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ABSTRACT

In the present paper, an injection flow in separatione in sudden enlargement has been studied
experimentally and numerically. The injected flavaichieved through twelve slots placed around
the inner side wall of the step. The static presssrmeasured and calculated along the wall of
sudden enlargement for different values of injettiatio Q) and injection flow angles. The
average heat transfer variation with injection Regea number (Rg§ has been obtained for
different values of the injection flow angle. Veiigccontours, turbulent kinetic energy contours
and temperature contours are found. The flow Regalumber of injected flow in this study is
found to vary between 320 and 840, the flow Reymaldmber for the main flow is 5895 to 8450
at injection flow angles of 9 15°, 3, 45° and 60.
The results indicate that, the pressure recoveeffic@nt increases by decreasing the injection
ratio and increasing the injection flow angle. Tderage heat transfer coefficient increases as
both injection Reynolds number and injection flomgke increase. The numerical results show that
two recirculation zones generate behind the stépdan the injected flow and the main flow. The
size of these recirculation zones decreases byasarg the injection flow rate. The turbulent
kinetic energy increases within the region betwt#enrecirculation zone and main zone. On the
contrary, it decays by injecting flow in the recitation zone. The zone for higher value of flow
temperature decreases by injecting flow in thercetation zone, and this zone increases as the
injection flow rate increases. The comparison betwthe experimental and the numerical results
using the ke model with Leschziner and Rodi correction showidyf good agreement.
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1. INTRODUCTION between the channel and cavity heights is found to

The mixing flow between injected annular flow Play a significant role on streamline and isotherm
and main flow inside a chamber are important for Patterns for different heating configurations. The
many engineering applications, for example fuel and temperature d|str_|but|on of an optic fiber traverse
air mixing in gas turbine engine combustor system. through a chemical vapor deposition reactor was
This flow is of interest to increase the efficierayd ~ Simulated numerically by Iwanik and Chiu [6]. They
performance of combustor chamber. A number of indicated thgt, _ speed S|gn|f|cantlly affects fiber
investigations had studied facing step flow. Yilmaz temperature inside the reactor, with a temperature
and Oztop [1] were studied numerically the turbtilen changed over 50% observed under the studied
forced heat transfer for double forward facing step conditions.
flow. They used the commercial program on Dianat et al. [7] studied the highly turbulence
FLUENT, to indicate the effect of step height, step flow inside gas—turbine combustors. In their study,
length and Reynolds number on the heat transfer andhey used the large eddy simulation (LES) of scalar
fluid flow. Their results showed that, the secoteps mixing in a coaxial confined jet. Active control of
can be used as a control device for both heatfanans turbulent separated flows over slanted surfaces is
and fluid flow. A steady — state heat transfer gtud investigated by Brunn and Nitsche [8]. They uses th
for two dimensional laminar, incompressible, plane simple half diffuser configuration to demonstréte t
wall jet over a backward —facing step was carrietl 0 receptivity of actuator perturbations in a quasie t
by Kanna and Das [2]. They studied the effect of dimensional separated shear layer in terms of
Reynolds number, Prandtl number and step geometryfrequency spectra of measured velocity fluctuations
on the heat transfer characteristics. Their results Tnhe experimental study of pressure and velocity
indicated that, when Reynolds number increases, these|ds arising during normal injection of a radsbt
isotherms  are deflected toward the recirculation jntg ducted flow is described by Terekhov and

region and are concentrated near the wall. Also, Mshvidobadze [9]. Their results showed that negativ
when Reynolds number increases, local Nussultstatic pressure, whose value increases with rigeein
number along the bottom wall increases to a peakfiow rate of the fan jet. Palm et al. [10] studied
value and is asymptotically reduced in the experimentally and numerically the inflow condition
downstream direction. Seo and Parameswaran [3lfor a gas turbine swirl combustor. Their results
studied numerically the steady and unsteady flow jngicated that the axial velocity became incredging
through a backward facing step. They used the asymmetric with increase of swirl intensity. The
standard k- model with standard wall functions t0  yelocity increases from the inside to outside @& th
produce buoyant flow for various Richardson annular flow corresponding to an intensified radial
number. Their results showed that, for the flowrove moyement towards the outer wall due to imposed
the backward- facing step, buoyancy —driven vortex gyir.

shedding has been noticed only in the turbulent flo
when Richardson number increases to a critical
value.

The effect of velocity ratio on the turbulent
mixing of confined co-axial jets was reported by
] Ahmed and Sharma [11]. Mean velocity and

~The control of the isothermal turbulent flow yrphulence intensity distributions at differentestm
within a rearward- facing step combustor using yise locations were obtained using Laser Doppler
countercurrent shear was studied experimentally byv/e|ocimeter (LDV) for different values of velocity
Forliti and Strykowoski [4]. Their results indicate  ratios. Their results indicated that the mixingqess
that the use of suction based_ counter rovv_ h_asin confined jets depends strongly not only on the
essentially to separate mechanisms for aCh'eV'ngvelocity ratio, but also on the interaction betwéies
shear flow control. First counter flow has an efffetc boundary layer, mixing layer and the main flow,
augmenting the natural reverse flow, caused by theparticularly when the area ratio is small. The
sudden expansion of the step. The second meChaniserperimental study of buoyancy opposed wall jet
employed using the counter flow i_s the modification fig\w was studied by He et al [12]. They measures th
of the shear layer near the expansion plane. Mahca |oca| velocity, turbulence intensities and tempenat
al [5] studied numerically the effect of heated Ilwal using Laser Doppler Anemometry (LDA) and
position on convection mixing in a channel with an thermocouples, in the flow field produced by a
open cavity. Their results are reported in terms of buoyancy-opposed wall jet discharging into a slowly
streamlines, isotherms, wall temperature, and themgying counter- current stream in a vertical sectio

number of 0.1 and values of Reynolds number of 100 Rjchardson number increased, the influence of

temperature value decreases as Reynolds number angownward penetration of the jet and its lateraeapit
Richardson number increase. The effect of the ratioThe turbulent impinging twin—jet flow was studied
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experimentally and numerically by Abdel-Fattah pressure. These taps were connected to a multi u-
[13]. His results showed that a sub atmospheric tube monometer. The wall static pressure measured
region occurs on the impingement plate. It increase from these taps was repeatable witkid.5 %. Also,
strongly by increasing Reynolds number and the test section is provided with twelve Copper-
decreases as the jet angle and/or the nozzle te pla Constantan thermocouples distributed along the inle
spacing increase. The spreading of jet decreases bghamber surface to measure inner wall temperature.
increasing nozzle to plate spacing. The intensity o The injection system shown in figures (1b and 1c)
re-circulation zone between two jets decreases bycontains the chamber which provides by twelve
increasing nozzle to plate spacing and jet angte T rectangular slots with different angles to injecit h
increase of turbulence kinetic energy occurs within water. Each rectangular slot has 15 mm depth &hd 2.
flows with high velocity gradient. mm width. The required operating flow rate is

The flow and thermal fields in a turbulent jet, adjusted using the injected flow pump and control
|mp|ng|ng on a flat p|ate at an ang]e of incideritas valves. The volume flow rate is measured by an
been studied numerically bybdel- Fattah and Abd ~ orifice meter which is previously calibrated using
El-Baky [14]. The plate has a constant heat flux that collecting tank method. Uncertainly —analysis
transfers to the jet fluid and causes a temperatureindicated that maximum uncertainty in Nusselt
gradient in the fluid. Computations are carried out humber is 5 %.

with k- ¢ and V'2-f turbulence models. The flow The static pressure distribution, wall temperature
characteristics were studied by changing plate distribution and outlet temperatures are measured.
inclination as 0D < 6 < 45), the distance The pressure recovery coefficient is calculatedgisi

between the nozzle exit and plate was withir2 the equation: P-P

H/b < 12, and Reynolds number range was 2500 Co :Fumz (1)
Re < 12000. Their results showed that the location St

of maximum heat transfer was affected by the angle ) . e

of inclination. The location of this maximum shifts where Um is the inlet mean velocityp is the

towards the up hill side of the plate by increadimg  measured pressure arfgj, is the measured pressure
inclination angle. The value of maximum Nusselt .
at inlet. The total net heat flow, g, can be expeds

number increases with increasing nozzle to plate.n terms of bulk- temperature difference by-
spacing and pressure coefficient increases as the P y:

spacing decreases.

The present paper is concerned with an
experimental and numerical study for steady and
turbulent flow in a sudden enlargement with injewti
flow. Pressure recovery coefficient and heat trensf 3 4 3
characteristics are investigated through chandieg t
injection flow angle and injection Reynolds number.
Also, velocity, turbulent kinetic energy and
temperature contours for different injection flow 3

rates and constant injection anglé £ 0°) are
predicted in this work.

2. EXPERIMENTAL SETUP AND MEASURING
METHODS

The apparatus shown in Fig. 1 is designed to
carry out the experimental work. The test rig cetssi 3 9
of two centrifugal pumps (one for the main flow and 4

q = me (-Fbin _-Fbout ) (2)

=Y e . . Supply tank 6. Injection system

other for the injected flow), pipeline connectidast . .

. L 2. Main pump 7. Test section
section, injection system, and supply tank. The _ )
measuring devices constitute U-tube differential 3 C9ntr9l valve 8. U-tube differential manometer
manometers and thermocouples. The test section is a 4- Injection Pump 9. Bank  U-tube differential
circular sudden enlargement with area ratio of 9,to 5. Orifice meter manometer
made of commercial steel pipe with inlet nhominal Fig. 1.aSchematic layout of apparatus

diameter 25.4 mm (g1"), outlet nominal diameter
76.2 mm (B = 3") and length 150 cm. Twenty three
pressure taps of diameter (1 mm) are distributed on
middle surface of the test section to measure the
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Fig. 1.b Flow guide for injection system

Cusde system
Hot water " /
‘ ot wales =+ > T
HOU WAL e ®, o o e ) t“‘?
I | Injection system _,UU'_' Test section Q
— Leltn  ——

Fig. 1.cThe injection system

where 'th is the entrance mean bulk temperature and
'ITbM is the exit mean bulk temperature, cp is the

specific heat of fluid andrhmass flow rate,
calculated as:

M= pA; U, 3)

The net heat flowf] , can be also expressed as:

q= hav A (fbav _-ITWaV) ()

Then, the average heat transfer coefficigptis
evaluated from the equation:

_a
As(T y _Twav)

av

()

254

Where, 'ITbav is the fluid mean bulk temperature and
-ITWav

equations are used in calculating these tempegture

o (-Tbm + Tbout)
bav 2

:iiN:f/N
i=1

where'ITi is the measured temperature and N is

the number of measured values. Then, Nusselt
number, Nu, is calculated, based on the hydraulic
diameter, as follows:

h,,d
K

C

is the wall mean temperature. The following

(6)

()

Nu =

(8)
Where, kis the thermal conductivity

3. MATHEMATICAL MODELS

For solving the problem at zero inlet flow angle,
the flow is considered two dimensional, steady,
turbulent and incompressible fluid flow with no hea
dissipation. The physical model used in this stigdy
shown in Fig. 1a.

Based on the characteristics scales pfudd U,
the dimensionless variables are defined as follows:

L O S S
=0 =V o P
U, U, 050U
= = _Ed_ _
T= (-_r Tlv),g_ TE 'ut:&,
(T = Tw) m H
p=—, Nu:h"’lvd
P, Ke

Here the over bar represents the dimensional
quantities. According to the above assumptions and
dimensionless variables, the dimensionless govgrnin
equations are expressed as the follows:

Continuity equation

1 6ru arv
0

62 ) 9)
Axial momentum equation

au JUu_dp off1 1| 10

6r 0z 6z Re Rq ror

iiﬂfla” 19(r ov) (10

R Re )or | o0z( Re oz rar Reaz
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Radial momentum equation:

ou ov_op o1 1 \ov
V— +V—=—+ || —+— |— |+
0z o o o0z|\Re Re)oz

10 1 1 jov| 0 1 ov
S =t |— || —— |+
ror| \Re Re)or | 0z\Re oz
1ofrovy (1, 1)
ror{Re or) \Re Re )r?
Energy equation

or . odT _o0 1 1 \oT
u—+v—=— + — (12)

0z or 0z|\ RePr Re Pr )oz

10 1 1 \oT
+-—|r —+ —

ror| (RePr Re Pr )or

The dimensionless equations for standard k-
model are written as:

(11)

ok ok_af(1 1 Yok| 19
u—+Vv—="—||——+— | — |+ —— (13)
0z o o0z|\Re oRe)oz| ror
ri+ 1 % +G-¢
Re o, Re jor

de de_o|(1 1 oe| 10
Uu—+v—=—|| —+ —|+=—=

0z or o0z [Re g, Ranz} ror  (14)

1 1 \oe £ £
r—+ — |+ —-G-¢,—
Re o, Re jor k k
Here G is the rate of production of turbulent
kinetic energy and is given by:
2
G= 2S

Re[ (15)

gﬂ 2m azﬂ (16)

and

82:} (GU_'_EN]Z_'_
2|\or oz

The curvature radius is calculated from:
+u? al —y?2 ou
or

ov odu
uv| — - —
1 _ or 0z 0z
R (u2 +v 2)1‘5

The dimensionless form of dissipation equation
for renormalization group model [17] is written as:

(18)

e as_laK1 1 Jas} 9
U—+V—==——[r| —+ —|+=
0z o ror| (Re o.,Rejor| oz
S (19)
1 1 \og| € 7 &
4 + = Cl_ G_sz
Re o.Re |oz| k 1+ 817 k

where; = k 252

The values of the model constants are taken as:
c,=0085¢c, =144 c, =168 o0, =0719
o, =0719n,=438and 5=0.012

Here the dimensionless eddy viscos’{{yis given
by the relation
p K’
£

The computational domain boundaries are shown
in Fig. 2. The boundary conditions for the above se
of governing equations are as follows:

a) Inlet boundary

- At (a-b) and (e-f), the uniform velocity profiles
and temperature are given by:

H =C,R,

V =V, sing, u=U; cosf and T =T,

- At (c-d), uniform velocity profiles and turbulen
kinetic energy dissipation rate are given hy =1,

c kl.5
V=0,T=1l k=001 and o=«
0.1

b) Wall boundary

At (b-c, d-e, f-g and h-a), the no slip boundary
condition on the wall is imposednd using the wall

The values of the model constants are taken aSynction suggested by Launder and Spalding [15]

reported in [15] as follows:
¢, =144 ,C, =192, ¢, =0.09,
o= 1 ando.=1.3

u=v=0andT=0_

¢) Exit boundary
At (g-h), a zero gradient condition is employed

Leschziner and Rodi [16] incorporated the effects for the outlet boundary. Although this boundary

of stream line curvature oﬁﬂ in the form.

¢, = Max 0.025 ; 009 (17)
1+ 057k7 a\/tol +\/101 Vlot
glon R JR
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condition is strictly valid only when flow is fully
developed, it is also permissible for sufficient
downstream distance from the region of interest as
reported in [18], i.e;

9¢ _ Oand @ is  either variable  of
0z

u,v,T,kand &
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(/fj _@J_l

1]
l MAX
\‘l v a,

In addition, the ratio of the difference betweea th
inlet and outlet mass flow rates to the inlet nfass

<10 (20)

T =lu=1 "" b rate relative mass imbalance was also examined.
F, =001, i b & Convergence was declared if the relative mass
e = k__, imbalance was less than i@Gnd Eqg. (20) was
et [}:[ & & satisfied simultaneously. After the convergence at
01 3 this time step the entire variables take the initial
' = - condition values for the new time step. To verkg t
r=Tyv=v,d| 4 algorithm, numerical tests were performed to ensure
W=ty t0sd = g that the solution was grid algorithm.
' The grid points are distributed uniformly over the
A computational domain. A 155 x 41 grid points were
3‘:":’“5:0*7’:0 fixed in the computational domain as shown in Fig.
: _ . 2. Results of a grid independent study are shown in
Fig. 2 Computational domain Fig. 3a. The effect of employing different the
turbulence models on the variation of pressure
4. SOLUTION PROCEDURE coefficient is shown in Fig. 3b.
The mathematical models described above consist 1.00 o
of a set of differential equations subject to 0=0
appropriate boundary conditions. To provide the 0.75 Re, = 8450

algebraic form of the governing equations, a fully
staggered grid system was adopted for the velocity
components and the scalar variables. These egsation
were discretized using a control volume finite
difference  method (CVFDM). The numerical

0.50 Q=035

solution in the present work is accomplished using 0.00

Semi- Implicit Method for Pressure Linked Equation . Experimental
(SIMPLE) utilized by Patankar [19]. The velocity 025 Grid 155 x 41
components is calculated at the east and west faces .

of the main control volumes from the solution oé th -0.50 o Grfd 1S xSt
axial momentum equation. Similarly, the velocity | 77 Grid 135x31
component v at the north and south faces is '0'7%.0 0.2 0.4 0.6 0.8 1.0
calculated. Once the pressure correction equation i z/L

solved, the velocities and the pressure fieldsttzaa
corrected. To complete iteration, the energy equati
and the turbulent kinetic energy and energy
dissipation rate equations are solved successively.
The discretization equations were solved by the lin

Fig. 3.aEffect of grid refinement on the pressure
recovery coefficient

1.00

0
0.75 6=0

by line procedure, which is a combination of Gauss- Ren = 8450
Q,/Q, =0.35

Seidel and tridiagonal matrix algorithm in the
streamwise direction. The tridiagonal matrix
algorithm (TDMA) was used to solve a set of
discretization equation in the cross — equatiorthién

cross- stream direction. Relaxation factors were

0.00
employed to promote smooth convergence of the
discretized equations. The employed relaxation 025 _
factors were 0.5, 0.5, 0.5, 0.8, 0.85 and 0.85ufor, ' * EXpe"me;“T'
p', T, k ande respectively. The turbulent viscosity 050 o k_;::d:mh il comecion
was under relaxed at a value of 0.85. The converged RNG model
criterion in this study was based on the successive -0.75
changes in variables. All field variables were 0.0 0.2 O.4z/L 0.6 0.8 10

monitored, and the following condition was used to
declare convergence: Fig. 3.b Effect of turbulence model on the pressure

recovery coefficient
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5. RESULTS AND DISCUSSION
5.1 Velocity Contours

A representative selection of axial velocity
contours (1/U ) obtained numerically for different

values of flow injection ratio at injection anglé €
0% are shown in figure 4. In figure 4a, results lod t
flow without injected stream are presented. It ban

The profiles of the radial velocity contours
(v/U,,) are shown in Fig.5. From this figure, it can

be seen that the intensity of secondary flow in
recirculation region decreases by increasing the
injection flow rate. This is due to the injectiorial
flow in recirculation zone behind the step at inlet
The re-circulation zone increases at higher value o
injection flow ratio for constant value of injeatio

seen that the velocity concentrates around chambefiow rate and small value of the main flow as shown
axis and decreases in the radial direction. It alsoin Fig. 5e.

decays in the downstream direction. This is
apparently because the main flow becomes more

radically spread in the downstream direction, at
distances far from the inlet section.

(a)

ir.fdm
@ L — (h)
L g o2 16 oo oy, v ry 3 z, L1 16 10 000
o, frid. -0.01
Iz . )y ;7 7 003
(h) _ e E = 0.04
a7 L} 4 ] il 1t 16 o] 0.05
] 4 JTRE 16 20 0 =, A
ns
.IrIdm oa ) — 0.0%
H o5 == 0.0
© LE_—v 0 [ = :
] 4 % 12 16 0 on ‘ + ¥ oz 16 0
zid,,
=01
Ir'lld"'" 0.2 11‘-'dm.
| e) 3=
@ L — —
L} 4 i 12 16 il
i 1 § a1z 16 2 Ll
rid No Q Re
@ 1 a 0 8450
L 4 & z.l'dmu 16 i ] c 0.25 8450
No o) Re, d 0.35 8450
a ) 8450 e 0.43 5895
b 017 8450 Fig.5. Radial velocity contoursy/u ) at
c 0.25 8450 injection flow angle § = () using the ke model with
d 035 8450 Leschziner and Rot(_m cgrrectéogf;or different injent
ratio, Q, an
e 0.43 5895 .
5.2 Turbulent Kinetic Energy Contours

Fig. 4 Axial velocity contours (1/U ) at injection —
I Y u,,) ) The turbulent kinetic energy contour& (U,

obtained numerically for Re= 8055 using the k-
model with Leschziner and Rodi correction [16], are
shown in Fig.6. From Fig. 6a, where the flow in
sudden enlargement has no injection in recircutatio
The main flow becomes more concentrated by zone, it can be noticed that increase in turbulent
injecting flow in recirculation zone. This flow kinetic energy happens within regions between the
concentration extends in the downstream directipn b recirculation zones and main zones. This is duggo
increasing the injection flow rate as shown in Figs velocity gradient in these regions. This turbulent
4a-4d. At the same injection flow rate, as thermai kinetic energy decays by injecting flow in the
flow rate decreases, the flow becomes more recirculation zone. This is due to small velocity
concentrated at chamber center and the recircolatio gradient in that regions see Figs 6b & 6d.
zone between the main flow and the injection flow
becomes more clearly as shown in Fig. 4e.

flow angle @ = () using the ke model with
Leschziner and Rodi correction for different injent
ratio, Q, and Rg
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L
0.040
1] 4 B 12 16 0 0.035
zid,. 0.030
rid. 0.025
! 0020
ClE—
0.010
0 4 g a2 16 70 e
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Fig. 6. Turbulent kinetic energy contours
(k/U2) at injection flow angle§ = &) using the ke

model with Leschziner and Rodi correction for
different injection ratio, Q, and Re

As the injection ratio increases at constant

injection angle @= 0°) and constant main flow rate,
the turbulent kinetic energy decreases but thetleng
of higher turbulent kinetic energy increases. Tikis
due to increase the size of mixing zone which aecur
between the main flow and injection zone. The
increment of turbulent kinetic energy in these oegi
decreases by increasing the injection flow ratds Th
is due to decrease of the velocity gradient between
the injection flow and main flow, then the turbuten

of flow reduces. The turbulence of the flow becomes
more less for case of constant injection flow iaatel
decrease in main flow rate as shown in Fig. 6e

5.3 Temperature Contours
A representative selection of the temperature
contours @) for Rg,= 8055, using the k-
(Tm “lw

model with Leschziner and Rodi correction [16] is
shown in Fig.7. From Fig. 7a, where the flow in
sudden enlargement was no injection in recircufatio

258 Engineering Research Journal, Minoufiya

zone, it is seen that flow temperature is heigtthat
initial zone of the pipe and it decreases in down
stream direction. Also, it can be seen that thevflo
temperature in the recirculation zone is smallanth
the flow temperature of pipe center. This is due to
increase of the secondary flow which leads to
increase of the heat transfer and, then heat refect
increases, consequently the temperature decreases i
downstream direction, see Fig. 7a. By injecting hot
fluid in recirculation zone at same temperature of
main flow, the intensity of secondary flow decrease
and the flow temperature in recirculation zones is
higher than the flow temperature for the case witho
injection. This is due to decrease the flow turhate

in this zone then the heat rejection decreases and
consequently the temperature increases in thatmegi
As the injection flow ratio increases at constant

injection flow angle é: 0°), the flow momentum
increases then the length of the higher temperature
region increases, see Fig. 7b - 7d. In case oftaons
injection flow rate and low main flow rate, the ¢gih

of higher temperature region increases. This istdue
decrease of the secondary flow and consequently the
heat transfer decreases then the temperature become
bigger as shown in Fig. 7e.
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1] 4 i'.l'd,}ﬁ pul} 4 2% L
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© 0t
048 1,k W 4 B 0.3
trid,, gi
(d | 0.0
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1] 4 B ].'IIM:ﬁ 0 M 28
No Q Re,
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b 0.17 8450
c 0.25 8450
d 0.35 8450
e 0.43 5895

Fig. 7. Flow temperature contours
(T -T,)/(T, -T,) at injection flow angleq = ¢°)
using the ke model with Leschziner and Rodi
correction for different injection ratio, Q, and,Re
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5.4 Effect of Reynolds Number on the Pressure
Recovery Coefficient

Figs 8a- 8e show the pressure
coefficient (P-P, /050U2%) measured
different values of inlet flow angle as a functioh
axial distance (z/L) at different values of theettjon
ratio. From these figures, in the case of sudden
enlargement without injection flowQE 0), it is seen
that, generally, the local pressure recovery dese®a
to reach a minimum value through the recirculation
zone behind the step which causes increase of
hydraulic losses. Then the pressure coefficient
increases to maximum value at reattachment point
which it starts to decrease again gradually in the
downstream direction due to the friction effectisit
evident that in the case of no injection, a shegiaon
of favorable stream wise gradient exists after the
step. In addition, it can be noticed that an inseecaf
the injection ratio about zero value which causes a
increase of the pressure coefficient.
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Fig. 8. Variation of the pressure recovery coefficient
of different values of injection ratio ,Q, at infem
flow angle (6, 15, 3¢, 45’ and 66) at Rg, = 8450
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Also it can be seen that, the pressure recovery5. 6 Average Heat Transfer
coefficient increases by increasing the injectilmuvf Overall Nusselt number along the sudden
angle. This can be explained due to increase ofepjargement are presented in this section to
injection flow angle, which leads to increase the jnyestigate the overall heat transfer charactesistis
radial velocity and consequently the kinetic energy affected by main Reynolds number (Reinjection

increases which effects on the pressure coefficient Reynolds number ( Reand injection flow angle.
Also, it is noticed that the peak of the pressure

recovery decreases by increasing injection floworat
Q. In addition, the figure 8a indicates the comparis
between the experimental and numerical work using
the k€ model with correction of Leschziner and Rodi . :
increases as Reynolds number of main flow

[16] at inlet flow angle 6= 0). The comparison increases. This is because the momentum of main
gives a good agreement between the experimentalo,y increases by increasing Reynolds number, then
and numerical results. the heat transfer increases. Also, It shows the
5.5 Effect of the Injection Flow Angle on the  comparison between the measured Nusselt number
Pressure Recovery Coefficient and numerically compared using the kaodel with

Figure 9 shows the measured pressure recovengorrection of Leschziner and Rodi [16]. The
coefficient (B - P, /05pU2) as a function of axial ~COMParison shows satisfactory agreement.

distance (z/L) at different values of the injectitow N ;-sgelt r?ﬁr?rgerogt”ygr?g% r:]t Er?ay'go:gz nnolfgnsbir n?tr:er
angle ¢ =0°, 3¢ and 60) and constant value of y u : y u

o S (Re, = 8050) is shown in Figs 10b and 10c. The
injection ratio Q=0.35). results indicted that, generally, the values of $¢éits
number increase, due to the increase of injection

Figure 10a represents Nusselt number as function
of Reynolds number of main flow in sudden
enlargement (Rg without injection flow Q= 0).
From this figure, it can be seen that Nusselt numbe

0.75 Reynolds number at all values of injection flow
Re,, = 8450 angle. The reason for this tendency may be dueeto t
N Q=035 momentum increases as Reynolds number of injected
0.50 EjhhﬁAAA ' flow increases causing an increase in the heasfean
Cop & a.ffnﬁ A, coefficient. Although Nusselt number increases as
0.25 .,’ oo EE o : Aa Reynolds number of injected flow increases bug thi
o e o A increase does not reach to the value of Nusselt
u number in case of the flow without injection with
0.00 constant value of main flow. This is due to redtiee
recirculation zones. Injecting hot flow in
e 9=0" recirculation zones causes decrease or finishes the
-0.25 s g= 300 intensity of secondary flow then the heat transfer
. 9260 decreases.
050 Figure 11 indicates the variation of Nusselt
0.0 0.2 0.4 0.6 0.8 1.0 number against the injection flow anglé, for
z/IL different values of Reynolds number of ;Rand at

Re, = 8055. It can be seen that, Nusselt number
increases as the injection flow angle increasess Th
is because of the increase in momentum by
increasing the injection flow angle which leads to
From this figure, it can be seen that the pressurejncrease of Nusselt number. Also, the heat transfer
recovery coefficient before the reattachment point cqefficient for all injection flow angle is lessath a

increases as the injection flow angle increasess Th ca5e of without the injection flow because the
can be explained by increasing the injection flow recirculation zone reduces.

angle, which leads to increase of radial component
velocity, then the kinetic energy which convertin
pressure increase. Also, the peak of the pressure
coefficient moves award in the upstream direction
with increasing injection flow angle. This is besau
the recirculation zones between the main flow and
injection flow decreases with increasing the inatt
flow angle then the reattachment point shifts talvar
upstream direction.

Fig. 9 Variation of pressure coefficient at different
values of injection flow angle
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6. CONCLUSIONS

The behavior of the fluid flow of steady
incompressible turbulent with no heat dissipation i
sudden enlargement with injection flow in separatio
zone was carried out experimentally and numerically

The effect of injection ratio, Reynolds number
and the injection flow angle on the pressure regpve
coefficient and the heat transfer characteristies a
studied experimentally. The velocity, turbulent
kinetic energy and temperature contours are
predicted numerically. The major conclusion of this
research could be summarized as follows:

- The size of main recirculation zone which
generates in sudden enlargement decreases by
increasing the injection ratio although it still be
small than inthe  case without injection flow.

- Recirculation zones occur in the zones between
the injection flow and main flow behind theste
The size of these recirculation zones increases by
increasing the injection flow rate.

- The axial velocity concentrates in the chamber
medial and the maximum value of this velocity
extends in downstream direction by increasing the
injection flow rate.

- The turbulent kinetic energy increases within
region between the recirculation zones and maie zon
and it decays by injecting flow in the recirculatio
zone.

- The length of zone for higher value of flow
temperature decreases by injecting flow in the
recirculation zone, and that length increases as th
injection flow rate increases.

- The pressure recovery coefficient increases by
increasing injection ratio and also its peaki@aat
the reattachment point increases as injection flow
ratio increases.
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- As the injection flow angle increases, the u
pressure recovery increases and its maximum value

at the reattachment point shifts in upstream diact

by increasing the injection flow angle.

u

Dimensionless of axial component of local
mean velocity (u&/U,,)

Axial component of local mean velocity (m/s)

- The value of Nusselt number increases as U, Injection mean velocity of jet (m/s)

injection Reynolds number increases, also
increases as the injection flow angle increases.

- For all cases of injection in recirculation zafe
sudden enlargement, the heat transfer is lessthigan

heat transfer of the flow without injection.

U, Inlet mean velocity of sudden enlargement (m/s)

\Y

Dimensionless of radial component of local
mean velocity ¥ =V /U )

- The comparison between the numerical results V Radial component of local mean velocity (m/s)
and the experimental measurements for averagerz Cylindrical coordinates

Nusslet number gives good agreement using the k-
model with correction of Leschziner and Rodi [16]

Nomenclature
A; cross sectional —area of the flow
As surface area of the heat transfer
b  hydraulic parameter of injection jet mm
Ci, G, G, empirical constants of kmodel
Cp Pressure coeﬁicientfﬂ_ Pin )
050U2
d hydraulic parameter of the flow at inlet ()nm
dn Inlet diameter of sudden enlargement (mm)

d, Inlet nominal diameter of sudden enlargement

(mm)

D, outlet nominal diameter of sudden enlargement

(mm)
h., Average heat transfer coefficient W)
k Dimensionless of turbulent kinetic energy
(k/U?2)
Thermal conductivity W/(m.K)

Turbulent kinetic energy J/kg
Dimensionless pressure

o T X &

Static pressure Nfm

Pr  Laminar Prandtl number
Pr.  Turbulent Prandtl number
9 Heat flow rate W

Q Injection ratidq, /Q,)

Re; Injenction Reynolds numbeRrg =pu, b/ 1)
Ren Reynolds numberRe, =pU_d /u)

Ren Turbulent Reynolds number (Re pU, d/ )

S Formation rate tensor
T  Dimensionless temperature

T Temperature k
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Greek symbols

& Dimensionless dissipation rate of k,
(e=£d_/U2)

£ Dissipation rate of kd/kg
M Dynamic viscosity kg/m.s
O Density kg/m
o. Model constant
o, Model constant
Subscripts

- Dimension

av Average

in Inlet

i Injection

m Main

n nominal

t  Turbulent
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