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knowledge that a large aspect ratio for the finite element
quadrilaterals should be avoided. The extreme case pre-
sented, /t = 0.02, /¢ = 20, has an aspect ratio of 100:1. A
check was made by recomputing the stresses using an aspect
ratio of 40:1, with essentially no difference in the shearing
stress distribution and hence no difference in the shearing
stress concentration factor. The tearing stress distributions
computed in the two cases differed only in the region near the
reentrant corner where high stress gradients exist. Ex-
trapolating the centroidal values of the stress to the surface
requires considerable judgement. In both cases the curves
are nearly vertical, but the smaller aspect ratio unquestion-
ably yields larger tearing stress concentration factors. The
authors hope that the curves presented in this paper will be
of value in the design of bonded joints.
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Dynamic Performance Characteristics of Mixed
and Unmixed Turbofan Engines

Franz N. Frrr*
The University of Tennessee Space Institute, Tullahoma, Tenn.

Mixed and unmixed type turbofans, having identical rotating components and thermody-
namic cycles, are compared in terms of transient characteristics and steady-state off-design
operation. Effects of step changes in fuel flow rate, nozzle area, inlet pressure, ambient
temperature and air bleed are illustrated on both the fan and compressor operating maps.
Results show significant differences in the dynamic behavior of the mixed and unmixed turbo-
fan engines without the influence of an engine control. Off-design steady-state operating
points are also different. Both effects are more pronounced in the low-pressure fan than in
the high-pressure compressor. Such characteristics are important in the design of a com-

patible engine control unit.

Introduction

HE turbofan engine in its mixed and unmixed form is the
most common engine in modern civil aircraft. Mixed
augmented turbofans are finding many applications as the
power plant for supersonic military aircraft. Thermodynamic
design and turbofan cycle optimization have been studied ex-
tensively. Pearson! and others have explained the advan-
tages of the mixed turbofan engine. References 2 and 3 sum-
marize the methods of thrust augmentation by energy transfer
and mixing between the primary and the secondary air flows.
In general, the turbofan cycle is superior to the basic turbo-
jet engine. However, the performance advantages of the
mixed to unmixed turbofan is only a few percent.
Engine dynamic characteristics, important in design of
compatible control units, are quite different for turbojets
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and turbofans. Also, significant differences between the flow
dynamiecs of mixed and unmixed turbofan can be recognized.
In this paper the steady-state off-design and transient be-
havior of these two types of turbofan engines are discussed.
Both models used are two-spool fixed geometry engines with
identical rotating components and identical thermodynamic
cycle parameters. The analytical method of Refs. 4 and 7 is
applied to investigate the transient behavior with step
changes in fuel flow rate, nozzle area and other disturbances
which are characteristic in modern engine applications.
Reference 5 shows a similar engine comparison for accelera-
tion and deceleration under command input and in closed
loop.

Engine and Control Inputs

The construction of both turbofans investigated are com-
pared in Fig. 1, with the upper half illustrating the mixed
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Table 1l Common data, sea level static conditions

Compression ratio mc1 = 185

Fan pressure ratio weir = 2.4
Turbine inlet gas temperature Tw = 1400°K
Primary mass flow m = 31.2kg/sec
Bypass ratio A =059

Inertia, low-pressure rotor
Inertia, high-pressure rotor
Thrust

I1p = 2.48 kg m?
IHP =1.95 kg m?
F =2700daN

engine and the lower half the unmixed engine. All compo-~
nents are identical except for the ducting and exit nozzles.
Thermodynamic cycle data and the mass flow rates of the
primary and the secondary streams are also equal (see
Table 1). The unmixed engine has no mixing chamber,
therefore the expansion of the fluid occurs in two separate
nozzles. The thurst of the mixed engine is insignificantly
higher than the unmixed case.

Input parameters that are considered to affect both power
plants are marked on Fig. 1 and defined in Table 2. Engine
reactions, resulting from the influence of the parameters, can
be superimposed as long as the input magnitudes are kept
small and only one input is changed at a time. This system
corresponds to the case of an engine without a control unit
which is operated with fixed input variables. Knowledge of
the engine transient behavior is necessary for the design of
the control unit which must modify the system dynamics to
meet the requirements.

Calculation Procedure

The analysis is based on a detailed description of the ther-
modynamic and flow relationships inside the engine (see
Appendix). According to Refs. 4 and 7, the information sys-
tem needed can be gained by formulating the continuity
equation and the energy equation for all the stations where a
change of mass flow rate or of the enthalpy level takes place.
These links can be easily formulated by the aid of mass flow
and energy flow diagrams, which provide a clear picture of
these rather complex relations. Figure 2 shows the common
energy flow diagrams for both bypass engines. These equa-
tions of continuity and energy flow include the formulation of
the steady-state conditions as well as of the dynamic terms.

The dynamic terms are the mass capacity of the volumes
and the energy capacities of the gas volumes (potential and
thermal energy), of the rotors (kinetic energy in the rotors, of
which terms alone are indicated in Fig. 2) and of the material
of the hot components for the engine (thermal energy).
Particularly for small inputs and for transients in the order of
magnitude of a few seconds, the short-time and long-time in-
fluence of accumulation effects in the volumes and material
can be neglected. Also, the ignition delay of the combustion
and the propagation velocity of informations through the
engine are not considered in this simplified calculation.

Further necessary information is the individual relations
between the enthalpy differences of the components and their
inlet temperature, pressure ratio and efficiency. The equality

Table 2 Input parameters

AT, ambient temperature change
Apo ambient pressure change
AmpLp low-pressure compressor (fan) airbleed

Amhpap high-pressure compressor airbleed

Ariy fuel flow rate change

AA .y nozzle exit area change, mixed engine

AAg nozzle exit area change, primary flow of
unmixed engine

AAerr nozzle exit area change, secondary flow

of unmixed engine
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Fig. 1 Mixed and unmixed tarbofan models.

of the products of the pressure ratios of the compressing and
expanding parts of the engine, formulated for the primary
and secondary flow, completes the description of the cycle.
Furthermore, the corrected variables of the components are
to be related to the equivalent absolute variables.

With the aid of the characteristic maps of the components,
the mass flow rates of inlet, compressors, turbines and noz-
zles are formulated as a funection of their individual inlet
values. From this the flow characteristic is obtainable in the
neighborhood of the operating paint to be investigated.
The local trend of the component efficiencies can be included
in & similar manner.

If furthermore the thrust, the specific fuel consumption,
and other desired characteristic performance values are
added, an extensive system of equations is available which
represents a complete description of the off-design behavior of
an engine, including the transient effects.

The solution of the system can be achieved by iterative
stepwise caleulation, or for small inputs like disturbances it
can be solved directly after linearization. The results can be
superimposed for different inputs. In the case used here, the
solution of the system of differential equations can be per-
formed by matrix inversion and matrix multiplication.

The transfer functions of all variables are now available
as a function of the inputs, which are introduced in Fig. 1.
They are of second order and have the form

zi(s) = {% lean + con™s + ci,k**282]/

k=1
1+ Tis + T;y)} wi(s) (1)

where z; is any dependent and ¥ any independent variable,
¢ix the transfer factor, ¢;x* and ¢ »** the time constants of
the numerator and Ty and T the time constants of the de-
nominator; m is the number of independent variables and s
the complex variable of the Laplace transform. Knowing
this, the transient functions of all engine variables (all gas
temperatures, pressures, mass flow rates, speeds, corrected
parameters and thrust) can be calculated. These transient

d
i u"‘ﬁ)np

" d
ded—';'

)LP .

Fig. 2 Energy flow diagram of a two-spool turbofan en-

gine with and without mixing. h: = stagnation enthalpy,

Py = turbine power, H;y = lower heat value, P; = Lkinetic

engine power, m4 = air mass flow rate, P, = thermal power

of exit stream, mos = cooling air mass flow, v = angular
velocity.
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a) Low-pressure spool.

b) High-pressure spool.

Fig. 3 Transient rotor speeds.

0.4% 0.4 %%,
AAg =1% [j:
I —— -
e T —= Ve Nypy = 11506 RPM
// ————
) o e = " (1116/sec) |
Lo 7 = Arhp =1%  BAgr=1% Lp O
g p = 05 kg/s
0.2 7 ” 0.2 > 8LP g
/4 BT = Blgric=1% //
x 4 S S Y/
a U
& —
< -~ BAgy = 1%
s
£ ¢ 4
o
2
§ N\
5 \ Nipg = 11506 RPM \,
o \\ LPo \
-0.2 -02
\\ N
&_ ~
—— N
p = 1% \\\~_ \—_(11b/sec)
oo A -
-04 5 8 gup = 05 kg/s
] 5 10 - 15sec %4 e o9
time
0 5 A
0 T 1.5sec
04% e
> AT = 1%
/ mixed
————— unmixed
4N, Nypo = 16640 RPM
E 02 02%
5 e—
a =T Wity = 1% 1 Nyp, = 16640 RPM
g Aher=1% ABheg=10% Bhg=1% (11167
er=1% exn o o= 1% 111b/sec) (221b/sec)
& P b e AN 6rp, p=05kg/s g, p=1kG/S
2 —_— +——— = e e T
e 0 0
& N
S ] (L1ib/sec)
S Apey=1% —_—— | e ]
e S R —
= 02 Srhgup=05kg/s
et 5 W0 ——m  i5sec % 5 T e s sec

time

functions describe the steady-state off-design as well as the
transient operation.

Transient Functions

The time behavior of the two engine systems can primar-
ily be evaluated by means of the time constants T; and Ty and
the damping factor. Table 3 shows these values for the mixed
and unmixed turbofan engine. The numerical values are
scarcely different. This is no surprise since all the param-
eters that affect the time behavior are identical for both
engine types: the inertias of the rotors as well as the ther-
modynamic data and mass flow rates through the rotors,
which determine the acceleration torques. The step input
responses of the various variables that can be obtained from
the transfer function, Eq. (1), gives a much clearer picture of
the physical events.

Figures 3-6 give several examples. The magnitude of the
actual speeds of the low-pressure and high-pressure rotors
Nip and Ngpr (Fig. 3), the turbine inlet temperature Ty
(Fig. 4), the thrust F (Fig. 5), and the bypass ratio A (Fig. 6)
are plotted as a function of time for inputs of various manip-
ulated and disturbance variables.

Since the rotor has an inertia, an instantaneous change
of the rotor speed requires an impossibly large torque.

time

Because the available torque is finite, the coefficients ¢;,:*¥,
which indicated the initial step of the transient, must be zero
for the actual rotational speeds. That means the transient
functions of the speeds are zero at time zero and have a finite
slope as shown in Fig. 3. This is not the case with the cor-
rected speeds and in general not for all other dependent vari-
ables.

The transient turbine inlet temperature (Fig. 4) and thrust
(Fig. 5) functions of both engine types are nearly identical
for some inputs. In other cases these transient values are
different but the final values are identical. However, the dif-
ferences in the actual mass flow rates and therefore in bypass
ratio A (Fig. 6) are remarkable.

Changes of the bypass ratio illustrate that the secondary
cycle of a mixed bypass engine is highly affected during
changes of load and under all kinds of inputs. The reason for
this intensive influence is the immediate and almost instan-
taneous feedback through the bypass duct. All pressure de-
viations that travel downstream in the core engine and enter
the mixing chamber are transmitted undiminished to the pres-
sure side of the fan, which has to adapt itself. Pure tempera-
ture deviations act indirectly by changing the nozzle flow
conditions. This feedback effect on the secondary cycle
seems to be particularly large because of the comparatively
low bypass ratio of the engines studied.

Fig. 4 Transient turbine inlet gas tem-
perature.
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A similar effect is seen in afterburning mixed turbofan
engines where a change in the afterburner conditions acts
unretarded on the fan® and causes considerable surge diffi-
culties if the common nozzle is not suitably varied immedi-
ately. As discussed later, the afterburning mixed engine
studied suffers a 609, decrease of its fan compressor surge
margin if the afterburner fuel flow is increased by 109%.

Fan and Compressor Operation

Particularly clear is the difference in the performance of
mixed and unmixed bypass engines if the deviations from the
operating point are considered in the fan and compressor
maps. Here the continuous change of the most important
parameters such as pressure ratio m, corrected mass flow rate
mBY2/8, and corrected speed N/6V2 can be seen together.
At the same time, the stability margin vs surge can be evalu-
ated and the steady-state operating lines for the different in-
puts can be constructed. Figures 7-9 reproduce the time-de-
pendent and steady-state path of the operating point P on the
low-pressure fan and high-pressure compressor maps for
various inputs. The reaction of both engines without control
units are shown.

Figure 7 contains the displacement of the operating points
under stepwise increases of main engine fuel flow Ay and
the ambient temperature AT.. The fan again shows the

2%

1.0 15sec

time

largest differences. The transient functions and steady-state
operating points differ widely from each other for the same
inputs. The connecting lines between the origin and the new
operating points produce, therefore, completely different
operating lines which have different slopes and a different
relationship to the surge line. The high-pressure compressor
has a nearly identical operating line for both engines; how-

Table 3 Comparison of time constants
and damping factor

Mixed Unmixed
Time constant T 0.3818 sec 0.3891 sec
Time constant 7'y 0.1971 sec 0.1979 sec
Damping factor D 0.9677 0.9835

ever, the transients as well as the new steady-state operating
points are considerably different.

A stepwise increase of the ambient pressure (which is
probably the opposite of what occurs in actual practice) is
illustrated in Fig. 8 for both engines. In the same set of
figures the influence of an increase in nozzle area is shown
for the common exit nozzle of the mixed engine and for both
nozzles of the unmixed turbofan. This last comparison is not

¥

Fig. 6 Transient bypass ratio.
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Fig. 7 Fan and compressor operation with step increases
in the main engine fuel flow rate m; and ambient tempera-
ture T.

completely legitimate since the inputs are not really the same.
The purpose of the use of a nozzle area change, however, is
identical, and the different engine reactions have to be well
understood if these inputs are to be used as manipulated vari-
ables of a control cycle. The corresponding steady-state
operating lines are not at all common.

The decrease in nozzle area for the mixed turbofan also
represents what happens to fan surge margin of an after-
burning turbofan when afterburner fuel flow is rapidly in-
creased. As previously mentioned, a 609, reduction in fan
surge margin is indicated for the engine studied if it had an
afterburner and its fuel low were increased by 10%,.

Air bleed has an important task for stabilization of VTOL
aircraft during the takeoff, transition and landing phases.
Air bleed behind the high-pressure compressor causes about
20 times higher thermal loading of the turbine blades than
low-pressure bleed. However, the high-pressure bleed is pre-
ferred in practice, since its air ducting is considerably lighter.
The paths of the operating line under air bleed are shown in
Fig. 9 for both engines.

The effect of air bleed behind the fan of the unmixed engine
is identical with the nozzle area change of the secondary cycle.
It can further be recognized that the method of low-pressure
bleed can be used as an effective mean to unburden the fan
of a mixed engine during critical conditions of operation.

In interpreting the results, it has to be considered that the
fan and compressor maps include only corrected variables.
The changes of the actual variables of speed, mass flow rate
and pressures may deviate very much from the corrected
ones. This statement holds always for the high-pressure
compressor and is even true for the fan if the ambient data
are changed.

Summary

The characteristic transient behavior of identical turbofan
engines operating in the mixed and unmixed modes has been
discussed. Reactions of the engines to some stepwise dis-
turbance inputs which are characteristic for modern engine
application are compared without influence of a econtrol
unit. The results obtained show minor impact on the be-
havior of the engine core of both types. The reaction of the
low-pressure part, however, must be considered in greater
detail since the same variables can have very different tran-
sients, and also, the operating lines of both engines are rather
different.

Appendix: Some Details of
Calculation Procedure
The system of equations can be shown in an abbreviated

form as follows and may generally be applied to any type of
propulsion unit.

J. AIRCRAFT

1) The laws of mass, Eq. (2), and energy conservation,
Eq. (3), must be formulated as often as mass flows and energy
flows associate or dissociate. V. is the volume

Zi + [Vadpa/dt] = 0 2
Zmh + [d(maha)/dt] + Twdw/dt] + mdh./dt] = 0 (3)

of the combustion chamber, p.» the density, m., the mass and
hen the enthalpy of the gas in the chamber, m. is the mass of
the heated engine parts like turbine blades, discs, and casing,
and k. the enthalpy of these parts. The number of equations
of this type is a function of the type of propulsion unit. The
terms placed within brackets in Eq. (2) take into account the
time-dependent mass capacity of the volumes of the combus-
tion chamber. The bracketed terms in Eq. (3) take into
account the time-dependent energy capacity of the rotors,
the gas volumes and hot structures.

2) Equation (4) links the enthalpy differences of the
components with their pressure ratio = and efficiency 7, as well
as the inlet temperature T of the fluid. The number of equa-
tions is subject to the number of components.

Ah = Ah(x,T,n) 4)

3) Equation (5) equates the products of the pressure con-
ditions of compression and expansion for the basic engine and
for the bypass

H’ﬂ'compr. - Hrexpans. =0 (5)

4) Equation (6) describes the flow characteristics of the
engine components with a deviation from the condition of
steady state

mcorr = mcorr(ﬂ',N,a) (6)

fMeorr being the corrected mass flow rate and « the blade
angle.

5) Equation (7) links the corrected values with the cor-
responding dimensional ones

mcorr = mcorr(m,w, T) (7)

6) Equation (B) illustrates by analogy to Eq. (6) the ef-
ficiency trend of the components with a deviation from the
steady state

n = n(mcorr,"r,Ncorr) (8)

7) The terms in Eq. (9) denote that the trend of various
performance data will also be of particular interest

F,SFC,... = F,SFC,... (xsys) ©

With the information supplied by Eqgs. (2-7), a soluble sys-
tem of equations is obtained if the component efficiencies in
the vieinity of the operation point to be examined are as-
sumed to be constant. If, however, they are introduced,
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Fig. 8 Fan and compressor operation with step changes
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Fig. 9 Fan and compressor operation with step increases
in low-pressure air bleed rmprr and high pressure air bleed
: mgpyp.

according to Eq. (8), as variables, the accuracy of caleulation
is improved. Eq. (9) enables the determination of any vari-
able of additional interest, which may be formulated from the
variables already introduced in the system from Eqs. (2-8).

Of particular importance are the instationary elements of
the system of equations, which influence the transient char-
acteristics of the dependent variables, but not their final
steady-state value. The effect of these shares is dependent
upon the storage capacity of the components and structures

MIXED AND UNMIXED TURBOFAN ENGINES 825

concerned and on the time required to fill and drain the
capacity.

For the determination of all nonstationary processes caused
by brief interferences in the order of a few seconds, it is
sufficient to take into account merely the energy accumu-
lating rotor to obtain a satisfactory approximation.
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Exhaust Nozzle Drag: Engine vs Airplane Force Model

Dave BErgMAN*
Convair Aerospace Division, General Dynamics Corporation, Fort Worth, Texas

A nozzle model which utilizes interchangeable internal and external parts was tested at high
subsonic Mach numbers. Differences in nozzle drag brought about by the use of force- or
reference-model exhaust conditions in contrast to engine conditions were investigated. In
addition to typical designs, a number of alternative force-model nozzle (the type used in flow-
through nacelles) variations were tested and evaluated. In general, force-model nozzle drag
was found to be far different from that of the engine nozzles; however, some force-model
variations did simulate the effects of engine flow at discrete operating conditions.

Nomenclature
A = cross-sectional area
Cp = boattail pressure drag coefficient (Drag/qed )
Cp = boattail pressure coefficient, (P — P;)/qo
D,d = diameter
h = boundary-layer height
L = length of boattail
My = freestream Mach number
NPR = nozzle pressure ratio (Prs/Py)
P,P; = local and freestream static pressure
Pr; = exhaust jet total pressure
q = dynamic pressure
R = radius

Presented as Paper 70-668 at the ATAA 6th Propulsion Joint
Specialist Conference, San Diego, Calif., June 15-19, 1970; sub-
mitted June 29, 1970; revision received September 30, 1970.

* Propulsion Engineer, Aerospace Technology Department.

Subscripts

B,b = boattail terminal plane
J = jet

M,m = maximum

0 = freestream

T = total

Introduction

IRPLANE performance measurements, particularly those
made during design and development stages, are ac-
quired by applying a combination of experimental and analyti-
cal techniques rather than by using one specific device. This
approach must be taken because, when considering an entire
airplane configuration, each of these techniques has severe
limitations, and the sole use of either will compromise ac-
curacy in predicting airplane performance. As a result, an
approach which systematically integrates both analytical and
test results is normally used.



