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This paper presents the � ndings on two aspects of geometric modi� cation to a lobed forced mixer, namely
scar� ng and scalloping. Scar� ng the lobes was achieved by alternately extending and cutting back the lobes at the
trailing edge, and scalloping the lobeswas achieved by removinga certain percentage of the straight sidewall area in
the penetration region. Both modi� cations were intended to enhance the strength of streamwise circulation without
causing any undesirable consequences, such as � ow separation at the lobe troughs. Tests were conducted over a
range of low-speed subsonic � ow conditions (maximum Mach number of » 0:07) by using a three-hole pressure
probe and a laser Doppler anemometer. The results showed that scar� ng the lobes would be more bene� cial
than scalloping the lobes if the same level of enhancement for the streamwise circulation were to be achieved.
Furthermore, for lobesat the samepenetration angleand at the samepercentage of surface area change, streamwise
circulation generated at the trailing edge was actually higher ( » 15%) for the scarfed lobes than for the scalloped
lobes. However, the associated mixing and boundary-layer losses incurred by the scarfed lobes would be higher
than those of the scalloped lobes. Finally, the combined effects of the two modi� cations on a lobed mixer, that is, a
scarfed and scalloped mixer, however, did not promote any signi� cant streamwise-circulation enhancement.

Nomenclature
Awake = area bounded by the wake
CIdeal = normalized streamwise circulation, Ref. 5
C1 = normalized streamwise circulation, Is / Ur h tan e
h = lobe height at 60 mm
Is = streamwise circulation Us ds, Eq. (1)
m = mass � ow-averaged total pressure loss CD U 3 dA,

where CD =0.002, Eq. (3)
Re = Reynolds number, Ur k / t
S = shape factor, q U dAwake / q Ur Awake, Eq. (2)
U, V , W = streamwise, horizontal, and vertical velocities
UH , UL = the highest and lowest velocity within the wake
Ur = reference mean velocity, (U1 + U2) / 2
U1, U2 = mean velocity of the top and bottom streams
Vs = secondary mean velocity,

p
(V 2 + W 2)

x , y, z = streamwise, horizontal, and vertical directions
e = half of the included divergent angle of the penetration

region, 22 deg
k = nominal lobe wavelength at 60 mm
q = density
t = kinematic viscosity

I. Introduction

M ORE than four decadeshave passed since forcedmixers were
� rst examined in their applications in jet exhaust systems.

However,detailedlaboratoryexperimentshaveonlybeenperformed
in the past two decades. The use of computational � uid dynamics
(CFD) in the analysis of lobed mixers is somewhat newer, at less
than 10 years.

At present, the designs of mixer geometry that could yield the
highest system performance are dependent on the execution of ex-
periments to generateempiricaldesignguidelines.At the same time,
detailedbenchmark experimentaldata are also collected for the val-
idation of different CFD codes so that more accurate and reliable
programs may be used as future design tools.
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Previous investigations on the low-bypass-ratio engine with a
lobed mixer showed that the rapid mixing of the core and the by-
pass � ows induced by the convoluted trailing-edgegeometry could
effectively reduce the jet noise and enhance the thrust.1,2 Some im-
provements could also be gained by speci� c fuel consumption.3

It is well recognizedthat the effectivenessof a lobed mixer should
be largely determined by the strength of the streamwise circulation
shed at the trailing edge.4,5 The strength of the streamwise circu-
lation is primarily controlled by the geometry of the trailing-edge
convoluted surface.6 ¡ 10 This includes the trailing-edge pro� le, the
lobe penetration angle, and lobe ramp shape. The � ow conditions
(e.g., velocity ratios or the upstream boundary-layer thicknesses)
may also have an effect on the strength of the streamwise circula-
tion generated.9,11 A good summary of the investigations of lobed
mixer � ow at low speeds can be found in Waitz et al.12

Lobes of straight parallel sidewalls were far superior to those of
other geometries, in terms of maximizing the strength of stream-
wise circulation at the trailing edge. Based on the prediction of
inviscid � ow theory5 and, ideally, to maximize the strength of the
streamwise circulation, the penetration angle should be as large
as possible. Massive � ow separation, however, would appear if
the penetration angle were above 22 deg (for the case of low
Mach number � ows), which in turn would induce a substantial
loss to the streamwise-circulationstrength.9,11 The penetration an-
gle may increase beyond 22 to » 35 deg by use of the scalloped
lobes (i.e., by partial removal of the sidewall of the straight sec-
tions). Presz et al.3 showed that using the scalloped lobes in a
lobed mixer of aggressivepenetrationangles could reduce the like-
lihood of boundary-layer separation. In the application of an ejec-
tor, the scalloped mixer can produce a pumping performance that
approaches ideal values. The investigation of Presz et al.3 also
suggested that additional streamwise vortices would be formed
as a result of the scalloping, and thereby enhance the mixing.
This was further con� rmed in the experiments conducted by Yu
et al.13 Scalloping the lobes could enhance the streamwise circu-
lation by » 30%, comparing with the streamwise circulation of a
normal lobed mixer with the same penetration angle and trailing-
edge pro� le. Apart from scalloping the lobes, scar� ng the lobes
would also enhance the strengthof the trailing-edgestreamwise cir-
culation. In the laser Doppler velocity measurements of Koutmos
and McGuirk,14 a scarfed mixer was shown to generate a stream-
wise circulation25–30% stronger than that generatedby the normal
lobed mixer.
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It is thusobviousthatboth scar� ng and scallopingthe lobeswould
enhance the strength of the streamwise circulation. It is therefore
worthwhile to conduct a detailed comparative study on these two
types of mixers so as to determine the corresponding bene� ts aris-
ing from either modi� cation. Furthermore, scalloped mixers have
already received some attention in the past, but the detailed � ow
characteristics of the scarfed mixer have yet to be determined. In
this paper, a systematic investigation of the scalloped mixer and
scarfed mixer is summarized. In addition, their combined effects,
that is, a so-called scarfed and scalloped mixer, is also discussed.

Although this investigation is limited to low-speed � ow, the de-
tailed measurements would be useful for the validation of differ-
ent CFD codes. Furthermore, based on the investigationsof Barber
et al.,5 the generation of streamwise vorticity by a lobed mixer is
basically an inviscidprocess.Some similarities in the � ow behavior
in the vicinity of the mixer trailing edge would therefore be ex-
pected when the mixers considered here are applied to high-speed
� ow situations.

Section II brie� y describes the experimental setup for velocity
measurementpurposes, including the three-holepressureprobe and
the laser Doppler anemometer. Section III gives a presentation and
discussion of the results. Section IV concludes the paper with a
summary of more important � ndings.

II. Flow Con� gurations and Instrumentation
A. Wind Tunnel

The wind tunnelused for velocitymeasurementsin this investiga-
tion was an open circuit, suction type that had a contraction-to-area
ratio of 10:1. This large contraction ratio ensured a uniform core
� ow and a relatively low turbulence level (<1% of the inlet bulk
velocity) on entry to the test section. The Plexiglas test section is
200 mm high, 200 mm wide, and 500 mm long. The model lobed
mixer was mounted at the entrance to the test section at a central
position so that on either side of the splitter plate there was the same
area of � ow. Different velocity ratios between the upper and lower
streams were achieved by incorporating screens and wire meshes
on one side of the lobed mixer. The speed range of the wind tunnel,
in the absence of the lobed mixer, was from 5 to 25 m/s (maximum
Mach number of » 0.07). In this paper, the results for a mean speed
of 8 m/s are presented, which correspond to a Reynolds number of
3.28 £ 104 (based on the nominalwavelengthof the lobe at 60 mm).
Further details of the wind tunnel can be found in Ref. 15.

Velocity measurements were obtained with a three-holepressure
probe and a two-component laser Doppler anemometer. The for-
mer was used to evaluate the streamwise-circulationstrength at re-
spective downstream stations behind the trailing edge (see Fig. 1),
whereas the latter was used for velocity measurements across an
entire cross-sectionalplane of interest.

B. Lobed Mixer Con� gurations

The lobed mixers were made of 1.5-mm-thick � berglass with a
blunt trailing edge. Each mixer had six lobes with a nominal wave-
length of 60 mm and an included divergence angle of 44 deg. Four
different typesof lobed mixers were tested: the baselinelobedmixer
(LM), the scalloped mixer (SM), the scarfed mixer (ScM), and the
scallopedand scarfed mixer (SSM). Detailed dimensionsof respec-
tive mixers and the coordinate system adopted in this experiment
are shown in Figs. 2a–2d.

For theScMandSM, a systematiccomparisonwas alsoconducted
to examine the effects of area changes caused by scalloping and
scar� ng in the penetrationregion on the strengthof the trailing-edge
streamwise circulation. The scalloped mixer is basically a lobed
mixer with a certain percentage of its sidewall area removed in
the penetration region. Consider the side view of a lobed mixer in
Fig. 2a, which shows the penetrationregion. If the total area is 1, the
cutoff area will be expressed as a percentageof 1, as Fig. 2b shows.
Similarly, for the scarfed mixer in Fig. 2c, the area was formed by
extending and cutting back on the lobes at the trailing edge. The
extension begins at the trailing edge and is expressed in terms of
the total area of the penetrationregion of a lobed mixer. The cutting

Fig. 1 Integration path for the streamwise circulation.

back is based on the same de� nition. It should be noted that the
amount of extension is the same as the cutoff for any particularcase
considered.Figures3a and 3b showfurtherdetailsof these two types
of mixers.

C. Laser Doppler Anemometer

A fourbeam, two component,� ber-opticlaserDoppleranemome-
ter (manufactured by TSI Inc.) together with a 2-W argon-ion laser
operating in a backward scatter mode were used to measure respec-
tive velocity components. A focusing lens of 400 mm provided a
measuring probe volume of 0.09 £ 0.09 £ 1.31 mm in the verti-
cal direction and 0.085 £ 0.085 £ 1.24 mm in the horizontal direc-
tion. The � ber-optic probe was mounted on an automated three-
dimensional traversing system with an accuracy of §0.01 mm.
Bragg shifting of the frequency up to 2 MHz (on each channel)
was used to avoid directional ambiguity. The Doppler signals were
detected by photomultipliersand processedby automatic burst cor-
relators (TSI IFA 750). Fine water particles with sizes of 5–10 l m
that weregeneratedby a commercialvaporizerwere used to seed the
� ow. Theywere injectedinto thewind tunnelupstreamof the settling
chamber before the contractionsection.Except at some regions im-
mediately behind the trailing edge, data rates of 500–1000 Hz were
normally obtainable. At each measuring point, the mean velocities
(U and V ), the rms of the velocity � uctuations (u 0 and v 0 ), and the
Reynolds shear stresses (u 0 v 0 ) were determined from populations
of more than 5000 (on each channel) samples together with a co-
incidence window of 1 l s. The W components were obtained by
rotating the � ber-optic probe by 90 deg with respect to the test sec-
tion. The temperatureof the air was kept at 28± during the course of
the experiment.

The possible sourcesof uncertaintyassociatedwith the measure-
ments of velocity were considered in detail by Hou15 and include
aspectsof opticalarrangements,the signal-and data-processingsys-
tems. In short, the maximum uncertaintiesin the ensemble-averaged
mean and rms velocities are of 1 and 2% (normalized by Ur ), re-
spectively. All the above-mentioned sources were estimated based
on a 95% con� dence level.

Measurementsof the three orthogonalmean velocities(U, V , W )
and their correspondingrms � uctuations (u 0 , v 0 , w 0 ) were acquired
in the projected area corresponding to the one full lobe, and at
downstream locations x / k = 0.25, 0.5, 1, 2, 3, 4, 5, and 6. There
were » 1100measuringpointsat each planepresentedhere.Velocity
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a) LM

b) SM

c) ScM

d) SSM

Fig. 2 Mixer geometries under investigation (all dimensions are in mm).

measurements were also obtained along the circulation paths (see
Fig. 1) with a calibrated three-hole pressure probe with a nominal
probe tip size of 3 mm at locations x / k = 0.5, 1, 2, 3, 4, 5, and 6.
The pressure output was connected to an inclined manometer with
a resolution of §0.005 kPa.

Three velocity ratios, 1.0, 0.5, and 0.3, across each lobed mixer
were tested. At each velocity ratio, three different thicknessesof the
initial boundary layer (measured at three wavelengths upstream of
the penetration region) were used, and they corresponded to 1

2 , 1
3 ,

and 1
10 of the trailing-edgewavelength.

III. Results and Discussion
A. General Features of the Flow� eld near the Trailing Edge
1. Lobed Mixer, Scalloped Mixer, and Scarfed Mixer

Contoursof the measurednormalizedstreamwisemean velocities
and thecorrespondingsecondary� ow velocityvectorsfor respective
mixers at velocity ratios of 0.5 and x / k =0.5 are shown in Figs. 4a–

4c. Further details of the results can be readily found in Ref. 15.

The distributionof thecontoursat this stationprovidedsome good
indicationsfor the effects of the streamwise vorticityon the interac-
tion of the two co� owing streams. As may have been expected, for
the baseline con� guration, LM in Fig. 4a, the wake shed followed
closely to the projected shape of the lobe trailing-edge pro� le. For
the SM (with a 30% sidewall area removal) in Fig. 4b, a pair of
streamwise vortices was generated within a half-lobe. Although the
two vortices had their origins from opposite streams,13 they were
actuallyrotating in the same sense (counterclockwisedirection) and
thus greatlyenhancedthe transportationof the � uids across the lobe.
Two vortices of relatively smaller size but of higher strengthcan fa-
cilitate mixing between the two co� owing streams at a � ner scale
and faster rate. A further increase in the scalloping effects would
enhance the strength and size of the two vortices. For the scarfed
mixer in Fig. 4c (ScM with a 30% area change), a pair of asymmetric
streamwisevorticeswere formed at the wake and their cores were at
a region closer to the lobe troughs. As a result of the extending and
cutting back of the lobes, the wake shed did not follow closely to the
shape of the trailing-edgepro� le; this observation is similar to that
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a) SM

b) ScM

Fig. 3 Dimensions of the scalloped mixer and the scarfed mixer at different percentages of area change at the penetration region (all dimensions are
in mm).

for the scalloped mixer. The vortex generated within the short gul-
ley appeared to have a higher strength of secondary � ow. When the
lower stream had a higher speed, two streamwise vortices also were
formed, but the locations of their cores were closer to the peak of
the lobes (results not shown here). Again, the strength of the vortex
generated within the short gulley was relatively higher.

Based on the velocity measurements at successive downstream
stations, for the � ow conditionsshown in Figs. 4b and 4c, schematic
views of the � ow structure in the vicinityof the trailing edge for the
SM and ScM can be constructed.As shown in Fig. 5b for the ScM,
the formation of the streamwise vortices was different within the
shortand longgulleys.Within the shortgulleyan observationsimilar
to that for the SM in Fig. 5a was found, in which the interaction of
the two � uid streams was greatly facilitated by the cutting back
of the trailing edge. The rolled-up con� guration of the streamwise
vortices is reminiscent of the � ows behind a delta wing. The � ows
in the vicinity of the short gulley essentiallyhad the same effects as
the scalloped mixer. However, within the long gulley, the formation
mechanism of the streamwise vortex was the same as the normal
lobed mixer. Largely because of the extension of the trailing edge,
the two streams did not fully interact until they were at » x / k = 1.5.
Despite this, as shown later (in Fig. 9), this delay does not cause
the wake � ow to achieve spatial uniformity at a longer downstream
distance that is longer than that of the LM and SM. It should also be
noted that the axes of the streamwise vortices may not be parallel
to the streamwise direction but are tilted at an angle relative to the
streamwisedirection.This may explainin partwhy the scarfedmixer
can actually provide a more ef� cient momentum transfer across the
two streams.

2. Scarfed and Scalloped Mixer

Of particular note is that only a minor improvement, in terms
of trailing-edge streamwise-circulationstrength, could be achieved
by scalloping the scarfed mixer ( » 5% and mainly within the long
gulley). As shown in the contour plots of Fig. 6, where the upper
stream had a higher velocity, the pair of streamwise vortices formed

in the wake were further strengthened by the effects of scalloping.
The wake shed was also found to be slightly more diffused than
that without scalloping in Fig. 4c, especially in the region close
to the lobe troughs. However, when the lower stream had a higher
speed (not shown here), the strength of the streamwise vorticity
remainedat the sameorderofmagnitudecomparedwith thatwithout
scalloping (i.e., similar to that of the ScM). It is thus obvious that
scalloping the scarfed mixer would only be bene� cial in situations
in which the high-speed stream is along the long gulley.

B. Variation of the Streamwise Circulation
with Downstream Distance

The strength of the streamwise vorticity at different down-
stream locations may be quanti� ed by evaluation of the streamwise
circulation along a rectangular path that encompasses one-half
the lobe wavelength, as shown in Fig. 1. In a nondimensional
expression,5

C1 =
C s

Ur h tan e
(1)

where

C s =
1 ¡ 2

W ds +
2 ¡ 3

V ds +
3 ¡ 4

W ds +
4 ¡ 1

V ds

for symmetric lobes (path 1) and

C s =
1 ¡ 2

W ds +
2 ¡ 3 0

V ds +
30 ¡ 4 0

W ds +
4 0 ¡ 1

V ds

for asymmetric lobes (path 2).
With the exception of the LM and the SM, other con� gurations

were not symmetrical at every half-lobe.For these cases, the values
for the two circulation paths is also considered.
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a) LM b) SM

c) ScM
Fig. 4 Contours of the measured normalized streamwise mean velocity (U/Ur ) and the corresponding secondary � ow velocity vectors (Vs/Ur)
at x/¸ = 0.5 for respective mixers.

a) All the vortices lie on the same plane, parallel to the
trailing edge

b) All the vortices do not lie on the same plane, parallel to the
trailing edge

Fig. 5 Schematic of the � ow structure in the vicinity of the a) SM and b) ScM trailing edge.
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Fig. 6 Contours of the measured normalized streamwise mean velocity (U/Ur ) and the corresponding secondary � ow velocity vectors (Vs/Ur) at
x/¸ = 0.5 for the SSM.

a) SM b) ScM

Fig. 7 Effects of area change at the penetration region for the SM and the ScM.

1. Effects of Area Changes at the Penetration Region

Figures 7a and 7b show the streamwise-circulationvalues for the
SM and ScM at different percentages of area change at the pene-
tration region at x / k =0.5 when the velocity ratio was 0.5. Several
important conclusions can be drawn from Fig. 7. A maximum in-
creaseof » 25% in strengthcan be achievedby scallopingup to 60%
of the sidewall area. After this, the increasing trend ceases. Simi-
larly, a maximum increaseof » 30% in strengthcan also be achieved
at the long gulley by scar� ng the lobes to » 40%. It was surprising
to see that the streamwise-circulationstrength within the long gul-
ley stayed nearly at the same level as the area change increased.
Further experiments were not conducted for the scarfed mixer of
more than 50% area change because of excessivecutting of the area
at the short gulley, which in turn weakened the structural support of
the lobe. Thus, given the same percentageof area change (see, e.g.,
the 40% case), the enhancement in streamwise circulation for the
scarfed case within the short gulley was some 15% higher than that
for the scalloped case.

2. Variation of Streamwise Circulation with Downstream Distance

The decay of the streamwise circulation for the ScM and SSM
at a velocity ratio of 0.5 is shown in Figs. 8a and 8b. Some general

characteristics are summarized here. For the ScM in Fig. 8a, the
distancerequiredfor the streamwisecirculationto decaycompletely
was » 4 k , for the streamwise circulationvalues at both the long and
short gulleys. For the SSM in Fig. 8b, the decay length was found
to be longer (at » 6k ). Although the strength of the streamwise
circulation for this case had the highest value at the trailing edge,
the decay length was also the longest.

The decayof the streamwise circulationis largelyaffectedby two
factors: viscosity and diffusion of streamwise vorticity. The latter
is also closely associated with the interaction between two neigh-
boring vortices within a lobe (which may enhance or suppress the
strength of the streamwise vortices). Because the two neighboring
vortices within a lobe for the ScM and SSM were of opposite sign,
it was very likely that the strength of the streamwise circulation
would be suppressedwhen they interacted.As already shown in the
trailing-edgecirculation values for the ScM, the streamwise vortex
generated within the short gulley was stronger than that generated
within the long gulley, but it was weaker than that generated by the
SSM mixer. The two neighboring vortices began to interact with
each other at approximately the same streamwise location, that is,
at approximately 2–3k from the trailing edge. The overall circula-
tion for the SSM remained higher than that of the ScM, becauseof a
strongervortexgeneratedat the short gulleyandbecauseforboth the



446 YU, HOU, AND CHAN

ScMandSSM the streamwisecirculationswithin the longgulleyhad
nearly the same strength. This may partially explain the difference
in the distance of decay for the SSM and ScM in Figs. 8a and 8b.

It should be noted that, at this velocity ratio, the decay rate for
the LM was independent of the thicknesses of the initial boundary
layers, as may have been expected.11 The maximum decay distance
was » 4k . For the SM the decay was also independent of the initial
boundary-layerthicknesses,but the decay distance was shorter than
that of LM, at » 3 k .

a) ScM

b) SSM

Fig. 8 Variation of the normalized streamwise circulation with down-
stream distance (the results are normalized by the theoretical value
obtained by the analysis of Ref. 5).

Fig. 9 Variation of the shape factor with downstream distance for respective mixers (estimated locations for complete mixing are indicated by
arrows).

C. Spatial Uniformity with Downstream Distance

The variations of the spatial uniformity with downstream dis-
tance are shown in Fig. 9 for various cases. The mixing of the two
� ows within the wake region in terms of mass � ux distribution is of
interest. Therefore, it may be suf� cient to de� ne the mixing-level
parameter for the two streams in terms of the shape factor of the
streamwise mean velocity distribution:

S =
q U dAwake

q Ur Awake

(2)

Integrationof themass � uxwas performedoneithersideof the lobed
mixers (i.e., the high- and low-speed sides, respectively). Ideally, at
the locationwhere the two streams at the wake region with different
velocities is to be completelymixed and spatial uniformity could be
achieved, the mass � ux distributionwould be uniformand the shape
factor should be equal to one. The variation of the shape factor as a
function of downstreamdistance should provide a useful indication
of the extent of the spatial uniformitythat the two � ows can achieve.

As shown in the Fig. 9, the SM could actually achieve the fastest
spatial uniformity at the shortest distance from the trailing edge
( » 4k ), and it was followedby theScM ( » 4.5 k ), SSM ( » 5k ) andLM
( » 5k ). It was also interesting to see that the ScM can also achieve
uniformity at a rate similar to that of the SM and LM despite the
extension of the long gulley. It may not be too surprising to see that
theLM has the slowest rateamongthe fourcasesif oneconsidersthat
the LM actually had the lowest strength of streamwise circulation
at the trailing edge.

D. Estimation of Losses from Scalloping and Scar� ng

Because the generation of streamwise circulation by respective
mixers is largely responsible for the mixing augmentation, it is
important to quantify the penalties (or losses) associated with the
generation of the streamwise circulation. The total losses that oc-
cur in lobed mixer con� gurations can be divided into mixing and
boundary-layerlosses,9,16 Mixing losses contain contributionsfrom
themixingoutof nonuniformitiesassociatedwith the velocity� eld’s
exiting the lobes, whereas boundary-layer losses are caused by the
wetted surfaces.

An analysis similar to that of O’Sullivan et al.9 is used here. A
constant area mixing process was employed to calculate the fully
mixed-out loss. The � ow� eld nearest the trailing edge was used
as in� ow conditions to a control volume and then mixed out to a
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a) Mixing losses b) Boundary layer losses

Fig. 10 Estimation of mixing and boundary-layer losses for respective mixers. (Superscript 1 represents high speed � ow at the lower stream.)

uniform � ow. The boundary-layer losses were estimated by using
an empirical relationship by Cumpsty,16 which relates the entropy
production in the boundary layer to the integral of the cube of the
local free-stream velocity:

Mass � ow-averaged total pressure loss (m) = CD U 3 dA (3)

CD is not a strongfunctionofReynoldsnumber for turbulentbound-
ary layers. A value of 0.002 was used.9,15 For the constant total
temperature mixing process, Eq. (3) can be used to examine the
change of total pressure.

Results for the mixing losses that contain contributions from the
mixing out of nonuniformities associated with the velocity � eld’s
exiting the lobes (at x / k =0.5) are shown in Fig. 10a for respective
mixers at a velocity ratio of 0.5. The LM and the SM were of similar
values. The ScM was » 50% higher and could be attributed to the
existence of the long gulley, which enabled the further growth of
the boundary layers at the penetration region. Results for the SSM
lay in between the LM (and SM) and ScM cases.

Boundary-layer losses caused by the wetted surfaces were con-
sidered on the lobe surfaces, the lower and the upper walls of the
tunnel. The results are shown in Fig. 10b. The losses on the lower
and upper walls were generally very much lower compared with
those within the lobe. It appears that rapid mixing was con� ned
within the wake behind the lobes. The � ows along the top and bot-
tom walls were not greatly affected. However, the effects would be
more signi� cant if the distance between the top and bottom walls
was small. As pointedout in the studies of O’Sullivan et al.9 (where
the distancebetween the wallswas 2 k comparedwith » 7 k here), the
losses on the walls could be as high as 20 times those found in the
lobes. For the velocity ratio of 0.5 investigated here, mixing losses
accounted for more than 90% of the total loss. For typical velocity
ratios encountered in practice (>0.5), mixing losses downstreamof
the lobe trailing edge will typically be the largest contributionto the
total loss incurred.

IV. Conclusions
This paper summarized the major � ndings on two important as-

pects of geometric modi� cations to a lobed forced mixer, namely
scar� ng and scalloping. Scar� ng the lobes was achieved by alter-
nately extending and cutting back the lobes at the trailing edge, and
scalloping the lobes was achieved by removing a certain percentage
of the straight sidewall area in the penetration region.

Tests were conducted over a range of low-speed subsonic � ow
conditionsby using a three-holepressure probe and a laser Doppler
anemometer.The followingconclusionscan be drawn from the pre-
ceding text. First, for the same level of enhancement to be achieved

for the streamwise circulation,scar� ng the lobes required a smaller
percentage of surface area change at the penetration region than
scalloping the lobes. Furthermore, streamwise circulation gener-
ated at the trailing edge was actually higher (maximum at » 15%
for a 40% area change) by scar� ng of the lobes than by scalloping
of the lobes if both had the same surface area change at the penetra-
tion region.Second, the combinedeffectsof both modi� cations on a
lobedmixer, that is, a scarfedand scallopedmixer, could increasethe
streamwisecirculationat the trailingedgebyapproximately5–10%,
but the subsequent decaying distance was much longer than that of
the other cases consideredhere.Third, within the range of � ow con-
ditions tested, scalloped lobes showed the fastest decay rate for the
streamwise vorticity and the shortest distance to attain mass � ux
uniformity at the wake. It was followed by the scarfed mixer, the
scarfed and scallopedmixer, and � nally by the lobed mixer. Fourth,
an estimation of the mixing and boundary-layer losses showed that
with the exception of the lobed mixer, the scalloped mixer can also
provide lower losses compared with the other con� gurations. This
may be because the scalloped mixer has the lowest surface contact
area (wetted surfaces) within the penetration region.
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