the enclosure at the top. The
positions of the thermocouples were chosen based on previous numerical simulation of the
temperature profiles. The highest radial temperature gradients occur in the middle part of the
enclosure. For this reason, thermocouples were more concentrated in this region, as shown in
Figure (4).

Thirteen calibrated thermocouples are distributed at five levels within the enclosure to
measure the water temperature. Besides the thirteen thermocouples, twelve others were used;
two to measure the water temperature at inlet and outlet of the enclosure, three to measure the
water temperature inside the auxiliary water tank, six to measure the external wall
temperature and another one for the external environment, where the experiments were
performed. The experimental rig has been equipped with an acquisition data system based on
a PC to continuously record the temperature values.

Experiments were performed three to four times to check the repeatability and accuracy

of the measurements taken. It was found that the temperature data could be repeated to within
4%, indicating a fairly high level of accuracy.

Results and Discussions:

The thermal behavior during static and dynamic operation conditions are important
issues and both should be investigated. Static mode represents the most frequent state of the
enclosure and dynamic mode has great relations with real time analysis.

The temperature distributions of water in the enclosure that subjected to uniform heat
flux are investigated experimentally and theoretically during both static mode of operation
(Fig. 5) and dynamic mode of operation (Fig. 6). In general the numerical simulation was able
to accurately reproduce the time—dependent heating process in the enclosure. The temperature
profiles of the enclosure were examined during 180 min. period with an initial uniform
temperature of 31 °C. For both static and dynamic modes of operation, the CFD calculations
give an underestimated temperature at the middle of the enclosure height and an
overestimated temperature at the top and bottom of the enclosure. However, the numerical
and experimental results showed that there is a slight temperature decrease in the middle of
the tank height, while a strong thermal stratification exists only at the lower part with a
temperature decrease to the bottom of the enclosure.

It can be seen that the numerical model predicts well the transient temperature
distribution in the tank during both dynamic and static modes of operation except water at the
peak part of the enclosure, where the numerical results were higher than experimental ones.
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Figure (5) : Comparison between the numerical model temperature profiles
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Figure (6) : Comparison between the numerical model temperature profiles
and experimental data during dynamic mode of operation.

The influence of ring arrangement is investigated for its potential for enhancing radial
conduction heat transfer to the centerline of the enclosure. The impact of adding 3-rings in-
line and 3-rings staggered arrangements on axial water temperature profile is shown in Figure
(7) during static mode and in Figure (8) during dynamic mode of operation. For the static
mode, the thermal response of no rings model is found to have a similar behavior to that for
in-line rings and staggered rings but with increase in temperature when adding rings.
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However, the enhancement in water temperatures is nearly equal in the enclosure with in-line
and staggered arrangements as shown in Figure (7).

For the dynamic mode (Figure 8), the thermal response with rings is clearly different
from tank with no rings. However, the in-line arrangement gives higher temperature profile
for most of the enclosure height. On the other hand, horizontal rings with staggered
configuration add substantial hydraulic resistance to the moving fluid during the dynamic
mode. Therefore, it is concluded that using in-line arrangement is better than using staggered
rings. During the dynamic mode, an obvious temperature gradient or thermocline has been
formed between hot water at the top and cold water in the bottom. It is seems that the thermal
stratification within the tank have been achieved because of horizontal rings that increasing
the radial heat transfer from the vertical tank wall.

In this work, the water mass flow rate of 1, 2 and 3 liters per minute have been studied.
For the studied mass flow rates, the increase of inlet jet velocity do not modifies significantly
the thermal response profiles. Therefore, only results with mass flow rate of 2 L/min will be
shown up. Also, it may be concluded that in solar energy systems the operational mass flow
rate can be increased without damage on stratification profiles. It must be mentioned that the
diameter of the inlet and outlet jets have a diameter of % inch, so that, for this mass flow rate,
the flow is laminar.
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Figure (7) : Effect of metal rings arrangement on the water temperature
distribution during static mode of operation.
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Figure (8) : Effect of metal rings arrangement on the water temperature
distribution during dynamic mode of operation.

Figure (9) and (10) show the effect of adding metal rings on the transient temperature
distribution at center-line and near wall during static mode (Fig. 9) and during dynamic mode
(Fig. 10). In these figures data with and without the rings are compared. It is clear from these
figures that water enclosure with no rings behaves differently from that contains metal rings,
that is the rings have a significant impact on the center line temperature distribution. The
horizontal rings are produce irregular, turbulent flows that additionally enhance heat transfer,
and therefore creates rise in the water temperature of the enclosure after about 5 min.

An indication of the complexity of the temperature profiles during the static mode can be
seen in Figure (9). It is clear from this figure that using (12) rings is useful only after about 45
min.. However, using 3 and 6-rings give a similar response in enhancing the heat transfer but
the 6 rings model produce high fluctuation in the temperature profile. With the progress of
time, it’s noticed that the 3-rings model always enhance the heat transfer as compared to tank
without rings.

During dynamic mode, as can be seen in Figure (10), the general trends are the same but
the differences between the predictions increase with the increase in time. The use of (3) and
(6) metal rings led to a greater degree of enhancing conduction heat transfer. Using (6) rings
inside the enclosure produce high fluctuation in the temperature profile. This secondary effect
may be due to a local instability in the flow near wall (such as a transition to turbulence)
which causes the hot, near wall, fluid to be injected into the center line at intermediate levels
along the enclosure height.
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It is clear that there is thermal boundary layer develops initially along the heated walls.
Due to this heat gain to the conducting side-wall, the fluid close to the enclosure wall has a
higher temperature than the fluid at the center of the enclosure. The relative hotter fluid flows
up along the tank wall while the fluid with lower temperature flows downwards. It is noticed
that at the beginning of heating the side wall water temperature begins to rise immediately,
but the center—line temperature does not begin to change until warm water sinks to its level .

In general, it is found that using horizontal metal rings led to less difference between
near—wall and center-line temperature due to increasing radial heat conduction from side-wall
to the core water. It is clear that using 12 rings make this difference very low during both
dynamic and static modes. However, when using (3) or (6) rings this difference became
higher but with an increase in the main water temperature, especially during dynamic mode.
From all above, it is concluded that using 6-rings model is more useful during both static and
dynamic modes for enhancing radial heat conduction from side-wall to water.

Figure (11) and (12) show the temperature distribution along the enclosure radius during
static and dynamic modes of operation. As expected, the water close to the conductive
metallic wall has a higher temperature than the fluid at the center of the enclosure due to heat
gain at wall. The relative hotter fluid close to the wall rises up along the wall, while in the
center of the tank, the water with lower temperature flows down to a lower level. During the
static mode (Fig.11), it is observed that the center-line temperature is much lower than the
near-wall temperature for the case of no metal rings. In the other side, it is clear that there was
a very little radial temperature variation during the dynamic mode for the case of no rings. It
seems that the side-wall fluid is mixed toward enclosure core due to dynamic motion of water.
In general, for both modes of operation, the presence of positive horizontal metal rings
increases the radial heat conduction from side-wall to center-line. It is observed that using 3
and 6 rings provide higher radial conduction during static mode. It is found that using 6 rings
during dynamic mode provide the higher temperature rise for main enclosure core among the
three considered models.
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Figure (11) : Radial temperature distribution during dynamic mode .
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Figure (12) : Radial temperature distribution during dynamic mode .

Predication of laminar natural Nusselt number correlations :

A laminar natural convection inside vertical cylinder was mainly investigated by
numerical methods of solving the Navier-Stokes and energy equations [13]. Different
heat transfer open literatures and textbooks present empirical correlations for natural
convection heat transfer that related to limited boundary conditions [13-20]. These
correlations usually account for steady-state processes and comprise cases of either
constant surface temperature or constant heat flux. However, in practice, none of these
theoretical cases normally occurs. Seara et al.[21] stated that data and correlations to
calculate transient natural convection coefficients obtainable in textbooks or in more
specific open literature are quite different from the experimentally data. Therefore,
they conclude that more research should be carried out in this area.

In this work, it is evident from results that the predication produce by the
present numerical model are reasonable in general, however, it is obvious that there
are some discrepancy between the experimental data and the computational results for
the static mode of operation (Fig. 5). This discrepancy is believed to be due to the
effect of natural Nusselt number correlation used in the numerical model. Therefore,
the experimental results will be used to formulate new suitable correlations for natural
heat transfer inside liquid enclosures subjected to high heat flux.

The local heat transfer coefficient of water inside the enclosure (hy) is defined
as;
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hy=K/AT . T/ or|,

The reference temperature difference (AT) is the difference between the average
temperature of the cross-section of the enclosure (Tav,) and the side-wall temperature
(TxRr) at the same height ;

AT = TX,R - TaVX
Where, Tav,=1n.R> Jf T|,2nr.dr

So, the Nusselt number is calculated by;
Nu,= h,.x / K

Qureshi and Gebhart [22] have proposed a range of ( Ra = 1.2 x 10" — 4 x 10")
for the start of transition from laminar to turbulent flow for water tank with uniform
heat flux. Holzbecher and Steiff [17] observed that the transition to turbulent regime is
at (10" < Ra < 10"). So in this work, the laminar Rayleigh number is taken
below 10" .

The mean Nusselt number as a function of enclosure height is shown in Figure
(13) at Ra = 5.1 x 10° . Two models are considered, water enclosure with no-rings
and enclosure fitted with 6-rings inside it. The effect of metal rings is clear for
enhancing the free convection inside water tanks subjected to high heat flux. However,
the lower heat transfer coefficient may be expected near the enclosure bottom for both
cases due to lower temperatures.

The results of the calculations are presented in Figure (14) for both no-ring
model and 6-ring model. The results of the predicted Nusselt correlations are of a
power fit to the data, and may be expressed for no-ring model as ;

Nu = 29.98 x Ra%%™ at 8x10'< Ra < 5x10%°

and for six-ring model as ;
Nu = 125.5 x R at 8x10'< Ra < 5x10%

As shown in figure (14), for (Ra < 5 x 10°) the dependence of Nu = f(Ra) is
found to tend to the value of (Nu = constant) corresponding to thermal conductivity of
motionless liquid. The Nusselt number is found to fluctuate about some average value
of 200 for no-ring model and 400 for 6-ring model. The validity of the predicted
correlations determined in this work is shown in Figure (14) by comparing them with
heat transfer correlation available in open literatures (dashed lines). To the best of
authors’ knowledge, no previous work has determined natural Nusselt number
correlation for liquid enclosure fitted with solid material and subjected to heat flux at
the same time. So, no comparison with other results can be done.
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The improvement in natural Nusselt number of liquid enclosure subjected to
heat flux and fitted with 6-rings arrangement is found to be about two times the value
for conventional liquid enclosure with no-rings.
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Figure (13) : Relation between vertical height with predicted Nusselt number
inside water enclosure subjected to high heat flux.
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Conclusions :

In this work, various metal rings were added inside vertical cylindrical enclosure
that subjected to high heat flux. The primary objective of the rings is to gain more heat
transfer to the liquid inside enclosure. The transient temperature distributions of water
were investigated experimentally and theoretically during both static and dynamic
modes of operations. The two-dimensional computational code was based upon the
conservation equations of mass, momentum and energy, and developed by adding
fourth equation that take in consideration energy transport between liquid and the solid
material of the enclosure.

The predicted profiles have been found close to those obtained experimentally,
except for water at peak part of the enclosure, where the numerical results were higher
than experimental ones. The developed numerical simulation has been provided a
better understanding and planning of the experimental tests.

Adding metal rings has been found to produce a significant enhancement in radial
heat transfer from side-wall to the main liquid inside enclosure. The results indicated
that using in-line arrangement is better for enhancing heat transfer than using
staggered rings. It has been found that the optimum number of rings is six. This six-
ring model is found to be more effective for enhancing heat transfer as compared to
the other cases under investigation during both static and dynamic modes of operation.

In order to provide the practical engineers with more reliable Nusselt number
correlations, two new correlations for natural heat transfer inside liquid enclosures
subjected to high heat flux have been formulated as ;

Nu = 29.98 x Ra”%" , ( for no-ring model )
and,  Nu=1255x Ra*%* , (for six-ring model ).

The new correlations are applicable for local Rayleigh number within the rang of (8
x10" to 5 x 10'° ). The validity of the predicted correlations have been compared to
correlations available is open literatures. The natural Nusselt number is found to be
around a constant value for Rayleigh number below ( 5 x 10° ). The improvement in
natural Nusselt number of liquid enclosure with six-ring model is found to be about
two times the value for conventional liquid enclosure with no-rings.

The recommended use of metal rings inside liquid enclosures subjected to heat
flux, and the predicted Nusselt number correlation related to it, will add to local
knowledge a significant mean to gain more heat in large scale concentrated solar
power plants.
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Nomenclatures:

Cp
D
G
Gr
H
H

: specific heat at constant pressure

:diameter of the enclosure

: gravitational acceleration

: Grashof number

: convection heat transfer coefficient
: height of the enclosure

H/D: aspect ratio

K
Nu
P
Pr

:thermal conductivity

:Nusselt number

:pressure
:Prandtl number

: heat flux

- radial coordinate

: radius of the enclosure
: Rayleigh number

> time
: Temperature

- velocity in x-direction

- velocity in r—direction

: Axial direction
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Greek Letters:
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v : kinematic viscosity

T T ™

Subscripts:
L : Liquid
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Abstract

A soft core processor system is constructed using embedded design techniques
and it is configured on Field Programmable Gate Arrays (FPGAS). The system is
accommodated to act with Direct Memory Access (DMA) mode using suitable Xilinx
Intellectual Property (IP) core. A dual data rate synchronous dynamic random access memory
(DDR_SDRAM) with 64 Mbyte capacity is introduced to the system and accessed by the
DMA controller. The controller is performed to transfer programmable quantity of data from
source address to destination address without intervention of the processor.

Spartan-3E slice is used and programmed using Xilinx Platform Studio (XPS)
which is provided by Xilinx integrated software environment at (ISE 10.1). The system
performance is tested by transferring data from matlab media to the DDR_SDRAM and vice-
versa, mat lab 2012a version software is used for this type of data transfer.
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1. Introduction

Direct memory access (DMA) system is used usually to transfer certain quantity
of data between source and destination address without processor intervention.

In [1] a DMA controller is designed to act with Micro blaze processor system
configured on Spartan-3A FPGAs. The system is designed to perform data transfer between
the internal block RAM and external peripheral.

In [2] a DMA system is depicted to act with multiprocessor connected via On-chip
Processer Bus (OPB).

In [3] a DMA mode is proposed to act as a universal synchronous/ a synchronous
Receiver/Transmitter (USART) IP soft core in Altera kit with AVALON bus.

In this work a DDR-SDRAM external memory is used instead of the limited
capacity internal block RAM with newest version of Processor Local Bus (PLB v4.6). A
communication interaction between a matlab media and the designed soft core processor
system is suggested to transfer data between them according to DMA techniques.

DMA is a feature of modern computers that allows certain hardware subsystems
within the computer to access system memory for reading and/or writing independently of the
central processing unit. Computers that have DMA channels can transfer data to and from
devices with much less CPU overhead than computers without a DMA channel [3].

The processing unit which controls the DMA process is known as DMA
controller. Typically the job of the DMA controller is to setup a connection between the
memory unit and the I/O device; the data can be transferred with much less processor
overhead. Figure (1) shows the block diagram of DMA operation. When an interrupt signal is
activated, the processer goes to idle case and open circuit its connection with buses. The buses
become under the control of the DMA controller[4].

The XPS Central DMA Controller operates on the PLB using independent master
and slave interfaces. It responds as a slave when its registers are being read and written. It
initiates read and write transactions as a master when a DMA operation is in progress. The
master and slave connections of the XPS Central DMA operate as 32-bit PLB agents.
However, either the master or slave can connect to a PLB with wider data paths (64-bit or
128-bit) and conduct transactions with wider slaves or masters[5].

DMA Operation forwards fast data transfer between source and destination
compared with data transfer with processor intervention.

Figure (2) shows the block diagram of the DMA controller core [5].
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Figure (2): The Block Diagram of the DMA Controller Core
The core is composed of three modules; slave attachment module, master attachment

module and memory buffer.

In the slave attachment module the DMA responds to PLB transactions to read and
write the DMA registers to modify source address, destination address, length of data, DMA
status and interrupt status when DMA operation proceeds. These modifications are performed

55



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

by using the Source Address register (SA), the Destination Address register (DA), the Length
Register (LR), the DMA Status Register (DMASR), the Interrupt Status Register (ISR), the
Interrupt Enable Register (IER) and DMA Control Register (DMACR).

In the master attachment module, the DMA performs read and write transactions as a
PLB master to transfer the amount of data specified in the length register from source address
to destination address with updating the source, destination, length and status registers during
the DMA transfer. The memory buffer is 16*32 internal data buffer that is used to support
PLB burst transfer to speed up the DMA operation [5].

The suggested procedure in this work starts by constructing the embedded processor
system, introducing the DMA controller to the system and programming the resultant
hardware using C-language to accommodate the system to operate in DMA mode. The system
is tested to verify its functionality by transferring data between matlab media and the designed
processor system; the results are displayed at Hyper Terminal media and real time chip scope

window.

2. System Design

The system under consideration is designed using three stages. In the first stage the hardware
part of the soft processor system is constructed. While in the second stage a DMA controller
core is added to the system. Finally in the third stage the resultant system is programmed by
C-language to operate in a DMA mode.

3. Soft Core Processor System Design

Using embedded design techniques [6], a soft core processor system as shown in Figure (3) is
designed using the platform studio provided by Xilinx ISE (10.1) software. Figure (3-a)
shows the block diagram of the hardware part , Figure (3-b) exhibits the assembly view and

Figure (3-c) displays the address map of the system .
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Figure (3): The Hardware Part of Designed Soft Core Processor System
a. The block diagram of the system.
b. The assembly view of the system.

c. The address map of the system.

4. Adding DMA Controller

The platform studio provides an environment in which an available IP cores can
be accessed. The DMA controller core is available in the form IP module that can be dragged
from the IP catalogue to the system assembly view. The following steps are adopted to
perform successful DMA introduction to the system:

1. Using bus interface window the DMA core is connected to the PLB in the slave and
master module and the core parameters are customized to adapt with the processor
system.

2. Using the port window the interrupt port of the controller is connected to the interrupt
port of the processor.

3. Using the address window, the address map of the system is reconfigured to take the

DMA controller into consideration.
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4. The resulting hardware part of the system is shown in Figure (4). Figure (4-a) shows the
assembly view of the system with DMA core, Figure (4-b) shows the address map of the

system with DMA core.
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Figure (4): The hardware part of designed soft core when adding DMA core.
a. The assembly view of the system.
b. The address map of the system.
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5. Programming the system

The C -language is used to program the resultant system hardware to operate in
DMA mode, Figure (5) shows the flow chart of the prepared program. Application Peripheral
Interfaces (API) are used to make the hardware peripheral be sensed by the C —language
compiler. The APIs are software drivers constructed in the form of C -language functions.

The following APIs are used in the prepared program.

#define XDmaCentral _mWriteReg(BaseAddress, RegOffset, Data)
Where:

Base address: represents the base address of the DMA controller.

Offset address: the offset address of each register in the controller. The offset address of each
register is shown in Table [1].

Data: the data request to program the register.

Table (1): XPS Central DMA Controller Registers [4]

Register Name Base Address+ Default Access
Offset(hex) Value(hex)

Software Reset Register (RST) C_BASEADDR +0 NA Write
DMA Control Register C_BASEADDR +4 80000004 R/W
(DMACR)

Source Address (SA) C_BASEADDR +8 00000000 R/W
Destination Address (DA) C_BASEADDR +C 00000000 R/W
Length (LENGTH) C_BASEADDR +10 00000000 R/W
DMA Status Register C BASEADDR +14 00000000 Read
(DMASR)

Interrupt Status Register (ISR) C_BASEADDR +2C 00000000 Read/TOW
Interrupt Enable Register (IER) C_BASEADDR +30 00000000 R/W
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Include Files : xparameter.h , xstatus.h ,

v

Define :
DMA central base address 0x80200000
Buffer size 95
Xuint32 SrcBuffer[buffer_size]
Xuint32 DestBuffer[buffer_size]
Xuint8 *SrcPointer
Xuint8*DestPointer

v

Initialize DMA device

v

Program the control register DMACR to
increment source and destination addresses

v

Disable all interrupts

v

Program source and destination registers with
corresponding addresses

!

Transmit data from Mat lab media

v

Start DMA operation to transfer data from source
to destination buffers

v

Check the states register to conform transfer
achievement

v

Check the destination buffer contents

\4

End

Figure (5): The flow chart of designed system programing
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6. Results

Figure (6) shows the data read from destination buffer and the data transferred from the

source buffer displayed in hyper terminal window.
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Figure (6): The Data Transfer from Source to Destination Buffer
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Figure (7) shows the operation of data transfer displayed on chip scope window during write
data bus cycle. Figure (7-a) presents the data flow with address during write bus cycle, Figure
(7-b) presents the data flow with address during write bus cycle zoomed out.
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Figure (7): Data transfer based on DMA operation displayed on chip scope window
a- data flow with address during write bus cycle
b- data flow during write bus cycle zoomed out
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7. Conclusions

A soft core processor system is designed using embedded design techniques and
configured on FPGA slice. The system is accommodated to act in DMA mode to transfer data
from a peripheral to external DDR-SDRAM memory by adding a DMA IP core to the system
and programming the resultant hardware using C-language with suitable API. The transferred
data width is 32-bit which is adaptable the PLB data width. The system can operate with
(40K) internal Block RAM and external (64M byte) DDR-SDRAM. The designed system can
be used efficiently with video graphic arrays (VGA) to display graphics on a screen since the
speed of data transfer between memory and the VGA controller is sufficient to capture all the
pixels of the image frame( 640columns x 480 rows) in 60 screen/second display mode, this

rate of data flow could not be attained with processor systems without DMA operation mode.
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Effect of Coolant Jet Holes Direction on Film Cooling Performance
. Assim H. Yousif,.,Amer M. Al-Dabaghand Muwafag Sh. Alwan
University of Technology, Baghdad, Iraq

Abstract: The film cooling effectiveness and local heat transfer coefficient for coolant jet
holes direction (orientation angle), have been investigated. Experimental investigations were
done on a flat plate by using a single test transient IR thermograph technique. Evaluation of
the cooling performance is obtained by estimated both film cooling effectiveness and heat
flux ratios. Three models of coolant jet holes are investigated, each model consists of two
rows of holes arranged in a staggered way with different orientation angles. Model (1)
downstream row with acute angle and the upstream row with obtuse angle; model (2) both
rows with obtuse angles, while model (3) both rows with acute angles. The holes diameter is
4mm, the longitudinal distance between the upstream and downstream rows (X/D) is 4D, and
the span distance between two neighboring holes (S/D) is 3D. Three blowing ratios of (BR=
0.5, 1.0, and 1.5) were used in the investigation program. In order to predict the flow behavior
numerically for the cases under investigation CFD code is introduced. The numerical
investigation shows two large vortices, pair of counter rotating vortex and horseshoe vortices,
both vortices have major effects on cooling performance. The experimental results showed
that the film cooling effectiveness increases as blowing ratio increases for models (1 and 2),
while decreases for model (3), and model (1) provide better performance than the others at
high blowing ratios.

Keywords: Film cooling, Blowing ratio, Effectiveness, Jet holes direction.
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1-Introduction

Turbine blades require better cooling technique to cope with the increase of the operating
temperature with each new engine model. Film cooling is one of the most efficient cooling
methods used to protect the gas turbine blades from the hot gases. Jet holes arrangement
offers reliable technique help to improve the coolant effectiveness of the film cooling.

Film cooling primarily depends on the coolant-to-mainstream pressure ratio or can be
related to the blowing ratio, temperature ratio (T./Tn), the film cooling hole location,
configuration, and distribution on a turbine elements film cooling. In a typical gas turbine
blade, the range of the blowing ratios is of about 0.5 to 2.0, while the (Tc/Tm) values vary
between 0.5 and 0.85 Han and Ekkad[1].

Injecting behavior of two rows of film cooling holes with opposite lateral orientation
angles have been investigated by Ahn et al. [2] in which four film cooling hole arrangements
were considered including inline and staggered ones. Detailed adiabatic film cooling
effectiveness distributions were measured using thermochromic Liquid Crystal to investigate
how well the injecting covers the film cooled surface. They found that staggered opposite
lateral arrangement shows best cooling performance.

Dhungel et al. [3] obtained simultaneously detailed heat transfer coefficient and film
effectiveness measurements using a single test transient IR thermography technique for a row
of cylindrical film cooling holes, shaped holes. A number of anti-vortex film cooling designs
that incorporate side holes. They found that the presence of anti-vortex holes mitigates the
effect of the pair of anti-vortices. Experimental and numerical investigations were done by Lu
et al. [4 and 5] to measure and to predict the film cooling performance for a row of
cylindrical holes. They used adiabatic film effectiveness and heat transfer coefficients were
determined on a flat plate by using a single test transient thermograph technique at four
blowing ratios of 0.5, 1.0, 1.5 and 2.0. Four test designs crescent and converging slot, trench
and cratered hole exits, were tested. Results showed that both the crescent and slot exits
reduce the jet momentum at exit and also provide significantly higher film effectiveness with
some increases in heat transfer coefficients.

Dia and Lin [6] investigated numerically three film cooling configurations, (cylindrical
hole, shaped hole, crescent hole). All holes were inclined at 35 on a flat plate. All simulations
are conducted at blowing ratio of 0.6 and 1.25, length to diameter ratio of 4 and pitch-to-
diameter ratio of 3. They use (RANS) equations, the energy equation, and two-layer (k — €)
turbulence models. For the numerical investigation the commercial CFD software FLUENT
with standard (k — €) turbulent models is applied. They found that the crescent hole exhibits
the highest film cooling effectiveness among the three configurations both in spanwise and
streamwise especially downstream of the interaction of the two holes.

Lee and Kim [7] evaluated the effect of geometric variables of a laidback fan-shaped
hole on the film cooling effectiveness using a Reynolds-averaged Navier-stokes analysis. The
shape of the laidback fan-shaped hole is defined by four geometric design variables: the
injection angle of the hole, the lateral expansion angle of the diffuser, the forward expansion
angle of the hole, and the ratio of the length to diameter of the hole. They concluded that the
increase of the forward expansion angle makes a reduction of film cooling effectiveness, and
the lateral expansion angle has the biggest impact among the four geometric variables on the
spatially averaged film cooling effectiveness.

Numerical prediction of Alwan. [8] shows that the flow field structure of injected holes
present vortices such as counter pair kidney vortex and horseshoe vortex have major effects
on cooling performance, in which the strength of the kidney vortex decreases and the
horseshow vortex was lifting up, leading to an improvement in the coolant performance.
Therefore numerical model was suitable to design holes arrangement futures of film cooling
system by introducing oriented holes row over single jet holes row.

66



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

Most literature focuses on the study of the effective parameters of film cooling for one
row film holes in the forward direction with mainstream. There is no information available for
the row of holes in the backward direction with mainstream flow, also lack information
available for two rows of film cooling on forward direction. However, at the present work
experimental and numerical investigations were done to evaluate the cooling performance
(film cooling effectiveness and heat transfer coefficient) by using a single test transient IR
thermograph technique for a different holes direction and at different blowing ratio.

2-Experimental Facilities

Low speed open duct test rig is used at the present investigation to supply uniform hot
air to the test section as shown in figure 1. The settling chamber of the test rig contains a
series of electrical heaters and row of screen to ensure adequate hot air of uniform
temperature throughout the test rig. The hot air routed through a convergent- divergent
contraction having a rectangular cross-section before flowing through the test section. In
order to allow the air to reach the desired temperature, the air is initially routed out away from
the test section by using a by-bass gate passage. The temperature of the air is continuously
monitored at the exit of the gate and when the desired temperature is reached, the gate is
gradually fully opened and the hot air is passes into a test section through a rectangular duct.
The operating velocity in the test section is controlled to run from 20 to 40m/s. The test
section has 50mm width and 100mm height. The bottom plate of the test section is made of
(234x123) mm Plexiglas of 10mm thickness and used as the test model.

A centrifugal air blower was used to supply the coolant air to the plenum. The plenum
was located below the test model. The coolant air enters a plenum then ejected through holes
into the test section. The coolant air pressure is measured at the inlet of the test section.
Digital thermometers were used to measure the mainstream and coolant air temperature. Pre-
testing showed that all holes exists constant desired flow rate and temperature.

Two rows of staggered holes with opposite orientation angles are included in the present
study. The orientation angles (y) is defined as the hole orientation toward the cross-flow in
the mainstream and the inclination angle (8) is defined as the angle between the centerline of
the hole and the surface of the test wall as shown in figure 2. Three models at different holes
direction are shown in table (1). Each model consists of two rows of holes arranged in a
staggered arrangement. For model 1, the inclination angle of the upstream and downstream
rows are fixed at (6 =30°), and the orientation angle of (y =0°) and (y =180°) for the
downstream and upstream row holes respectively. For model 2, the jet injected angles of
upstream and downstream holes are fixed at (8 =30°) and (y =0°). While for model 3, the jet
injected angles of upstream and downstream holes are fixed at (8 =30°) and (y =180°). Each
of holes (upstream and downstream row) contains eight holes. The holes diameter is 4mm, the
longitudinal distance between the upstream and downstream rows (X/D) is 4D, and the span
distance between two neighboring holes (S/D) is 3D. Data collected only for three middle
holes for each row to reduce the effects of the side wall as shown in figure (3).

2-1 Surface temperature measurement

The surface temperature of test model was measured using an infrared thermographs
technique. IR thermograph infrared camera type Fluke Ti32 is used at the present
investigation. This camera is able to precisely record temperature variations. The IR system is
greatly affected by both background temperature and local emissivity. The test surface is
sprayed with mat black color to increase the emissivity like a perfect black body. The
temperature measurement taken is not accurately recorded unless the IR system is calibrated.

The system was calibrated by measuring the temperature of the test surface using
thermocouple type K and the reading of IR camera. The test surface is heated by mainstream
hot air. The measured of temperatures obtained by both ways are recorded and stored during
the heating process until achieving a steady state condition. Due to the emissivity of the test
surface the temperature obtained by IR camera is differ from the temperature obtained by the
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thermocouple, therefore IR camera reading is adjusted until both temperatures reading are
matched.
2-2 Film cooling effectiveness and heat transfer coefficient estimation
Consider the transient flow over a flat plate as shown in figure 4. In this case the test
plate is initially at a uniform temperature T;, and the convective boundary condition is
suddenly applied on the plate at time t > 0. Now, heat assumed to be conducted only in the x-
direction and perform an energy balance on the plate, therefore the one-dimensional transient
conduction equation is
°T 10T "
0x2  a ot 1)

The main approximation often applied to analyze transient conduction shown in Figure 4 is
the semi-infinite approximation. The semi-infinite solid assumptions are valid for present
investigation for two reasons. The test duration is small, usually less than 60 seconds.
Secondly, the hot air flowing over the test surface made from Plexiglas of, low thermal
conductivity, low thermal diffusivity, and low lateral conduction. Therefore the solution of
equation (1) as given by Holman and Bhattacharyya [9] is as follows:

T, —T; h?at hvat
> lerfc[ v (2)

Tm_Ti_l exp[ X
Where T,, measured by using IR camera, all the other variables in the equation (2) are
either known variable or measured variable except the heat transfer coefficient (h).
In film cooling case, the film should be treated as a mixture of air mainstream and the
coolant air, as shown in figure 5, the mainstream temperature (Ty,) in equation(2) has to be
replaced by the film temperature (Ts), therefore equation (2) become as:

Tw—T; h?at hvat
Tf_Ti—l—explk2 erfc - 3)

A non-dimensional temperature term is known as the film cooling effectiveness (), and
is defined as:
T —Tn

Tc - Tm

Equation (3) has two unknowns (h and Ty), to solve this equation, two sets of data points
required to obtain the unknowns like:

n= (4)

Tpr —T; h2at h/at, |

ﬁ:l—expl kcz 1lerfcl :1 (5
l |

Tyo —T; hZat hyat, ]

%zl—expl kczzlerfcl :2 (6)
L |

In this case, a transient infrared thermograph technique will be used to obtain both h | from a
single test as described by Ekkad et al. [10]. Thus, two images with surface temperature
distributions are captured at two different times during the transient test.

A net heat flux ratio is the ratio of heat flux to the surface with film cooling to the heat
flux without film cooling. This term is used to measure the combined effect of film
effectiveness and heat transfer coefficient Ekkad and Zapata [11]:

Lok
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The value for the overall cooling effectiveness () ranges between 0.5 and 0.7.A typical value
iIs @ = 0.6 according to Albert et al. [12], and this in general assumed in the present
experimental analysis.

The IR images for models surface at each investigated test was captured and stored by
thermal camera. These images are transferred to PC. Smart View Software program supplied
with Camera can be used to limit the selected area to avoid the effect of the test section walls.
The IR images converted to corresponding temperature digital values and then saved as data
in Excel sheet.

MATLAB programs Software are prepared using a semi-infinite solid assumption to
introduce the film cooling effectiveness and heat transfer coefficient contours. Equations, (4),
(5), (6), and (7) may be solved using MATLAB Software, Smart View Software, and Excel
Software. The data were collected from the selected area denoted by (4,); this area included
only six staggered jet holes as shown in Figure (3).

The measurement uncertainty was determined by using the methodology given by
Kline and MocClintock [13].Error estimates for each variable are as follows: wall
temperatureAT,, = +2 °C, initial temperatureAT; = +2 °C, mainstream temperatureAT,, =
+0.2 °C, and coolant temperature AT, = +0.2 °C. The camera frame rate is 60 Hz resulting in
a time error At = +0.125 sec and the test surface properties (a and k) uncertainty are taken
from tabulated values, as a custom, 3% relative uncertainty is assumed for both variables. The
resulting average uncertainty for heat transfer coefficient and film effectiveness is +8.2% and
+11.0%, respectively.

3- Numerical procedure

In the present study, air is taken as the working fluid and the flow characteristics are
assumed to be steady flow, Newtonian fluid, incompressible fluid (Mach number=0.11),
turbulent flow, three dimensional. The numerical computation area was matched to the
experimental domain instead of computing only two holes with symmetry boundary
conditions. FLUENT version (12.1), GAMBIT software and Auto CAD 2011will be used to
create, grid for the system geometry and then simulate the film cooling for the three geometry
model and three blowing ratio. The solution of the Reynolds Averaged Navier-Stokes and
energy equations is obtained by using the FLUENT software. Fluent is based on an
unstructured solver using a finite volume approach for the solution of the RANS equations.
The system geometry shown in figure 6 consists of the box with dimensions (128x12x50) mm
for the hot mainstream, box with dimensions (35x12x20) mm for coolant jet and the different
model geometry of two rows of holes as shown in table 1. The system geometry is drawn by
using (Auto CAD 2011 code). The diameter of cooling hole is 4mm.The coolant conditions
were maintained the same in all cases and the mainstream flow rate was altered to change the
blowing ratios. The Mainstream temperature was set at 322 K and the coolant temperature
was set at 302 K. At the exit plane, pressure level was specified along with zero streamwise
gradients for all other dependent variables.

The current study used the standard (k — e)model for the simulating the turbulent
flows in film cooling. The standard (k — €)model is economical with reasonable accuracy for
a wide range of turbulent flows and it is widely used in heat transfer simulation Versteeg and
Malalasekera [14].There are some general guidelines to create a good mesh. These
guidelines are shortly called rules of QRST standing for (Quality, Resolution, Smoothness,
and Total cell count) Ozturk [15].The importance of quality parameter is the face alignment;
it is the parameter that calculates skewness of cells. Elements with high skewness should be
avoided. The way of checking whether the solution is grid independent or not is to create a
grid with more cells to compare the solutions of the two models. Grid refinement tests for
average static temperature on hot surface indicated that a grad size of approximately (2.5
million cell) provide sufficient accuracy and resolution to be adopted as the standard for film
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cooling system. The nodes near the test plate surface were adjusted so that average y+ value
was about 20 near the test plate surface which is within the range of Jones and Clarke
[16].The most significant factor to be monitored for the present model is the average static
temperature on hot surface. When the average static temperature on hot surface value monitor
converged it is unnecessary to go further on with the iterations and wait even if the residuals
do not fall below the defined convergence criteria.

4- Results and Discussion

Figure 7 shows the contours of film cooling effectiveness for three models. The film
cooling effectiveness increases with increasing the blowing ratios for model 1 and model 2,
while for model 3 the effectiveness values decreases with increasing the blowing ratio. Near
the hole exit and downstream, model 2 exhibit more uniformity of n values as the blowing
ratios increased more than the other models for all blowing ratios. For model 3 the n contours
exhibit high values of 1 at a hole downstream area at a low BR (BR=0.5) and n decreases
with an increase in BR. This behavior only exists at model 3. Model 1 provides better
performance when compared with other models at high blowing ratios (BR=1 and 1.5),
because different jet holes arrangement gave different flow behavior. The behavior of flow in
three dimensional domains is a complicated flow regime. To simplify the case and to make
the flow recognizable and readable, the flow will be presented in two dimensions in a plane
perpendicular and parallel to the cross flow at different plane location. When the coolant jet
flow with the direction of hot mainstream (y =0°), multiple vortex structures are produce
where two large vortex structures have been detected, counter rotating vortex pair (CVP), and
horseshoe vortices. CVP plays an important role in the contribution of jet lifting off, this can
be seen clearly in the case of low momentum jet (BR=0.5) and the case of high momentum jet
(BR=1.5), in which the horseshoe vortex is strongly influenced by high jet momentum Dia
and Lin [6]. While when coolant jet flow opposite to the direction of hot mainstream (y
=180°), the main stream creates a local variation of pressure at the hole exit. The pressure of
the injected air on the upstream side of the hole is elevated, thus locally reducing the jet
velocity; and pushing up the hot stream depending on the blowing ratio. On the downstream
side of the hole, the pressure falls and locally increases the exit velocity. As the cooled air
penetrate into the hot stream, its momentum decreases up to the momentum of the main
stream then bend back toward the surface causing lee vortex.

The pressure variation at the hole exit create a reverse flow where part of the cooled
air exits in the direction tangent and normal to rims hole reducing the jetting effect at hole
rims, which was responsible for creating kidney vortex as in the forward injection. This
reverse flow creates pair of vortex similar to the kidney vortex downstream but in a plane
parallel to the main stream(CVP),, this vortex is sweeping near the surface and pushing away
the horseshoe vortex where moderate and wider protection area are obtained at low and high
BR around the hole area. For model 1, two types of vortices are created, one (CVP),, while
the second is (CVP) as shown in figure 8. For model 2 two pairs of vortices (CVP), are
appeared in a plane parallel to hot mainstream flow 1mm above the surface as shown in
figure 9. In model 3 four vortices exist in the vertical plane in the hole downstream as shown
in figure 10.

As a matter of fact, the enhancement of the blade surface protection is done by
keeping the local heat transfer coefficient (h) as low as possible. The local heat transfer
coefficients are calculated from the data of two IR images taken in successive times. Figures
11 represents the effect of blowing ratio on local heat transfer coefficients for models (1, 2
and 3), (h) increases with increasing BR models (1 and 2), while it decreases with increasing
BR for model 3. At low blowing ratios (BR=0.5), model 3 provides high heat transfer
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coefficient values than models 1 and 2. As the blowing ratio increases to 1 and 1.5, model 1
gave higher heat transfer coefficient than models 2 and 3.

Figure (12a, b and c¢) shows (1) Variation with (X/D) for the same three models. (1)
is calculated as the average values taken from the local reading of 46 pixels in spanwise
direction in twenty streamlines location downstream from the hole exist. The streamwise
distance between each two successive spanwise location is (D).Model 2 shows different
behavior than that of the other models as shown in figure (12 .a, b, and c), in which (ns,)
decreases gradually with increase in (X/D) for all BR, while in models 1 and 3, (nss) decreases
and then increases. From these figures, it can be seen that any model from these models has
an advantage and disadvantage. So are can notice that model 2 gave better values of film
cooling effectiveness than that of the other models near the hole exit for all BR. In the
downstream region at (BR=0.5), model 3 gave higher value of (ns) than that of the other
models, but for cases (BR=1 and 1.5), model 1 gave better performance for approximately
(X/D =7).

The overall average film cooling effectiveness for the entire selected area A, (nay) Was
calculated from the values of local film cooling effectiveness (1) for the entire pixels values
included by the area (A,). Figure 13 shows the effect of the blowing ratio on the averaged
film cooling effectiveness (n.y) for the same cases. This Figure shows that model (1) gave
higher value of (n,,) than other models, especially at high blowing ratio. It appears that the
averaged film cooling effectiveness increases slightly with increasing BR, in models 1 and 2,
while it decreases with increasing (BR) in model 3.

The average of the local heat transfer coefficient ratios (h / hy), in which (h and hy)
represent the heat transfer coefficient on the plate surface with and without film cooling
respectively are presented in Figure 14.This figure shows that model 1 gaves high (h/ho) with
respect to the other two models at high blowing ratio.

In the practical application, turbine designers are concerned with the reduction of heat
load to the film protected surface. The heat load can be presented by combining film cooling
effectiveness (1) and the heat transfer coefficient ratio (h/h,), according to equation (7),
therefore the ratio (g/go,) can be calculated. (q/q,) represent the reduction in heat flux at the
tested surface with the presence of coolant air. If the values of these ratios are less than 1, then
the film coolant is beneficial according to Lu et al. [5], while if the values are greater than 1,
therefore effect of the film coolant is poor. Figure 15 represents the effect of blowing ratio on
the overall heat flux ratios (g/q,). It appears that the BR effect dominates the holes direction
effects.

5- Conclusions
The present work has reached to the following conclusions:

1- For low blowing ratio, the film cooling effectiveness is constructed at the holes exit
region, while at high blowing ratio, the coolant jets developed downstream give better
film cooling effectiveness. On the other hand, model 3 arrangement (staggered rows,
both inclination angles in the stream line direction) show an odd behavior.

2- Numerical prediction of the flow field structure for holes arrangement shows that the
vortices (counter pair kidney vortex and horseshoe vortex) both have major effects on
cooling performance.

3- The reverse flow from backward injection hole creates pair of vortex similar to the
kidney vortex created from forward injection hole, but in a plane parallel to the main
stream.

4- Near the exit holes area, model 2 (opposite direction rows hole) shows uniform heat
protection from the hot gas streams.
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Nomenclatures
A,  selected area (m?).
BR  blowing ratio
CFD Computational Fluid Dynamic
CVP  Counter rotating vortex pair
(CVP)p Counter rotating vortex pair in parallel plan to main stream
D film hole diameter (m).
h heat transfer coefficient with coolant injection (W/m?-K).
ho heat transfer coefficient without coolant injection (W/m?-K).
K thermal conductivity of test surface (W/m?-K).

Span wise hole spacing (m).

time when the IR image was captured (°C).
< coolant air temperature (°C).
¢ film temperature (°C).
T;  initial temperature (°C).
Tm  mainstream temperature (°C).
Tw  wall temperature (°C).
Uc coolant air velocity (m/s).
Un  mainstream air velocity (m/s).
X Stream wise distance along the test surface (hole pitch) (m).
n film effectiveness.
Nsa  Spanwise average film cooling effectiveness.
Nav average film cooling effectiveness.
0) overall cooling effectiveness.
a thermal diffusivity.
y orientation angle (Degree).
0 inclination angle (Degree).

S
T
T
T
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Figure 1 Schematic of the test rig
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Table (1) illustrated geometry for the three models.

Model Number Upstream Row Downstream Row Shape
0 14 0 14
Model 1 30° 180° 30° 0°
Stagger Acute Acute jet
jet angle
angle
Model 2 30° 180° 150° 180°
Stagger
Acute Obtuse
jet jetangle
angle
Model3 150° 0° 30° 0°
Stagger Acute jet
Obtuse angle
jet
angle
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Figure 9 Flow vectors colored by temperature at plane parallel to test surface for
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Figure 10 Flow vectors colored by temperature at plane (X/D=4) for model 3at BR=1.5
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SIMULATION OF LAMINAR FORCED CONVECTION HEAT
TRANSFER AND FLUID FLOW OVER A BACKWARD FACING STEP
WITH OBSTACLE USING (SI10,;) NANOPARTICLES

Mohammed Saad Kamel Ahmed Khafeef Obaid Albdoor
Southern Technical University/ Al-Nassiriyah Technical Institute Department of Mechanical Techniques
Mr.mohd1986@yahoo.com Ahmedalbadry82@yahoo.com

Abstract: Simulation of Heat transfer and laminar Sioy/water and Sio,/oil-engine flow over
backward facing step with and without obstacle numerically studied in this paper. The finite
volume method adopted to solve continuity, momentum and energy equations in two
dimensions. The aspect ratio of triangular obstacle w/e = 0.5 presented. The step height and
expansion ratio of channel were 4.8,n and 2 respectively, the range of Reynolds number
varied from 100 to 250, constant heat flux subjected on downstream of wall was
2000W/m2.Two types of base fluid used in this simulation the water and oil-engine with
constant properties at T = 300K°, The Sio, nanoparticles used with nanoparticles diameter
30nm and volume friction 4%. The average nusselt number noticed increase with increase
Reynolds number with obstacle for two basefluid and also noticed that the nanofluid of Sio,-
oil engine has higher nusselt number compared with other nonofluid. The result shows
increase of local nusselt number for backward facing step with obstacle in compared to those
without obstacle. The maximum enhancement of heat transfer observed at obstacle due to
increase recirculation flow after the obstacle. Streamline showing the increase of recirculation
region with used obstacle in compared without obstacle and highest recirculation region
observed at obstacle.

Keywords: laminar flow, backward facing step, Sio, nanoparticles, forced convection.
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1- Introduction:

Flow over a backward facing step generates recirculation zone and forms vortices due to the
separation flow obtained from the adverse pressure gradients in fluid flow. Improve thermal
performance in different engineering application become main goal in recent presented
researches as the fluid flow over backward facing step is common geometry used in cooling
and heating systems such as heat exchangers, chemical process, power plants, and nuclear
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reactor due to generate separation and reattachment region. In addition, used obstacle in flow
passage leads to increase of static pressure and then enhance of heat transfer [1]. Many
researcher have been studied an experimental and numerical for analysis heat transfer and
fluid flow over backward facing step. Armaly et al. [2] have experimental and numerical
studied of laminar, transition, and turbulent air flow over backward-facing step. They found
that the separation length increase with increase of the Reynolds number for Re< 1200 while
reduction at Re between 1200 to 5550. De Zilwa et al. [3] developed new calculation method
for study laminar and turbulent flows through plane sudden expansions. The calculations of
laminar range found that increase thickness of the separating up to reach bigger separation
region and used k- ¢ models for turbulent range as obtained good agreement compared to
experimental results. Effect of step height on non-Newtonian liquids flow through sudden
expansion investigated by Pak et al. [4] where found that decrease of length reattachment at
non-Newtonian liquid compared to water for same boundary condition of flow. Khanafer et
al. [5] performed numerical study of heat transfer to laminar mixed convection of pulsatile
flow over a backward-facing step by using finite element method. They showed that improve
of the heat transfer rate with increased of Reynolds number but the thickness of the thermal
boundary layer reduced. two-phase flow over backward-facing step with low and high
Reynolds number numerically studied by Yu et al. [6] in 2D and 3D dimension. LES was
applied and found good agreement between 2D-3D numerical result with experimental result
in profile of velocity and temperature distribution. Heat transfer to laminar fluid flow between
parallel plates through baffles was numerically studied by Kelkar and Patankar [7]. The study
described flow by strong deformations and large recirculation regions and found increase of
Nusselt number and friction coefficient with increased Reynolds number.

More recently, the majority of studies have been utilizing nanofluid because of its higher
thermal conductivity compared to normal fluid [8]. Abu Nada [9] is a pioneer in research on
laminar nanofluid flow over a backward-facing step with Cu, Ag, Al,O3, CuO, and TiO,
nanofluid, volume fractions between 0.05 and 0.2 and Reynolds numbers ranging from 200 to
600. An investigation of findings signifies that the Nusselt number increased with the volume
fraction and Reynolds number. Later, Kherbeet et al. [10] presented a numerical investigation
of heat transfer and laminar nanofluid flow over a micro-scale backward-facing step. The
Reynolds numbers ranged from 0.01 to 0.5, nanoparticle types comprised Al203, CuO, SiO»,
and ZnO, and the expansion ratio was 2. An increasing Reynolds number and volume fraction
seemed to lead to an increasing Nusselt number; the highest Nusselt number value was
obtained with SiO2. Additional last investigations concern nanofluid flow over a backward-
facing step for the laminar range [11-12], but such work with respect to the turbulent regime,
in particular, is still not entirely understood. Due to the Cu has higher thermal conductivity
and many experimental investigations done with good improvement in thermal performance
then used in this simulation.

The aim of the present work is to investigate the heat transfer and laminar fluid flow over
backward facing step with and without obstacle by using two types of basefluid with Sio2
nanoparticles. The numerical data for used obstacle in flow passage with backward facing
step will be more helpful to design thermal channel with higher performance. In this
investigation, Finite Volume Method in commercial program FLUENT 6.3.26 is employed.

2- Numerical model
2.1 Description of geometry

In this simulation, the geometry and flow domain is shown in Fig. 1 where the dimension of
geometry was according to Al-Aswadi et al. [12]. Backward-facing step of duct with and
without triangular obstacle are adopted. The height of obstacle is 4mm and 2mm width fixed
at 200mm from the step with expansion ratio 2 at Reynolds numbers of 100, 175, and 250.
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The total length of duct is 1050mm consist of 50mm upstream length and 1000mm
downstream length and inlet height of duct is 4.8mm and exit height is 9.6mm. Constant heat
flux (2000 W/m?) is subjected on downward of duct while insulated other parts of duct. Two
working fluids used as a basefluid pure water and oil-engine and then added Sio,
nanoparticles for them at constant volume friction and constant diameter of nanoparticles (4%
and 30nm respectively) to study the enhancement of heat transfer with and without obstacle.

Insulatel E— ——

Heat Flux eo—

g=140
— | FLOW QLT
FLOW IN =
H/&=2
=0
5 =4 8mim é é |—’:_=_
g = 2000 Bm?
'}
0 mm 1008 mm

Figure 1. Geometry domain and boundary condition

2.2 Governing Equations:

Continuity, momentum (X, Y) and energy equations with assumption laminar, steady state,
incompressible, and two dimensional are employed in this simulation and can be written as

(1)-(4),

ou , Ov

=t =0 (1)
By 10 (0 Oty

ugtv = ntvGmta) 0 e )

P S 5
ox dy  paoy axz " ay2) e
My 10 (0T 0Ty

u ax + vay - pdy a dx2 + ay2) e (4)

Where u and v represent velocities in x, y direction respectively, p and a define density and

thermal expansion, respectively.

The Reynolds number is computed based on inlet channel height (H).

1 L
Nug, = Zfo Nu, dL (6)

Where (L) is the length of the heated downstream wall.

2.3 Boundary conditions
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The boundary conditions for this simulation are:
e At the inlet Chanel the fluid is assumed to enter with a uniform horizontal velocity Uco
and temperature (Too) U=Uco, T=To=300K, V=0;
e At the outlet Chanel: P=0,

e Insulated top wall of the of duct. The mathematical form of this condition: E?a_U =0,
y
V=0,q=0 "
e For the downward of duct Constant heat flux q (2000 W/m?) is subjected while
insulated other parts of duct

2.4 Numerical procedure and Data Validation

FLUENT 6.3.26 software with computational fluid dynamics (CFD) were conducted in
numerical simulations. The procedure for generate geometry and meshing process was
performed with Gambit 2.3.16 software. Viscous laminar flow model with energy dialog box
was selected to solve continuity and X,Y momentum equations as well as energy equation. In
computational fluid dynamics (CFD), SIMPLE algorithm is a commonly used in numerical
procedure to solve the Navier-Stokes equations therefore employed to link the velocity and
pressure fields. The residual of solution was smaller than (10) for continuity equation, (10)
for momentum equations and (10°) for energy equation. In order to increase accuracy of
solution, the density of mesh at backward and obstacle was more highly than other parts. The
computational conditions and thermo-physical properties used in the numerical simulation are
shown in Table 1. Five size of grid was adopted at Re =175 and airflow as a working fluid.
Where the grid densities was (19558, 40864, 70752, 116506 and 228700) triangular cells. The
grid independent selected (116506) cells among the others due to the difference in nusselt
number was less than 3% compared to the grids as shown in Figure. 2. For purpose of
validations used boundary conditions as reported by Al-Aswadi et al. [12] and then obtained
results with acceptable agreement as shown in Figure. 3.
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Figure 2. Grid independence test results for the Nusselt number
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Figure 3. Comparison velocity profile with Al-Aswadi et al. [12].

Table 1. The computational conditions and thermo-physical properties

COMPUTATIONAL
CONDITIONS
Fluid

Pressure velocity
coupling scheme
Density

Viscosity

Thermal conductivity
Heat capacity

Viscous model

Reynolds number

Thermal heat flux

Water (basefluid)
SIMPLE

998.2 kg/m®
0.001 (N.s/m°)

0.6 (W/m.K)
4182 (J/Kg.K)

Laminar model
100, 175 and 250
2000 W/m?

*[13]

Oil-engine
(basefluid)
SIMPLE

884.1 kg/m*® *
0.486 (N.s/m®) *

0.145 (W/m.K) *
1909 (J/Kg.K) *

Laminar model

100, 175 and 250
2000 W/m®

3- Thermo-physical properties of nanofluids:

84

*[14]
Sio, nanoparticles
SIMPLE

2220 kg/m® *

1.4 (W/m.K) *
745 (JIKg.K) *

Laminar model

100, 175 and 250
2000 W/m®
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The effective properties of nanofluid are defined as follow:

Density:
Png =Ppp+ A —=@ppy (7
Heat capacity:
PppcPp+(1—@)pprcp
CPpf = L DIETRL (8)

Pnf

The Egs. (6) and (7) were introduced by [15].

The thermal conductivity:

w — Kp+(n—1)be—(n—1)<p(be—Kp) (9)
Kpy Kp + (n-OKps+@(Kpp~Kp)

This was introduced by [16].

Where (n) is a shape factor and equal to (3) for spherical nanoparticles.
The viscosity:

The effective viscosity can be obtained by using the following mean empirical correlation
[17].

Unf = Upf - (10)

(1-3487(dp/dpp) O 9103)

6M ]1/3

Where:  dp; = [anbf

Where: M is the molecular weight of basefluid, N is the Avogadro number = 6.022*10%° mol
-1, ps is the mass density of the basefluid calculated at temperature To=300 K. the table 1.
Show the thermo-physical properties of nanoparticles and working fluids.

4- Results and discussion:
4.1 The effect of different base fluids
The effect of two types of base fluids on the Nusselt number versus the Reynolds number is
presented in Fig.5. It can clearly be seen that Sio,—oil engine has the highest value of Nusselt

number while Sio,—water has the lowest value of Nusselt number. This is because oil engine
has the highest dynamic viscosity in nature compared to other base fluids and Sio, particles
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are mixed properly in oil engine which contributes to increase the thermal transport capacity
of the mixture which in turn increases the Nusselt number.

4.2 The effect of the Reynolds number

The effects of the Reynolds number on the local nusselt number for the laminar ranges with
and without obstacle are presented in Figures. 4(A),(B) respectively. With the increase of
Reynolds number, the nusselt number increased in the laminar ranges. Effect of Reynolds
number on surface nusselt number with axial distance at case with and without obstacle is
illustrated. Generally, increase of surface nusselt number found with increase Reynolds
number for all cases which denote to enhancement of thermal performance.

4.3 Average Nusselt number

In Figure. 5 the variation of average Nusselt number with the Reynolds number at different
nanofluid with and without obstacle can be seen. For all cases, the average Nusselt number
augmented as the Reynolds number increased. The highest Nusselt number was obtained at
250 Reynolds number. The maximum ratio of enhancement heat transfer to nanofluid was
about Y¢% for Sio,-oil engine with obstacle compared with Sio,-water with obstacle due to
increase of intensity convection of enhanced conductivity nanofluid.

4.4 Streamline of Velocity

Streamline of velocity for backward facing step with and without obstacle for both nanofluids
at Reynolds number 250 are illustrated in Figure. 6. It can be seen that the recirculation region
is clearly appeared at the inlet region of backward and after obstacle due to pressure gradient.
Increase size of recirculation region found with increase Reynolds number as shown in
Figure. 7. Where the largest region noticed at Reynolds number 250 with obstacle and Sio,-oil
engine compared with other cases.

4.5 pressure drop

The pressure drop variation with axial distance for different Reynolds numbers and Sio,-water
nanofluids is presented in Figures. 6 and 7. According to the results, the pressure drop
intensified as the Reynolds number increased and nanofluid volume fraction. Generally, the
highest pressure drop occurred at the downstream inlet region with obstacle due to
recirculation flow which caused the improvement of heat transfer.
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Nomenclature:

Cp specific heat capacity (J kg™ K™)
Nu, surface Nusselt number

NUay average Nusselt number

P Pressure (Pa)

Pr Prandtl number

q heat flux (W m™)

Re Reynolds number

T temperature (K)

u velocity component (m s™)

X, Y spatial coordination (m)

L Length of the heated downstream wall (m)
S Step height

H Height of outlet channel (m)

h Height of inlet channel (m)

e Height of obstacle (m)

W Width of obstacle (m)

M molecular weight of basefluid
dp Particles diameter (nm)

dbf Basefluid diameter (nm)

N Avogadro number

Greek symbols

K thermal conductivity (W m™ K™)
U dynamic viscosity (Pa s)

p density (kg m”®)

a Thermal expansion

Pbf Density of basefluid (kg m™)
1) VVolume friction (%)
Subscripts

nf nanofluid

p Nano particles

bf basefluid
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NUMERICAL ANALYSIS OF PLATE LOADING TEST BASED
ON FIELD WORKS

. Mohammed Salih Abd-Ali

Abstract

In this work, the bearing capacity of soil is evaluated for a substation of
residential compound in Amarah city by plate loading test. The study consists of
two parts, the first part is the field work which includes soil tests in the field for
the locations of two rectangular foundations of transformers with dimensions
(for each foundation) of (3.5 m x 2.5 m), called (Point 1 and Point 2). Results
showed that the settlements in the locations of points 1 and 2 are within the
permitted settlement, and the allowable bearing capacity of soil in these
locations is (9.1) T/m?.

In the second part of the study, the tested soils by plate loading test are
analyzed using nonlinear three dimensional finite element models. ANSYS
(11.0) program is used to analyze the three dimensional model. The adopted
finite element models are found to give results in an excellent agreement with
the field results. For the same applied load, it is found that the ratio of
theoretical to field values of settlement is 0.99 for the both points (1) and (2).

The effect of size of plate of loading has been carried out to investigate its
effect on the predicted finite element results. It is found that the settlement is
increased with increasing the size of the loading surface.
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Bearing capacity is the ability of soil to safely carry the pressure from any
engineered structure without undergoing, a shear failure nor large settlements.
Applying a bearing pressure which is safe with respect to failure does not
ensure that settlement of the foundation will be within acceptable limits.
Therefore, settlement analysis should generally be performed since most

structures are sensitive to excessive settlement.

One of the methods for calculating the bearing capacity is the plate bearing
test. This test method is a semi-direct method to estimate the bearing capacity of
a soil in the field [1]. The test allows the determination of the relationship
between the applied pressure and the displacements (pressure-displacement
curve) [2]. The test has been used to avoid comprehensive geotechnical
investigations which take more time and cost in small jobs with light load
structures, and also to give quick results and data concerning bearing capacity
of soil. The technique adopted in this study for carrying out the plate loading
test has been described by ASTM D1194-94 [3] and BS 1377 part 9 [4].

According to the test procedure, a hydraulic device transfers pressure in
stepwise through a circular rigid plate onto the surface of foundation, until the

displacement or pressure criterion is satisfied.

Soil settlements are difficult to estimate. Settlement is stress induced, but is
a statistical, time dependent accumulation of particle rolling and slipping which
results in a permanent soil skelelu..zu..unge. Elastic deformation (which is
recoverable on removal of stress) is only a very small contribution to the total
settlement of a foundation. It is a computational convenience to use elastic
theory to predict soil settlement; however, reasonable estimates can be made if
"elastic" parameters which describe the stress model over the range of actual
stresses from the foundation can be obtained [1].

The scope of the research is to evaluate the allowable bearing capacity of
soil for a substation of residential compound in Amarah city by plate loading

test in the field, and then the plate loading tests will be analyzed using three
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dimensional finite element models to check the validity of the adopted finite
element models in predicting the overall behavior of the field plate bearing test,
and to get more information about the size effect of plate loading test on the soil.
The zones which should be tested were rectangular foundations of transformers
with dimensions (for each foundation) of (3.5 m x 2.5 m) called (Point 1 and
Point 2).

Load-Settlement Criteria

The load is applied to the plate in increments of the design load. The
increments are applied until shear failure, the loading is 2 to 3 times the design
load [5], or until a total settlement of 25 mm is obtained [1]. After the load is
released, the elastic rebound of the soil should be recorded for a period of time

at least equal to the duration of a load increment.

Field Plate Loading Test

The plate was placed on the so.. 3’ ~. tested. The load was applied to the
plate in successive increments and a settlement was measured. Load increments
are applied until the load intensity on the plate reach to (274 kPa) for all zones in

the Amarah site as shown in the plates (1) to (2).

The load was applied to the plate via a factory calibrated hydraulic load cell
and a hydraulic jack. Large plate with a diameter of 0.61m and thickness of
30mm was used.

Settlement is measured using dial gauges. In order to measure any tilt that
may occur, two gauges on the perimeter of the plate were used. These gauges
supported on rigid uprights fixed firmly into the ground at a distance of more

than twice the plate width from the plate center. At each pressure increment, a
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note was made of the load on the plate and dial gauge readings were made on a
(0.25, 0.5, 1, 3.5, 7.5, 10, 15) minutes after load application. This would ensure
sufficient readings in the early stages of each load application when movement
occurs most rapidly.

After completion of observations for the last load increment, release this
applied load in three decrements. Continue recording rebound deflections until
the deformation ceases.

The results of these measurements were plotted in two forms: a time-

settlement curve and a load-settlement curve as shown in Figs. (1) to (4).

Field Results

The field results of plate bearing test for the soil at the location of Point (1)
and Point (2) are shown in Table (1). The recorded settlement, plastic settlement
and elastic settlement for zones (Point 1 and Point 2) are given. Table (2) shows
the settlement corresponding to maximum applied stress and allowable bearing

pressures for the same zones.

Table (1): Recorded settlement, plastic set*"'"“éi‘“+ and elastic settlements for all tested zones

Recorded Plastic Settlement | Elastic Settlement

Settlement (mm) (mm) (mm)

Point 1 7.48 4.35 3.13
Point 2 6.72 3.85 2.87
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Table (2): Recorded settlement of the plate due to maximum applied stress

Recorded Maximum Ultimate Bearing | Allowable Bearing

Settlement Applied Stress Pressure (kPa)” Capacity (kPa)
(mm) (kPa)

Point 1 273.96
Point 2 273.96

*

. Ultimate bearing pressure corresponding to recorded settlement of the plate.

Finite Element Model

The finite-element method is one of the mathematical methods in which
continuous media is divided into finite elements with different geometries. It
provides the advantage of idealizing the material behavior of the soil, which is
non-linear with plastic deformations and is stress-path dependent, in a more
rational manner. The finite-element method can also be particularly useful for

identifying the patterns of deformations

and stress distribution during deformation and at the ultimate state. Because of
these capabilities of the finite element method, it is possible to model the
construction method and investigate the behavior of shallow footings and the
surrounding soil throughout the construction process, not just at the limit
equilibrium conditions [6].

In the present section, the pLamS.uading tests have been analyzed using
three dimensional finite element models. The main objectives of the analysis are
to check the validity of the adopted finite element models in predicting the
overall behavior of the field plate bearing test, and to get more information

about stresses and strains developed in the soil.

The analysis is made by using ANSYS 11.0 computer program. The three

dimensional 8-noded brick element (SOLIDA45) is selected to represent the soil
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and the loading plate. The contact between loading plate and soil is represented
by TARGE 170 and CONTA 173 elements.

Stresses in a Soil Mass due to Footing Pressure

Results from elastic theory indicate that the increase in vertical stress in
the soil below the center of a strip footing of width B is approximately 20% of
the foundation pressure at a depth 2.5B. In the case of a square footing the
corresponding depth is 1.2B. For practical purposes these depths can normally
be accepted as the limits of the zone of influence of the respective foundations

and are called the significant depth. It is essential that the soil conditions are

known within the significant depth of any foundation [7].

To study the behavior of the plate loading test on soil using finite element
analysis, it is necessary to simulate the conditions as close as possible to those
occur in the field. As mentioned above, the stresses applied on the soil decrease
with the depth inside the soil. Sing [8] mentioned that these stresses vanish at a
depth equal to width of footing. Therefore the the depth should be equal or
greater than (610mm to 1.2 B, whichever is greater), to ensure the stress be
within the depth of the model. In this research was taken equal to 1.5 m. The
plan dimensions of soil were uc?,lucd depending on the Boussinesq and
Westergaard theories. The Boussinesq and Westergaard theories are more
mathematically oriented methods for estimating soil pressures at various points
in a soil stratum. Both these are based on elastic methods. Figures (5) and (6)
show the pressure bulb for square footing. It can be seen that the stresses expand
horizontally up-to a maximum distance of 1.25 B approximately from centerline

of footing. So, the width and length in this research are taken equal to 1.5 m.

In order to prevent any rigid motions of the whole problem domain, it is

assumed that both the displacements in the horizontal and vertical directions are
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zero for all nodes along the bottom boundary of the mesh. On the vertical side

boundaries, the horizontal displacements have been assumed to be zero too [9].

The load, in the present study, is distributed on the nodes under the
loading plate in such a manner that each node takes a load equal to the uniform
applied pressure times the related area to the node, and for the circular loading
plate, an equivalent square loading area is assumed to calculate the loads on
nodes [10].

The yield criteria depend on the behavior of the soil. The Drucker - Prager
(DP) criterion is used for soil as yield criteria which is applicable to granular
(frictional) material such as soil, and uses the cone approximation to the Mohr-

Coulomb law.

The soil behavior is described by the Mohr-Coulomb model, having
Young’s modulus, E;= 140 MPa, Poisson’s ratio, v= 0.3, ¢ = 1 kPa and angle of

shearing resistance, ¢ = 30°.

Load-Settlement Relationship
Figures (7) to (10) illustrate the pressure-settlement relationships and the

contours for vertical displacement of the tested soils in the points (1 and 2).
These figures show that the predicted behavior concerning the load-settlement
curve is almost similar to the field results. The relationships start linear to fourth
of the ultimate load and then become nonlinear. Good agreement between the
field and theoretical results is achieved. The ratio of theoretical to field value of
settlement is 0.99 for the both points (1) and (2).

The Size Effect in Plate Loading Test on Soil
To investigate the effect of size of plate loading test on the nonlinear

finite element analysis of soil, Point (1) has been chosen to carry out this study.
In each numerical test, plate diameter has been considered to vary while the
other parameters being held constants in order to isolate the effect of the size. In
order to study the effect of size of plate loading test on the soil (D), different

values of (D) have been considered. The selected values for this parameter are
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0.2, 0.4, 0.6, 0.8 and 1.0 m. Figure (11) show the settlement versus plate

diameter relationship obtained from the finite element model for the selected

values of (D). It can be seen, the settlement increases proportional with the size

of the loading surface.

Conclusions

In this study, the main concluding remarks that have been achieved from

the test results may be summarized as follows:-

1-

2-

The settlement faster increased in the first few seconds after each new
load increment and contributed to obtain a plastic settlement.

The average elastic settlement for points 1 and 2 forms 42.27 % of total
settlement, this represent high percentage and is contrasted with that
mentioned by reference (1).

Nonlinear finite element soluuon ny ANSYS package program using
three dimensional elements for modeling the plate loading test on soil
gives excellent agreement with the field results for the load-settlement
relationships.

The finite element analysis shows the increase in the size of plate loading

test of the soil (D) causes an increase in the settlement.
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Plate (2): Plate Bearing Test for Location of Point (2)
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Figure (1): Load-Settlement Curve for Point (1)
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Figure (3): Load-Settlement Curve for Point (2)
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Figure (6): Pressure Isobars Based on the Wester

168

2015

gaard Equation for Square and

Continuous Footings. Values for the Continuous Footings are at the Point L/2
from the End (Ref.1).
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Figure (8) Contour Plot for Vertical Displacement (y) for Point (1)
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Figure (9) Variation of Settlement with Load for Point (2)

106



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2

WODAL SOLUTICH

15m
STEZE=3

SUB =&
TIME=1
u¥

REYE=0

15m

AN

OCT 13 201z
16:44:57

Settlement(mm)

O 1 1 1 1

0 50 100 150 200 250 300

Applied load/unit area (kPa)

Figure (11) Numerical load vs. settlement curves
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STRESS INTENSITY FACTOR FOR DOUBLE EDGE CRACKED
FINITE PLATE SUBJECTED TO TENSILE STRESS

Lattif Shekher Jabur Najah Rustum Mohsin
Iraq, Southern Technical University, Technical Institute-Nasiriya, Mechanical Technics Department.
Lsh58@yahoo.com Najahr2000@yahoo.com
ABSTRACT

A finite rectangular plate with double edge crack under uniaxial tension depends on the
assumptions of Linear Elastic Fracture Mechanics LEFM and plane strain problem are studied
in the present paper. The effect of crack position, crack oblique and the kinked crack
orientation are investigated to predict if a crack starts to grow. These problems are solved by
calculating the Stress Intensity Factor SIF for mode | (KI) and Il (KII) near the crack tip
theoretically using mathematical equations and numerically using finite element software
ANSYS R15. A good agreement is observed between the theoretical and numerical solutions.
The results show that the KI increases with increasing the relative crack length and tensile
stress and these values are increased when the crack position draws near the plate edge while
in case of parallel cracks the mutual shielding effect reduces Kl in each crack. In mixed mode,
it is shown that the maximum values of Kl and KIlI occur at crack angle p=0° and 45°,
respectively and the orientation of the kinked crack have significant effects on the Kl and KIlI.
Key Words: Double edge crack, SIF, crack oblique, ANSYS R15, kinked.
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1. INTRODUCTION

Recent development in engineering structures shows that small cracks in the body of
structures can cause a failure despite of the authenticity of elasticity theory and strength of
materials. As a result, fracture mechanics filed which is concerned with the propagation
of cracks in materials has developed to study more about this subject, Ali et al. [1]. The
crack may grow to cause structure failure due to low stress, which acts on a structure. Stress
Intensity Factor (SIF) is a most important single parameter in fracture mechanics, which can
be used to examine if a crack, would propagate in a cracked structure under particular loading
condition, i.e. it controls the stability of the crack, Saleh [2] .

No structure is entirely free of defects and even on a microscopic scale these defects act as
stress raisers which initiate the growth of cracks. The theory of fracture mechanics therefore
assumes the pre-existence of cracks and develops criteria for the catastrophic growth of these
cracks. In a stressed body, a crack can propagate in a combination of the three opening modes
that shown in Figure 1. Mode | represents opening in a purely tensile field while modes 11 and
I11 are in-plane and anti-plane shear modes respectively. The most commonly found failures
are due to cracks propagating predominantly in mode I, and for this reason materials are
generally characterized by their resistance to fracture in that mode, Arencon and Velasco [3].

The double — edge cracked plate is a common specimen in research and practice for
fracture mechanics. It has been studied by Bowie [4], who gave solutions for a circular hole
with a single edge crack and a pair of symmetrical edge cracks in a plate under tension by
using a conformal mapping technique, while Newman [5], using the boundary collocation
method, and Murakami [6], used the body force method to analyze the tension problem for an
elliptical hole with symmetrical edge cracks. Isida and Nakamura [7], made an analysis for a
slant crack emanating from an elliptical hole under uniaxial tension and shear at infinitity by
using the force body method.

Yavuz et al. [8] analyzed multiple interacting cracks in an infinite plate to determine the
overall stress field as well as SIF for crack tips and singular wedges at crack kinks. A
perturbation approach for the elasticT-stress at the tip of a slightly curved or kinked crack
based on used by Li et al. [9], while Saleh [2] analyzed and determined the KII of several
crack configurations in plates under uniaxial compression using a two-dimensional Finite
Element Method (FEM). Various cases including diagonal crack and central kinked crack are
investigated with different crack's length, orientation and location. Antunes et al. [10] studied
numerically the effect of crack propagation on crack tip fields. Spagnoli et al. [11] described
the influence of the degree of crack deflection on the fatigue behavior and Ali et al. [1]

utilized the SIF to determine the stress intensity near the tip of a crack using FEM.
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Recentllty, Mohsin [12] studied the KI for center, single edge and double edge cracked finite
plate subjected to tension stress to investigate the differences between the theoretical and
numerical solutions.

Fracture mechanics is used to evaluate the strength of a structure or component in the
presence of a crack or flaw, Fatemi [13]. In 1938 Westergaard solved the stress field for an

infinitely sharp crack in an infinite plate (Figure 3). The elastic stresses were given by the
equations Rae [14]

= cos @) [1 — sin {g) sin (32—9)] ................. (1)
— ccrs( ) [1 + sm@) sin (32—9)] .................. (2)
Tay = T €OS G) sm( )cns( ) ......................... 3)

e oy = (22)6(8), e )

Ty

k3 | @

where Oj; is stress tensor, ris the distance from the crack tip, 0 is the angle with
respect to the plane of the crack, and fjare functions that are independent of the crack
geometry and loading conditions.

From Saouma [15]
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When 0 =0, we have from (1) to (7)

oy = (i} ............. (8)
e =02
Oy = Opy = gﬂ.}; .......... 9)
Ty =0, (10)
then
Ouy = Opy = (W%) = Gwllg ............. (11)

Then, the K1 of a finite plate under tension load is

': i —
Ki= o L—r [2rmt = oyma, ... (12)
W 2
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Stress intensity solutions are given in a variety of forms, K can always be related to the
through crack through the appropriate correction factor, Anderson [16]
K(LILIID =Yoyma, .oooocvviin.. (13)

where a: characteristic crack dimension and Y: dimensionless constant that depends on the
geometry and the mode of loading.

When a body subjected to tension loading, the stress intensity factors for mode | and mode
I to any planar crack oriented 90° —  (Figure 4) from the applied normal stress (KIg and
Kllg) can be obtained depend on Sih et al. [17] as follow

Klg = KLecos®B..........coeeenn, (14)

Kllg = Kl.cosP.sinf, .............. (15)

where Kl is the mode I stress intensity when § = 0.

Supposing that the crack in question forms an infinitesimal kink at an angle o from the
plane of the crack, as Figure 5 illustrates. The local SIF at the tip of this kink differs from the
nominal K values of the main crack. If we define a local x-y coordinate system at the tip of
the kink , the local mode | and mode Il stress intensity factors at the tip are obtained by

summing the normal and shear stresses, respectively, at o, Anderson [16]:

KI, = Wu’% = [2 cos (‘} + = cr:rs{ )] Klg + [ : [sm (L) + sin (Ef}ﬂ Kl ...
(16)
KII, = Txyw“m = E [sm( } + sm( }H Kl + [1 COS ( } + —cos {3‘:)] Kl , ...

(17)
where Kl, and KlI, are the local SIF at the tip of the kink.

O
ANERERENE

A -
L -
L T | - =3 _— §
e O (> 2b
L)
Mode | Mode I Mode I -
Tensile In-plane Anti-plang l 1 l l 1 l l 1 l

Figure 1: Fracture modes [3]. Figure 2 Double edge

crack plate
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Figure 3: Crack with sharp edge [14] Figure 4: Through crack in an infinite
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Figure 5: Infinitesimal kink at the tip of a macroscopic crack [16]

2. MATERIALS AND METHODS

Based on the assumptions of Linear Elastic Fracture Mechanics LEFM and plane strain
problem, Double Edge Notch Tension (DENT) finite plate specimen as shown in Figure 2 is
studied using theoretical and numerical solutions.
2.1. SPECIMENS MATERIAL

The material of plate specimens is a Carbon Steel with modulus of elasticity =202 E-3
MN/m?, poison’s ratio = 0.292 and density = 7820 Kg/m®, Kulkarni [18].
2.2. SPECIMENS MODEL

To calculate the SIF in numerical and theoretical solutions, five models have been
selected as follows
I.  Double Edge Notch (DEN) is in the middle of the plate’s length (Figure 6a and b).
Il.  DEN is in the various positions along Y-axis (Figure 6d).
1. Two parallel DEN are in the various positions along Y-axis (Figure 6e).

IV.  DEN with crack orientation is in the middle of the plate’s length (Figure 6f).
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V. DEN with crack orientation and kinked is in the middle of the plate’s length
(Figure 69).
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Figure 6: ANSYS models with mesh and dimensions.
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2.3. THEORETICAL SOLUTION

For theoretical calculation, many researchers reported different equations for many
cases to evaluate the SIF for double edge cracks. In this paper, the SIFs are theoretically
calculated as follow : -

- Kl values for model I, 1l and 111 (i.e. DENT without orientation (B = 0)) are calculated based
on (13), where
a) From Nassar [19]

s61(5)-0.205(§)"+0.471(5)"~0.100(5)")
(1.122—&;51(&]—0.2&;{&) +0.471(3) -0.190(3

Y = b W W) (18)

b) From Tada et al. [20]

Y = (1—|—D.122cos“(£)) Zean(Z) (19)

T 2b

- Values of Klg and Kllg for model 1V (i.e. DENT with crack orientation) are calculated using
equations (14)

and (15), respectively.
- Values of Kl, and KiIl, for model V (i.e. DENT with crack kinked) are calculated using
equations (16) and

(17), respectively.

2.4. NUMERICAL SOLUTION

Numerically, all the five models ( as mensioned above ) are solved to calculate the SIFs
using finite element software ANSYS R15 with PLANE183 element as a discretization
element.

2.5. PLANE183 ELEMENT DESCRPTION

PLANE183 is an ANSYS element with quadrilateral and triangle shape, plane strain
behavior and pure displacement formulation. It is defined by 8 nodes ( I, J, K, L, M, N, O,
P ) for quadrilateral element or 6 nodes ( I, J, K, L, M, N) for triangle element, two
degrees of freedom (Ux , Uy) at each node (translations in the X and Y directions) [21].
The geometry, coordinate system and node locations for this element are shown in Figure
1.
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Figure 7: PLANE183 element geometry, coordinate system and node locations [21].

2.6. Applications

To explain the effect of the five cases that mention above on the SIFs, many cases are
studied theoretically and numerically as reported in Table 1.
Table 1: The cases studied with the parameters, solution types and number of figures.

No. of Changed Parameter in this .
Studied case study Other Type of Figure
Cases Parameters Solutions No.
Name WValues
0.110 0.6 Cr =200 Mpe Theoretical
/b with step 0.05 b= 350mm and Numerical 8
I i h=62.5mm
s SQ to 250Mpa E ; ggr;ﬁm Theoreticall °
with step 50Mpa | and Numerical
a=15mm
6, =200 Mpa
-50 to 50mm b = 50mm .
I z with step 5mm h=62.5mm Nomerical 10
a=15mm
20mm to E‘:_ggﬂpa
II1 s 100mm with step h=62 Smm Numerical 11
10mm _
a=15mm
S, =200 Mpa
IT and z -50 to S0mm b = 50mm Numerical 12
111 with step Smm h=62.5mm - -
a=15mm
S, =200 Mpa
v B -75°%t0 75° b = 50mm Theoretical 13 and
with step 5° h=62.5mm and Numerical 14
a=15mm
6, =200 Mpa
0°, 159, 30° b = 50mm
v (a+ B) 450, 60°65°, h=62.5mm Theoretical 15 and
700750, 80°85°, | a=10mm and Numerical 16
90¢° d=5mm
B=15°
©, =200 Mpa
b = 50mm
_ 0% 15°, 30° h=62.5mm
v (a*B) 45°, 60°65°5, a=10mm Numerical 17 and
70° 759, 80° 859, d=5 B 18
90° mm
B=(15°,45°.75°)
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3. RESULTS AND DISCUSSIONS

3.1. Effect of relative crack length and tensile stress on the Kl

Figures 8 and 9 explain the theoretical and numerical variation of KI for model | with
different values of relative crack length (a/b) and tensile stresses (oy), respectively. It can be
seen that increasing the ratio of a/b and o leads to increasing the value of K, in a high level.
From these figures, it is clear that there is no significant difference between the Theoretical
(Eq.18 and EQ.19) and numerical (Quarter and half model) results with a maximum

discrepancy of 0.79%.
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E" —i—Eg 19 —  2i00 == Eg i9

= Ansys Quarter Mode! £ Anzys Quarter Modal

g 2500 | e dpsys Half Model % 1800 | e dinsys Half Model

= =

Lt £

% 2000 5

E g

& 1500 E

g =
=

.E 1000 b

é £
LT

= soo |

or oz @3 ey o5 oa @r 50 100 150 00 250
Relative Crack Length (a/B) - Tensile Stress (Mpa) -
Figure 8: Theoretical and numerical Variation Figure 9: Theoretical and
numerical Variation
of Kl with (a/b) ratio. of KI with 6.

3.2. Effect of DENT position on the KI

The variation of KI for model 11 with different edge crack positions along Y-axis (z) are
shown in Figure 10. It can be seen that the KI values increases slightly fromz = 0to z =
+30mm, after that, KI values rises in a high level. Generally, maximum KI values appear at
when the crack near the plate edge while the minimum values occur when its position at the

middle of plate (i.e. z = 0).

000

3500

3000

2500

Stress Iutensity Factor KT (Mplnt)

-8 -4 -0 o 20 40 a0
Crack Distance ( z) (mm)

Figure 10: Variation of KI with crack distance (z).
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3.3. Effect of two parallel DENT position on the K

Figure 11 illustrates the variation of KI for model 111 with various two parallel edge crack
positions along Y-axis (s). From this figure, it can be seen that the KI values are increased
with increasing the distance between the two parallel cracks (s).

In the other hand, Figure 12 explains a comparison between the effect of one and two edge
crack positions along Y-axis on the Kl from z = -50mm to z = +50mm. It is clear that the Kl
values for model Il are greater than of model Il at z = 0, after that, the difference decreases
slightly from z=0 to z= £40mm and vanished when z>+40mm. Generally, In case of parallel
cracks, the crack tends to shield one another and this mutual shielding effect reduces KI in
each crack. The mutual shielding effect increase with decrease the distance between the two

parallel cracks.

4000 . - ;
e | ek ol 2 cracis
Eylrs]
T 300
- -
R, _}E 3500
= 3000 Z
2 :-&: 3000
w2500 ]
5] =
o = B0
= 2000 8
= = 200
2 1500 =
] " 1sm0
= =
= 1000 k]
z £ 1000
& s Z
E s
L=~
o [s]
i 0 . 40 i) &0 100 120 & a0 0 o 20 a0 @
Distance Between two cracks ( 5) (mm) Crack Distance { z ) (inm)

Figure 11: Variation of KI with the distance Figure 12: Variation of KI with crack
between two parallel cracks (5). distance for 1 and 2 cracks (2).
3.4. Effect the DENT inclination angle on the KI and Kl
The variation of KI and KII values with the double edge crack angle () for model IV
are shown in figures 13 and 14, respectively. From these figures, it is too easy to see that
the maximum Kl and KII occur at B = 0° and B = 45° respectively. Furthermore, Kl
gradually decreases when 0°> B > 0° while KII gradually decreases when 45° > >45°. In
addition, it is shown that a small difference between KI values in numerical and theoretical
solution but this difference will increase when calculate the Kl especially when 60°>
B>30° and -60° < B < -30°. It is clear that the crack angle has a considerable effect on the
Kl and KII values as a result of the shear stresses and normal stresses depend on the angle

values.
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Figure 13: Variation of KI with the crack Figure 14: Variation of KII with the crack
Orientation B°. Orientation B°.

3.5. Effect of the DENT inclination angle with kinked on the Kl and Klla

Figures 15 and 16 illustrate a compression between theoretical and numerical of Kl and
Klla values (Kla and Klla= Kl and KII at crack tip A, respectively as shown in Figure 69)
with variation of crack orientation plus kink angles ((a+f) = 0°, 15° 30° 45°, 60°, 75° 80°,
85° and 90°) at crack angle (B = 15°). From Figure 15 , it can be seen that there is a
considerable effect between two curves when o < 0° after that, the difference decreases
slightly and vanished at o > 60°. In the other hand, From Figure 16, it is clear that there in no
significant difference between theoretical and numerical values at 0<45°but the difference

slightly increase after this angle.
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Figure 15: Theoretical and numerical variation Figure 16: Theoretical and numerical variation
of KI with the (B°+a°) for (B°=15°). of KII with the(B%+a°) for (B°=15°).

Furthermore, the variation of Kl and Klla with the ((o+B) = 0°, 15°, 30°, 45°, 60°, 75°,
80°, 85° and 90°) at crack angles (B = 15°, 45° and 75°) are explained in the Figures 17 and
18, respectively. Figure 17 illustrates that the increasing in the angles  and (B+a) lead to

slightly decrease in the Kl values while, from figure 18, it can be seen that the increasing
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in the B lead to decrease in Klla values. In addition, Klla increases with the increase of
(B+a) angles until 60° and then it starts decreasing. Hence, maximum value of Kla and
Klla occur at when (B+a) = 0° and 60°, respectively. In fact, the mixed mode crack (crack
with mode | and Il) become a mode | crack only due to the crack tend to propagate

perpendicular to the applied normal stress.

1800 e 3=15 el [3=45 B=75 450 *ﬁ=1j +|3=45 |3=?S

-
S,
=

Stress Intensity Factor Kf (Mpvim)

Stress Intensity Factor Kif (Mpvim)

400

200 50
0 o B
o 15 E] 45 &0 75 op 105 o I5 30 45 = 75 @0 105
Crack orientation + Kink angle (5°+a?) Crack orientation + Kink angle (f°+u®)
Figure 17: Numerical variation of KI with Figure 18: Numerical variation of KII with
the (B°+0°) for different p°. the (B°+a°) for different p°.

Furthermore, Figures 19 and 20 are graphically illustrated VVon-Mises stresses countor
plots with the variation of the locations and angle of the crack. Figures 19a, b, ¢, d, and e
explain the variation of Von-Mises stresses for DENT in the middle of the plate length,
near the plate edge, parallel cracks, with angle and with kinked, respectively while the
variation of Von-Mises stresses with different values of crack and kinked angles are
illustrate in the Figures 20a, b, ¢, d and e. From these figures, it is clear that all cases

mentioned above have a considerable effect on the plate stresses.
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(d)

Increase

Figure 19: Countor plots of Von-Mises stress with the variation for double edge crack for
different cases.
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Figure 20: Countor plots of Von-Mises stress for different double edge crack orientations
and kink angles.

121



Thi_Qar University Journal for Engineering Sciences, Vol.6, No. 2 2015

4. CONCLUSIONS

(62}

The following conclusion can be drawn from the present study:

1- In all studied cases, a good agreement is observed between the theoretical and
numerical results with a maximum discrepancy of 0.79%.

2- Kl increases with increasing the relative crack length and tensile stress and when the
crack position draw near the plate edge but this value decreased in the case of two
parallel cracks as a result of the mutual shielding effect KI reduces in each crack.

3- The maximum values of KI and KII occur at crack angle p=0° and 45°, respectively. In
addition, KII vanished at B = 0° and 90° while KI vanished at p = 90°.

4- In kinked crack case, the maximum value of Kl and Klla occur at (B+o) = 0° and 60°,
respectively. It was seen that the orientation of the kinked crack have a significant
effects on the Kl and KIlI.
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