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Separation Control and Heat Transfer over a Fence inside
an Asymmetric Diffuser
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ABSTRACT

The present work 1s concerned with an experimental investigation of flow and
heat transfer through a fence located in an asymmetric plane two-dimensional
diffuser. The average velocity and fluctuation fields have been measured with a
constant temperature hot—wvire ancmometer (CTA). However, pressures in
reversed flow regions have been measured usibg 5-hole-probe. Of special
interest s the influence of the fence on measuring the: velocity and the pressure
of the flow in relation with heal transfer parameters at five well-chosen stations
of the diffuser.

The obtained experimental data are used to provide a comparison between the
cases of using and not using the fence [or the sakc of separation control and
consequently the determination of the variation of Stanton and Nusselt numbers,
particuluriyy in the separated regions. Also, the investigation is reported for some
atiributes about the sensitivity of the separated and reversed flow regions, that
represent a range of flows m which the controlling mecherisms are largely
Unknown.
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1. INDRODUCTION

Past studies of the internal flow over a
single fence or an obstacle helped to
establish the influence and effects of
Reynolds number, blockage ratio,
upstream conditions, and, in the case of
the obstacle, the length to height ratio.
Reviews of wall-reattaching separated
flows have been provided, among
others, n references [1 to 4]. In some
situations, turbulence generation and
mixing associated with separation are
desirable, whereas in others, separation
Is to be avoided as the fence causes a
pressure  loss and  makes the
considerable pressure gradient less
cffective {5 to 11]. Also, heat transfer
characteristics behind a two-
dimensional  fence  have  been
investigated extensively tn the past.
Such geometry appears in several
designs of heat exchanging devices,
such combustion chambers, electronic
equipment, and cooling passages of
turbine blades. Reviews dealing with
the heat transfer characteristics of
separated flows have been reported
through (12 to 17). Most of the
published studies have been numerical
in nature and have dealt mainly with
forced convection flows. Experimental
results for heat transfer in separated
flows are lacking, and measurements of
the effect of the flow control devices on
separated flows do not seem fo have
appeared in the literature, This has
motivated the present study, which
explores experimentally the effects of
the fence on the flow and heal transfer
characteristics in separated boundary
fayer flow downstream of a (wo-
dimensional fence. In the present work,
an asyminetric two-dimensional
diffuser is  well dcsigned and

manufactured to have flow separation at
a determined distance. A small fence is
focated normal to the wall of the
diffuser at the position where the flow
separation would expect to occur.
Measurements of velocity and pressure
of hot air flow at three weli-chosen
locations are made. Of special interest
are the influence of the fence on
separation control and consequently the
determination of the wvariation of
Stanton  and  Nusselt  nunbers,
particularly in the separated regions.
Also, the comparison of using and non-
using the fence is reporied.

NOMENCLATURE

A, Cross-sectional area at inlet, (m?')
A, Cross-sectional area at exit, (m?%)
A, Arearalio, = (AyA))

C, Specific heat at constant pressure,
(J/kg. K}

h Heat transfer coefficient, (W/mz. K)
k Thermal conductivity, (W/m. K}

N Diffuser axial length, {m)

Nu Nusselt number, = hwW/k

P, Static pressure al inlet, (Pa)

P, Static pressure at exit, (Pa)

Pc Prandt] number, =p. C, /k

Re Reynolds number, = p U, W/p

St Stanton number, = h/p. u. Cp

U Mean velocity in the diffuser,

(m/sec)
U (x) Core velocity, (im/sec)
U Mean velocity in the inlet

cross-section, (m/sec)

u* Friction velocity, =.fz../p, (m/sec)

u Mean local wvelocity component,
{m/sec)

U* Dimensionless velocity, = w/U

X Axial distance measured from

diffuser inlet, (m)
y  Normal distance to wall, (im)
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x*
x/N
Y* Non-dimensional normal distance,
= ylys

W1 Diffuser width at inlet, (m)

W2 Diffuser width at exit, {m)

AP Diffuser recovery pressure, = (P, -
Py, (Pa)

du/dx Velocity gradient in x-direction,
(1/sec)

dP/dx Pressure gradient in x-direction,
(N/m’)

du/dy Velocity gradient in y-direction,
{1/sec)

dz\.u’d)*2 Second derivative of vetocity
in y-direction, {1/m.sec)

Ty Shear stress at the wall, =
w(du/dy) pq, (N/m’)

p  Ailr density, (Kg/m3)

g Dynamic viscosity, {(N.s/m%)

v Kinematic viscosity, = u/p, (mzz’sec)
0 Wall angle, (degree)

d Boundary layer thickness, (m)

Non-dimensional axial distance, =

— —
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2, EXPERIMENTAL
CONFIGURATION

2.1 Test Section

The asymmetric plane diffuser (test
section} is made of wood except one
side is made of plexiglass to facilitate
flow observations during experiments.
The inlet and exit cross-sections are
(0.3%03) m? and (0.775%03) m’,
respectively. The length (N} is 1.73 m
with wall angle of 8 = 15° and ratio of,
N/WI= 6.0. The geometry of the flat
wide angled diffuser and the positions
of the available stations  for
measurements are illustrated in Fig. (1).
The five stations of the diffuser have
five drilled holes on periphery of the
diffuser wall for positioning hot-wire
ancmometer and S-hole probe for
measuring velocity and static pressure
respectively.

51

Fig. |

52

53 Sd 55 3

Geometry of an asymmetric diffuser and positions of measuring stations
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The diffuser is divided into five
regions, the first region, x = 0.0 - 0.3
m, where x is the axial distance from
the inlet of the diffuser measured in the
downstream direction; the second
region, x = 0.3 - 0.61 m, the third
region, x = 0.61 — 1.13 m, the fourth
region ,x=1.13 — 138 and the last
region , x= .38 — 1.62. A simple and
effective  empirical method  was
developed to determine the location of
the point of separation. However, the
point of separation locates at a distance
of 0.36m measured from the first
station, S1. A fence of dimensions
{0.3*0.04*0.0075) m made of plastic 1s
placed where the separation would be
expected to take place.

2.2 Wind Tunnel

A schematic diagram of the wind tunnel
and instrumentation is shown in Fig.
(2). Experiments were conducted in an
open-circuit wind tunnel powered by a
7.5 Hp. The control valve installed,
connected to the main parallel pipe
through a contraction, provides a means
of varying the test section speed (within
the range 3-20 m/s). Twelve electric
heaters (12 kW) are used to maintain
airflow through the working section at
different temperatures. The heaters are
located apart 2.7m from the working
section (wide-angled diffuser). The duct
walls are insulated to reduce the heat
losses through the walls, However, the
heat losses, 3% of input heat to heaters,
can be neglected.

1514073 15 ] | “I-‘_ 17 — e 3 S R — e 49

o3l

1. Filter
5. Plastic fence

2. Damper ( three screens )

3. Main blower and control valve
6. Asymmetric plane diffuser

7. Diffuser exit

Fig. 2 General layout of the test rig and instrumen(s, dimensions in (m), not (o scale

4, Heaters



Mansoura Engineering Journal, (MEJ), Vol. 32, No. 4, December 2007. M. 47

2.3 INSTRUMENTS

In the present work the multi-channel
CTA anemometer DANTEC, 54N80/81
and S5-hole- probe are used. The
constant hot-wire anemometer works
on the basis of convective heat transfer
from a heated sensor to the surrounding
fluid, the heat transfer being primarily
related to the fluid velocity .It is
possible to measure velocity
fluctuations of fine scales and of high
frequencies. The advantages of CTA
over other flow measuring principles
are ease-of -use, the output is an
analogue voltage, which means that no
information is lost, and very high
temporal resolution. The hot-wire
anemometer or CTA consists of a probe
with probe  support and cabling , a
CTA anemomeler, a signal conditioner
,an A/D converter , and a computer ,
and very oflen a dedicated application
software for CTA  set-up, data
acquisition and data analysis is part of
the CTA anemometer.

The present measurements are made
using gold plated wire of S5p m in
diameter and [.2 mm active length
between two ends, and total length of
3mm long in order to minimize prong
interference. However, gold plated wire
is applicable for air flows with
turbulence intensities up to 20-25%.

J.EXPERIMENTAL
PROGRAMME

The experiments were performed in an
asymmetric diffuser for airflow at
Reynolds  number  approximately,
Re=0.75%10°, based on the inlet
condition of the diffuser (U,=4.5m/s,
W1=0.3m). The electric heaters were
used to maintain the mean temperature
of the air inside the diffuser (T=55°C).

The average velocity and fluctuation
fields have been measured with a
constant temperature hot-wire
anemometer (CTA). However,
pressures in reversed flow regions have
been measured using S-hole-probe (the
diameter of five — hole probe =3 mm,
and the first point near the wall at 1.5
mm), at five different locations of the
diffuser. The results were averaged and
used to calculate the mean velocitly
distribution of the airflow through the
diffuser, (about 20 points, and 1.5 cm
between each two points, excepl two
points near the walls, such distance s
3mm ). A digital thermometer
(measuring range -30 °C to 120 °C,
resolution 0.1 °C) is used to measurc
the temperature distribution of the hot
air at each station and at the inlet of the
diffuser. The experimental readings of
temperature were averaged to have
mean air temperature through the
diffuser. However, the physical
properties of the air were taken at the
mean temperature.

4. MEASUREMENTS
UNCERTAINTY ANALYSIS
Velocity measurements are subjected to
errors  in the  location  of the
measurement control volume of the
working section. The other parameters
recorded during the experimental runs
and the respective  measurement
uncertainties are listed in Table (1). The
least count limits seen in the table are
the smallest interval between the scale
markings of the perspeclive
instruments. The bias limit for
instruments was negligible. An error
analysis including the effects of both
bias and least count errors, using the
root-sum-square method, showed that
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the uncertainty [1& to 20] in the
measured mean velocity is +4.6 % (+
0.24 m/sec) within 95 % confidence.

Tablel The least count limits for the
measured parameters

A.S. Abdelhameed and A. Abd Elmotalip

values
Table

Other uncertainty
summarized in

are

(2).

Table 2 Estimated typical
uncertainties

Parameter least count limit Parameter | Uncertainty, %
Barometric pressure + 0.1 mm Hg u +46
Static pressure gage +5% P + 6.83
Dynamic pressure gage | +£35 % Re 1474
Width, W1 + 0.1 mm Nu 474
Length, N 0.1 mm St Ta474
Diffuser angle, 0 1% 3 n 4'2,? .
Air density, p +5% '
inlet velocity, U, HES %
Pressure gradient, dP/dx twice the standard
velocity gradient, du/dx | deviation of the slope of

(P-x), (u-x) plots

Inlet air temperature +0.5°C
Dynamic viscosity, p £3%

5. RESULTS AND DISCUSSIONS

5.1 Velocity Results

Figure (3) shows the wvelocity
distribution of hot air, at T= 50 °C,
through the diffuser at Reynolds

number, Re= 0.75*10° based on inlet
flow condition for two cases of the
fence. As can be seen, in Fig. (3.a) that
the velocity distribution at stations (I,
2) is full and complete but, not
symmetric because of the geometry of
the diffuser. At station (3), the effect of
hot air on viscosity is clearly indicated
that the viscosity of near wall boundary
layer flow is insignificant and the flow
separates. Also, there is.a backflow that
can be noticed at station (3). As a result
of the wall angle of the diffuser, © =
15° that causes the flow to separate
with little backflow as can be seen at
stations (4, 5). In Fig. (3.b), it 1s clear
the effect of plastic fence to overcome
much of the adverse pressure gradient,

particularly at station (3), and the
velocity profile seems to be full and
complete. However, the influence of the
fence does not reach to the end of the
diffuser so, the velocity distribution has
a little defect at stations (4, 5) in
particular, in the near-wall boundary
layer. Fig. (4) shows the wvelocity
profiles of hot air for two cases of the
fence at stations (1, 2). It can be seen in
Figs. 4(a, b) that the velocity profiles
are full and complete but asymmetric.
In case of the fence the velocity profile
shows to be large compared with the
case of no fence, this ts due to
increasing the turbulence intensity due
to fence. Fig. (4.c) shows the velocity
profiles of hot air for the two cases of
the fence at stations (3, 4 and 5). It can
be seen that there is a backflow at the
near-wall {low region, at (0 < Y* <
0.2), whereas the effect of using the
fence is clearly indicated (o prevent
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separation. [lowever, details of the
velocity profile, at (0 < Y* < 0.3) can
be seen in Figs.4 (f, g and h).

5.2 Heat Transfer Results and
Discussions

In the present investigation, the

following equations can be used io

calculate Nusselt and Stanton numbers,

respectively;

Nu=0.023 Re"® pr®

St=Nu/Re.Pr

The equations should be used only for
small to  moderale  temperalture
differences with all the properties
evaluated at the mean bulk fluid
temperature.

The data are presented as the
distribution of Nu, St, and Re numbers
across each station of the diffuser and
the relation between them for Reynolds

T=."30 °C .

s1 52

number, Re=0.75*10" based on inlet
condition of the diffuser, (u=4.5 m/s,
W1=0.3 m).

For the sake of brevity, stations (2, 3
and 5} have been chosen for discussion.
The results presented in Fig. {(5) show
the effect of hot air through the diffuser
for the two cases (with and without
fence) at station (2). As can be seen, in
Fig. (5.a)  St. number reaches a
maximum value near the walls of the
diffuser because the Reynolds in the
near region of the boundary layer is
very small. Also, St. number reaches to
a small value at maximum Reynolds
number at (0.4<Y*<Q.8). However,
increasing Si. number at the walls, does
not mean that the heat transfer
coefficient, h increases but, it is a
matter of decreasing the Reynolds
number due to viscous effects.

Re=D75=10°

" Flow diréetion: |-

Fig 3.b

Fig. 3 Velocity distribution of hot air through the diffuser

a} without fence

b) with fence
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Y* Y*
0.8 - 0.8 4
0.6 0.6
31 g2
0.4 - 0.4 4
0.2 - 0.2
0 T 1 0 4
0] 0.7 14 0 0.7 1.4
(2) U* ) U*
1 — 4 ] o T ] L s
Y* Y* Y*
0.8 - 08 - 08
06 - 0.6 4 0.6 -
33 &4 35
0.4 1 04 - 04
0.2 | i/ 0.2 4 02 -
0 = o T 0 = T 0 (-Ev T
-0.7 0 0.7 1.4 -0.7 0 0.7 1.4 -0.7 0 07 14
© U* ) U* @) U*
0.3 —t 0.3 4 03 —
. / Y* | Y* T
AL 027 : 0.2 1
AT 0.1 + 01
| | | (2
—0— 0 —C 0 : T
7 1.4 -0.7 0 07 14 -0.7 0 0.7 1.4
U* ® U* () U*
[ —s— without fence —— with fence |

Fig. 4 Velocity profiles of hot air
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In Fig. (5.b) the distribution of Nu.
number across the width of the diffuser
at station (2) is shown. It is clearly
indicated that Nu. number reaches to
minimum value at the walls as a result
of decreasing the Reynolds number due
to viscous effects. But, Nu, number
reaches to maximum value and hence,
the heat transfer coefficient, h increases
due to increasing the Reynolds number
in the core flow at (0.4<Y*<(.8). In
Fig. (5.c), Reynolds number increases
for increasing the distance from the
walls, it means that the viscous effects
become insignificant for (0.3<Y*<0.8),

M. 51

whercas the Reynolds number reaches
to minimum value (about zero) near the
walls. Fig, (5.d) shows the relation
between Stanton number and Reynolds
number. [t can be seen that St. number
increases for decreasing Reynolds
number, it implies that the heat transfer
coefficient (h) increases near the walls
in spite of decreasing the velocity in
the boundary layer. But, St. number
decreases for increasing Reynolds
number. The relation between Nu.
number and Re number is clearly
indicated in Fig. (5.€).

1 1 o
o |

F

1

v '\\ v F \
08 A 0.8 1 08 -
04 06 06 -
04 - 0d 04
02 4 0.2 1 02 1
0 T el | 0 v T 0 A T T
0.02 003 004 003% 0 60125 0025 0 04 03 12
Fig 5. s Fig 5b te 10° Fig 5 ¢ Re*lg’
0065 0025 0065
8 % 3
0055 1 " éf 055
=
Z
0.045 0.0125 0.045 -
0.035 1 0.035 -
0025 T 7 4 ; T — 0023 —
0 04 08 1.2 0 04 0% l. 0 0.0123 0025
Fig 5.4 Re* 10’ Fig 5. Ret 10° Fig §f Nut10?
| - without fence  -o— with fence |

Fig. 5 Hot air without and with fence in diffuser at station (2)
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It is clear that Nu. number increases for
increasing Re number and vice versa.
Fig. (5.f) shows the relation between St.
number and Nu. number. It can be seen
that the relation between St. number
and Nu. number is similar as the
refation  between St. number and
Reynolds number, Fig. (5.d).

Figure (6) indicates the distribution of
St. number across the width of the
diffuser with and without fence at
station (3). The separalion would
expect to occur between station(3) and
station (5), from experimental point of
view the flows In separated zone
represent a class of flows in which the
controlling mechanism 15 largely
unknown, particularly in the diffuser.
Fig. (6.a) indicates the distribution of
St. number across the width of the
diffuser with and without fence. It can
be seen that St. number increases near
the walls whereas the Reynolds number
rcaches to minimum value, m case of
no {ence. But, St. number reaches to
infinite value at Y*=0.2 that is an
unrealistic, this is due to the zero value
of both St. number and Reynolds
number. It umplies the effect of
reversed flow .But, in case of using the
fence, ther¢ is no sign of flow
separation, it means that the pressure
gradient is less effective and St. number
reaches to maximum value near the
walls. However, the effect of fence on
the distribution of St. number is like the
case of no fence, in particular at (0.4<
Y*<1). Figure (6.b) shows the
distribution of Nu. number across the
width of the diffuser at station (3). It
can be seen that Nu. number reaches
zero value at Y*=0.2, in case of no
fence, it means that Reynolds number
equals zero. This is unrealistic. What

would be expected to be thought,
particularly in separated regions, is that
the reading of the two limbs of the
manometer Is equal during the
experiment; this is due to the effect of
backflow. In case of using fence, the
adverse pressure pradient becomes less
effective and as a result, the velocity
gradient increases and that lead to
increasing Nu. number. Al
(0.4<Y*<0.9) where the non-viscous
flow dominates, Nu. number increases
as a result of increasing Reynolds
number. However, the trend of Nu.
number is similar for both cases of the
fence. Also, the distribution of Nu,
number 18 un-symmetric because the
geometry of the diffuser is not
symmetric. Fig. (6.c) shows the
distribution of Reynolds number across
the width of the diffuser for both cases
of the fence. It is clear that lhe
distribution of Reynolds number is like
the distribution of Nu. number due o
the direct relation between them. Fig.
(6.d) shows the relation between St
number and Reynolds number for both
cases of the fence. It can be seen that
St. number increases for decreasing
Reynolds number. However, there are
some points, n particular in the

" separated regions, that can not follow

the empirical formulation of beat
transfer. Fig. (6.¢) shows the relation
between Nu. number and Reynolds
number for the two cases of the fence.
it is clear that this relation is nearly
straight line. Fig. (6.f) indicates the
relation between St. number and Nu.
number for both cases of the fence. It
can be seen that St, number increases as
a result of decreasing Nu. number, it
means that Reynolds number decreascs,
also St.  number decreases for
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increasing Nu. number particularly, far
from the wall regions. However, there
are some experimental points which do

M. 53

not follow the empirical formulation of
heat transfer i.e.the separated regions,
where (0.06<St. <0.07).

1 I o— B
vh T* v
08 1 08 08 -
06 - 061 06 -
04 { 041 04 -

‘-\. /

021 02 1 02 1

] 1} L— : I 0 ¢ ! T

0.02 0.04 096 0 001 002 00r D 04 08 12

Figé.a 3 Fig 6b Nu*10° Fig 6.c Re*10°
008 0.03 008
©
st » st
3
0.06 - 0,02 - 006 1
0.04 | 001 - 004 -
0.02 ; : 0 4 : . L 002 : r
0 04 08 12 0 04 0g 120 001 002 003
Fpgd  RedIO] Fig 6 Re* 10’ Fggr N0’
| -~ withow fence -~ wilh fence |

Fig. 6 Hot air without and with fence in diffuser at station (3)

Figure (7) shows the influence of hot
air through the diffuser for two cascs of
the fence at station (5). In Fig. (7.a) the
distributton of St. number the width of
the diffuser is clearly indicated for both
cases with and without fence. It can be
seen that St. number reaches to a
maximum value near the wall regions

due to viscous effect (the strecamwise
velocity component is very small in the
near-boundary layer flow regions). It is
clearly indicaled that St number
reaches to infinite value at (0<Y*<(.2).
This is un unrealistic, but it is at(ributed
to the wvalue of St. and Reynolds
numbers, as can bc  seen in
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Figs.(7.b)and (7.c), respectively. Fig.
(7.b) shows the distribution of Nu.
number across station (5). It can be
seen that Nu. number increases for
increasing  Reynolds number, in
particular in the inviscid region.
However, Nu. number reaches to zero
value at (0.0<Y*<0.2) due to the effect
of reverse flow in the separated regions
for the case of using fence. But, in case
of no fence there is no separation and
St. number increases far from the walls.

] i+ 1

A.S. Abdelhameed and A. Abd Elmotalip

Fig. (7.c) indicates the distribution of
Reynolds number across station (5) for
both cases of the fence. It can be seen
that Reynolds number increases
gradually up to the non-viscous region
where the viscosity effect is very small.
At (0.0<Y*<0.2) there are some
cxperimental points locating in the
separated regions where the backflow
exists. These points do not obey the
empirical relations of fluid flow and
heat transfer.

12

003

] )
r+ ¥ g ]
08 - 08 - 08 -
06 - 06 06 1
04 4 04 - 04 |
02 - ~ 02 ; 09 4
0 T 0 Jl’ i LI 0 ¢H— »  E— T
002 004 006 o ool 062 003 0 04 08
Fig 7 s Rg7b  M*(O Fig 7¢ Re*10°
0.08 0.03 0.08
a ©
5 s
0.06 1 4002 W 0.06 W
0.04 1 001 004 |
002 . : 0 F—— : 0.02 . ;
0 04 08 12 0 04 08  §2 0 00t 002
3
Fig 7 Re *10° Fig 7 Re* 10° g7l MO
| -~ wathout fence &~ wilh fence |

Fig.7 Hot air without and with fence in diffuser at station (5)
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Fig. (7.d) shows the relation between
St. number and Reynolds number. [t
can be seen that St. number decreases
for increasing Reynolds number, but in
separated region and where the reverse
flow exists, Reynolds number reaches
to zero and St. number becomes
infinite(  theoretically) this is not
realistic. But, in case of using fence the
effect of adverse pressure gradient
decreases, and this leads to improve the
characteristic of the flow in the
boundary layer flow regions. Fig. (7.e)
shows the relation between Nu. number
and Reynolds number for the two cases
of the fence. It is clear that the relation
is nearly straight line, but there are
some experimental points that do not
follow the known empirical relation of
heat transfer, due to the effect of
reverse flow. Fig. (7.f) shows the
relation between St. number and Nu.
number for both cases of the fence. It
can be seen that St. number increases
for decreasing Nu. number, which
means that Reynolds number decreases.
Also, St. number decreases for
increasing Nu. number. However, the
relation befween St. number and
Reynolds number, Fig. (7.d) is similar
as the relation between St. number and
Nu. number, Fig. (7.1).

6. CONCLUSIONS

Based on the present experimental
study of both the flow field and the

heat transfer in an asymmetric

diffuser including fence;, the
following conclusions may be
drawn.

i-

The fence causes a pressure loss
and makes the considerable
pressure gradient less effective.
However, the effect of using
fence becomes significant to
improve the characteristics of the
diffuser.

For naturally occurring
separation, the streamwise of
velocity component in reversed
flow regions is fairly small
compared with the maximum
velocity found in viscous region.
An  experimental  evidence
accumulated to date indicates
that there are some resulls in
separated regions that do not
follow the known empirical
relations of heat transfer.

In reversed flow regions, St.
number reaches 10 an unrealistic
value (infinite) for zero value of
Reynolds number, whereas Nu.
number equals zero.

The present work provides some
attribules about the relevance of
the relation between the fence
and the wide angled asymmetric
controlling

diffuser in

separation.
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