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Nomenclature

duct diameter

duct length

ambient pressure

base pressure

total pressure at the center of enlarged duct exit
= duct wall pressure

settling chamber pressure

rib aspect ratio, defined as width/height of rib
= axial distance along duct
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Introduction

UDDENLY expanded flowfields find application in many in-

teresting problems of practical importance, such as combustors
and combustion chambers, propulsion systems, parallel diffusers,
and so on. The need for controlling such flowfields has motivated
studies of these flows. Passive control mechanisms have always at-
tracted scientists because they give the desired result without the
need for separate mechanisms, as in the case of active control.
There is a vast amount of information about suddenly expanded
flow problems in the literature, describing the mechanisms gov-
erning the base flows.'~!7 One study that has direct relevance to
the present study is that of Anasu and Rathakrishnan,'® who stud-
ied the flow through a convergent axisymmetric duct with annular
rectangular cavities at specified intervals. They concluded that the
introduction of secondary circulation by cavities reduces the oscil-
latory nature of the flow in the enlarged duct, thereby enabling the
flow to develop smoothly from the base pressure to the atmospheric
pressure at which the expanded jet was discharged. Subsequently,
Rathakrishnanet al.'® extended the study to cover a range of aspect
ratios and concluded that the cavity is of considerable effect in the
enlargedductand thatthe effectis more pronouncedfor longer ducts
than for shorter ducts. However, these investigations were only for
subsonic Mach numbers. Further, when passive controlsin the form
of acavity are employed for flow control, there is a possibility of the
cavity behaving like a closed cavity, thereby becoming ineffective
as a controldevice. Therefore, it was felt that it may prove to be ad-
vantageousover cavities if the controlis in the form of annularribs.
The idea of using projectionsinstead of cavities as passive controls
motivated the present study, wherein the secondary vortices gener-
ated by the projections were expected to yield a better wall pressure
distribution. The goal of this work was to find the optimum geome-
try of ribs for the minimum possible base pressure, over a range of
Mach numbers from low subsonic levels to sonic.
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Experimental Setup

The experimental model consisted of a nozzle and an enlarged
duct, as shown schematically in cross section in Fig. 1. The first
diameter of duct length downstream of the nozzle exit consists of
straight wall to keep the recirculatingregion near the base clean. Af-
ter completing all of the measurements with one aspectratio (width
w/heighth) of theribs, the annularrib heights were machined to give
the next desired aspect ratio. Three aspect ratios, 3:3, 3:2, and 3:1,
were tested in the present study. The other parameters of the present
investigation were the model area ratio, defined as the ratio of duct
area to that of the nozzle exit, the length-to-diameterratio of the en-
larged duct, L /D, and the primary pressureratio P,/ P,. The model
arearatio used was 6.25 in all cases. The L /D ratio was varied from
1 to 6 in steps of 1. The primary pressure ratios used were 1.141,
1.295, 1.550, 1.707, and 2.458, which corresponded to nozzle exit
Mach numbers of 0.44, 0.62, 0.82, 0.91, and 1.0, respectively. Be-
cause these Mach numbers are calculated with isentropicrelations,
neglecting friction, the author feels that it is more appropriate to
use the pressure ratio rather than the Mach number in the analysis.
Hence, Py/P, is retained as a pertinent parameter. The measure-
ments include the stagnation pressure of the settling chamber, the
base pressure, and the wall pressure distribution along the length
of the duct. To account for the pressure loss, the total pressure at
the exit of the duct was also measured by positioninga total pressure
probe at the center of the duct exit plane. All of the pressures were
measured using mercury manometers, and the measurements were
found to be repeatable to within £3% and accurate to within £5%.

Results and Discussion

All measured pressures have been nondimensionalized with the
back pressure P,. The lengths are nondimensionalized with the
ductinner diameter D. Because the prime objectives in this study
are to control the base pressure, to have smooth development of
flow without oscillationsin the duct, and to minimize the total pres-
sure loss, the results are analyzed with these features in mind.

The base pressure variation with duct L /D for a pressure ratio of
2.458 for several passive control geometries is presented in Fig. 2.
It is seen that the annular ribs with aspect ratio 3:1 result in base
pressures that are appreciably lower than those for the expansion
without passive control. Further, it is seen that with the 3:1 rib
the minimum base pressure occurs for L/D around 4, and for a
furtherincreaseof L/ D the base pressureseems to be notinfluenced
by L/D. For aspect ratios of 3:2 and 3:3, even though the base
pressures, which are much lower than those obtained with the plain
duct for L /D values less than 3, for higher values of L/ D, the base
pressure increases with increasing L /D, resulting in values much
higher than those for the plain duct. From the results for pressure
ratio 1.141 it is also found that the rib aspect ratio 3:1 results in
minimum base pressure at L/ D around 4.

The effect of the primary pressure ratio on the base pressure is
shown for the passive control geometry with aspect geometry 3:1
in Fig. 3. The strong influence of the stagnation pressure on the
base pressureis evident. The nature of the variation of base pressure
with duct L /D for rib aspect ratio 3:1 is similar to that reported
by Rathakrishnan et al.,' for passive control in the form of annular
grooves, and by Rathakrishnan and Sreekanth,'® for flow in pipes
with sudden enlargement. The physicalreason for the base pressure
attaininga minimum forrib aspectratio 3:1 may be the following: the
shearlayer that expands from the nozzle exit attaches to the enlarged
duct wall downstream of the base. Depending on the reattachment
length and the nozzle exit Mach number, the primary vortex that
is formed at the base influences the base pressure. The strength of
the primary vortex dictates the level of low pressure at the base
region. Because of this low-pressure region, flow is induced from
the wall region downstream of the reattachment point toward the
base region. The extra mass that enters the base region is ejected to
the main flow via shear layer entrainment, and this cycle continues.
This ejection of mass was called “jet pump” action by Wick.' The
flow of fluid into the base regionreducesthe primary vortex strength,
thereby increasing the base pressure above the level it would attain
if no fluid from the boundary layer downstream of the reattachment
point entered the base region. That is, the ribs prevent the flow
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Fig.1 Experimental model.

from the reattached boundary layer into the base region. This aspect
of the flow process makes the passive control in the form of ribs
effective. Therefore, the strength of the primary vortex is unaffected
by the reverse flow, and this establishes a base pressure lower than
the base pressure for a plain duct for similar conditions. However,
when the rib height exceeds some limiting value, the rib itself might
introducea secondaryvortex by behavinglike a forward-facingstep,
or the rib may interact with the free shear layer from the nozzle exit.
The primary vortex would be affected in either case. These kinds
of disturbances due to passive control are capable of weakening
the primary vortex and thereby increasing the base pressure. Such
consequences are seen in the present study for rib aspect ratios 3:2
and 3:3. Therefore, for the parameters of the present study, it can be
said that the rib aspectratio 3:1 is the most effective in maximizing
suction at the base region of a suddenly enlarged duct.

One of the problems associated with passive controls in sudden
expansions is that the secondary vortices generated by the passive
controls make the flow in the duct oscillatory. Therefore, it is a
usual practice to analyze the suddenly expanded flows considering
both the base pressure and the wall pressure distribution along the
length of the duct. The variationsof wall pressurealong the length of
the duct as a function of different flow and geometrical parameters
were also investigated. It was found that the influence of the passive
control aspect ratio on the pressure field of the duct is significant.
However, the degree of influence increases with the increase of rib
aspectratio as well as with the stagnation pressure. The effect of the
aspect ratio on the pressure field is only marginal in the vicinity of
the base butit becomes significant as the distanceincreases from the
base. However, at 80% of the ductlength, the wall pressure becomes
almost equal to the back pressure for all of the primary pressures of
the present study for L/D equal to or greater than 3. For L/D less
than 3, the expansionis such that the pressure at the end of the tube
is slightly higher than the back pressure. This may be due to the fact
thatwhen L /D islessthan 3, the flow does nothaveenoughlengthto
develop after reattachment. Therefore, the flow in the reattachment
zone continues to have an effecteven at the exit of the duct, thereby
causing pressures that are slightly more than the ambient pressure.

The flow development in the duct showed a pattern indicating
that the wall pressure reached nearly the atmospheric value, from
its low value at the base, at a downstream location of about 80%
of the duct length, for L /D more than 3. The point where the wall
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Fig.4 Pressure loss vs duct L/D.

pressure reaches nearly atmospheric pressureis strongly influenced
by the rib height. A decrease in the rib height makes this point shift
downstream. Another important fact from these results is that, even
though the rib aspect ratios 3:3 and 3:2 introduce mild oscillations
to the pressure field in the enlarged duct, the aspectratio 3:1 results
in a considerable decrease in base pressure and does not introduce
any appreciable oscillations in the pressure field.

The results of measured pressure loss are presented in Fig. 4 for
the plain duct and duct with rib aspect ratio 3:1 for three values of
primary pressure ratio. It is interesting to note that the increase in
pressure loss due to the passive control is always less than 6% in
the presentrange of parameters. The pressure loss results presented
here suggest that the losses due to the introduction of the ribs are
not great.

Conclusions

For suddenly expanded axisymmetric flows, passive controls in
the form of annularribs have been found to reduce the base pressure
significantly, compared to a plain passage. Annularribs with aspect
ratio 3:1, compared to 3:2 and 3:3, prove to be efficient in reducing
the base pressure. Further, ribs of aspect ratio 3:1 do not introduce
any significant oscillationsin the wall pressure field of the duct. At
the same time, the increase in pressure loss compared to plain duct
is less than 6%. Even for the case with passive control, ducts with
L/D in the range 3-5 experience the minimum base pressure, as
in the case of plain ducts. Rib aspect ratios 3:2 and 3:3 resultin an
increase of base pressure beyond L /D =3, and they also introduce
mild oscillationsto the duct pressurefield. This implies thatthereis a
thresholdofthe controlrib aspectratiothatis necessaryfor obtaining
maximum suction at the base along with minimum pressure loss.
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Introduction
AMINAR diffusion flames burning in quiescent oxidizing en-
vironments oscillate, or flicker, as a result of hydrodynamic
instability, and the frequency of oscillation under normal-gravity
condition is in the 10-18-Hz range.'~* However, for a wide range
of gaseous fuels and Reynolds numbers, the flicker frequency is
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