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ABSTRACT:

The flow fleld characteristlcs 1n a dump combustor model 1s
investlgated experimentally 1in thls paper. The mode! conslsts of a
square cross~section area duct with a sudden enlargement chamber
followed by a convergent nozzle. Attention I8 focused on findlng the
effect of nozzle exlstence at the end of the chamher, the chamber
length, and the Reynold's number (based on the step helght and Inlet
maximum veloclty ) on the wall pressure distribution, the axlal
centerline veloclity and pressure. the veloclty vproflles, the
recirculatlon zone slze and the reattachment length.

The results are compared with the correspocnding results when the
nozzle is absent. The results lndlcate that the reattachment length,
the reclrculatlon zone, and the redevelopment after reattachment Is
almost the same ln the case wlthout nozzle and when chamber length ls
8.65 step helght with nozzle exlistence. The wall pressure exhlbits a
substantlal Increase Just before the nozzle entrance, whlle It
continues 1ts decrease, ln the case wlthout nozzle, because of viscous
frictlon. The results show also that the redevelopment zone following
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the reattachment shrinks as the chamber length decreases. The
reattachaent occurs insigde the nozzle when the chamber length becomes
4.65 step height. The change 1n Reynold's number shows a small effect
on the wall pressure distribution.

1-INTROOUCT ION:

The dump combustor basically consists of a sudden expanslon from
an inlet duct Into a chamber fallowed by a nozzle. This type of
comubstors is the typlcal combustor of ramjet englnes, Yang et a. {11,
Yu et al. {2). The flow fleld formed by a rearward-facing step was the
subject of research for the past three decades, Smyth [3], Moon et al.
f{4], Bach et al. [5], Kim et al. [6] are just a few. Some others are
extended for compressible flow, e.g., Hayakawa et al. {7] and for
stabiiizing of flame as in Robert et al. [B8]. The flow fleld in sudden
expanslon 1s characterized by flow separation, flow recirculation and
flow reattachment. The turbulence produced in the recirculation zone
enharizes mixlng between the fuel and éxidlzer and results ¥n a flame
stabillzation in dump combustors. The flow field may be divided Iinto
two main reglons; the flow recirculation region and the main flow
region, (Drewry [9]). The two regions are separated by a dividing
stream llne. The point at which the dividing stream line strikes the
wall is called the reattachment polnt.

Factors that affect the recirculation zone size and the
reattachment length Include, among many, the step helght, the flow
Reynolds number, the existence of nozzle and the length of combustion
chamber. In studying the effect of Reynolds number on the
recirculation zone forming behind a rearward-facing step ln a long
channel, Ahmed et al. [10] found that the recirculation zdne length
Increases with Reylonds number, reaching a maximum at translitlon and
then decay to a shorter length at the turbulence range. In a study on
the effect of cavity length between the sudden expansion and a sudden
contraction sections ln a dump combustor on mechanism of convective
instability, Habib et al. [11] showed that the reattachment occurs on
the down stream edge of the cavity before it reaches the bottom wall
if the cavity length is short, in which the length to step height is
less than 2, otherwlse it impinges on the wall first, at high Rynolds
numbers (Re =Umh/v > 1000) where Um is mean veloclty in the channel.

Yang et al. (1] found, in a conflguration similar to the present
conf iguration, that the ‘nozzle exlstence decreases &he reattachment
length to 4.5 step height at Reynold number 6.4x10° ({based on the
Inlet duct dlameter and central velocity), and L/h = 11.236, compared
with 6-9 step helght found by Moon et al. [4], in 2 long duct without
nozzle, in an abruptly expandlng clrsulag long duct without nozzle at
Reynolds number ranglng from 107-10 . Drewry (9] found that
reattaghment 1engtB I1s 7.9 and 9.2 step helght at Reynold’'s number
1.3x20° and 2.2x10°, respectively. The reattachment length in a long
plpe depends weakly on the Reynold’ snumber Lf 1t 1s very large, as
confirmed by Back et al. [5]., The excltatlon of the shear layer
enhances the formatlon of wvortical structure and reduces the
reattachment length, especlally for turbulent flow, as shown by
Fredertck et al. [12]. The results 1n {12) indlcated that the wall
pressure fluctuates at the reattachment zone and the fluctuatlons are
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more lntense when the shear layer lsg exlted. . The reattachment length
was ldentif¥ed as the polnt where the streasmwise veloeity attalns zero
value in the reattachment zone at a distance y» 0.015 step helght
above the reattachment wall.

Kim et al. [6) studled the flow characterlstlcs In the separated
shear-layer, the reattachment zone and the redeveloping boundary layer
after the reattachment In a long plpe. Two dlfferent step-helghts are
uged. They showed that turbulent intensltles and shear stress reach
maxima In the reattachment zone, followed by a rapid decay near
surface after reattachment. They showed also that the wall statlc
pressure beyond the reattachment decreases. The reattachment length in
this work was 7 step height. The numerical treatment of Gooray et al.
[13]) of turbulent recirculating flow beyond reaward-faclng step in a
long duct showed also that the reattachment length ranges from 5-8
step helght. Recently, Syahril et al. [14], studied the effect of
Initlal conditlons on the reattachment length in backward faclng step
flow experlmentally. Upstream of ®he step, they considered three
confliguratlon; namely canal case, divergent case and wall Jet case and
for smooth and rough walls. They showed that in the canal case large
eddies impinge on wall and then sweep downstream the reattachment
peint. In divergent case, these eddies sweep downstream and upstream
of the reattachment point. In the jet case, the eddies destroy all the
traces of the upstream flow. The redevelopment of flow in the recovery
zone is very affected by the wall roughness and by the turbulence in
the external flow.

It is noticed that most of the prevlous works concentrated on the
recirculatlon zone size and the reattachment length following the
sudden enlargement in long ducts. Very little attention was given to
the short ducts and to the existence of nozzle, even though its
practical importance, particularly in ramjet dump combustors.
Therefore, the present experimental work focuses on finding the
effects of nozzle existence following the chamber, the chamber length,
and the Reynold’'s number on flow fleld in the model; namely, the wall
pressure distribution, the reattachment length,- the centerline axial
velocity and axlal velocity profiles. The complicatlons arise from the
complex geometry, especially due to the nozzle existence, prohlbited
the numerical treatment of the problem, in the time being. Therefore,
it will be certainly considered in the future.

2- EXPERIMENTAL SET-UP:

The experimental measurements were conducted in the test sectlion
of a subsonic wind tunnel of square cross-section area (30x30 cm). The
wind tunnel 1is provided by a fan to withdraw air from atmosphere
through a fine screen to break the disturbances and eddies. The sudden
expansion is manufactured from two parts of wood with very smooth
inner surfaces. One is fixed i{n the upper wall and the other in the
lower wall of the tunnel test section at its entrance. These parts
form a convergent duct followed by a constant area duct. The length of
the convergent part 1s 20 cm and the length of the stralght part is 20
cm. Therefore, the step height of the sudden enlargement 1s 10 cm. The
sudden expansion section is followed by a chamber of 3quare
cross-section area (30x30 cm) and a convergent nozzle. The nozzle
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jength 1s 20.5 cm and its exit cross-sectlon area is 10x30 cm. The
nozzle contour is shown in flgure (1) with Lts equatlon. The
dlstance between the sudden enlargement sectlion and the nozzle lnlet
1s allowed to vary by changlng the nozzie locatlon. The schematlc
dlagram of the test sectlon is shown in flgure (i-b).

The wall pressure dlstrlbutlon 13 measured by a nulti-tube
manometer attached to tapplngs of 0.5 mm dlameter drilled along the
centerllne of the bottom wall of the test section. The axlal veloclity
was measured by a pltot-statlic tube. A transverse mechanlsm was used
to allow veloclty measurements in axlal and transverse dlrections. The
probe was callbrated and the relatlve error was found to be ¥ 0,1% in
velocity measurements.

3- RESULTS AND DISCUSSION:

Three groups of results are presented here. (1) The effect of
nozzle existence on the flow characteristics following the sudden
expanslion in the chamber and in the nozzle. {2) The effect of chamber
length, 1ln which three different chamber lengths are consldered;
namely 4,65, 6.65 and 8.65 step helght. The Reynold’s number (based on
the lnlet central axlal veloclty and step geisht) In the prevlious two
cases was kept constant at Re = 2.7x10° and the step helght |is
constant at 10 cm. (3) The effect of changing Reynod’'s number, whlle
keeplng the chamber fength and step helght constants.

The wall statlec pressure distribution ls presented in the form of
pressure coefflclent deflned as follows;

p-p
c=-———°2— (1
P asp u

g 0O

where, Pyt Py and p are the atmospheric pressure and densliy and the

measured statlc pressure, respectively. U  is the axlal inlet velocity.

In what follows, the veloclty and distance are normalized wlth
respect to the inlet axlal veloclty and the step helght, respectlvely,

3.1 EFFECT OF NOZZLE EXISTENCE:

Flgure (2) 1ls a schematlc dlagram of the expected flow fleld
reglons ln the present conflguratlon. In reglon (I}, a reclrculatlon
zone ls formed following the sudden expanslon and the reattachment of
flow on the lower wall. Reglon (I}, 1s a redevelopment zone ln which
viscous friction is dominant. Reglon (III) ls another recirculation
zone with a counter clockwlse vortex generated due to the nozzle wall

curvature.

The wall pressure distribution and the mean velocity profiies at
different statlons along the chamber will be given below.
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3.1.1 WALL STATIC PRESSURE DISTRIBUTION:

The wall pressure de¢stribution wilh and without nozzle existence
Is shown 1{in figure (3). The chamber length between the sudden
expanslonssection and the nozzle, L/h = 8.65 and the Reynold’s number
1s 2,7x10”. The two curves exhibit simllar behavior up to X/h & 6.5.
In both curves the pressure decreases slightly up to x = 1.8, followed
by a steep pressure lncrease due to the sudden enlargement. It reaches
a maximum then it decreases. The behavior is well known globaily. The
reattachment occurs presumably at almost x= 3.2 for the two curvea.
The shown pressure increase after the reattachment 1s due to the high
turbulence ln the reattachment zone which is confirmed by Gooray et
al. {13], Yang et al. [1] and Kim et al. [6]. The notlced decrease
after that is attributed to viscous frlction in the developing flow.
In the absence of nozzle, the pressure decrease continues. However, in
the existence of nozzle, the pressure starts to ilncrease again at X/h
s 6.5, before the nozzle entrance. This increase may be attributed to
the flow separatlion caused by the nozzle wall curvature. The pressure
reaches a stagnatlon value near the wall. Presumably the streamllnes
near the wall bends backward to form a counter clockwlse vortex ln the
vicinity of the nozzle entrance. reglon (II11) in flgure (2). The
pressure is maximum Just at nozzie entrance. The pressure decrease in
the convergent nozzle, followling that, 1ls a known fact. It ls notlced
that most of the expanslon took place in the upstream part of the
nozzle where the area changes rapldly, as shown in figure (1-a).

The shorter reattachaent length here, 3.2 step helght, compared
with (6-9) step helght, reported for examples ln [4, 6, and 13] in a
long duct after the sudden-expansion, may be attrlbuted to the the
three dimensionality in the present case.

3.1.2 THE MEAN AXIAL VELOCITY PROFILES

The mean axlal veloclty varlation normal to the chamber wall at
different statlons along the chamber has been neasured using
pitot-statlc probe. Even though the veloclty measu:ements using single
hole pltot-static probe in the recirculation regions are not rellable
_because the velocity dlrectlon changes from positive to negative
contlnuously, the veloclty measurement In the core reglon is rellable
and can give us some Insight on the core flow development. The
velocity profiles shown 1n flgure (4) for the case of L/h=8.65,
indicate almost uniform veloclty in the core reglon Just after the
sudden-expanslon. A devlation from uniformity is seen after that. A
decrease 1ln the velocity magnitude as distance lncreases in the
chamber Is also seen with a noticed shift In the maximum veloclty
towards the lower wall whlch 1s a gravity effect, whlch ls similar to
the free Jet. From these velocity profiles, it 1s expected that the
reattachment occurs between X/h = 3 and X/h = 4 because the velocity
measurement near the wall becomes posltive. The veloclty proflle Just
after the exit nozzle ls shown, as well

3.2 THE EFFECT OF CHAMBER LENGTH:

The wall pressure, the centerllne veloclity and pressure varlatlons
at different chamber lengths are glven below.
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3.2.31 THE WALL PRESSURE DISTRIBUTION:

Figuresy, (5-6) show fthe wall static pressuree distributlon for
chamber lengths 6.65 and 4.65 step height, respectlvely, It |Is
notlced, by consultlng flgure (3) ln which L/h = B.65, that as the
nozzle becomes closer to the sudden-expansion sectlon, the
redeveloping reglon (I1) shrinks. In figure (5); L/h =6.65, the
reattachment is slightly shorter than that shown ln flgure (3); L/h =
8.65 and it ls seen that the pressure contlnues 1ts lncrease following
the reattachment up to the nozzle entrance. Here, there ls no space
for flow development after reattachment. Instead, the flow separatlon
near nozzle entrance causes a contlnuous pressure lncrease. In flgure
(6), where the chamber 1s shorter, L/h = 4.65, 1t seems that the
reattachment occurs inside the nozzle because the pressure contlnues
1ts increase, even 1Inslde the nozzle. Therefore, the pressure
increases sharply because of the comblned effect of pressure increase
due to the hlgh turbulence following the reattachment and that due to
the flow separatlon near nozzle entrance. Figure (7) shows the wall
pressure dlstributlon for the thre® consldered chamber lengths, 1n
addltlon to the case wlthout nozzle at the same Reynold's number. Thls
filgure shows also that, the reattachment length for the L/h = 4.6S 1s
greater.

3.2.2 THE CENTERLINE AXIAL VELOCITY AND PRESSURE VARIATIONS:

The axlal centerline veloclty for different chamber lengths and
algo for the case without nozzle ls shown ln flgure (8). It ls worth
to note that, the centerllne veloclty remalns almost constant up to
X/h = 2 for all cases. Then Lt starts to dlmlnlsh wlth different rates
after that. The flgure lllustrates, also that the centerllne velocity
dlmlnishes faster 1n the case wlthout nozzle and the dimlnlshlng
becomes smeller as the chamber length gets smaller.

The centerline pressure dlstrlbution shown 1in flgure (9)
demonstrates that the largest pressure occurs In the case wlthout
nozzle, while 1t attalns smaller values as‘ the chamber length
decreases ln the exlstence of nozzle particularly after reattachment.
However, 1n the reclrculatlon zone, reglon (I), the pressure
measurements show uncertalnties. The results ln figures (8-9) explaln
the core flow fleld in whlch the veloclty decreases and the pressure
Increases wlth dlstance 1ln all cases lncluding the case without
nozzle. Nevertheless, the nozzle existence causes a reslstance to the
flow expanslon and thls reslstance becomes hlgher as the nozzle gets
closer to the sudden enlargement section. Thls observatlon could be
confirmed by comparlng the centerllne axlal veloclty, for example at
X/h = 4.5 shown in figure (8) ln which one can see that the veloclty
gete higher as the nozzle gets closer to the sudden expansion. The
corresponding centerllne pressure in figure (9) helps to confire this
conclusion.

3.3 THE EFFECT OF REYNOLD'S NUMBER:

Here, both the step height and the chamber length are fixed at 10
cm and 86.5 cm, respectively and the Reynold's number is allowed to
vary.
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In laminar flow over a sudden enlargement, Ahmed et al. [10],
showed that the reattachment length Increases with an Increase in the
Reymold's number. None the less, th8 reattachment®' length decreases
agaln as the flow becomes turbulent. The present results, in whlch the
flow ls turbulent, the change In Reynold’'s number was found to have no
effect on the wall pressure distribution gr the reag;achment length
when Reynold’s number changes: from 2.8x10” to 2.5x10”. However, the
wall pgessure decreases slightly when Reynold's number becomes
2.13x10° as seen In flgure (10}. Gooray et al. [13] stated that® In
turbulent flow, when the reattachment length 1s normailzed by step
helight, Reynold's number has no effect”. Thls statement conflrms our
results. The centerline pressure distribution glven 1ln figure (11}
shows that the pressure Increases wlth the decrease In Reynold’'s
number, partlcularly, after reattachment.

4. CONCLUSIONS:

The present results Indicate that the nozzle exlstence produces a
separation zone characterlzed by an Increase ln pressure before the
nozzle entrance. The redevelopment zone following the reattachment
diminishes as the nozzle gets closer ‘to the sudden enlargement
sectlon. The reattachment took place inside the nozzle when the
chamber length becomes as small as 4.65 step helght. The Reynold’'s
number was found to have tiny effect on wall pressure dlstribution or
the reattachment length 1n the turbulent flow. The centerline axlial
veloclty decreases , In all cases, wlth distance along the chamber,
but the rate of decrease is greater as the chamber length Increases.
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