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Computational Study of Viscous Effects on Lobed Mixer Flow
Features and Performance
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This article describes a computational study of viscous effects on lobed mixer flowfields. The compu-
tations, which were carried out using a compressible, three-dimensional, unstructured-mesh Navier—
Stokes solver, were aimed at assessing the impacts on mixer performance of inlet boundary-layer thickness
and boundary-layer separation within the lobe. The geometries analyzed represent a class of lobed mixer
configurations used in turbofan engines. Parameters investigated included lobe penetration angles from
22 to 45 deg, stream-to-stream velocity ratios from 0.5 to 1.0, and two inlet boundary-layer displacement
thicknesses. The results show quantitatively the increasing influence of viscous effects as lobe penetration
angle is increased. It is shown that the simple estimate of shed circulation given by Skebe et al. (Experi-
mental Investigation of Three-Dimensional Forced Mixer Lobe Flow Field, AIAA Paper 88-3785, July,
1988) can be extended even to situations in which the flow is separated, provided an effective mixer exit
angle and height are defined. An examination of different loss sources is also carried out to illustrate the
relative contributions of mixing loss and of boundary-layer viscous effects in cases of practical interest.

Nomenclature
Cp = dissipation coefficient
C» = total pressure loss coefficient
[Celw = boundary-layer loss coefficient
[Crl. = fully mixed loss coefficient
[Cwlr = total loss coefficient (boundary layer + mixing
losses)
Cr = thrust coefficient
h = lobe height
h.se = effective lobe height
k = turbulent kinetic energy
M., = streamwise Mach number
P = static pressure
P"™ = mass-averaged static pressure
P7 = mass-averaged total pressure
P, = total pressure
q = velocity vector, (&, v, w)
r = velocity ratio, U,/U,
U, = slow-stream velocity at inflow plane
U, = fast-stream velocity at inflow plane
u = streamwise velocity
a” = mass-averaged streamwise velocity
% = spanwise velocity
w = transverse velocity
x = streamwise distance
x* = nondimensional streamwise distance, x/A
a = lobe penetration angle
o = effective lobe penetration angle
I',w = streamwise circulation ,
'*, = nondimensional streamwise circulation, I'y/(Z"A)
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I. Introduction

OBED mixers are fluid mechanic devices used to augment

mixing in a variety of applications. Such devices, which
have been known since the earliest days of jet engines, re-
ceived considerable attention during the 1960s when they were
used in turbofan engines to reduce jet noise. More recently
they have emerged as attractive approaches for mixing core
and bypass streams to improve turbofan propulsive efficiency.?
Lobed mixers are also being studied for use in supersonic
mixer ejectors for jet noise reduction at takeoff and landing,>*
as well as in combustors for enhancing molecular mixing be-
tween fuel and air.

A sketch of a lobed mixer is shown in Fig. 1. There are two
different effects associated with the lobed configuration that
lead to the increase in mixing rate compared to a flat splitter
plate. The first effect is purely geometrical, the increased in-
terfacial length at the trailing edge because of the lobe con-
volutions. The second is fluid dynamic in nature and is con-
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Fig. 1 Lobed mixer.
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nected with the existence of the streamwise vorticity shed from
the trailing edge of the lobed mixer. Experimental measure-
ments in Paterson® and Skebe et al.' as well as flow visualiza-
tion data in Manning® indicate that the mixing process is dom-
inated by large-scale (on the order of the lobe height) circu-
lations in the crossflow plane associated with this streamwise
vorticity. These large-scale circulations stretch the interface be-
tween the streams, increasing both interfacial area and gradi-
ents normal to the interface, enhancing the rate of mixing. The
experiments reported by Manning,’ Qiu,” and McCormick®
showed that, for the range of mixer parameters investigated,
the increased area between the mixing streams and the cross-
plane flow associated with the streamwise circulation had
roughly equal impact on increasing the rate of mixing.

The experiments referred to were carried out at Mach num-
bers much less than unity, but the influence of compressibility
on lobed mixer performance has also been examined. Com-
pressibility has little impact on the overall flow structure,” but
does affect the smaller scale mixing that occurs in the shear
layers surrounding the interface between the streams. Analo-
gous to the results for planar shear layers," the rate of mo-
mentum mixing decreases as the convective Mach number (de-
fined as the relative Mach number of the large-scale structures
in the mixing layer with respect to the freestream) increases.

An aspect of lobed mixer flowfields that has received com-
paratively less attention concerns the influence of viscous ef-
fects, although some computations have been carried out using
Navier—Stokes solvers.'""? The results of the computations and
the measurements of Skebe et al.' show that under some con-
ditions there can be significant boundary-layer growth in the
lobes, filling them with low momentum fluid and decreasing
the mixing rate. To date, however, the impact of the inlet
boundary layer as well as the boundary layer in the lobe, on
overall flow and mixer performance has not been well quan-
tified.

The work described in this article is focused on the influence
of viscous effects on lobed mixer performance. In particular,
four specific fluid dynamic issues are addressed in this study:

1) As the lobe penetration angle is changed how does the
boundary layer in the lobe vary?

2) What is the influence of the boundary layer in the lobe
on the magnitude of the streamwise circulation shed from the
trailing edge?

3) What is the effect of the inlet boundary layer on the mix-
ing and loss of a lobed mixer?

4) What are the principal lobed mixer loss sources and how
do these losses vary with lobe penetration angle and velocity
ratio?

II. Research Approach

To answer these questions, a computational investigation
was conducted of the flowfield both over the mixer and down-
stream. The results can be viewed as a numerical experiment
in which the aim is to provide generic information about this
complex three-dimensional flowfield. While it is clear that
present computational procedures cannnot capture all of the
aspects of the flow, it is to be stressed that the emphasis here
is on global quantities such as circulation and loss. These
quantities are predicted sufficiently well to allow useful con-
clusions to be drawn about these flows.

A. Flow Solver

The computations were carried out using NEWT, a three-
dimensional, compressible, unstructured-mesh, Navier—Stokes
solver.” The code solves the three-dimensional Reynolds-av-
eraged Navier—Stokes equations expressed in strong conser-
vation form, with turbulence being modeled using the k-
transport equations.'*'> Low Reynolds number damping terms
were used near the walls and the various constants in the k-&
model were given the standard values.'® The equations of mo-
tion in the code are discretized in finite volume form. The

primary variables are.assumed to have piecewise linear vari-
ation over the cell faces between the vertices such that the flux
sum for a given cell is evaluated to second-order accuracy in
space. Both second- and fourth-difference smoothing are em-
ployed, with the level of the former being controlled by the
local pressure gradient. The net flux imbalance into each cell
is used to update the flow variables by means of a four-step
Runge—Kautta time-marching algorithm.

The computational domain is shown in Fig. 2 for a typical
mixer configuration. The computations were performed for
one-half of a mixer wavelength. The computational grid con-
sisted of unstructured tetrahedral cells and was generated as
two separate regions that were matched at their common
boundary. The first region was an inviscid grid in which the
elements were relatively large and isotropic, and the second
consisted of highly stretched boundary-layer elements. The
grid was optimized to minimize the dihedral angle of the ele-
ments. This procedute was employed to provide the large
range in element size and aspect ratio required for modeling
viscous lobed mixer flows. A view of the grid at the lobe
trailing edge plane is shown in Fig. 3.

The code has been extensively tested for internal flows, par-
ticularly those in turbomachinery.''® To assess in more detail
the ability to capture mixing processes, the solver was also
examined for a constant pressure planar shear layer. This con-
stitutes a severe test of the ability to capture mixing. For this
configuration, with a velocity ratio of 0.6, the velocity profiles
matched the error-function profile given by Spencer and
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Jones'” within 6% and the growth rate was within the range
of experimental data reported by Spencer and Jones'’ and Di-
motakis.'® Further details of the solver and the grid used can
be found in Refs. 16, 19, and 20.

B. Geometries Examined

The investigation focused on a class of lobed mixer geom-
etries, denoted by advanced mixer (ADM), which are typical
of advanced mixers considered for use in aircraft propulsion
applications. A schematic is shown in Fig. 1. To examine the
connection between lobe geometry and streamwise circulation,
computations were carried out for mixers with half-angle (or
penetration angle) « of 22, 30, 35, and 45 deg. A computation
was also carried out on a configuration in which a convoluted
plate extension was attached to the trailing edge, as shown in
Fig. 4. This configuration, which is denoted as the convoluted
plate (CP), has nearly parallel fiow at its exit, with essentially
no trailing streamwise vorticity. The generation of streamwise
circulation can be viewed as a direct consequence of the non-
uniform loading in y, and hence, net transverse vorticity on
the lobes. The parallel extension, if long enough would have
no loading variation along the transverse dimension, no vari-
ations in transverse vorticity, and hence, no shed circulation.
The convoluted plate represents the limiting case of a mixer
in which the lobe angle decreases toward zero at the trailing
edge, as do some of those currently in use. It provides insight
into the impact of the streamwise circulation and serves as a
benchmark for discriminating effects because of the trailing
circulation from those due solely to increased trailing-edge
length.

The role of velocity ratio was examined by carrying out
computations at velocity ratio r, equal to 1.0 and in the range
0.5-0.6. To assess the effect of the inflow boundary layer on
the performance of a mixer, two boundary-layer velocity pro-
files were tested. The majority of the computations were car-
ried out with a uniform total pressure profile at inflow to the
computational domain, resulting in a displacement thickness
8*/\ at the mixer inlet on the order of 0.01 (mixer inlet refers
to the beginning of the lobe and not the computational inflow
plane). One calculation was carried out with a profile that gave

Table 1 Parameters examined in mixer
computations and nomenclature used

8*/A at
Mixer o r inlet
CP (C1) —_ 0.4 0.01
ADM (C2) 22 1.0 0.01
ADM (C3) 22 0.5 0.01
ADM (C4) 30 0.5 0.01
ADM (C5) 35 0.5 0.01
ADM (C6) 45 0.63 0.01
ADM (C7) 22 1.0 0.25
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Fig. 4 Convoluted plate.

8*/A =~ 0.25 at the mixer inlet. Table 1 details the computations
that were examined.

In all of the computations, the lobe height-to-wavelength
ratio /A was kept at 1, and so the lobe trailing-edge length
was the same for all of the geometries investigated. The
stream-to-stream total temperature ratio was 1.0. The geometry
and Mach numbers are representative of core and bypass
stream mixers in turbofan engines, but the results are also ap-
plicable to other flow regimes in which lobed mixers are used,
including ejectors and combustors.

III. Features of the Overall Flowfield

A. Generation of Streamwise Circulation and Impact
on Mixing

The strength of the streamwise circulation shed from the
mixer significantly affects the rate of mixing.*’ The nondi-
mensional circulation T'%, is defined as

1
¥ = .
o= pad M
where the integral path is indicated in Fig. 1.

Figure 5 shows the development of I'¥,, with axial distance
for an ADM and the CP. The penetration angle was 22 deg and
the velocity ratios were 0.5 for the ADM and 0.4 for the CP.
The generation of streamwise circulation in the lobes differs
greatly for the two geometries. For the ADM the circulation
begins to rise at the lobe inlet, reaching a value of I'¥, ~ 0.7
at the trailing edge. For the CP, the streamwise circulation at
the lobe/extension junction is approximately 40% of that at the
trailing edge of the ADM, but between this junction and the
trailing edge of the CP, the level of streamwise circulation falls
as the flow turns parallel to the freestream. The value of shed
circulation is approximately 4% that of the ADM.

The connection between streamwise circulation and down-
stream flowfield mixing is seen qualitatively in Figs. 6 and 7.
These figures show the streamwise Mach number field (de-
noted M,,,) at four downstream axial stations, x* =0, 1, 3, and
6, where x* = x/A. Figure 6 corresponds to the CP and Fig. 7
to an ADM, both with a penetration angle of 22 deg. For the
convoluted plate there is little increase in the length of the
interface between the streams and they remain largely un-
mixed. For the ADM, by x* = 1 the interface has evolved into
the characteristic mushroom configuration observed experi-
mentally by Manning® and McCormick.® Comparing Fig. 7 to
Fig. 6 shows the winding-up of the interface that is associated
with the streamwise circulation. As stated previously, this
winding up increases the interface area and the magnitude of
gradients across it, both of which augment mixing rate.
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Fig. 5 T% vs x* for ADM (a = 22 deg, r = 0.5) and CP (a = 22
deg, r = 0.4). , CP; ---, ADM, and ...., position of lobe inlet
and trailing edges.
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x*=0 x*¥=1.0

x*=3.0 x*=6.0

Fig. 6 Mach no. at x* = 0, 1, 3, and 6 for CP (a = 22 deg, r =
0.4).

B. Effect of Viscosity on Lobed Mixer Flow
and Streamwise Circulation

1. Flowfield Behavior as the Lobe Penetration Angle is Varied

As the lobe penetration angle is increased the behavior of
the flow in the lobe is altered because boundary-layer block-
age, and then separation, become progressively more impor-
tant. For a penetration angle of 22 deg, the computations
showed no flow separation. For a 35-deg lobe angle, separation
was observed close to the trailing edge and along the vertical
wall of the lobe in the low-velocity stream. For a 45-deg lobe,
extensive separation was seen from halfway through the lobe
to the trailing edge.

2. Streamwise Circulation Magnitude

For lobed mixers with no separation and little boundary-
layer blockage, Skebe et al.' have shown that a good estimate
of the trailing streamwise circulation is obtained if one as-
sumes that the fluid leaves the mixer at a. If so, [, is given
by

Iy =~ 2@"htan a 2)
or nondimensionally as
T'x, =~ 2(W/AMtan a 3)

As the lobe penetration angle is increased, or if the inflow
boundary layer is appreciable compared to the lobe height, the
assumptions that underlie Egs. (2) and (3) are less valid. The
computations provide a way to assess the utility of these ex-
pressions in situations without the restrictions that these as-
sumptions imply.

In Fig. 8 a comparison of the estimated circulation from Eq.
(3) and that derived from the computational resuits is shown.
For lobe penetration angles of 30 deg or more, Eq. (3) over-
predicts the circulation by progressively larger amounts, and
for the largest angle, 45 deg (denoted as C6 in Fig. 8), there
is a factor of 2 difference between the computations and the
simple estimate. The difference arises from the increased thick-
ness of low-velocity fluid because of the boundary layer and
separated flow in the lobe, which reduces the effective lobe
angle and height.

To assess this effect, it is useful to examine &%, defined as

P)
* = S L
§ L [1 (pu)m] dz (4)

The computed displacement thickness at the lobe trough and
peak, for lobe inlet and trailing-edge stations (Fig. 9a), can be
used to estimate a.; and h.g for each side of the lobed mixer,
as illustrated schematically in Fig. 9b. These values can then
be employed to give a modified version of Eq. (3), which links
the trailing streamwise circulation to the actual (fluid) angles
at the lobe exit, rather than the geometry alone. This is

T4 = (heg/Mtan(esry) + (Hegrao/ A)tan(es2) )

Figure 10 shows comparisons of computed circulations and
those given by Eq. (5). The agreement is within 5%, even for
the 45-deg lobe case in which there was substantial flow sep-
aration (C6 in Fig. 10).

It should also be noted from Figs. 8 and 10 that, for the
class of lobe geometries tested, there is no benefit in increasing
the lobe penetration angle above 30 deg. For penetration an-

x*=3.0

Fig. 7 Mach no. at x* = 0, 1, 3, and 6 for ADM (a = 22 deg,
r = 0.5).

x*=6.0
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Computations B8 Eq. (3)

2.5

c2 Cc3 Cc4 C5 Ceé Cc7
Cases (see Table 1)

Fig. 8 Streamwise circulation based on penetration angle.
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Fig. 9 Boundary-layer blockage and definition of a.y: a) sche-
matic of boundary-layer profile at the lobe trailing edge and b)
view A-A.

gles larger than 30 deg, the level of shed streamwise circula-
tion becomes limited by viscous effects and eventually is re-
duced when large-scale separation occurs in the lobe troughs.

3. Effect of Inlet Boundary Layer

The computations described in the previous section were
carried out with a thin displacement thickness of 8*/A ~ 0.01
at the lobe inlet. To consider the impact of displacement thick-
ness a case was computed with a value of §*/A =~ 0.25 at the
lobe inlet.

Figure 11 shows the Mach number field at the lobe trailing
edge for the two different inlet displacement thicknesses. The
velocity ratio is equal to 1.0. With §*/A =~ 0.25, a considerable
portion of the lobe was filled with low-momentum fluid, and
the trailing circulation was reduced by approximately 35%
compared to the case with §*/A = 0.01 (comparing cases C2
and C7 in Fig. 10). The simple estimate for circulation based
on Eq. (5), using the effective penetration angles and heights,

Computations

B Eq. (5)

™

Cc2 C3 C4 Ccs Cé6 c7
Cases (see Table 1)

Fig. 10 Streamwise circulation based on effective angle.

0 15

3,/h =0.01
at the lobe inlet

3,/A =001
at the lobe inlet

Fig. 11 Mach no. at the lobe trailing edge for 6/A = 0.1 and 0.25
at the lobe inlet ( = 1.0).

is in good agreement with the computed circulation, differing
by less than 2%.

IV. Losses in Lobed Mixers

An important question connected with mixing enhancement
from the streamwise vorticity is the penalty associated with
the increased mixing rate. Because the trailing circulation is
closely related to the mixing augmentation,®=® it is of interest
to characterize the loss incurred because of the trailing circu-
lation compared to other loss in the overall process.

The total losses that occur in lobed mixer configurations can
be divided into two categories:

1) Boundary-layer losses, i.e., losses having to do with wet-
ted surfaces. This includes losses on the lobe surface, as well
as on the shrouds that correspond to the lower and upper walls
of the computational domain (e.g., see Fig. 2).

2) Mixing losses, containing contributions from the mixing
out of nonuniformities associated with the velocity field exiting
the lobes. While this includes the wake flow caused by the
lobe boundary layer and the trailing edge, the most important
contribution is generally the mixing of the freestream nonuni-
formity of flow outside these thin layers.

Assessments of losses were made as a function of velocity
ratio, keeping the trailing circulation constant (fixed penetra-
tion angle and lobe trailing-edge geometry), and as a function
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of lobe penetration angle, keeping the velocity ratio fixed. An
examination of the relation between total pressure loss and
thrust decrease was also carried out. In the discussion that
follows the total pressure losses are expressed in the form of
a loss coefficient, denoted Cp, in which the loss is nondimen-
sionalized by the difference between the mass-averaged inflow
total and static pressures, i.e.,

APy
(f-)';'l - Pm)inﬂow

Cr (6)

A constant area mixing process was employed to calculate
the fully mixed out loss. The flowfield at the lobe trailing edge
was used as inflow conditions to a control volume and then
mixed out to uniform flow.

The boundary-layer losses were estimated using an empiri-
cal relationship described by Cumpsty,®' which relates entropy
production in the boundary layer to the integral of the cube of
the local freestream velocity, i.e.,

mass flow-weighted total pressure loss = Cp f UdA (7)

For turbulent boundary layers the C, is not a strong function
of Reynolds number and a value of 0.002 was taken as rep-
resentative.”’ For the constant total temperature mixing process
simulated in this study, this entropy-based parameter can be
directly related to the change in total pressure.

The shroud boundary-layer loss was taken as the loss be-
cause of the boundary layers on the upper and lower walls of
the computational domain; in practice, the value of this loss
will depend on the particular shroud geometry used. The flow-
field near the shroud is dependent on the distance between the
shroud and mixer. For this study, the upper and lower walls
were one-half lobe wavelength from the peak of the mixer.

A. Effect of Velocity Ratio on Loss

To assess the effect of velocity ratio, the loss for the ADM
with a penetration angle of 22 deg was computed for velocity
ratios of 1.0 and 0.5 (cases C2 and C3). The (nondimensional)
trailing circulations were within 1% of one another for these
configurations. The boundary-layer loss coefficient and the
mixing loss coefficient results are given in Figs. 12 and 13,
respectively. Relative contributions to the overall loss coeffi-
cient are shown in Fig. 14. The lobe and shroud boundary-
layer losses for the two cases were different by only 10%, but
there was approximately three times more mixing loss for the
case with velocity ratio of 0.5.

With a velocity ratio of 1.0, the contribution of the boundary
layer and mixing losses to the total loss were approximately
equal (within 20%). The main loss was the loss associated with
the shroud boundary layers, which was roughly four times the
lobe boundary-layer loss, reflecting primarily the difference in
surface area between the lobe and shroud.

For a velocity ratio of 0.5, mixing losses accounted for more
than 80% of the total loss. For typical velocity ratios encoun-
tered in practice, therefore (which tend to be 0.5 or less), mix-
ing losses downstream of the lobe trailing edge will typically
be the largest contribution to the total loss incurred.

In Fig. 12 the losses in the boundary layers on the high-
velocity shroud for the CP were approximately 20 times the
low-velocity shroud values (case C1). For the CP there was
limited mixing and the low- and high-velocity streams re-
mained close to the shroud along the complete axial extent of
the computational domain (see Fig. 6). In contrast, for the
ADM (see Fig. 7), there was rapid mixing downstream of the
trailing edge, resulting in the velocities near the shrouds being
more closely matched. Because of this, the low- and high-
velocity shroud boundary-layer losses were of similar magni-
tude.

lobe
B high velocity shroud
0.08 W low velocity shroud

Boundary Layer Loss Coefficient

C1 c2 C3 C4 C5 C6
(See Table 1)

Fig. 12 Boundary-layer loss coefficient.

0.8
0.7
0.6
0.5
0.4

0.3

Mixing Loss Coefficient

0.2

0.1

ct c2 ©3 c4 C5  Cb

(see Table 1)

Fig. 13 Mixing loss coefficient.

B. Effect of Penetration Angle on Losses

Figure 12 shows loss results for lobe penetration angles of
22, 30, 35, and 45 deg (cases C2, C3, C4, C5, respectively).
Increasing the lobe penetration angle caused an increase in the
boundary-layer losses because of the higher local velocities
due to increased streamline curvature; as Eq. (7) shows, the
boundary-layer losses scale with the cube of the freestream
velocity. Figure 13 shows the mixing losses, based on the con-
trol volume analysis. Mixing loss increased with penetration
angle at over twice the rate of the boundary layer loss. For
a =22 deg (C3) the mixing loss coefficient was approximately
0.43, increasing to 0.74 for a = 45 deg (C6).

Several different mechanisms contribute to mixing loss. One
of these is the kinetic energy that is associated with velocity
components normal to the mean flow direction (axial). The
normal components of velocity are introduced by the lobed
mixer. If one regards the kinetic energy of the normal veloc-
ities as totally lost, this portion of the loss would scale with
sin*a. Following these assumptions, the loss because of ki-
netic energy of normal velocities accounts for 80% of the mix-
ing loss for the ADM with r = 1.0 and thin boundary layers
(e =~ a = 22 deg). For the cases with a velocity ratio of 0.5,
however, there is a larger contribution to the mixing loss from
the mixing out of the nonuniform streamwise velocities. Based
on the scaling suggested earlier, for a velocity ratio of 0.5 the
mixing of the normal velocities accounted for less than 30%
of the mixing loss.

For flow regimes in which the displacement thickness is
small and the geometric lobe angle and the effective angle are
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mixing loss coeff. [Cpdn
B boundary layer loss coeff. [Cpyly;

L.oss Coefficient

C1 c2 Cc3 C4 C5 cé
(See Table 1)

Fig. 14 Contributions to the overall loss coefficient.
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0.6, /—"'U,
\\ /D//
04l N\
\\h,/
0.2 —a— Thrust Coefficient
------ Total Loss Coefficient
0
C1 Cc2 Cc3 C4 Cs5 C6

(see Table 1)
Fig. 15 Total loss coefficient and thrust coefficient.

close to one another, the losses associated with the normal
velocity components introduced by the lobe can be regarded
to good approximation as scaling with sin’a. However, the
computations show that as the penetration angle is increased
past 22 deg, it is boundary-layer blockage and separation that
are associated with the increase in mixing loss, rather than
swirl. In fact, for the three largest lobe angles the effective
penetration angles were virtually the same at 26, 26.5, and 25
deg, while the mixing loss continued to increase with increas-
ing metal angle.

C. Overall Total Pressure Loss and Thrust Loss
The thrust coefficient Cr is defined as the ratio of the mo-
mentum flux of the coflowing streams if mixed out to a static
pressure equal to the inflow static pressure (denoted Fy,), to
the momentum flux of the unmixed streams at the inflow (de-
noted anﬂow), i.e.,
Cr = Frnd Fiagiow (8)

where Fiq.. and F,,, are defined as follows: -

F inflow — f (puz)inﬂow dA (9)
flow area

Fox = _[ [(P + puz)w - Pinﬂow] dA (10)
flow area

The subscript te, in Egs. (8—10), denotes the lobe trailing-edge
plane.

Figure 15 shows C; and [Cp ]y (boundary layer plus mix-
ing losses), for the different mixer configurations. The range
of thrust coefficient is approximately 8%, from 0.888 to
0.818.

For the ADM configurations, a trend of reduced thrust co-
efficient with increasing lobe penetration angle is evident. For
smaller penetration angles this occurs because of the larger
normal components of velocity (and, hence, large kinetic en-
ergy) at the trailing edge, but, for the configurations examined,
above a = 22 deg, the effect is because of boundary-layer
blockage and separation. The thrust coefficients were the high-
est for the CP and ADM with o = 22 deg. Despite having
parallel flow at its trailing edge, the CP had the same thrust
coefficient as the ADM because of the additional drag over its
extension, which quadrupled the mixer’s wetted area.

V. Summary and Conclusions

1) A compressible, three-dimensional Navier—Stokes solver
was used to study the flowfield generated by a lobed mixer
nozzle. The code, which captured the experimentally observed
features of the flow, was applied to provide insight and quan-
titatively assess the impact of viscous effects on mixer per-
formance.

2) Lobe geometries were examined with different penetra-
tion angles ranging from 22 to 45 deg. Flow separation first
occurred at a penetration angle of 35 deg. For the range of
mixer parameters examined, there was no benefit, in terms of
the creation of trailing streamwise circulation, of increasing
the penetration angle above 30 deg because of increased
boundary-layer blockage and flow separation.

3) As the lobe penetration angle was increased the trailing
circulation deviated from a simple one-dimensional estimate'
because of increased boundary-layer blockage and eventually
flow separation. The one-dimensional approach, however, was
shown to provide an accurate estimate of the trailing stream-
wise circulation, even for separated flow, if one formulates it
in terms of an effective penetration angle and effective lobe
height.

4) The performance of the lobed mixer was dependent on
the characteristics of the inlet boundary layer. A thick inlet
boundary layer led to filling of the lobe trough with low-mo-
mentum fluid, resulting in a reduced lobe effective angle, and
hence, reduced streamwise circulation, compared to a config-
uration with a thin inlet boundary layer. This behavior could
also be quantified using the effective lobe angle and height
described previously.

5) For a velocity ratio of unity, boundary layer and mixing
losses were comparable, but for realistic velocity ratios (0.5 or
less) mixing losses were dominant, accounting for approxi-
mately 80% of the total loss.

6) For fixed velocity ratio, as lobe penetration angle was
increased, total pressure loss increased and the thrust de-
creased. For lobe penetration angles less than 30 deg, the var-
iation in loss with penetration angle was mainly because of
loss of kinetic energy associated with the swirl imparted to the
streams. For larger penetration angles, additional swirl was
not introduced; however, losses continued to increase because
of retardation and eventually separation of flow in the lobe
troughs.
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