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FACTORS WHICH INFLUENCE THE BEHAVIOR OF TURBOFAN
FORCED MIXER NOZZLES

by B. H. Anderson* ana L. A. Povinelli**
National Aeronautics and Space Administration
Lewis Research (enter
Cleveland, Ohio

SUMMARY

A finite difference procedure was used to compute the miking for three
experimentally tested mixer geometries. Good agreement was obtained between
analysis and experiment when the mechanisms responsible for secondary flow
generation were properly modeled. Vorticity generation due to flow turning
and vorticity generated within the centerbody-lobe passage were found to be
important. Results are presented for two aifferent temperature ratios be-
tween fan and core streams and for two different free-stream turbulence lev-
eis. It was concluded that the dominant mechanisms in turbofan mixers is
associated witr the secondary flows arising within the lobe region and their
davelopment within the mix . section, .

INTRODUCTION

Significant performance gains are achievable in turbofan engines by
mixing the hot core stream :» th the cooler fan stream prior to expansion
through the exhaust nozzle. The amount of performance gain depends on the
balance between the degree of mixing of the hot and cola streams, and the
pressure losses incurred during the mixing process. The lobe mixer has been
the most successful device that has been used to promote mixing. To date,
the performance ?i §ob$ mixers has been determined almost entirely through
experimentation,\ 4» »3)  These experiments were sufficient to determine tne
relat ive merits of one lobe configuration over another. However, in the ab-
sence of any clear understanding of the mixing process, conclusions reached
with one series or tests could not be generalized to the next generation of
mixer nozzles. Fluid flow analysis for the design of turbofan mixer nozzles
was first published by Bircn, Paynter, Spaling, and Tatchell 4) and showed
encouraging results. However, the role of various aerodynamic processes
which take place within the mixer nozzles was clearly still not understood.
It was first suggested in the Lewis Aeropropulfi n 1979 Conferencel®) and
later by Povinelli, Anderson, and Gerstenmaier\t) that convective forces
arising from pressure driven secondary flows play a far more important role
in the mixing processes than first anticipated. These convective forces
arise due to secondary flows at entry, which are sustained and amplified in
the mixer passage by transverse pressure gradients that deflect the mean
flow.
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These conclusions were based on the computations obtained with the_vis-
cous marching procedure developed by Kriskovsky, Briley, and McDonald.(7,8)
Subsequently, LDV measurements performed at UTRC under Lewis sponsorship,
clearly demonstrated the presence of strong radial and some tangential flows
at the lobe exit plane (ref. 9). Concurrentiy, flow surveys at Lewis, re-
vealed radial temperature profiles whose particular patterns could be ex-
plained by the presence of radial and tangential flows within the mixing
duct (ref. 6). In addition, flow angularity data were obtained which re-
vealed strong radial flows at the lobe exit piane. Computations were then
performed using a representative or generic secondary flow field as a start-
ing condition for the computer program (ref. 10). Use of the generic flow
field simplified the task of obtaining data for the initial starting profile
and led to good agreement between experiment and computation for a typical
model mixer. However, application of the analysis to several other geome-
tries suggested that not all of the flow phenomena were accounted for in the
starting profiles. It is postulated that other basic geometry dependent
flow structures exist at the mixer entry wnich have an infiuence on the flow
development. These include hot tlow under the fan trough or additional vor-
tex structures. Specifically, the objective ot the present stuay was to
further define possible vortex mechanisms occurring in the mixing passage
and to demonstrate the ability of a 3D viscous computer analysis to calcu-
late the tlow in a variety of turbofan mixers.

ANALYSIS

The calculational procedure used in this study of forced mixer nozzle
flow fielas is an‘application ot the approach developed by Briley, McDonald,
and Kreskovsky(7+8) and is designated PEPSIM. The procedure is based on
the uecompositicn of the velocity field into primary and secondary flow
velocities. Equations governing the streamwise development of the primary
and secondary flow velocity tieids are solved by an efficient algoritnm
using pboth block ana scalar ADI methous. Although the governing equations
are solved by a torward marching method, elliptic effects due to curvature
and ared change are accounted for a-priori through the 1mposed pressure gra-
dients determined trom a4 potential flow solution for the yeometry in ques-
tion. Since the primary concern in tne lobe mixer problem 1s thermal mixing
of the fan and core streams to achieve thrust augmentation, an energy equa-
tion 1s introducted.

For turbulent tlows, the turbulent viscosity wnich appears in the gov-
erning equations must be specitied. Iwo types of turbulent models are used
n PLPSIM to determine turbulent viscosity; a twe-equation k-e turbulence
model as presented by Launder and Spdulaing(l ) and a wake-turbulence
mode b, In this paper, oniy tne results ovotained with the wake turbuTence
model are presented. In the wake-turbulence model, the assumption is made
tnat tne turpulent veilocity and iengtn scales are frozen at tneir initial
value. Thus, the turbulent viscosity is proportional to density.

Specification ot the imitial (inflow) conditions for a lobe mixer cal-
culation in PEPSIM may be pertaormed either by specitying the initial values
of tne velocity and temperature tield or by using an automated procedure
which constructs the nitial velocity and temperature tields parametri-
cally. In either case 1t is unlikely that tne speciticd velocaity tield
would be compatible with tne continuity equations.  Theretore, this velocity
tield 1s modified 1n ¢ wdy that makes 1t compativle with the continuity
equation while at tne same time maintdining the initial secondary flow vor-
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ticity unaltered. The streamwise momentum equation is solved to obtain ap-
proximate values for the streamwise velocity gradients. The secondary flow
vorticity is commuted from the specified velocity field. A scalar potential
is then construc.ed and solved yielding the irrotational components of the
secondary flow which balance tne streamwise velocity gradient in tne conti-
nuity equation. Finally, a vector potential is constructeu using the ini-
tial secondary flow vorticity and solved yieluing the irrotational compo-
nents of the secondary flow. Due to the nature of the vector potential
these velocity components do not effect the continuity balance obtained from
the scalar potential. The resulting velocity field is compatible with the
continuity equation to first order in the marching direction.

EXPERIMENTAL APPARATUS

The test apparatus used has been described in a previous paper(ﬁ) and
consisted of two basic parts: a fixed upstream model section and a rotating
shroud (fig. 1). The upstream section simulated the flow path through a
typical high by-pass turbofan engine. A cross-section of the model is shown
in figure 2(a). Heated air was supplied to the core passage and flowed
through the lobe section. Unheated air was supplied to the fan passage and
flowed around the lobe section which was interchangeable. In tnis paper,
the results obtaineu with three mix=r sections are presented. The longitu-
ainal contours of the three mixers are shown 1n figure ¢(b). Configurations
A, B, and C has a penetration (lobe tip racius/shroua radius) of 0.822,
0.776, and 0.721 ana the circumferential spacing ratio (core included
angle/fan included angle) of 0.5, 1.0, and 1.36. The ratio of the shroud
length to the inside shroud diameater (at the lob exit plane) was 0.71.

Total pressure and temperature measuremnents were made upstream in both
the fan and core flows. Instrumentation rakes were also mounteu in the ro-
tating shroud for probing the mixer flow fielu (see fig. ¢). Total tempera-
ture rakes were located at five axial stations in the mixing region. The
first station was 4t the lobe exit plane, the second was halfway to tne end
of the plug, the third was at the end of the pluy, the tourth was midway
between the plug end dand the nozzie exit, and the fifth station was at the
nozzie exit plane. The rakes at tne lobe and nozzle exit stations as well
as the rotating mechanism are snown in figure 1. Totul pressures were also
measured at the lobe and nozzle exit stations. The temperature aata were
obtained over a S4-vegree segment n 3-degree increments at 14 radial posi-
tions. Flow angularity measurements using the fixed probe technique
were made at tour circumferential locations and at the two axial locations
shown 1n tigure ¢. The first measuring station was at the ivbe exit plane;
the seconu at tie end of the centerbouy. A photoyraph of the angularity
rakes are shown in figure 3. Each rake has six proves anu each probe has
three tubes. The center tube 1s a chambered total pressure probe and the
two side (upper and lower) tubes have a 45-degree sweepback. The pressure
difference between the two sige probes and the inaicated total pressure were
used alony with a calibration curve in order to obtain flow directicns (ra-
gi1al and azwmutnal). Ltacn probe was individually ca’ibrated in an open Jet
at a Mach number of 0.45, wherein the radiai probe wes set at various pitch
angles to the flow anu the azimuthal probe at various yaw angles. The indi-
cated totai pressure and the differences in siuve tube (upper-lower) pres-
sures were uscu to establish a calibration.
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Wall static pressure measurements completed the information neeaea to
compute a resultant velocity. Tne resultant velocity was then used with the
radial and azimuthal tlow angles to compule Lne three velocily compunents,

The fan and core streams were operated with a total pressure ratio of
one and a total temperature ratio of (fan/core) of 0.74 or U.4. The Mach
number of the fan and core streams at the mixing plane (lobe exit) was ap-
proximately 0.45 and the by-pass ratio was about 4.

COMPUTATIONAL PROCEDURE
A. Computational Mesh

In this section, specific details arising from the application of the
foregoing analysis to the turbofan mixer configuration described earlier is
given. The cross-section of this mixer geometry is presentec in figure 4.
The area immediately downstream «r the nozzle plug tip is faired in with an
assuvmed streamline to odel the separated flow region expected in this mixer
nozzle. Since the flow area excluded from consideration is small, this
treatment is not believed to introduce siynificant error. The curvilinear
coordinate system shown 1n tigure 4 was constructed to fit the flow passage
boundaries and has 21 streamwise nodal points, 40 radial rnndes and 1l azi-
muthal modes. In planes of constant azimuth, orthogonal streamiines and
velocity potential lin?f were constructed from a two-dimensional plane in-
compressible analysis. 3) Tnis x-y coordinate system was then rotatea
about the mixer axis to form the axisymmetric coordinate system. Five ref-
erence stations are identified in figure 4 and these correspond to the five
experimental survey stations mentioned in the previous section. These are
labeled 1, 8, 13, 17, and 21 and correspond to the computation nodal point
nearest to the prepbing stations. Station number I corresponds to the lobe
exit station while station nunwer 21 is the mixer exit station.

Although the mixer geometry 1s axisymmetric, tne flow is three dimen-
sional aue to the aximuthal variation of the hot and cola streams. However,
due to observed symmetry, only a 1/Z lobed pie-sheped segment of the trans-
verse coordinate surface was considered. The shape of this segment ana the
extent to typical not and cold streams at tne lobe exit station is shown in
figure 5. A comparison between tne computational and experimental lobe
shape are also shown in figure 5.

B. Flow Angularity Measurements

The three velocity components near the exit popane of the lobes were
measured using the flow angularity probes described in tne Apparatus sec-
tion. Tne flow angularity data were obtained in order to provide intorma-
tion about the mixer inflow conditions Tne data were measured in a plane
parallel to the exit plane of the loves (see tig. 2). Data were obtained at
six radial locations and four circumterential positions within the measure-
ment domain shown in figure o tor the lZb ana 120 lobe geometries. Tne vec-
tors snown in figure 6 are the resuitant of tne measured radial and azimu-
thal velocities in a plane transverse to the mean tlow. Strong radial flows
are evident witnh outflow in the core and inflow in the fan regions. Data of
this type were discussed previously in reference b and it was suggested that
a vortex-type flow was present at tnhe fan-core interfacial regions. In ref-
erence b, the flow angularity dat was "enriched," using a four-point linear
interpolation scheme. The enrichment was carried out in order to obtain a
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more complete representdation of the secondary flow structure at the lobe
exit plane.

Computations, using the generic starting data yieldea good agreement
with the data for configuration 128 (see ref. 10). However, comparisons
between analyses and experimental data for configurations 12A and 12C indi-
cated that perhaps the initial starting conditions for the computer code
were not correct. The comparisons prompted an evaluation of the mechanisms
responsible for the generation of secondary flows.

C. Secondary Flow Generation

As mentioned previously in reference 5, streamwise vorticity is genera-
ted at the entrance to the mixer and sustained and amplified in the mixer
passage by transverse pressure gradients that deflect the mean flow. Three
additional mechanisms appear to be responsible for the generation of second-
ary flow in lobe mixer geometries. The most important one is due to the
basic turning of the fan and core streams in oppsite radial directions, as
shown in tigure 7(a). The secondary flow generation here is basically an
inviscid phenomenon ang results in outward radial core flow adjacent to in-
ward radial fan flow as shown in figure 7(b). It is believed that this
mechanism is properly represented in the starting conditions via the flow
angularity data obtained for each lobe geometry. The second mechanism re-
ponsible tor seconaary flow is due to the interaction of upstream duct
bcundary layers with the lobes, which in this case represent flow obstruc-
tions, as shown conceptually in figure 8. The vorticity within the boundary
layers encounters the lobes and vortex filaments wrap around the lobe in a
norseshoe-like pattern. A set of vortices are subsequently set up both in
the fan troughs and a set in the core flow. However, inspection of the ex-
perimental radial ang tangential velocities at tne love exit plane did not
indicate that any significant eftects were caused by this seconu mechanism.
In addition, the low penetration lobes would tend to minimize the formation
of strong horseshoe vortices. See reference 14 tor further information.

The third mechanisin responsible for secondary flows 1s a passage vortex
which occurs as the core flow approaches the lobe exit ana encounters the
narrow gap between the centerbody and the bottom of tnhe fan trough. As
shown in figire Y, tne vortex forms as flow wasnes up around the side of the.
fan trougns. Tuft photographs taken of the inside surface of the lobes re-
vealed a strong upwara radial velocity component near tne bottom of the lobe
as shown 1in figure lU. Subsequent turning of the flow in the downstream
direction occurs at a slightly larger radial position as indicatea by the
tutts in figure i0. The behavior ot the tufts strongly suggests the pres-
ence of a passage vortex. It was decided, therefore, to model the vortex in
order to obtain the proper starting conditions for the computer code. In
tne absence cf any measurements ot the passage vortex strength, a nominal
value ot the radial outtlow was assumed for the initial computation. Subse-
quent estimates of the vortex strength were niade for tne tinal computations
which are presented 1n this paper.

It snould be noted that the computational model, shown 1n figure 5,
does not 1aclude a hot core layer between the centerpody and the bottom of
the tan trough. Additional grid resolution in the code 1s required before
the effect of this layer on the computations can be assessed.
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D. Representation of the Inlet Flow Field

The secondary flow, that is, the flow that is generated transverse to
the streamwise direction, is highly complex after passing through the curves
lobe section. This highly complex nature of the real flow field procludes
numerical simulation of all the large scale and small scale structure simply
because this information is not available. However, the large radial veloc-
ities of the secondary intlow field can be measured experimentally and simu-
lated. This class of secondary inflow representation is iabeled generic
flow fieluds, that 1s, they attempt to simulate the large scale secondary
flow field structure entering the mixer section by a parametric representa-
tion, as well as mogeling the passage vortices. For comparative purposes, a
baseline generic flow field is definea wnich is the generic flow without
passage vortex modeling. The baseline flow was used in earlier results
(ref. 10). In contrast to real and generic inflow representations, ideal
inflow conditions incoprorate no secondary flows entering the mixer pas-
sage. The flow in this case is parallel to the streamwise coorcinate of the
mesh and was used i? the earlier results presented by Povinelli, Anaerson,
and Gerstenmaier. (0

A generic representation of the large scale flow transverse to the
streamwise direction can be conceived as being composed of basically radial
outflow in the core passage and radial inflow in the fan passage (fig. 5).
The experimental data for tne mixer nozzle 12B configuracion under study
suggests that the radial velocities in tne core and fan lobe passages are 25
and 20 percent, respectively, of the streanwise velocity. For the 12A and
12C qeometries, tne core 1low was 14 percent and the fan fiow was 8 per-
cent. The streanwise velocity at each mesh point in the two respective
streams was assigned its nondimentional reference valu= which was then cor-
rected to account for nonmal pressure gradients at the initial plane as de-
termined from the axisyammetric potential flow. To account for boundary
layers on the lobe, plug and shroud surface, the streamwise velocity pro-
files were further scaled in accordance with an assumed turbulent boundary
layer profile ang distance from the lobe surface. The temperature field was
constructed in the core and fan streams by assuming a total temperature
ratio Tean/Tcore = 0.74 and 0.4, which corresponds to the experimental tem-
perature ratius. In aadition, an entrance Mach number of 0.45 was assumed.

The 1nitial turbulence quantities were initialized through specifica-
tion of a lengtn scale and free stream turbulence intensities. These turbu-
lence quantities are assumed to be constant across the shear layer but to
vary with distance rrom the wall. For tne caiculations presented 1n this
paper, tne 1nitial length scale was set at 0.UUo of the outer shrcud radius
and turbulent intensity of both tne core and fan streams was set at either 4
or 12 percent.

RESULTS
A. influence ot Seconudary Flow Field
126 Mixer
The starting velocity vector field constructed according to the proce-
dure described 1n tne previous section 1s snhown in figure ZZ for the 1¢B

mixer. Construction ot tne secondary velocity vector field was based on
average radial seconddry tiows of <2 and <U percent ot tne streanwise core
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and fan velocities, coirresponding to tne experimental measurements. Al-
though the computational segment included only one half the lobe segment and
one half the core passage, the computational results in figure 11 were re-
flected to represent one lobe and two fan regions. The secondary velocities
presented are normal to the streamwise mesh coordinate and are shown only in
the region near the plug (centerbody) surface. Figure ll(a) shows the base-
line flow field, that is, with no passage vortices. Figure 11(b) shows the
generic starting flow field where a set of passage vortices have been incor-
porated in the core flow field. These passage vortices are in the region
between the >lug surface and the lower part of the lobe wall as described
previously and shown in figures 9 and 10. The complete secondary flow field
at the starting point, which is the lobe exit plane (refer to fig. 4), is
shown in figure 12(a). The computational results were retlectea to in-
clude two lobe and three fan regions as shown. A strong vortex pattern can
be observed which is aligned with the interface region baetween the fan and
core streams, as well as the small passage vortices near the plug surface.
At station numper 8, which is located half way along the plug, the vortex
pattern begins to condense into a more circular pattern and moves radially
outward. As indicated by the disappearance of radial inward flow near the
plug surface the passage vortices disappear by station number 13. The main
vortex pattern continues its outward movement (figs. lZ(c) to (e)). At the
mixer exit plane (station number 21) the vortex is still relatively strong.

A comparison between the measured and computed total temperature ccn-
tours at the mixer exit plane (station number 21) is presented in fig-
ure J3. Tne development of the horseshoe-shapeag total temperature contour
first identified in reference 6 is clearly evigent. This temperature signa-
ture is the result of the secondary flow field which sustains itself by the
normal static pressure gradients within the mixer nozzle passage.

A compariscn between the measured and computed total temperature dis-
tributions at the mixer nozzle exit are presented in figure 14 for six rake
positions. The centerline of the fan flow is at a theta value of O and the
core flow centerline is at a tneta value ot 15 deyrees (see fig. 5). Compu-
tations were made assuming 1deal inflow conditions (no secondary flow),
baseline 1nflow conditions {secondary flow without passage vortex), and

eneric inflow conditions (secondary flow with passage vortex). A compari-
son petween the calculations using the generic seconaary inflow pattern and
the measured data show excellent agreement., The baseline inflow conditions
yielded good agreementa except over the first 20 percent of the radius. The
strong influence ot the secondary flow structure is eviuent by comparing the
solid witn tne aashed ines which represent the generic and ideal inflow con-
ditions. It is apparent that the characteristic horseshoe-shaped tempera-
ture signature identified in reference b resulted from the inflow secondary
flow vortex structure establishea by the initial core and fan streams.

12C Mixer

The corresponding data and computations tor the l<C mixer are presented
in fagures 15 to 1/, The starting velocity vector field 1S shown in fig-
ure 15 and 15 based on an average radial velocity ot 13.7 ana 8 percent of
the streamwise core and tan veliolcities, based on the experimental measure-
ments. Figure 15(a) snows tne baseline flow fiela. Figure 15(b) shows tne
generic starting flow tieiu wherein the passage vortices are located near
the plug surtace. the complete secondary tlow field at the lobe exit plane
1s presented in tigure io(a). The suosequent cnanges in the flow field
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downstream are shown in figures i1b6(b) to (e). The qualitative features of
the secondary flow pattern are similar to those shown previously for the 128
mixer. However, the magnitude of the radial flows is smaller and results in
less radial displacement of the main vortices.

A comparison of the measured and computed total temperature distribu-
tions at the mixer nozzle exit are shiown in figure 17 for six angular loca-
tions. In tnis comparison it is seen that the baseline inflow condition as
well as the ideal inflow condition yield poor agreement with the experimen-
tal data, whereas the generic condition leads to excellent agreenent. It is
noted that the 12C mixer yields a radial temperature distribution aistinctly
different from that shown for the l¢B in figure 14.

12A Mixer

Radial temperature distributions at the mixer exit plane for the 12A
mixer are shown in figure 18. As with the previous two geometries, the
generic int low condition yields the oest agreement with the data. The anal-
ysis appears to mess the spread of secordary flow ana to interpredict tem-
perature mixing oiver the inner 10 percent of the rg.ius and overpredicts
near the o0-percent point based on all the data points. However, it is
noted that the two experimental data sets have significant scatter at the
b0-percent radial position,

B. Influence of Hot Lore Temperature

The results presented in tne previous section were based on the warm
flow testing where tne ratio of fan-to-core strean total temperature was
0.740. In this section, the results from 4 tully simulated or hot flow con-
dition with a temperature ratio ot 0.40 are presented.

Computations were made using the generic, baseline, and ideal inflow
congitions for the 128 mixer having a high temperature primary stream. The
ratio of core-to-fan total temperature of 0.40 matched the experimental val-
ues useu 1n tne test program. The secondary velocity vector fiela was con-
structed using tne same average ragial tlows as used 1n tne previous calcu-
lations (fig. i4). The primary velocily was increaseG assuming matchea Mach
numbers and total pressures in the two streams at the lobe exit plane. A
comparison of the computed results with tne experimental data is shown in
figure 19. The comparison is at the mixer exi1t plane, that is, station num-
ber /1, and includes six angular locations from the centerline of the tan
flow, theta = 0, to tne centerline of tne core flow, thcta = 15. As in the
previous comparions, the generic inflow condition yields the poorest agree-
ment. It is noted that tne experimental data at the fan centerbody (fig.
19(a)) shows a small temperatuare rise at a normalized radius ot 0.7, which
was not present in the warm flow testing (see fig., 1l4(a)). This rise inai-
cates spredding ot the primary stream into the core of the tan stream. The
computer code underpredicted either the secondary flows or the temperature
mixing in this region.

L. Influence of Turbule.ce

Additional computaticns were pertormed with a hiyher level of free-
stream turbulence in both tne fan ana core streams for the 1¢B mixer geome-
try. The computations were made for only the generic inflow condition. The
construction of the starting secondary flow field was 1dentical to tnat de-
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scribed in section A. The temperature ratio, Tg/Tf, used in the computations
was 0.40, The turbulence intensity (fluctuating component of the mainstream
velocity/mean streamwise velocity) was increased to 12 percent and the re-
sult is shown in tigure 20. Also shon in figure 20 is the previous generic
result for a turbulence intensity of 4 percent (from fig. 19). The exper-
imental data are also from tne previous figure. No attempt was made to run
the experimental test with higher turpulence. The results in figure 20 show
that the higher intensity (dasned lines) lead to greater temperature mixing
near the shroud, that is, normalized radius of about 0.85, over the tneta
range of & to 15 degrees (figs. 20(c) to (f)). At the same radial position,
no additional mixing is predicted with the higher intensity near the fan
lobe centerline (figs. 20(a) and (b)). A slight shift is observed in the
radial position of the maximum temperature, as seen in figures 20(d)

to (f). The higher turpulence intensity moves the peak to a lower radial
position.

At the intermediate radial positions, tne larger intensity value yields
temperature ratios which are closer to the ideally mixed value of 0.5. And
finally, at the lower radial locations (~0.2), the ditfference in temperature
ratio results from the two intensities begin to approach zero.

LUNCLUDING REMARKS

A finite difference proceaure has been used to compute the mixing for
three different lobe geometries which were experimentally tested. The foi-
lowing conclusions were macde based on a comparison of the analyses and the
data:

1. The dominant mechanisms within modern turbofan forced mixers is as-
sociated with the pressure driven secondary flows arising within the lobe
region upstream of the mixer and their development in the mixing region.

2. Secondary flow generation at the lobe exit is caused by three prin-
cipie mecnanisms, that is, vorticity aue to turning (flap vorticity), pas-
sage vorticity, ana norseshoe vorticity.

3. Tne flap and passage vorticity appear to be adequate flow mechanisms
in initial flow conditions to outain good agreement with experimental mixer
exit profiles.

4. A generic representation of the vorticity mechanisims yield good
agreement between analyses ana experiments for three aifferent lobe geome-
tries and for two difterent temperdture ratios of operation.

5. There 15 a critaical need to obtain uetairled experimental informa-
tion regarding tne nature ot tne seconddry flows generated within the lobe
region in order to properly analyze mixer nozzle. Empirical gata relating
lobe geometry effects on secondary flow generation is hignly desirable as a
design standpoint,

REFERENCES

I. Kucnar, A. P. and Champerlin, R., "Scale Mooel Performance Test Investi-
gation of Exnaust System Mixers for an Energy Erficient Engine (E9)
Propulsion System," AIAA Paper s0-02¢Y, Jan. 1980.

¢. Snumpert, P. K., "An Experimental Mouel Investigation of Turbofan Engine
{Sgernal Exhaust Gas Mixer Configurations," AIAA Paper 80-0228, Jan.

30.



10

3. Kozlowski, H. and Kraft, G., "txperimental Evaluation of Exhaust Mixers

a,

S.

6/

8,

10.

ke

for an Energy Efficient Engine," AIAA Paper 80-1088, June 1980.

Birch, S. F., Paynter, G. C., Spalding, L. B., and Tatchell, D. G.,
“Numerical Modeling of Three-Dimensional Flows in Turbofan Engine Ex-
haust Nozzles," Journal ot Aircratt, Vol. 15, Aug. 1978, pp. 489-4Y0.

Bowditch, D. N., McNally, W. D., Anderson, B. H., Adamczyk, J. J., and
Sockol, P. M., "Computational Fluid Mechanics of Internal Flow," Aero-
propulsion 1979, NASA CP-2092, 1979, pp. 187-230.

Povinelli, L. A., Anderson, B. H., and Gerstenmaier, W., "Computation of
Three-Dimensional Flow in Turbofan Mixers and Comparison with Experi-
mental Data," AIAA Paper 80-0227, Jan. 1980.

Kreskovsky, J. P., Briley, W. R., and McDonala H., "Uevelopment of a
Method for Computing Three-Dimensional Subsonic Turbulent Flows in Tur-
bofan Lobe Mixers," Scientific Research Associates, Inc., Glastonvury,
¢T., R791-300006-F, Nov. 1979,

Briley, W. R.f, and McUonald, H., "Analysis and Computation of Viscous
Subsonic Primary and Secondary Flows," Computational Fluid Dynamics
Conference, American Institute of Aercnautics and Astronautics, Inc.,
1979, ATAA (onf. Paper /9-1453, pp. 74-88.

. Patterson, K., and Werle, M. J., "Turbofan Forced Mixer Flow Field,"

United lechnologies Research Center, tast Hartford, CT, UTRC/R7Y -
912924 - ¢4, July 1979,

Anderson, B. h., Povinelli, L. A., and Gerstenmaier, W. G., "Inf luence
of Pressure Oriven Secondary Flows osn the Behavior of Turbofan Forced
Mixers," AIAA Paper 80-1198, Jduly 1980,

Launder, B. E., anu Spalaing, D. B., “The Numerical Computation of Tur-
bulent Flows," Computer Methods in Applied Mechanics and Engineering,
Vol. 3, Mar. 1974, pp. ¢pY-¢8Y,

Duazinski, T. J., anu krause, L. N., "Flow-Direction HMeasurement with
Fixed-P-sition Proves," NASA TM X-1904, 1ybYy.

. Anagerson, 0. L., "Finite - Ditference Solution for Turbulent Swarling

compressinle Flow 1n Axisynmetric Ducts with Struts," NASA (R-Z3bY,
1974.

. Anderson, 0. L., "Turbotan Forced Mixer Nozzle Internal Flowtield,"

NASA Contractors Report to be publishea, 1981,



S npawoadb saxiw - 2 anbiy

‘SHNOINOD IWNIGNLIONOT “AN¥LIIWO03) 3801 Q)

_.‘
§

NOILYNOIS 30 3800

NOILD3S-SSOND IN1ZZ0N 83X 1w &

npws/
UVId ¥DIVINE L¥ ~

UV ADIVINE LY -

NIIOU XN |RJUIW 10T - 7] ainbiy




cn
0 1

|III|IIIII|

STATION NO 1 (LOBE EXIT
SHPOUD I 8
— = \I' | 13 17
™Y p—— | l 21 (MIXER EXIT)
0B 7 T T |
-
i..
2
<
~




SHROUD SURFACE

.~ EXPERIMENTAL
LOBE SHAPE

. va

.+~ COMPUTATIONAL
- LOBE SHAPE

PLUC SURFACE

Figure 5, - Transverse computational segment.

—_

SHROUD SURFACE SHROUD SURFACE

PLUG SURFACE PLUG SURFACE
(a) CONFIGURATION 128 (b) CONFISURATION 12C
Figure 6. - Measured secondary velocity vectors, lobe exit station.



CORE RLOW

g

FAN ROW RADIAL ROW

(2) BASIC ROW TURNING. ©) RADIAL RLOW ORIENTATION.

Figure 1. - Secondary fiow generation, turning (flap) vorticity,

ta) FAN PASSAGE,

(b) CORE PASSAGE,

Figure & - Secondary flow generation, horseshoe vortex,

/—~ LOBE
- | ~— VORTICES ~\
\

\
Al AN
\

T

CENTERBODY

Figure 9. - Secondary flow generation, passage vortex,






$J01334 4130438 A1epuodes payndwo) - 21 ainbyy

“LT "ON NOLLYLS (P)

yutoTses

Jreseveaan

-

LR

. ®dssaa4v
.
Yoo

‘e
., daav

.
L4asaan

8 ON NOLLYIS (9)

oo »>a

A ®Sedaaa
.

. v

“.

savw

DvNNS Nd

e,
v.'vl.!

L o
Nipoaa s

acr
-
.

.
MR
= a5

———t 35 .



-.nocot.l.':
evessestt .
u.‘u-'” (A .
it /r, N
‘“h".‘,,{‘h‘-" ‘ % 0
connasan?/fTy e, Ui,
--uun!m" ..:"-.. .
‘e

Waas n--ﬁ‘
.

(e) MIXER EXIT, STATION NO. 2L
Figure 12, - Concluded.



‘due|d yixa Jaxww Je SIN0JUD danjesadwa) |e)o) JO LOSIIRAWOD - €] ainbiy

SISATYNY (Q) INIW 1 ¥3dX3 ()




INFLOW
CONDITIONS

O  EXPERIMENTAL
DATA

. GENERIC
- ——— IDEAL

(a) THETA = Q.0

P
]

5.
=

(=)

=

=

S.!F

= E°'°‘°'°0§:8'°'°'°
g ' .

2

e

g

T

0 .2 4 6 8 L0

" NORMALIZED DISTANCE
(c) THETA + 6.0,

Figure 14 - Comparison of computed temper-
ature profiles with experimental data 128
Mixer, Te/Tc = 0.74, Station 21,



0.3 mawd 2t
“sued yxa 30| ‘Piey Moy Lispuodes eryu) - ‘g1 unbey

TALIDULYOA 39VSSVd SN Id dVH) JYNII (9
vENS AMd

tc lOOll {/ c.".\\\\s;otu”

-‘u\lOOOOlI///—fn\l\o\“““o”.

\\\\ou.nwb \\\\1"0...

oo.u\ \\\Orta.o

\\ \k.o!p...

J 4«28 v

DVYINS N Lo v vne
TALNLYO0A dVH) MTISVE ()

- ® & o s
- @ % @ o 8 b o>

.
.
.
.
)
.
T
]
A

PPN PU0) - Y[ unbuy
VST = VLML ()
JONV1SI0 03ZI TVWHON

01 2 9 v [

N s

‘076 = VIIHL (P)

L
=

™I ———
MV — - —
HEWNIP) ——

viva
WINMY¥IIE O

SNOLLIGNDD
MOHNI

33,1 ‘ouvy UY¥IEWLL VIOL



>
.

...-NH"“
veee 0099',’.‘
~asttPreg,
veva otttfre,
.......c",'f,"..

tide
wreaeetTTy

(b) STATION NQ. 8
Figure 16, - Computed secondary velocity vectors,



LR PP
“a
-

AssAnnaL,
a

Adasnsan,,
-

astsaae,,, ‘e
‘e,
asssae

L]
ses00teney,, 9
00000000"" '.‘I.‘.. .
.uooﬂ"""" o-." ‘e,
sene e P py ey "tte, t0e, "0, %0 % 0, e To\ SHROUD SURFACE

'“'"""””bh\:""p %, " ‘e, ", -.:.‘ LI

A m e % e v
2y By e, % v *
A . b
% % LA N
2% % "

AA.AAI;.‘..
sassanaa,,, : “a,
‘e
‘ll‘l....“..‘ ‘el
sassssanag, ‘e N
All‘llh‘...‘-
n.-nn-n-‘....

ansssssseg, e
‘e
.

SHROUD SURFACE

(d) STATION NQ. 11,
Figure 16 - Continued.



2 wpns Y2 - 217 smw
N Bep muswado yya saypad une
-Jotun pandund 1o uos|sedu) - 11 Ny

VE-VIRL()

PapNPUO) - 9 wnbe;
“1Z ON NOUIVIS “LIX3 ¥DAW ()

‘OILYY TUMYYI4WAL V101

:

VIS GNOYHS .

Wy

vive
WINWM¥OG O



wv-A4
‘SO VZU Samnud Lmesadun jeuswad
-2 pue pRndmnd o UosLIedwO) - BT ANk

09 - VIO

Oo

DY = VI ()

W ——— —01

viva
wuaMEHsa O

(-]
-l

3 yuve wuvaaewal wiol

PPOPUO) - ¢ Wnby
VST = VLML (D)

JONVISIA Q32 TVWHON
01 8 9 v 12 0.

viva !
WINWINA O |

SNOLLIONDD H
MOUN !



wy- Al
somyw 621 Senmd Lniesdu muawisad
-x3 puR pRNGED? P US| Jedu0) - 6l aunby

VE-VIMLD

Jm.— U 9
0©°

v

3
—o1 P
V- VIMLD =
-
=
>
* =
B
_
W ——— '
BYE —-—
NI _la
viva
winaula O
SNOLLIGNDD
NOUN

Papnpu) - T wnby

VY- VIML B
JONVISIO 0321 TVWEON
. 0 v -

VT = VIML D

—T T T a

338 | ‘OlIvY JWNUY¥IWL TVIO0L

WM ———
NYE —-—
NIWI) ——

vivg
WINWEA O

SNOLLIONOD
MOUN



1

PapNPUO) - ‘bt wNbiY

V- VIML ) Vo=ViRU P

JONVISIQ 0321 TVWHON JONVISIQ Q32! VWHON
S 5 0. R L X

VI -VIH (D

3391 ‘O1vy WNIVEIWAL TVIOL

™I — ——
MIBYE —-—
NUWNY ——
vivo
WINMM¥MA O

SNOLLIGNOD
MOt

0°1

33811 011wy IWNUVEIAWL IO0)



TOTAL TEMPERATURE RATIO, TMRer

TURBULENT

, INTENSITY
: U'IUREF
O  EXPERIMENTAL
LO— DATA
0.04
=012
81—
64—
=
N ‘ 00
4 Q
(a) THETA = 0.0,
L0—
|
.ar—
o

6 8

NORMALIZED DISTANCE
(b) THETA = 3,0,

Figure 20. - Comparison of computed and ex-
perimenta! temperature profiles. 12B Mixer,

1.0



VG = YIML (D

FONVISIQ QIZITYWHON
9 v

V2 - VIHLD

AV ———

L

viva
WINIWIEIAG (o}

EELITE

ALISNAUN
INTINSENL

=01

38,1 01vy WNIVYIGWAL V101

PapN L) - B2 ANbi4

06+ VIHL (D)

32NISIC A3ZINYWH0N
5 9 v

LOGER 7% TRl

il —===

w7

vivd
TvINIWIYIdXS O

.0

ALISNIINI
INTINYNL

=
—

.

-

1)1 0 vy WRIYYIdWAL WVIGH

o0

-

071



	1981006725.pdf
	0007A02.JPG
	0007A03.JPG
	0007A04.JPG
	0007A05.JPG
	0007A06.JPG
	0007A07.JPG
	0007A08.JPG
	0007A09.JPG
	0007A10.JPG
	0007A11.JPG
	0007A12.JPG
	0007A13.JPG
	0007A14.JPG
	0007B01.JPG
	0007B02.JPG
	0007B03.JPG
	0007B04.JPG
	0007B05.JPG
	0007B06.JPG
	0007B07.JPG
	0007B08.JPG
	0007B09.JPG
	0007B10.JPG
	0007B11.JPG
	0007B12.JPG
	0007B13.JPG
	0007B14.JPG
	0007C01.JPG
	0007C02.JPG




