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Optimum Mixing of Core and Bypass Streams
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In a mixed-stream turbofan, except for fan pressure ratio, the mission matched optimum selection of other basic
cycle variables like bypass ratio, overall pressure ratio, throttle ratio, and turbine entry temperature depends upon
engine-airframe interactions over the prescribed mission and the availabletechnology level. The fan pressure ratio
is decided by the mixing conditions that are internal to the engine. This paper, by utilizing a multidisciplinarycycle
optimization software, performs a number of numerical experiments to determine a criteria for mixing of bypass
and core streams, which results in an optimum fan pressure ratio. The use of optimum fan pressure ratio will aid
the other basic cycle parameters in enhancing performance gains caused by mixing, thereby improving the engine-
airframe-mission compatibility.The penalty of non- or suboptimalmixing,and savingsin mission fuel consumption
for a mixed-stream turbofan with respect to a separate exhaust turbofan, both at optimum fan pressure ratio are
also quanti� ed.

Nomenclature
PA = area, m2

D = diameter, m
ER1 : : : ER4 = cycle balancing errors
H = altitude, km
L = length, m
M = Mach number
P = total pressure, Pa
p = static pressure, Pa
SLND = landing ground run, m
STO = takeoff ground run, m
SW = aircraft wing area, m2

T = total temperature,K
t = time, s
W = engine mass � ow rate, kg/s
WEMP = aircraft empty weight, kg
WENG;DP = engine design mass � ow, kg/s
WF;msn = mission fuel consumed, kg
WTO = aircraft takeoff gross weight, kg
° = ratio of speci� c heats
¾ = pressure loss coef� cient

Subscripts

CL = climb
c = cold/bypass � ow
DP = design point
h = hot/core � ow

Received 1 June 2001; presented as Paper 2001-3618 at the AIAA/
ASME/SAE/ASEE 37th Joint PropulsionConference and Exhibit,Salt Lake
City, UT, 8–11 July 2001; revision received 28 December 2001;accepted for
publication 5 January 2002. Copyright c° 2002 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0748-4658/02 $10.00 in
correspondence with the CCC.

¤Scientist, Engine Simulation Division; vivek@drgtre.ren.nic.in. Senior
Member AIAA.

†Head, Engine Simulation Division.
‡Professor, Department of Aerospace Engineering; sanesk@aero.iitb.

ac.in.

max = maximum value of a variable
mix = mixed-out condition

I. Introduction

M IXED-STREAM turbofanengines in which the core and by-
pass streams are mixed before expansion is now increasingly

being viewed as a candidate for civil aircraft as well, besides ex-
tensive military application. In comparison to the separate exhaust
turbofan, the major advantage of a mixed-stream concept is an im-
provement of about 2–3% in speci� c thrust and thrust speci� c fuel
consumption (SFC).1;2 Although marginal, it is signi� cant over the
entire operation life of the aircraft. A theoretical and experimen-
tal description of the mixing process and the basis and magnitude
of resulting performance gains with respect to a separate exhaust
turbofan are contained in Refs. 1–3.

There are a total of six primary cycle variables that de� ne a twin-
spool, mixed-streamturbofanconcept for civil use. They are bypass
ratio (BPR), fan pressure ratio (FPR), low-pressure compressor
pressure ratio (PRLC), overall pressure ratio (OPR), maximum tur-
bine entry temperature (TETmax/, and throttle ratio (TR D TETmax=
TETDP/. Assigning a numerical value to each of them creates an
engine cycle option. The optimum cycle is the one that minimizes
mission fuel consumed(WF;msn ), while satisfying the thrust demand
of all of the mission segments and various size and performance
constraints to ensure its functional feasibility and aerothermal-
mechanical design compatibility.

Except for FPR, the optimum selection of remaining primary
cycle variables is driven by integrated engine-airframe-constraints
interactions over the prescribed mission application. As described
in the following section on “mixer considerations,”choice of FPR
depends upon the conditions at which the core and bypass streams
aremixed,which arepurely internalto theengineand independentof
missionapplication.Therefore,if mixingof core and bypassstreams
is doneunder conditionsthat result in anoptimumFPR it will further
aid in improvingthe fuel ef� ciencyand missionadaptabilityof those
primarycyclevariables,the optimumfor which are stronglymission
dependent.

A. Mixer Considerations

In a mixed-streamturbofanengine static pressuresof the core and
bypass streams at the mixer inlet (ph and pc/ must be made equal
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(pc D ph/ at all of the � ight points, prior to mixing. If the engine
state at a given station is known (that is, total temperature T , total
pressure P , and mass � ow rate W ), then specifyinga Mach number
M enables the computationof the static pressure of the � ow and the
area required to pass it, using the standard gas-dynamicequations.

Thus, when all of the cycle variables are prescribed at the design
point, Mach number at the mixer inlet plane for the core (Mh;DP/
and bypass streams (Mc;DP/ needs to be speci� ed to compute their
respective static pressures and also the mixer inlet core (Ah/ and
bypass (Ac/ � ow areas. FPR is iterated until pc D ph is achieved,
typically within §0.001%. The Ah and Ac are then assumed � xed
and are used to compute off-design Mach numbers, and hence the
mixer inlet static pressures of the core and bypass streams, to de-
termine off-design FPR. Summarizing, the thermodynamic perfor-
mance of an engine cycle in presence of mixer is de� ned by Mh;DP

and Mc;DP, which not only de� ne the design FPR but also its off-
design variations.

Having selected Mh;DP and Mc;DP, an important dependent vari-
able is the design point ratio of total pressures of bypass .Pc;DP/ and
core stream (Ph;DP/ at mixer inlet, that is, .Pc=Ph/DP. In fact, out of
Mh;DP, Mc;DP and .Pc=Ph/DP, any two can be selected, and the third
one satisfying the static pressures equality is obtained from Eq. (1).
It can be seen that [Eq. (1)] at a prescribed Mh;DP, Mc;DP increases
with increase in (Pc=Ph/DP, and irrespectiveof the numerical value
of Mh;DP, Mc;DP and Mh;DP are nearly equal at (Pc=Ph/DP D 1:0.
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B. Scope of the Present Work

Reference 2 is one of the early works which states that for opti-
mum mixer performance Pc;DP should not be lower than Ph;DP and
should not exceed it by 10–20%. A similar criteria is identi� ed in
Ref. 4, which indicates that (Pc=Ph/DP should be near unity, that is,
for near equal values of Mh;DP and Mc;DP. The (Pc=Ph/DP of unity
can arise at various values of Mc;DP (or Mh;DP/. But, none of these
references present the sensitivity of cycle fuel ef� ciency to Mc;DP

at the optimum (Pc=Ph/DP. While Ref. 2 is based on experimental
data, Ref. 4 is a numerical study based on heuristic approach.

This paper uses Mh;DP and Mc;DP as primary cycle variables to
de� ne the mixer performance and utilizes an alternative multidis-
ciplinary cycle optimization approach to reascertain the optimality
criteria of Refs. 2 and 4. Besides, it also attempts to identify an op-
timum Mc;DP to complement the optimum (Pc=Ph/DP. The penalty
of deviating from this optimal criteria has also been evaluated.The
paper concludeswith a case study to illustrate the potentialbene� ts
in the form of saving in WF;msn when a mixed-stream turbofan is
used instead of a separate exhaust turbofan, both at optimum FPR.

II. Cycle Optimization
A nonlinear constrainedoptimizationproblem is solved to locate

the value of an n-dimensional vector of design variables, that is,
X D .x1; x2; : : : ; xn/ that minimizes aircraft takeoff gross weight
(WTO/ because a smaller aircraft costs less to build and operate.
The “optimization with surface � ts”5;6 is used, where system re-
sponse instead of being called directly from design simulator,6 and
is made available to the optimizer (complex method of Box)7 as
surface � ts fyi D f .x1; x2; : : : ; xn/; yi being i th response variableg.
For any combinationof designvariables, surface � ts act as fast anal-
ysis modules, from which response is obtained quickly, unlike the
time intensive design simulator. Thus a large number of optimiza-
tion problems are easily solved in a reasonable time. To generate
surface� ts, a selectivenumberof designcombinationsare � rst iden-
ti� ed within a certain design space.8 The response is then computed
for each of them using the design simulator, and � nally regression
analysis9 is performed on the resulting data.

The success of present work largely depends on getting a good
surface � t approximation of system response. For each response
variable three checks were performed to ascertain the goodness of
its surface � t approximation:

1) The multiple correlation coef� cient is greater than 0.99.
2) The difference between the actual response (from design sim-

ulator) and � tted response at design combinations used for the de-
velopment of surface � ts is within §2% of actual response and also
within §2% of the range of actual response (that is, the difference
between the maximum and minimum values).

3) The differencebetween the actual and � tted responseat a large
number of nonregressiondesign combinations (that is, the ones not
used in the development of surface � ts), well dispersed over the
design space, is within §2% of actual response.

As the � nal step, the optimum was acceptedonly if the difference
betweentheactualand� tted responseat theoptimumis within§2%.
However, this difference was observed to be less than §1% most
of the times. These aforesaid checks induce suf� cient con� dence in
the validity of optimum solutions, which were obtained using the
surface � t approximationsof actual response and presented later in
this paper.

III. Design Simulator
The design simulator is central to the cycle optimization soft-

ware because it supplies system response by evaluating the mis-
sion performance of an engine cycle. It is an integrated computer
simulation of aircraft equations of motion, airframe design char-
acteristics, and engine steady-state thermodynamicperformance to
performdrag/thrustmatchingand fuelconsumptionat everymission
� ight point. The outcome of design simulator are mission matched
values of engine design point mass � ow (WENG;DP/ and WTO such
that the thrust demand of the most constrainingsegment is met, and
aircraft consumes all of the fuel except reserves while � ying the
mission. The most constraining segment is the one that demands
maximum thrust and therefore determines WENG;DP. This WENG;DP

then togetherwith prescribedengine power settings is used to com-
pute the performance of remaining segments.

The design simulator for militaryapplication,describedin Ref. 6,
was suitablymodi� ed for a civil aircraft study. It was validatedwith
actual � ight simulator data over a domestic sector for a modern
160 seater aircraft, which uses mixed-stream turbofans. The fuel
consumed for each mission segment, total mission fuel, and mission
time as computedby designsimulatorare in goodagreement(within
§2%) with actual � ight simulator results.WENG;DP also works out to
be close to actual engine. It induces suf� cient con� dence in design
simulator accuracy.

A. Design Mission

Aircraft carries a payload of 12,000 kg. It takes off, climbs to
H D 10 km/M D 0:78 in max power, and begins to cruise at this
H=M for 4800 km, using 90% of max available thrust. The cruise
thrust demand gradually decreases as the fuel is consumed and
aircraft becomes lighter. The reserve fuel is accounted by cruise
at H D 3 km/M D 0:78 for 240 km and loiter at optimum M at
H D 0:50 km for 30 min. The engine power for these segments
is adjusted based on thrust demanded/thrust available. Finally, the
aircraft descends and lands.

B. Design Vector

To limit the problem size, only those variables having high sen-
sitivity on system response are included in the design vector. A
reduced problem size also aids in improving the quality of surface
� t that approximate the true system response. To estimate engine
cycle’s interactions with airframe, airframe design variables also
need to be included in design vector.

1. Engine Design Variables

Among the primary cycle variables, only BPR, OPR, TETmax,
Mc;DP, and Mh;DP are included in design vector. FPR is a dependent
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variable.Although a primary cycle variable,PRLC has a poor sensi-
tivity on optimum WTO and hence was assigned a value of 2.20 that
is typical of current design trends. In a civil turbofan, only a limited
� at rating up to a hot day condition of ISA (international standard
atmosphere)C 20–30 K is required. Thus TR was also kept � xed at
a moderate value of 1.04.

The remaining variables like component’s ef� ciency, total pres-
sure loss, customer and cooling bleeds, etc., are referred as sec-
ondary variables. It is advantageous to maximize components’ ef-
� ciency and minimize pressure loss and bleeds. Thus, their values
are kept � xed as per the state of art, instead of being optimized.

2. Airframe Design Variables

The variation of lift, zero lift and induced drag coef� cient with
Mach number and drag rise caused by use of � aps and landinggear,
which is typical of a civil aircraft, is assumed to be applicable to all
the design combinations.The aircraft empty weight WEMP was kept
� xed at 42,175 kg (that of Airbus A-320) and WF;msn together with
reserves de� nes the internal fuel capacity. This simpli� ed airframe
representationeliminatesdesignvariablessuch as aspect ratio,wing
sweep, thickness, and taper ratio, etc., and leaves only design point
thrust loading (TLDG) and wing loading (WLDG: WTO=SW , where
SW is the aircraft wing area) in the analysis. To compute mission
matched WENG;DP, WLDG was chosen as the design variable.

C. Response Variables

The important response variables are takeoff ground run (STO/,
landing ground run (SLND/, time to climb (tCL/ to cruise altitude,
WF;msn, WTO , WENG;DP, TLDG, and SW . Whereas WTO is used as
the � gure of merit, one or more of the remaining are imposed as
constraints.Surface � ts need to be developed for the � gure of merit
and all of the response variables used as constraints.

D. Engine Cycle Performance

In a twin-spool civil turbofan with mixed streams, air entering
the engine splits into the bypass and core streams at the exit of fan.
While the bypass stream passes throughan annular bypass duct, the
core stream goes throughthe boosteror low-pressure(LP) compres-
sor, core or high-pressure (HP) compressor, combustor, and the HP
and LP turbines. The two streams are mixed downstream of LP tur-
bine and expanded in a single convergent exhaust nozzle with � xed
geometry.The single-stagefan, followedby a two- or three-stageLP
compressor are on the same shaft, which are driven by a multistage
LP turbine. The multistage HP compressor is driven by a single- or
two-stage HP turbine. Fuel is injected in the combustor and burned
to produce hot gas for driving turbines. There is no reheat.

Sea-level static in ISA is the enginedesign point.The preliminary
design methods that operate without utilizing component maps to
estimate design and off-design steady-state uninstalled thrust and
SFC for a mixed-stream military turbofan are contained in Ref. 10.
They can easily be translated to the case of a civil turbofan. For
this purpose a total of four errors .ER1 : : : ER4) are de� ned for off-
design cycle balancing. The iteration parameters are continuously
updated until each error is within §0.001%. Mixing is assumed to
be complete and ideal, and PRHC denotes the pressure ratio of HP
compressor.

ER1 : HP turbine � ow error () TET

ER2 : HP spool work imbalance () PRHC

ER3 : Mixer inlet static pressures () FPR

ER4 : Nozzle entry mass � ow error () BPR

The limiters TET · TETmax and OPR · OPRDP are imposed to
ensure a feasible solution. Because LP compressor and fan are on
the same shaft, PRLC is computedby assuming enthalpy rise across
LP compressorto beproportionalto enthalpyriseacrossfan and then
referencing it to the design point condition. An empirical correla-
tion fInstallationPenaltyD f (� ight M , BPR)g11 is used to compute

installed performance.The earlier mentioned design simulator vali-
dation is an indicationof the correctnessof installed thrust and SFC
computationsby the engine cycle software. Besides, it has also been
validated independently with respect to the limited manufacturer’s
data for a reference engine.

IV. Problem De� nition
Designmissionwas kept � xed and cruiseat H D 10 km/M D 0:78

sizes WENG;DP.
Minimize WTO , subject to:
(I) Box constraints, that is, design space, and
(II) Inequality constraints (g1 : : : g4 ):

.g1/TLDG · 0:30; .g2/STO · 1900 m

.g3/SLND · 1600 m; .g4/tCL; sea level to cruise H · 1800 s

The design space for present work is

4:50 · BPR · 7:00; 25:0 · OPR · 40:0

1700 K · TETmax · 1800 K; 0:20 · Mh;DP · 0:60

0:20 · Mc;DP · 0:60; 520 kg/m2 · WLDG · 650 kg/m2

V. Results and Discussion
This section describes the numerical studies based on ideal mixer

assumption to determine a criteria for optimum mixing of core and
bypassstreams in a high-bypasscivil turbofan.The resultingcriteria
has been translated in an equivalent (Pc=Ph/DP to conform with
Refs. 2 and 4, which use (Pc=Ph/DP to de� ne mixer performance.
Besides, an optimum Mc;DP has also been identi� ed that coupled
with (Pc=Ph/DP aids to further improve the cycle performance.

A. Locating Optimum (Pc /Ph )DP

Cycle optimization was performed by holding Mc;DP at a pre-
scribednumericalvalueand allowingthe remainingdesignvariables
to optimize. Beginning from its lower limit, Mc;DP was varied in
steps of 0.05. TETmax being a technologyparameter, it always takes
the upper limit of its design space if allowed to optimize. It was
therefore kept � xed at a preassigned numerical value, representa-
tive of either the existingor an advancedprojected technologylevel.
The variation of optimum (Pc=Ph/DP that results in minimum WTO

with Mc;DP at three levels of TETmax is shown in Fig. 1. Increasing
TETmax from 1700 to 1800 K indicates a transition from existing
to advanced technology. It can be seen that regardless of technol-
ogy level, optimum (Pc=Ph/DP varies within 0.98 to 1.02 for a wide
variation in Mc;DP from 0.20 to 0.60.

In all of the precedingoptimization studies, whereas BPR took a
range of values within its design space, OPR always moved to its
upper design space limit. The reason being that although increasing
both BPR as well as OPR improves SFC, BPR does so at the cost
of greater reduction in speci� c thrust, causing a greater increase in
WENG;DP (and hence in TLDG) to meet a prescribed thrust demand.
Thus to maximize cycle fuel ef� ciency at relatively higher levels of

Fig. 1 Optimum (Pc/Ph )DP .
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Fig. 2 OPR Sensitivity on optimum (Pc/Ph )DP.

speci� c thrust, OPR � rst moves to the highest possible value, and
then BPR is determinedby the level of TLDG constraint.The value
that OPR takes depends upon the cycle TETmax and also on aircraft
design cruise Mach number.

To determine the in� uence of variations in OPR on optimum
(Pc=Ph/DP, sensitivity studies were performed. For this purpose
TETmax of 1700, 1750, and 1800 K were chosen. At each TETmax,
sensitivity was investigated for OPR of 25, 30, and 35. At a given
TETmax and for each OPR, Mc;DP was varied in steps of 0.05 within
its designspace,and the remainingdesignvariableswere optimized.
The resulting sensitivity trends shown in Fig. 2 indicate that irre-
spective of OPR, optimum (Pc=Ph/DP lies within 0.98–1.03.

Next, an attempt has been made to identify if variations in opti-
mum (Pc=Ph/DP can be approximated to a single numerical value so
as to uniquely de� ne a (Pc=Ph/DP for optimum mixing of core and
bypass streams. This value could typicallybe 1.0, being the average
of the range of variation of optimum (Pc=Ph/DP from 0.98 to 1.02.
Such an approximation is possible only if optimum WTO has a poor
sensitivity to (Pc=Ph/DP in the region of optimum variation so that
shifting (Pc=Ph/DP from its actual optimum value to 1.0 does not
re� ect in any noticeable penalty in WTO .

To generate the sensitivity of optimum WTO to (Pc=Ph/DP at a
given TETmax , Mc;DP is assigneda � xed numerical value.The Mh;DP

is varied by §0.20 around this Mc;DP in steps of 0.05. At the chosen
TETmax and Mc;DP the remaining design variables were optimized
for each value of Mh;DP that is obtained as described earlier, to get

Fig. 3 (Pc/Ph )DP sensitivity on optimum WTO .

the minimum WTO . If Mh;DP falls outside its design space, surface
� ts were extrapolated.Using this procedureat each TETmax of 1700,
1750, and 1800 K, sensitivity of WTO to (Pc=Ph/DP was obtained at
Mc;DP of 0.30 (low), 0.40 (medium), and 0.50 (high), and is con-
tained in Fig. 3.

It is evident fromFig. 3 that variationsin optimum WTO are practi-
cally insigni�cant for (Pc=Ph/DP variationfrom0.95 to 1.05, thereby
indicating that WTO has a poor sensitivity to (Pc=Ph/DP in the re-
gion of interest.Thus, (Pc=Ph/DP can be approximatedto 1.00 as the
unique condition for optimum mixing of core and bypass streams.
The penalty of non- or suboptimalmixing at any TETmax and Mc;DP

can easily be quanti� ed from Fig. 3.

B. Selecting Optimum Mc;DP

Having identi� ed an optimum (Pc=Ph/DP, it is necessary to com-
plement it with an optimum Mc;DP (or Mh;DP/ to maximize the cycle
performance. During the cycle optimization studies illustrated in
Fig. 1, it was observed that at each TETmax the least of all of the
optimum (minimum) WTO as well as the least WENG;DP corresponds
to the lowest Mc;DP of 0.20, as shown in Figs. 4 and 5. The WENG;DP

is consistent with empirical correlation stated in Eq. (2), which has
been derived using a large database of currently manufactured tur-
bofans engines with BPR of 2.0 and above,12 thereby justifying the
choice of TLDG constraint (·0.30).
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Fig. 4 Optimum WTO.

Fig. 5 WENG;DP vs Mc;DP at optimum.

WENG;DP (lb/s) D 0:032 £ ThrustTake-Off (lb) (2)

The trends of Figs. 4 and 5 indicate that for optimum mixing
of core and bypass streams a low Mc;DP together with optimum
(Pc=Ph/DP of 1.0 is desirable. The loss in cycle fuel ef� ciency and
thrust with increasing Mc;DP is explained by Eq. (3), which com-
putes mixed-out total pressure Pmix after mixing of core and bypass
streams. MFP denotes the mass � ow parameter.

Pmix

Ph
D .1 C BPR/

1 C Ac=Ah
£

r
Tmix

Th
£ MFP (mix)

MFP (core)
(3)

Consider a � xed cycle with ideal mixing and with design param-
eters of BPR D 5.0, PRLC D 2.20, OPR D 35.0, TETmax D 1750 K,
TR D 1.04, and (Pc=Ph/DP D 1:0. During design point calculations
in such a case, FPR always takes the same value irrespective of the
level of Mc;DP. Thus all of the cycle parameters upstream of mixer
as well Ac=Ah , Tmix , and Wmix also take the same value and are
independent of Mc;DP ¢ Pmix now depends only upon the MFP ratio
between the mixed and core streams. The design point variationsof
MFP ratio and the ratio of installed thrust and SFC (referenced to
Mc;DP D 0:20) with Mc;DP are contained in Fig. 6.

It shows that with increasing Mc;DP, MFP ratio decreases, thereby
reducing Pmix with increasing Mc;DP. In practice, Pmix will further
reduce with increasing Mc;DP as a result of frictional losses, which
can be approximatedby Eq. (4) (Ref. 13). Because Pmix governs the
� nal nozzle pressure ratio, reduction in Pmix decreases thrust and
increases SFC. A similar trend was observed at all other off-design
mission � ight points.

¾mixer D 0:05 £ M 2
mix (4)

The foregoing discussion justi� es the use of a low Mc;DP, but it
increasesthe mixer size. The fan entry being the maximum diameter
section, mixing chamber diameter Dmixer must never exceed the fan
frontal diameter Dfan . Thus choice of Mc;DP is a tradeoff between
cycle thermodynamic performance and mixer size. The description

Table 1 Mixer size and weight for optimum at TETmax = 1750 K

Variables I II III IV V VI VII VIII IX

Mc;DP 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Ac 2.52 2.05 1.74 1.52 1.36 1.24 1.15 1.08 1.02
Ah 0.63 0.54 0.48 0.43 0.40 0.37 0.35 0.33 0.32
D 2.00 1.82 1.68 1.58 1.50 1.43 1.38 1.34 1.31
L 1.50 1.36 1.26 1.18 1.12 1.07 1.04 1.01 0.98
Weight 98.0 81.0 69.0 61.0 55.0 50.0 47.0 44.0 42.0

Fig. 6 Mc;DP in� uence on mixing.

of Table 1 enables us to understand this tradeoff,which contains the
mixer geometry and weight at various Mc;DP for the optimum cycles
at TETmax D 1750K. Mixer is assumed to be an adiabaticcylindrical
chamber, with cross-sectional area of Ac C Ah . Although a larger
length L is required for complete mixing, mixer length-to-diameter
L=D ratio is restricted to 0.75 as a result of space limitations in
an actual engine hardware. The metal thickness and density are
taken as 2.50 mm and 8200 kg/m3 , respectively, for mixer weight
computation.

Because all of the optimum engine cycles are in the class of
110 kN (25,000 lb) thrust, Dfan is of the order of 1.60 m, com-
puted from statistical correlations of Ref. 12. In terms of cycle de-
sign mass � ow to fan frontal area ratio, it is equivalent to about
185 kg/m2, which is consistent with high-bypass turbofan designs.
Thus all those Mc;DP for which Dmixer exceeds Dfan are ruled out.
Mc;DP D 0:35 is the lowest value that meets this constraint,but there
is not much allowancebetween the fan and mixer diameters.There-
fore Mc;DP of 0.40 is deemed suitable to complement the optimum
(Pc=Ph/DP of 1.0.The similar trendswere alsoobservedforoptimum
cycles at TETmax of 1700 and 1800 K.

As cycle performance deteriorates with increasing Mc;DP and
there is not much reduction in mixer diameter and weight beyond
Mc;DP of 0.40, it is desirable to use Mc;DP D 0.40. Moving from
Mc;DP of 0.20 to 0.40 reduces mixer weight by 40 kg, which will
marginally compensate the increase in WF;msn as a result of loss in
cycle fuel ef� ciency. If the engine is designed for cycle mass � ow
to frontal area ratio higher than 185 kg/m2 , that is, for a lower Dfan,
then Mc;DP might need to be increased. As an example, if this ratio
increases to 225 kg/m2 as the limiting case then Dfan ¼ 1.45 m for
the optimum cycles at TETmax of 1750 K. Thus, Mc;DP of at least
0.45 is required.

C. Mixed vs Separate Exhaust

Given in Table 2 is a relative comparison of the optimum cycles
(all at optimum FPR) in the mixed and separate exhaust modes at
TETmax of 1750 and 1800 K. The WEMP (D42,175 kg), design space
and problem formulation were kept the same as described earlier to
derive these optimum. Mixing is assumed to be complete and ideal
at Mc;DP of 0.40.

The mixed-stream optimum cycle has a lower FPR and a higher
BPR. The reason being that for a given cycle restriction of equal
mixer inlet static pressures at (Pc=Ph/DP of 1.0 always results in
a lower optimum FPR for the mixed-stream turbofan. It therefore
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Table 2 Optimum cycles; mixed and separate exhaust turbofan

Unmixed Mixed

Variables I II III IV

TETmax 1,750 1,800 1,750 1,800
BPR 5.33 5.88 5.51 6.13
OPR 40.0 40.0 40.0 40.0
FPR 1.787 1.791 1.686 1.694
PRLC 2.20 2.20 2.20 2.20
TR 1.04 1.04 1.04 1.04
.Pc=Ph /DP 1.19 1.20 1.00 1.00
WENG;DP 742 747 739 749
WLDG 579 581 578 581
WTO 75,520 75,316 74,627 74,401
WF;msn 21,175 20,970 20,282 20,057

producesa higher speci� c thrust at lowerSFC at all � ight conditions.
Because of higher speci� c thrust, mixed-stream turbofan is able to
operate at a relatively higher BPR to meet the same thrust demand,
therebyfurtherimprovingthecycle fuel ef� ciency.At the same level
of components’ef� ciency, pressure loss, and bleeds, mixing of core
and bypass streams results in a saving of 1.18% in WTO and 4.20%
in WF;msn at TETmax of 1750 K, which slightly increase to 1.21 and
4.35% at TETmax of 1800 K.

VI. Conclusions
An improvement in the cycle performance of a separate exhaust

turbofan can be achieved only by improving the components’ ef� -
ciencyand reducing the pressureloss and bleeds,which is a dif� cult
and costly proposition. Mixing of core and bypass streams before
expansion is a simpler solution to this problem. To maximize the
potential bene� ts of mixing, optimum mixing conditions need to
be identi� ed in terms of (Pc=Ph/DP and either of Mc;DP and Mh;DP.
This paperdescribesa largenumberof numericalcycleoptimization
experimentsbasedon idealmixer assumptionand integratedengine-
airframe-mission interactions to arrive at the optimum mixing cri-
teria in terms of (Pc=Ph/DP and Mc;DP.

The (Pc=Ph/DP that minimizes WTO (and hence WF;msn/ over a
prescribed typical civil transport mission is the optimum. It was
observed that optimum (Pc=Ph/DP lies within 0.98–1.03 for a wide
variation in primary engine cycle variables. It can be approximated
to 1.0 to uniquelyde� ne this parameter for optimum mixing of core
and bypass streams because optimum WTO has a poor sensitivity to
(Pc=Ph/DP in the range 0.95 · .Pc=Ph/DP · 1.05.

The optimum choice of Mc;DP, instead of being a mathematically
de� ned optimum like (Pc=Ph/DP, is a tradeoff between the cycle
thermodynamicperformance and mixer size. Although a low Mc;DP

is desirable, it can result in mixing chamber diameter being more
than fan frontal diameter. For the existing design trends where the
ratio of cycle design mass � ow to fan frontal area is of the order of
185kg/m2, Mc;DP D 0.40 has been identi� ed as thebestcompromise.
Mc;DP might need to be increased if fan is designed for a lower
diameter, that is, for a higher ratio of cycle design mass � ow to
frontal area.

In a given cycle optimum FPR is always lower for a mixed-stream
turbofan, in comparison to a separate exhaust turbofan. Besides,
mixed-stream turbofan takes a higher BPR at the optimum designs.
The net effect is an improvement in its fuel ef� ciency over all of the
� ight conditions.

Identi� cation of a unique (Pc=Ph/DP and a suitable Mc;DP for
optimum mixing also simpli� es the cycle optimization analysis as
these variables can now be assigned � xed numerical values. It will
reduce the problem dimension and hence the number of parametric
design combinations at which response needs to be obtained for
generating surface � t approximationsof desired responsevariables.
Alternatively,designparametersfromother disciplineslike airframe
or mission can be included.
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