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ABSTRACT

Increasing aircraft engine efficiency and reducing the engines weight have driven innovation in
the aircraft engine business since its inception. By simply looking at the Brayton cycle increasing
the compressor pressure ratio can bring about an increase in efficiency. To achieve this high-
pressure ratio, multi-stage axial compressors are used, which tend to be both heavy and
expansive. Increasing the number of stages in an axial compressor can increase the pressure ratio
and therefore the thermal efficiency; however as the number of stages increases, the engine
weight, cost and length also increase, all of which are detrimental to the overall aircraft
performance. Recent work by Kerrebrock, Merchant, and Schuler, has led to the possibility of
achieving high pressure ratios with a reduction in the number of stages. These compressors use
aspiration, or suction on the surface of the blades and endwalls, to keep the boundary layer
attached over a greater percentage of the blade chord. Keeping the boundary layer attached
longer allows the each blade row to be more highly loaded than the equivalent non-aspirated
blade. This higher loading means fewer stages are needed to achieve a given pressure rise.

The extracted air is brought inside the blade where it is removed at a convenient location. This
bleed air can contain a substantial amount of energy that can be used for numerous purposes on
the aircraft or engine. Recovery of the bleed flow and its disposition are important factors in the
success of aspirated compressor technology. In this study it is assumed the bleed air can be used
for threes purposes: its is returned to the turbine as cooling air, expanded overboard to augment
the engine thrust or used to perform “auxiliary work” in a different part of the aircraft. The
thermodynamic efficiency (as measured by the specific impulse) and the installed efficiency of
the compression system were calculated for different engine/fan configurations and compared
with equivalent non-aspirated engines. This allows the effects of aspiration to be quantified and
can be used to assess if aspiration is viable for a specific setting.

Thesis Supervisor: Jack L. Kerrebrock
Title: Professor of Aeronautics and Astronautics
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Chapter 1: Introduction

Since the invention of the gas turbine aircraft engine, airlines, the military and the engine
manufacturers have all aggressively pushed to improve the engines overall efficiency and reduce
the engines weight. From a simple analysis of the Brayton cycle, increasing the compressor
pressure ratio can bring about an increase in efficiency. Most commercial engines that operate on
the Brayton cycle currently use multi-stage axial compressors to achieve high pressure ratios.
However, as the number of stages used increases, the engine weight, cost and length also
increases, all of which are detrimental to the overall aircraft performance. One solution to this
problem is to use an aspirated compressor. Blades employing aspiration will decrease both the
length of the compressor and the number of blades/disk.

The aspirated compressor uses boundary layer control on the blades and the endwalls,
allowing an increase in the amount of work done by each blade row at a given loss level.
Keeping the flow attached longer and minimizing the wakes results in lower losses. Boundary
layer control is implemented by “sucking” a portion of the blade boundary layer at a critical
location just downstream of the shock impingement location. Suction causes the boundary layer
to remain attached further downstream of the shock. Aspiration allows for a blade row to
function at a higher diffusion factor (0.7) with the viscous losses of a normal blade operating

closer to a diffusion factor of 0.5. Diffusion factor is a measure of the turning done by a blade

and is defined by
D=1- ._I{Q_ + L‘_’f‘lbl
vV, 20V,
Where ¢ is the solidity.
c
c=—
s
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Suction is accomplished by means of a single slot on the blade suction surface, close to the point
of shock impingement. The extracted flow is then brought inside the blade where it can flow
radially outwards and be removed from the tip or radially inwards where it can be removed at a
convenient location. This suction air can contain a substantial amount of energy (especially if
bled from the latter stages of a compressor) that can be used for numerous purposes on the
airplane or returned to the engine as turbine cooling air. Recovery of the bleed flow and its
disposition in the engine system are important factors in the success of aspirated compressor
technology.

If the bleed flow is discarded and it’s potential contributions to the overall system
ignored, the penalty for using aspirated technology can be high. Although the weight of an
engine can be reduced by the use of fewer stages in the compressor, the penalty paid in Specific
Impulse may over ride these weight benefits for many applications. This study looks at the effect
the bleeds have on the engines thermodynamic efficiency and compares the specific impulse of
the aspirated compressor configuration to that achieved by a similar (i.e. same ., T, flight
Mach number etc.) non-aspirated engine. In the comparison, it is assumed that the aspirated
bleeds are returned to the engine cycle as turbine cooling air (Core bleed air) or expanded
overboard to recover the momentum drag (Fan bleed air). In the analysis of the Turbojet Cycle
the bleed air is used for some type of non-specified Auxiliary work.

Another, important issue which bears on the systems analysis, is the conditions of
extracted air when it leaves the blade. This study outlines a technique used to calculate the exit
conditions (P;, T, Mach number etc.) of the bleed air. Full recovery of the total exit pressure will
not be possible and the recovery factor will depend on diffusion system. Knowing these
temperatures and pressures, an equivalent isentropic compressor efficiency, defined as the ratio

of the total available work in the compressed air (both bleed air and through flow air) to the total
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work carried out compressing the air, can be calculated. This equivalent compressor efficiency
will depend on the recovery factor of the diffusion system, as this will dictate the work available
in the bleed air.

In the Turbofan cycle analysis the core aspirated air is returned to the cycle as turbine
cooling air. To carry out this mixing analysis the temperature and the pressure of the aspirated air
is needed, to calculate the mixed out temperature and pressure. Another use for the exit
conditions of the aspirated air is to calculate the amount of auxiliary work, by assuming the bleed
air is expanded to the compressor inlet pressure Py. Calculation of the bleed air exit conditions is
performed using a one dimensional compressible flow approximation to the flow in the bleed

slot.
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Chapter 2: Cycle Analysis

2.0: Introduction

In this section, an outline of the steps involved in a parametric cycle analysis of both aspirated
engine configurations and non-aspirated configurations are provided. The non-aspirated engines
will act as a baseline configuration and can be used to compare the effects of aspiration (i.e.
changing the number of stages with bleed, increasing or decreasing the amount of bleed, pressure
recovery achievable etc.). Four different engine configurations will be discussed:

1. Mixed exhaust Turbofan.

2. Mixed exhaust Turbofan with aspirated core compressor and fan.

3. Turbojet with compressor discharge extraction.

4. Turbojet with compressor discharge extraction and aspirated core compressor.
For the aspirated engines (cases 2 & 4), it will be assumed, in both cases that the core is an
aspirated 3-stage counter-rotating compressor. All threes stages of the counter rotating
compressor are aspirated; aspiration on each stage implies bleed air is removed from both the
rotor and the stator. Approximately 1% of the core mass flow is removed by each aspirated blade
TOW.

In both the aspirated engines the bleed air is not simply discarded but returned to the
cycle in some form. For the mixed exhaust turbofan the core aspirated air is retuned to the
turbine where it is mixed out with the through flow air, while the bleed air form the fan is
expanded overboard to recover it’s momentum drag.

To make the comparison between the aspirated turbojet and the non-aspirated case more
meaningful it will also be assumed that both units do an equal amount of “Auxiliary Work”. For

the non-aspirated engine, extracting a percentage of the Compressor discharge Air (CDA) will
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perform this “Auxiliary Work™. For the aspirated engine, using a combination of the bleed air
and a percentage of the CD air will perform the “Auxiliary Work”. The cycle analysis is based
on the methods discussed in

1. “Elements of Gas Turbine Propulsion” by Jack D. Mattingly

2. “Aircraft Engines and Gas Turbines” by Jack L. Kerrebrock

2.1: Mixed Exhaust Turbofan

A schematic of the mixed exhaust turbofan is shown in Figure 2.1. In the turbofan engine, a part
of the airflow through the fan bypasses the core; the remainder passes through the compressor,
the combustor, and the turbine of the gas generator. The separate airstreams mix before exiting
through the nozzle. For convenience in the cycle analysis, the overall compression ratio through
the fan and the compressor is denoted by 7. This is in fact the product of the fan and the
compressor pressure ratios. The pressure ratio of the fan alone is denoted by 7s. The schematic
shows a normal turbofan with no aspiration or bleed extraction. What follows below is an
outline, providing a description of the main steps in the analysis; in fact these steps will form the

basis upon which the other 3 cycles are analyzed.

1. Starting with an equation for uninstalled engine thrust, we rewrite this equation in terms
of the total pressure and total temperature ratios: the ambient pressure Py, the temperature

Ty, and the speed of sound ay, and the flight Mach number M, as follows:

F'_‘(m9V9_m0V0)+A9(P9_P0)

{gieu)

m m, d, m, F,

Page 15



[$]

Figure 2.1: Mixed Exhaust Turbofan

2. Express the velocity ratio ¥, /a, in terms of Mach numbers temperatures, and gas

properties of states () and 9:

(5}“ _aM; _pRT,
=52 :
a, a, Yo R,

3. Find the exit Mach number Mjy. Since

- | Yelr1
P,9=Pg(1+—y2 Mé]

Then
(Jvr‘_])
: B
M; :L [_rz -1
Vi =] P‘J
Where
By, _FK
e _ﬁ-r‘ﬂdﬂcﬁﬁﬁl]z-m
A
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Find the temperature ratio 7, /7 :

I, _ T/ Ty _ T/ Ty
i N 2
I, oT,L (8 B)
Where
Ty _
e T,T,T, 07,7,
0

. Apply the first law of thermodynamics to the combustor, and find an expression for the
fuel/air ratio fin terms of 7’s etc:

13C . T3 + MM i My = m,C T4
When applicable, find an expression for the total temperature ratio across the turbine 7
by relating the turbine power output to the compressor, fan and/or aspirated air
requirements. This allows 7;to be evaluated in terms of other variables.
. Evaluate the specific thrust using the above results.

. Evaluate the specific impulse 7, using the results for the specific thrust and the fuelair

ratio:

I = Ftotal/’hO
/g

. Develop expressions for the thermal and propulsive efficiencies.
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2.1.1: Cycle Analysis

This section outlines the cycle analysis of the mixed exhaust turbofan. Component losses, the
mass flow rate of the fuel through the components, the variation of specific heats and losses due
to the mixing of the fan and core flows in the exhaust are all included. The analysis will assume
one-dimensional flow at the entrance and exit of each component. The variation of the specific
heat will be approximated by assuming a perfect gas with constant specific heat cpc upstream of
the main burner and a perfect gas with different constant specific heat ¢,; downstream of the
main burner. As alluded to earlier the analysis will be brief and only an outline of the most
important steps is included. Detailed analysis of this cycle is provided in both of the references
given above. The turbofan with station numbering is shown in Fig 2-1.

The gas flow through the core engine is 71, , and the gas flow through the fan is m,. The

ratio of the fan flow to the core flow is defined as the bypass ratio and is given the symbol alpha

«. Thus

The total gas flow is given the symbol 71, . Thus
iy =m +m, =(1+a)m,
Uninstalled Thrust:
F =(riny gV ) + 4 (B = B)

Assume the engine exhaust nozzle expands the gas to the ambient pressure F, = F; . Therefore

F (g V
— = (—9 =2 Mo] Eqn. (2.1)
mya, \ My a,

Where
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Eqn. (2.2)

Placing Eqn. (2.2) into Eqn. (2.1) gives
n.:; = KH[—I J{QD?— 0} Eqn. (2.3)
0 0

For the turbojet cycle, this equation becomes

2
(5_) _ZRT

a 9 Eqn. (2.4)

Calculation of (Vo / ay) 2

Calculation of f :

Application of the 1* law of thermodynamics to the control volume about the combustor shown

below in Figure 2-2 gives:

’hccpc7;3 + nb’hﬁlelhpr = m4Cp17;4 Eqn‘ (2‘5)

Where hy, is the thermal energy released by the fuel during combustion.

i, =m, (1+ f)
Using the above relations in
[7,7.—7,]
/= P Eqn. (2.6)
|:T/1 -(ﬂb gy TO):|
Cpc
Where
c. T
r, = ptt 14
C ch 0
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Figure 2.2: Combustor Model

Calculation of :
The power balance between the turbine, compressor and fan gives

Power into compressor + Power into Fan = Net Power from turbine

m.C (7;3 '_th)"' mC o (7:13 ”zz)z m,C (7;4 - 7;5)

Solving for the turbine temperature ratio gives

7, :1—[ (1jf) % [(z.-1)+a(z, —l)ﬂ Eqn. (2.7)

This expression allows solution for 7, from which we then obtain 7 by using the polytropic

efficiency.
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Calculation of :

Fluid dynamics requires equal static pressures at stations 6 and 16. Normal design of the mixer
has the Mach numbers of the two entering streams nearly equal. For this analysis, we assume the

total pressures of the two entering streams are equal, or

Assuming isentropic flow in the bypass duct from 13 to 16, we can write

”Cﬂbﬂt = 7Z'f
Or
T (71—])6,”/}/,
7= ”t(rrl)ef/n - (__f_] Eqn. (2.8)
.7,

Eqn. (2.7) and (2.8) can be solved to obtain the bypass ratio « or the fan temperature ratio zrin
terms of the known quantities. In this analysis it is assumed that zris given soothe solution for

the bypass ratio gives

o= (1 -*-f)(‘[,l /'2',){1 —[ﬂf,/(”c”b )](7,—1)e,/7, } _(TC _1)

Eqn. (2.9)

Mixed Exhaust Stream
Before exiting the engine through the nozzle, the bypass flow and the core flow are mixed in the
exhaust. The mixing of these two streams will play a role in the overall engine efficiency. The

temperature and pressure ratios of the mixer are defined as

and 7, = Eqn. (2.10)

The mixer temperature ratio 7, will be obtained from an energy balance, while the total pressure

ratio 7, will be obtained from an analysis of a constant area ideal mixer.
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Ideal Mixer Analytic Model

Figure 2.3 shows an ideal (no wall friction) subsonic constant area mixer, with primary and
secondary streams of calorically perfect gases having different ¢, and y values. The flow is
assumed to be one-dimensional, and the subscripts 6, 16, and 6A are used for the core, bypass,
and mixed streams, respectively. We assume that the ¢, and y values of the core and the bypass

streams are known as well as Ms and the following ratios:

!

16 ‘Rl()
I, &

16

and o =—2

To obtain the properties of the mixed stream, the conservation laws for the ideal mixer were
used:

Conservation of Mass

1, + ny = Hig 4 Eqn. (2.11)
Conservation of Energy
s C o T +10C i Tg = M,C e s i 4 Eqn. (2.12)
Momentum
P A, +mV,+ P A, +mVe =P A, +m b, Eqn. (2.13)
Constant Area
A+ A = As Eqn. (2.14)

Using these Eqn’s 2.11 to 2.14, the mixer total temperature ratio z,, is

T., Cp 14&(Cpy/Coo (Tio/T,
7, = t6d o B8 (Coe/ ”"’,)( ne/Tie) Eqn. (2.15)
w6 Crea I+a

Using the momentum equation and 7,,a value for Ms4 can be calculated (see Ref. 2, Mattingly,

Chapter 7 ). Using this value an expression for the mixer total pressure ratio in
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Bypass stream |

: | 16 |
my |
| | Mixed stream
Mixer 6A1 —
| | et
Core stream | |
| 6
m, ‘ |
|
L e e — —
Figure 2.3: Ideal constant-area mixer
terms of 7, and the other flow properties at station 6, 16 and 6A can be obtained
_ By _(+a)r, MFP(Mq.y,.R,)
T = = p Eqgn. (2.16)
Fy 1+ 4,/ 4 MFP(M(;A’)/()A’R()A)

Where the mass flow parameter (MFP) is defined as

MEMFP(M,y,R): My7/R

" L[y -1) 2]}

t

Calculation of Propulsive Efficiency

The propulsive efficiency is defined as

”p ==
oul

Where T = thrust of propulsion system

Vo = Velocity of aircraft
Wom = Net power out of engine
It can be shown that
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n = 27, (F//mo)
Toa |1+ (f1+@))(ta) M3 |

Calculation of Thermal Efficiency

The thermal efficiency is defined as

Where W = Net power out of engine

pr

0, = Rate of thermal energy release (m h )

This leads to the following expression

a; (1+a)[(1+(f/(1 +oe)))(V9/ao)2 _Mﬂ

=

2/h,
Calculation of Specific Impulse
The specific Impulse is defined as
I = _FM
M1 &
Where F = Total thrust of the engine
mg,; =Mass flow rate of fuel
g = acceleration due to gravity
] = F/my
/2

Eqn. (2.17)

Eqn. (2.18)

Eqn. (2.19)

Page 24



2.2: Aspirated Turbofan

A schematic of the aspirated turbofan is shown in Figure 2.4a and 2.4b. As mentioned in the
introduction, it will be assumed that a 3-stage counter-rotating core compressor is used in the
engine. Aspiration is applied to each stage of the core compressor. This means that a portion of
the air is bled from both the rotor and the stator on all three stages. On the first stage the air is

taken radially outward ( &,,11, & £,m,) as indicated in Figure 2.4a, while the air is taken radially

inwards on the final two stages ( £,,M,.£,,/,, £,;1,, £,;m. ). Like the core compressor the fan

stage is also aspirated, with bleeds being taken from the rotor and the stator. In both cases the
bleed air is taken radially outwards.

As can be seen in Figure 2.4b the aspirated air from the core is returned to the cycle as
turbine cooling air. It is assumed that each bleed can be admitted to the turbine at a pressure

equal to the bleeds total pressure. Therefore, for cycle purposes the bleed airflow ;71 is

modeled as being introduced at a pressure equal to its total pressure ( B,,; ) and fully mixed in

coolant mixer 1 (see Figure 2.4b). No total pressure loss is assumed for coolant mixer 1. The
mixing of the cooling air causes a reduction in the total temperature of the through flow air,
while increasing the mass flow of air through the turbine. The other compressor bleeds are
treated similarly; each is introduced at a pressure equal to its total pressure and fully mixed out in
a coolant mixer (see Figure 2.4b).

The fan extraction air is also used to augment the cycle. It is assumed that this air can be
expanded through a nozzle to the ambient pressure Py, thereby recovering the momentum drag of
the air and increasing the thrust of the engine. Table 2-1 details each of the bleeds, the direction
of extraction and how they augment the engine cycle.

In the analysis it is assumed that the pressure ratio and isentropic efficiency for each
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Figure 2.4b: Bleed and Turbine cooling Air Flows
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stage is known. These values can be used to calculate to calculate an overall polytropic

efficiency for the compressor. When comparing the aspirated turbofan with the non-aspirated

turbofan, the compressor pressure ratio across both units is assumed equal

7,y = (7, ) =

aspirated - (ﬂ." )non—aspirared

as are the overall polytropic efficiencies of both core compressors, the fan pressure ratios (7, )

and the fan polytropic efficiencies.

Nomenclature | Extraction Point Direction of Extraction Cycle Augmentation
£,M, 1¥ Stage Rotor Radially Outwards Turbine Cooling Air
£y, 1% Stage Stator Radially Outward Turbine Cooling Air
£,,1M, 2" Stage Rotor Radially Inward Turbine Cooling Air
£,,1, 2" Stage Stator Radially Inward Turbine Cooling Air
£,,1m, 3" Stage Rotor Radially Inward Turbine Cooling Air
£, 3" Stage Stator Radially Inward Turbine Cooling Air
Er Fan Rotor Radially Outward Expanded to Py
£y, Fan Stator Radially Outward Expanded to Py

Table 2-1: Aspirated Turbofan Bleeds

Page 27




2.2.1: Cycle Analysis

This section will compute the behavior of the aspirated turbofan including component losses, the
mass flow rate of the fuel through the components, and the variation of specific heats. It also
takes the work performed on the bleed air into account. This is an important difference between
the cycle analysis performed on the non-aspirated turbofan.

For example the bleed air removed from the 1% stage rotor is taken radially outward and
in so doing, work is performed on the air; the air is “pumped” similar to the work done by a
centrifugal compressor. This “centrifugal work” increases the total temperature of the bleed air to
a temperature greater than Te. The temperature rise can be greater than or less than the stage
temperature rise. This means that the work performed on the bleed air must be treated separately
in the cycle analysis.

For the second and third stage rotors where the bleed air is taken radially inward, the
bleed air performs work analogous to a centrifugal turbine. Again like the bleed air taken radially
outward this air must be treated separately in the cycle analysis. The calculation of the
temperatures and pressures of the bleed air after they have been taken inward or outward is
performed using a 1-D compressible flow code, detail in Section 3.

Another important difference between the aspirated case and the non-aspirated case is the
inclusion of the momentum drag derived from the expansion of the fan bleed air to Py. Assuming
that this air is expanded through a nozzle to produce thrust allows the fan bleed air to be
incorporated into the cycle. This can seen in the uninstalled thrust term below.

Like the non-aspirated turbofan the analysis will assume one-dimensional flow at the
entrance and exit of each component. The variation of the specific heat will be approximated by
assuming a perfect gas with constant specific heat ¢,c upstream of the main bﬁmer and a perfect

gas with different constant specific heat ¢, downstream of the main burner. The symbols used
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during the analysis are explained in the table of nomenclature. Again as in the case of the non-
aspirated engine the analysis will be brief and only an outline of the most important steps is
included. Detailed analysis of this cycle is provided in Appendix A. The aspirated turbofan with
station numbering is shown in Figure 2-4a. The bleed and turbine cooling air flow is shown in
Figure 2-4b.

Uninstalled Thrust:

F = (¥, — tityVy )+ 4o (P, — Py )+ (Momentum Drag of Aux. Work)

Note: The thrust developed by expanding the Fan bleed air to Py will be calculated latter and will

be removed from the thrust calculation for now.

Assume the engine exhaust nozzle expands the gas to the ambient pressure F, = F; . Therefore

we return to Eqn. 2.1

F o (g V.
. =(—.3~9——M0) Eqn. (2.1)
myayg My dy

. m
Calculation of —-:
my

The fan bleed air is not returned to cycle directly and as mentioned above will be treated
separately.

After some manipulation one gets

% = (l—:a) [l +f+a(1 —(g,f +&y ))} Eqn. (2.20)
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Placing Egqn. 2.20 into Eqn. 2.1 gives

F I+ f+all-(g,+&4)) |y
= 1=(r +e)) DM, Eqn. (2.21)
mya, I+« a,
Calculation of f:
g =
m

Application of the 1% law of thermodynamics to the control volume about the combustor shown

in Figure 2-2 gives:

n.13Ccht3 + nb’hﬁlelhpr = m4CptTl4 qul. (2'5)

The mass flow of the air entering the combustor is reduced by aspiration. This air is not returned

to the cycle until the turbine. Therefore
my =, (1= )
and
i, =i (1= )+ )

Where Z & =&,+E,+E,+E&,+E,+&,; and the mass flow out of the combustor is increased

only by the addition of fuel.

f= (U-2.2) [nr-r] Eqn. (2.22)

T — nbhpr ///
4 ,// Cpc];)

Calculation of t=
Like the non-aspirated case the calculation of T involves a power balance between the

compressor, fan and the turbine.

Power into compressor + Power into Fan = Net Power from turbine
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As mentioned above calculating the power consumed by both the fan and the core compressor,
the effects of aspiration must be taken into account. For example the bleed air removed from the
1 stage rotor is taken radially outward and in so doing, work is performed on the air; the air is
“pumped” similar to the work done by a centrifugal compressor. This “centrifugal work™
increases the total temperature of the bleed air to a temperature greater than Ty,. The temperature
rise can be greater than or less than the stage temperature rise.

This means that the work performed on each bleed air must be treated separately in the
cycle analysis. Figure 2.5 shows the fan and compressor bleeds, plus the nomenclature used in

the analysis

Pr 1 Pt.ql

Tr i Tts'. i

st Ist 2nd 2nd 3rd 3rd
Stage Stage Stage Stage Stage Stage
Rotor Stator Rotor Stator Rotor Stator

Tia T2 T3 Tis
Pry Pis2 Prs P

9 2

Figure 2.5: Counter-rotating Compressor

Compressor & Fan Work

To calculate the work performed on all the air that passes through the compression system it is
necessary to account for the work performed on each of the bleeds. The fan has two bleeds and

the core compressor has 6 bleeds, as shown in Table 2-1. Work performed on each bleed depends
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on the total temperature rise achieved. For the rotor bleeds temperature rise is calculated using a
1-D compressible flow calculation, detailed in Section 3. The temperature of the stator bleeds
and the through flow air can be found using the isentropic or polytropic efficiency and the
pressure rise.

Therefore

1. Through Flow of Core Compressor

i, (1-3.6)C,u (T, - T,) Eqn. (2.23)
2. 1% Stage Rotor Bleed
£m.C,. (Ty-T,) Eqn. (2.24)
3. 1% Stage Stator Bleed
£am,C o (T —T,) Egn. (2.25)
4. 2™ Stage Rotor Bleed
£,m.C (T, -T,) Eqn. (2.26)
5. 2" Stage Stator Bleed
£m.Coe (T —T,,) Eqn. (2.27)
6. 3" Stage Rotor Bleed
£, (T —T,) Eqn. (2.28)
7. 3™ Stage Stator Bleed
£, Cpe(Ts = T,,) Eqn. (2:29)
8. Fan through flow
i (1-£, ) Cpe (T =T Eqn. (2.30)

9. Fan Rotor Bleed
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&,m,C,. (T, ~T,) Eqn. 2.31)

Power input to the fan stator bleed is accounted for Eqn. 2.30; no work is performed on the air
during the extraction process.

Turbine Power

The aspirated air from the compressor is returned to the turbine as cooling air. The air enters the
turbine at the total pressure of the bleed air and is mixed with the through flow air. This mixing
reduces the temperature of the through flow, while increasing the mass flow of air through the
turbine. Because the mass flow of air through the turbine changes due to the addition of the
aspirated air, the power extracted from the turbine must be calculated in steps. Figure 2.6 shows

how the mass flow through the turbine changes with the addition of the bleed flow air from the

COompressor.
4A 1B 4C 4D 4E 4F 4G 4H 41 4 4K 4.
il
Coolunt Coolant Coolant Coolan Coolant Coolant
Turbine] Mii\‘v'l' Turhine Mt;er Turbine M-l:“'f Turbine M'L:cr Turbine M;xcr Turbine M;\cr Turbine
3 v

4 £.3Mg Ep3ihe Egom, Epaill, LU Ey Mg

my=mys =m ((1-{g = 257 &2+ £ e~ &30 + ) myp = mye =g (e~ g5+ £t e g3 + )

myp = myg = m ((1-(e" €53% £ £+ ) myp =g =me ((IEn= e g2 + D

Mgy = myp=mg (g1~ &) ~ myy=myg =mc(I4g ) + )

m4L=m5=mc(1 'f)

Figure 2.6: Changing mass flow through the turbine

Expansion of the air through the turbine and the work produced by this expansion is divided into

7 sections, one expansion to each of the six bleed air total pressures and a seventh to Pys (i.e.
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Expansion from Py to Pyes (the total pressure of the 3" stage stator bleed) etc.). After expansion
the temperature of the through flow air can be calculated by assuming a polytropic efficiency for
each step of the expansion. Mixing between the bleed air and the through flow air then takes
place and a mixed out temperature based on mass is calculated. No pressure loss takes place
during the mixing. Figure 2.7 shows a schematic of the expansion and the mixing on a T-S

diagram.

T

Mixmg

P
- fres
_«—'-'__'_F,"l
v
!
Ptse?_

Figure 2.7: Stepwise expansion through the turbine
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The steps involved in calculating the final mixed out temperature are shown here for the case of

expansion from Py (Total pressure out of combustor) to Pr.; (Total pressure of the 3" stage
stator bleed air). Both Py (P77 7.7, ) and Py.s (Calculated using the 1-D compressible flow
analysis talked about in Section 3) are known, as is the polytropic efficiency of the expansion

11, » which will allow us to calculate the temperature of the through flow (to be known as Y},l) air

before mixing.

0/ (m,7:)
T _[ B Eqn. (2.32)
I, R

14
Once Ty, is known, the mixed out temperature (to be known as ]}ml) can be calculated based on
the mass of the through flow air and the bleed air.

m,C

ptT;Il + gs3mccpc]-t'se3 = (m4 + gs3mc ) ];ml

Where 1z, =((1—Zg,.)+f)rhc gives

_ [((1—Zgi)+f)Cp,7;,, +gS3C[JC];se3]
" (0-Ze) ) e

Where Zg,. =&, +E +Ey+E,HTELTEG

Eqn. (2.33)

A similar analysis can be performed for each of the six expansions to match the total pressures of
the bleeds. Each expansion performs a certain percentage of the overall turbine work. The exact
amount of work accomplished depends on the mass flow and the temperature change. So for
example, the work accomplished by the expansion from Py (Total pressure out of combustor) to
Pise3 (Total pressure of the 3™ stage stator bleed air) is

. ) T
m4Cpt (7;4 _]:tl) = m4Cp17:4 (l _(}QJ)

14
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But from Eqn. (2.32) we get the following

P (n-0n,7
m,C,T,|1 —(—ﬁij Eqn. (2.34)

14

Notice the work is calculated using 7, not 7»;, the mixed out temperature. As the Figure 2.7
illustrates the expansion through the turbine is modeled as an expansion followed by a constant
pressure mixing process, followed by another expansion etc.

Changes in the mass flow and the effects of mixing are illustrated in the calculation of the
work performed in the second expansion through the turbine; the expansion from Py.3 (Total
pressure of the 3" stage stator bleed air) to P,3 (Total pressure of the 3" stage rotor bleed air).
The work done is

(it + 5111, ) Cpy (T —T,15)

Similar to Eqn. (2.32) this can be rewritten as

P (re~)/m,7.
(1 + £,3mm, ) C,\ T,y 1—(L3J Eqn. (2.35)

tse3
From the above equation it can be seen how the effects of mass addition (17'14 + gs3n‘1€) and mixing

(the T term) contribute. Values of P,; and Py.; can be found using the 1-D compressible flow

calculation outline in Section 3. All of the stepwise expansions are modeled in a similar manner
and each contributes to the power balance.

Power Balance

A power balance between the compressor, Fan and the turbine must be performed in order to
obtain a value for 75 or Pys the turbine exhaust temperature or pressure. Eqn.’s (2.23) - (2.31)
give the power required by the fan and the compressor; Eqn.’s (2.34), (2.35) and similar
equations give the power out of the turbine. A balance results in an equation that can be solved

for 75 or Pys.
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p (r:=V/n7,
m,C,T, 1—( ;“J Foeennn +(riy+ (6 + 83+ 6y + 6y + 6y + 6,1 )11 ) C T 1—(

t4

s

trl

Calculation of a:
Like the non-aspirated turbofan fluid dynamics requires equal static pressures at stations 6 and
16, so for this analysis, we assume the total pressures of the two entering streams are equal, or

Fie = Fe
Assuming isentropic flow in the bypass duct from 13 to 16, we can write

T T, = T

However unlike the non-aspirated turbofan, no simple closed form solution for & exists due to
the changing mass flow through the turbine. This means the bypass ratio « is calculated by

iteration. In the above relationship the only term effected by « is 7, so one approach to

calculating the bypass ratio is to vary « until the relationship 77,7, = 7, is satisfied to two

decimal places.

Mixed Exhaust Stream

The mixing analysis for the aspirated turbofan is identical to the analysis performed on the non-
aspirated turbofan. The mixing of these two streams will play a role in the overall engine

efficiency. The temperature and pressure ratios of the mixer are defined as

. and 7, = Li? Eqn. (2.
7;6 E6

(=D,
=)

10)

The mixer temperature ratio 7,, will be obtained from an energy balance, while the total pressure

ratio , will be obtained from an analysis of a constant area ideal mixer.
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The only change is to the @’ =-—% term. i is the same, but the s term is different as both the
my

fan rotor and stator are aspirated. Therefore

a = i (] _(g’f * g-‘f)) a(l _(g'f tEy ))

m, + My, 1+ f

This value for ' can be used throughout the rest of the mixer calculation.

Calculation of the thrust from Fan Bleeds

As discussed at the start of the analysis it is assumed that the fan bleed air is expanded overboard
to recover it’s momentum drag. This produces thrust, which adds to the core thrust calculated in

Eqn. (2.1). For the rotor bleed air

Ffbn rotor — gr/‘m_/ (ufanrolor - I/v() ) Eqn‘ (2'36)
Assume the air is expanded isentropically
Ye

M} = 2 (z,-1) Eqn. (2.37)

From Eqn. (2.36)

F f-anrotor — grf a u Janrotor MO _ MO
mya, “\a+l u,

F T,
f.anrotor — g,f ( o ) - 2 (rcen — 1) — MO Eqn. (2-38)
1, a, l+a ANT, Vr.-1

Giving
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Where Ty is the static temperature of the fan bleed air, which can be found using the 1-D

I ¢ Tt’2 .
=-———==1,7,. The thrust of the stator bleed is

compressible flow code of Section 3. While 7, 7
2 70

F
calculated in a similar fashion. The sum of the two thrusts is called —22 .

mya,
Calculation of Total Thrust Fyu
F

P _ L} S Eqn. (2.39)

myd,  mya, Myd,
Calculation of Specific Impulse

Eotal / ’ho
[=-rel o Eqn. (2.40)

fg

2.3: Aspirated Turbojet

A schematic of the aspirated turbojet is shown in Figure 2.8. Like the aspirated turbofan, it will
be assumed that a 3-stage counter-rotating compressor is used in the engine. Aspiration is
applied to each stage of the compressor. This means that a portion of the air is bled from both the

rotor and the stator on all three stages. On the first stage the air is taken radially outward

(&, my & &, my) as indicated in Figure 2.8, while the air is taken radially inwards on the final
two stages (&,, My , &,y , €,3 My, E3M, ). Also, like the case of the non-aspirated turbojet a
portion of the compressor discharge air is also removed ( x'ri1,) ).

Both the bleed air and the compressor discharge air are used to perform “Auxiliary
Work”. It is assumed that all of the bleed air can be used for this purpose. To perform this
“Auxiliary Work™ the bleed air and the compressor discharge air are expanded to the compressor

inlet pressure Py. To allow a comparison between the Non-Aspirated turbojet and the Aspirated
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Turbojet, the amount of auxiliary work performed by both engines is equal (i.e. the work
performed by x'rm, &,, etc.is equal to the work performed by x71, in the non-aspirated engine).

Therefore

(AUthary WwOor k)aspirated =(AUXi1ia!'y Work)non-aspirated

£,3 My

am_(Compressor discharge extraction only)

€3 My, €] M, — Aspirated Air from 1st stage rotor

£,] M, Aspirated Air from st stage stator

& My, Auxilary Work £ m,, ~ Aspirated Air from 2nd stage rotor
Fluid expanded to I',»

€2 m, Aspirated Air from 2nd stage stator

4' €03 m, — Aspirated Air from 3rd stage rotor
£.3 m,, — Aspirated Air from 3rd stage stator
x m, = Compressor Discharge Extraction

(x<1)

a1,

&1 m,

€1 My

Figure 2.8: Aspirated Turbojet

This means that the compressor discharge extraction (x'm, ) for the aspirated case is smaller that
that for the non-aspirated case. The calculation of x'ri, is detailed in the cycle analysis below. As

in the Non-Aspirated case, after being expanded to Py, the air is then expanded further to Py, to
recover the momentum drag, adding to the thrust of the engine. Table 2-2 details each of the
bleeds and extraction for the aspirated turbojet.

In the analysis it is assumed that pressure ratio and isentropic efficiency for each stage is

known and the overall compressor polytropic efficiency is also known. When comparing the
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aspirated turbojet with the non-aspirated turbojet, the compressor pressure ratio across both units

is assumed equal

Ty 7Ty = (”c)

aspirated = (ﬂ- c )non—aspirated

Nomenclature Place of Extraction Direction of Extraction
£, 1, 1¥ Stage Rotor Bleed Radially Outwards
E£q My 1% Stage Stator Bleed Radially Outward
£, My 2" Stage Rotor Bleed Radially Inward
£ My 2™ Stage Stator Bleed Radially Inward
E,5 My 3" Stage Rotor Bleed Radially Inward
Egy My 3" Stage Stator Bleed Radially Inward
x'm Compressor Discharge N/A

Extraction

Table 2-2: Aspirated Turbojet Bleeds

The cycle analysis for this cycle is similar to that performed on the turbojet and will not be

repeated here. The details can be found in Appendix B.
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Chapter 3: Calculation of flow properties

3.0: Introduction

If the bleed flow is discarded and its contribution to the overall system ignored, the penalty for
using aspirated technology can be high. As mentioned in Section 2, an important component of
the cycle analysis is using the bleed air in another part of the cycle, whether to cool the turbine or
augment the engine thrust. Therefore it is essential to know the temperature and pressure of the
bleed air as it leaves the rotor or stator blade. These conditions dictate at what pressure and
temperature the bleed air mixes with the turbine through flow air or how much thrust can be
produced by an expansion to P. For the aspirated turbojet the bleed air is used to perform
“Auxiliary Work” and to contribute to the core thrust of the engine. The effective use of the
bleed air is an important element in improving the Specific Impulse and efficiency of an engine
using aspiration.

To model the bleed airflow in the blade internal passage, a quasi one-dimensional
compressible flow model is utilized. In what follows below the model will be developed for the
rotor in a non-inertial rotating coordinate system, but can easily be generalized to the stator by
setting the £2r term to zero. Flow in the bleed passage is assumed to be steady and one-
dimensional or, more precisely, steady and quasi-one-dimensional. All the flow variables of
interest, such as pressure and density, will be treated according to the one-dimensional model;
that is, in at any given cross section all flow variables have constant values. Thus all properties
are assumed to vary only along the axis of the bleed slot. Using this one-dimensional
approximation the model will calculate the pressure, temperature, density and exit Mach number
of the bleed air as it leaves the suction slot. The one-dimensional flow concept as employed

below, is an approximation only as far as the flow model is concerned, but not insofar as the
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governing flow equations are concerned. Once the approximation of uniform flow properties at
each cross section is made, the integral forms of the governing equations can be applied to the
simplified model.

The one-dimensional flow approximation is exact for the flow through an infinitesimal
stream tube. Thus, many of the general features that characterize large-scale one-dimensional
flows are also present along the streamlines of a multidimensional flow. In general, the one-
dimensional approximation is reasonable if the rate of change of the flow driving potential is
small in the direction of flow. Examples of the driving potentials are: area change, wall friction,
and mass addition. Furthermore, the radius of curvature of the flow passage should be large (this
does not apply to this analysis as the internal bleed passages are all straight), and the profiles of
the flow properties should remain similar at each flow cross section. Finally, it should be noted
that the one-dimensional model considers changes only in the average or bulk values of the flow
properties in the direction of flow; it disregards completely the variations in the flow properties

in the direction normal to the streamlines.

In a rotating coordinate system, the Coriolis force (2x Qx W) acts normal to the

direction of rotation and flow. For the bleed passages, the Coriolis force acts normal to the flow
direction and hence is ignored in the analysis. To account for the secondary flow effects
associated with the Coriolis force, a correction factor is used to increase the value of the
Fanning friction factor. The basic principle and ideas used to calculate the correction factors
are presented below, with appropriate references.

The analysis presented below is a modification (changed to a rotating coordinate system)
of the work presented in

1. “Gas Dynamics, Vol. 1” by Maurice J. Zucrow & Joe D. Hoffman
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2. “The Dynamics and Thermodynamics of Compressible Fluid Flow, Vol. 1” by

A.H. Shapiro
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3.1: One-dimensional model

Suction on the blade surface is accomplished by means of a single slot on the suction surface
close to the point of shock impingement. The extracted flow is then brought inside the blade
where a hollow internal passage allows it to flow radially outwards or radially inwards. As the
air moves radially outward or inward the internal passages area can change or remain constant.
Figure 3.1 illustrates schematically the physical model for the bleed passage. The bleed air is
“sucked” into the passage causing a change in mass flow, and rothalpy. These changes can in
turn lead to changes in the static temperature, the velocity, static pressure and density of the
flow. The exact value of the changes and whether they increase or decrease is a function of the
driving potentials. The independent driving potentials for the flow are:

1. Areachange dA.

2. Wallfriction 6 F; .

3. Heat Transfer Q.

4. Work oW .

5. Mass addition dm .
6. Body forces caused by the rotational effects pA Qrdr.

As mentioned in the introduction, the Coriolis force plays no direct role in the analysis and will
be accounted for in the friction factor. For the assumed one-dimensional flow, each of the
variables P, p, and W is uniform over any arbitrary cross-sectional area. For the element of
differential volume of length dr, in Figure 3.1, the surfaces over which the control volume

equations must be integrated are the inlet area 4, the exit area 4+dA, and the stream tube

boundary area (d4/sin a) , where a is the angle made by the passage boundary with respect to

the r axis.
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r+dr

Figure 3.1: Model for Bleed Passage Flow

By convention, all of the flow properties on the surfaces across which mass enters will be
assigned the nominal values P, V, V2/2, P, ete., and it will be assumed that positive changes in
these properties occur in the direction of flow. Thus, at the exit area, the properties are P+dP,
V+dV, p+ dp, etc. In addition, positive changes in the driving potentials are assumed. Hence, the
inlet area is 4 and the exit area is 4+dA4. In a specific flow situation, any or all of the property
changes may turn out to be negative.
To summarize, the following assumptions are made about the flow:

1. One-dimensional flow. Each of the variables P, p, and W is uniform over any arbitrary

cross-sectional area.
2. Steady flow. Flow is steady in the reference frame of the rotor or the stator.
3. The effects of gravity are negligible. In this analysis the contribution of the body force

caused by gravity is small compared to the other forces.
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4. Air is modeled as a perfect gas (obeys the equation of state P = pRT and constant

specific heats C, and C, ).

5. The angular velocity £21s constant. It is assumed no angular acceleration takes place.
Note: All static properties will be denoted by a upper case letter (i.e. Static temperature = 7,
Static pressure = P), while stagnation or Total quantities will be denoted by an upper case letter
and a subscript #(i.e. Total temperature = T;, Total pressure = P, ). The analysis below is done for
the case of the rotor. This means that the analysis takes place in a non-inertial coordinate system
and most of the quantities are values with respect to the rotating coordinate system (i.e. W is the
velocity of the air relative to the rotating coordinate system for the rotor and the velocity of the

air relative to the stationary coordinate system for the stator).

Applying the continuity, momentum and energy equation in rotating coordinates to the passage
in Figure 3.1 gives the following:

Continuity Equation

m=pAW Eqn. (3.1)

Differentiating Eqn. (3.1) yields

dm_dp d4_dW

Eqn. (3.2
W p AW qn. (3.2)

Where dr is the rate of mass addition to the flow. 1 is the mass flow rate of the through flow
air. W is the velocity of the air relative to the rotating coordinate system. For a stator W is the

velocity of the air relative to the stationary coordinate system.
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Momentum Equation

The mtegral form of the momentum equation for flow in a rotating coordinate system is
= AN - _d = e T TTd
[(20xW)par+ [ (QxQxr)pdr - [ Pdw+Fy = — [ pWar+ [ W(pW-d )Eqn.(3.3)
From Eqn. (3.3) it is evident that the equation of motion of a fluid in a rotating system is

identical in form to the equation in the absolute frame of reference, provided a fictitious body

force (per unit mass) equal to (2Qx W +QxQx r) acts on the fluid in addition to the body and

surface forces. The term 2Qx W is the Coriolis force, and QxQxr is the centrifugal force due
to the systems rotation. The Coriolis force 2QxW acts in a plane normal to £2and W ; thus for

the bleed passage in Figure 3.1, with the £2 component normal to the plane of the passage, the
Coriolis force acts in the plane of the passage, normal to the r-component of velocity. Hence the
Coriolis force plays no direct role in the 1-D momentum equation.

Applying Eqn. (3.3) in the r-direction, assuming steady flow gives:
dpP 2 . . . .
PA-(P+dP)(A+dA)+ P+=- |4~ pAQrdr =(m+dm)(W +dW)—mW —dmV, +5F,
On the stream tube boundary the average static pressure intensity is P +dP/2, which acts on the
area dA/sina . However, only the component of the force acting in the direction of flow is

desired. Consequently, the total force acting on the boundary surface of the stream tube is given

by (P +dP/2)dA . Neglecting higher order terms (drirdW & dPdA) the above equation reduces

to

AdP +1dW +dm(W =V, )+ SF, — pAQ?rdr =0 Eqn. (3.4)

Using the continuity equation (72 = pAW') and dividing by 4 gives
oF, ;
dP+deW+—A—f+pW2(1—y)if”——p92rdr=0 Eqn. (3.5)
i
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V.
Where y = W

.If Vi = 0, then y = 0, and the mass addition is added so that it enters the main

gas stream in a direction normal to the mainstream velocity /. This means all of the momentum
of the injected fluid is lost. If V;; = W, then y = 1, and the mass addition has the same velocity as
the main gas stream.

The wall friction force 5 F, in Eqn. (3.5) may be expressed in terms of the hydraulic

characteristics of the flow passage and an experimental friction coefficient 1. Let (WP) denote
the average value of the wetted perimeter for the flow passage. The length of the fluid element
is dr, so that the area of the surface wetted by the fluid element is (WP) dr.

Let 2 denote the hydraulic diameter then, by definition

- = Eqn. (3.6
Wetted Perimeter (WP) qn. (3.6)

Z Wetted Area A
4

The friction coefficient fis defined by the Fanning equation. Thus

; oF,
tangential force / — " Eqn. (3.7)

;sz(wetted area) ;sz(WP)dr ;sz

f

Where 7, is the shear stress at the wall. Hence,

2 2
SF, = f!-’zﬂ(WP) dr = %(ﬂ) 4 Eqn. (3.8)

2

Using Eqn. (3.8) the momentum equation now becomes

W (4fdr dm
dP+deW+'D2 ( ]; )+pW2(1—y)—’;1——szrdr=0 Eqn. (3.9)

As mentioned earlier, the Fanning friction factor will be modified to account for the effects of
the Coriolis force. Basically, fis calculated using a standard correlation and modified by a

correction factor, to account for the effects of rotation. The procedure is detailed latter.
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Assuming the air is a perfect gas, allows us to express Eqn. (3.9) in terms of the flow Mach

number M relative to the rotating coordinate system. Multiplying through by % and noting that
= a’, we obtain

rr
Yo,

2 2 2 2 . 2 2
ap oy W (W +ﬁW_(4fd" SOy Qrdr g,
P m w P

P P\ 2 P22
2
Using the fact that £ W yM? and TP _ 2 gives
p p

dP yM?* dw? }/MZ[4fdr) s dm » Qrdr
uanliFY + +yM*(1-y)——-yM =0 Eqn. (3.10
P2 w 2\.D)" (=) m W an- G109

Since W? = M*a? and da’/a® =dT/T, the second term in Eqn. (3.10) becomes

=L dM? + T Eqn. (3.11)

Substituting Eqn. (3.11) into Eqn. (3.10) yields

Q2 dr
_+}/M2_ W2 —_—

0/Eqn. (3.12
P M. 2 T 2 qn. (3-12)

2 2 .
dp dM+Zy_d_T+LA_4_(ﬂ)+},M2(1_y)inl_},M2
m

@

Energy equation

For steady flow in a non-inertial, rotating coordinate system the energy equation has the form

~ 2
W;haﬁ -0+ L,(h""plfz—"‘(‘g%)‘}(ﬂﬁ’d&/) =0 Eqgn. (3.13)

~2 2
Q
The quantity A+ _VI;_ - (_2;‘)_ is known as the rothalpy. In a rotating coordinate system, rothalpy

has properties analogous to stagnation enthalpy in stationary coordinates. In a moving passage

the rothalpy is constant provided:
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1. The flow is steady in the rotating frame;
2. No work is done on the flow in the rotating frame;
3. There is no heat flow to or from the flow.

However, looking at Figure 3.1 it can be seen that the rothalpy of the fluid in the bleed passage

can be changed by the addition of mass ( dn'z) from outside. The rothalpy of the air outside the

slot could be higher or lower and hence once mixed with the main stream will change the
rothalpy of the flow.

Applying Eqn. (3.13) to the deferential control volume in Figure 3.1 gives:

w? ()’ ar(Qr)2
oW — 5Q+(m+dm)[h+dh+ 5 +d( 2] [ J:]

2 2

> () 2 (Qr)
I PO C.0 I Ve ) | Ean. 3.14)
2 2 2 2
Combining terms, and neglecting products of differentials, and dividing by m gives,

SW - 5Q+dh+d(”;2) d[MJ

2

Hmz_[(gzr) JJ [ ,+K§—((—%rf-)—z-m-‘%=o Eqn. (3.15)

The term in the square brackets arises because of the difference in the rothalpy 7 of the main

stream (h + - —u] and the rothalpy /; [h +—= ( ) Jof the mass addition stream.

Define the parameter

dl, =(1-1)%"
m
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Substituting into Eqn. (3.15) and noting that for the flow in the bleed passage of the blade

50 =0and 6W =0 gives

dl +dI, =0 Eqn. (3.16)

Like the momentum equation, Eqn. (3.16) may be simplified by assuming the air is a perfect gas

for which h=C,T gives

dl,=C Hn W _(MD_(TJF_VL,[M}H@
i P 2C, 2C, ' 2C, 2C, i

Therefore from Eqn. (3.16)

di=—C, KTJFW_Z_[@J]_[TI +V_2_[(Q"_)m@ Eqn. 3.17)
2C, | 2C, 2C, 2C, m

From Eqn. (3.17) it can be seen that if the rothalpy of the air “sucked” into the bleed passage

(dn'1) is greater than the rothalpy of the main flow; an increase in the rothalpy takes place.

dl >0
The opposite case is also true, if the rothalpy of the air “sucked” into the bleed passage (dm) is
lower than the rothalpy of the main flow; a decrease in the rothalpy takes place.

dl <0

Equation of State

For a perfect gas, P = pRT , logarithmic differentiation yields

P dp dT
aP _dp 4T Eqn. (3.18)
P p T

Mach Number definition

For a perfect gas, M = . This is the Mach number relative to the rotating coordinate

v
JYRT
system.
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M dw 1dr
— = Eqn. 3.1
M_W 2T an- 3.19)
Rothalpy
As shown before the rothalpy is defined as
~2 2
Q
1=ns? __ (@)
2
For a perfect gas, with enthalpy defined as 2= C,T" this can be written as
2 orY
I=C | T+ W —u Eqn. (3.20)
? 2C, 2

The term in brackets is the stagnation temperature of the air in the rotating coordinate system.

This term can be written as follows:

Rewriting Eqn. (3.20) gives
1 (Qry
1=CPT(1+——}/2 sz—mz Egn. (3.21)

Differentiating Eqn. (3.21) and then dividing both sides by the rothalpy 7 leads to

[750e)
I+5-=M
Cc,T 2
A _car 2[ = ((y—l)MdM)—%dr Eqn. (3.22)
Dividing both sides of Eqn. (3.21) by / gives
CT(. y- Qry
LS PO e SV O
1 2 21
After some rearrangement this becomes
)
1+ "M 2
Q
2 __ L[, () Eqn. (3.23)
1 T\ 21
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CcT
Putting Eqn. (3.23) into (3.22) and using a relationship for % derived from Eqn. (3.23), gives

ﬂzd_T(H(Qrf]+((y—l)MdM)[H(m)j_(m)zdr

I T 21 (Hyz—le] 21 I r

Manipulating this expression to fit into the framework outlined in Zucrow & Shapiro means
getting an expression for the change in the total temperature relative to the rotating coordinates

in terms of the rothalpy. So doing this manipulation gives

dl (Qr)zdr
T o _dr, (r-)M* am

(H(Qr)z] 7 (n%‘lw) M

Eqn. (3.24)

21

Relative Stagnation Pressure

An expression for the relative change in the stagnation pressure dF, /P, may be obtained by

logarithmic differentiation of the above expression. Thus,

dP yM* dM

d !
— =5 T — Eqn. (3.25)
F P 1+L1M2 M

Impulse Function

The impulse function for a perfect gas is defined in “Zucrow” and “Shapiro”.
F=PA(1+yM?*)

Like the above equations an expression for the relative change in the impulse function can be

obtained by logarithmic differentiation. Thus,
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dF _dP dd  2yM’ dM
Ll A Eqn. (3.26)
F P 4 14yM* M

T
dS = Cp d{ln|: P(y_l)'/y i|}

By logarithmic differentiation this expression becomes

Entropy Change

—_— Eqn. (3.27)

3.1.1: Influence Coefficients
Equations (3.2), (3.12) and (3.18)-(3.27) comprise a set of eight equations relating the changes in

the eight flow properties, dP/P,d p/p,dT/T etc.to the four independent variables or driving

di () dr
potentials dAj 4, L L _r (

(1+(Qr)2]
2]

linear in the derivatives of the flow properties and the driving potentials, allowing the equations

4 fdr B 202 ﬂ
@ W or

) and dm/m . The eight equations are

to be solved simultaneously. For convenience sake, the term involving the rothalpy change will

be written as J:

Equations (3.2), (3.12) and (3.18)-(3.27) can be written in matrix form with the flow properties

as the dependent variables and the driving potentials on the right hand side.
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] ar]
o 1 0 1 0 0 0 0]
2
oo o a2 0 00|92
2 p| |dm_d4
1 -1 -1 0 0 0 0 0| 41 m A
o o L 4 i 0o 0 of 7 K+l
2 aw 0
-1 M? W
o 0 1 o YUMo g ol Wl O
y am J
2 M
1o o o o of 0
v o dA
2y M’® ! A
1 0 0 0 - 0 10
e L I
_..1 F
70 0 10 0 0 0 1| ds
L ¥ i =
_Cp_
Eqn. (3.28)
Where
w=l+ %le Eqn. (3.29)
2 2.2
K= YM|(4fdr —292" ar Egn. (3.30)
2 D wr oy
L = —’}/M (1 - y)—n.—,l‘ Eqn. (3.31)
d (@) dr
J=AL L _r Eqn. (3.32)
(<)
1+
21
Eqn. (3.28) may be written as
Ax=b

Where x is the vector of the eight flow property changes and b is the vector of changes in the

driving potentials.
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A system of equations similar to those shown in Eqn. (3.28) is solved in both Zuerow and
Shapiro. The 4 matrix and the x vector are exactly the same and the only differences being in b
the vector of driving potentials. Using the technique outlined the system of equations can be
solved and a table of influence coefficients is present in Table 3.1. Anyone of the changes in the
flow properties listed in the first column of Table 3.1 may be related to the independent driving
potentials listed across the top of the table by multiplying the driving potential by the tabulated
expression located at the intersection of the row containing the desired flow property change and
the column containing the desired driving potential. For the flow in the bleed passage, all the
driving potentials will contribute to the change in each flow property. Each influence coefficient
represents the partial derivative of the variable in the lefi-hand column in Table 3.1 with respect
to the variable in the top row. They determine the influence of each driving potential on the
change in each flow property. An example of the effect of each influence coefficient on the

change in Mach number M is given under Table 3.1.
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Flow Properties ﬁ { ( 4 fdr) 392’_2 dr } dI gir )i dr flﬁ
A p/l w » 1+ I _r m
(1+(er) /21)
aM v yM’y (1+yM* )y w[(1+yM?)-yyM? ]
M 1-M° 2(1-m7) 2(1-M?) 1-M?
ar yM’ yM1+(y-1)M*]  _yMy yM?* [ 2y (1-y)+y]
P =M T (o) 1-M? - 1- M>
dp M? _ yM? 4 [(y+1)M2—yyM2:|
p 1-M 2(1-M?) 1-M? EYE
ar (r-1)M’ _r{r-)M° (1-rM)y ()M [(147M) -y
1-M? 2(1-M?) 1- M? YE
aw 1 yM? v [(1+7M?)-yym? ]
w 1-M? 2(1—-M2) 1- M? Y
ar, 0 _yM? _yM? —-yM*(1-y)
P 2 2

M 1-M?

y—1,.
dM (“ 2M) _fz_ngyMqudrj_z(Qr)zi}

Table 3.1: Influence coefficients for 1-D steady flow in rotating coordinates

I

or) 4
(1+}/M2) ﬂ.}.(__r),-l

dm

A 2 w: o or

T ma £0

, ) +[(1+}/M )—yyM :|—’—n-—

2 () 21)



3.1.2: Calculation of the Friction Coefficient

When the aspirated air, flows through the bleed passage of the rotor, a Coriolis force acts on the

air as it travels radially outward or inward. The magnitude of the Coriolis force per unit volume

is (2Qx W) and it acts in a plane normal to {2 and W ; thus for the bleed passage in Figure 3.1,

with the £2 component normal to the plane of the passage, the Coriolis force acts in the plane of
the passage, normal to the r-component of velocity.

The rotation induced Coriolis force leads to a secondary from the leading to the trailing
edge of the passage across the central core; this mass flux is balanced by flow in the opposite
direction in the boundary layers adjacent to the passage walls. This produces the secondary flow
vortices normally associated with flow in rotating passages. Figure 3.2 gives a schematic of the
secondary flow induced in the bleed passage. This secondary flow increases the frictional
resistance experienced by the through flow air. To account for this the fanning friction

coefficient will be modified using a correction factor, whose size depends on the Reynolds

o
number based on the mean radial velocity Re = We and a rotational Reynolds number based on
v

Qo?
14

the angular velocity of the blade, J, =

Details of the correlations discussed here can be found in Morris (Ref 5), Ito et al. (Ref
6), Mori et al. (Ref. 7) and Chew (Ref. 8). The analysis was carried out for both fully developed
laminar and turbulent flows, although for the bleed passage the flow was assumed to be
turbulent.
In calculating the friction factors for the rotating channel the flow was divided into two
regions:
1. A thin boundary layer near the wall of the passage.

2. A frictionless core where the flow is influenced by inertial and pressure forces alone.
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Figure 3.2: Secondary flow in the bleed passage

From an analysis of the frictionless core the velocity of the secondary flow in the core can be
calculated, and hence the mass flux of the secondary flow. From continuity, this mass flux is
balanced by flow in the opposite direction in the boundary layers adjacent to the passage walls.
The authors then assume velocity profiles for the flow in the core and the boundary layer. The
assumed core flow profile is skewed, to account for the Coriolis effects, while the boundary layer
profile depends on whether the flow is turbulent or laminar. The secondary mass flux and the
assumed velocity profile allow the velocity distribution within the boundary layer to be
calculated. Using an integral analysis, the shear stress at the wall can be calculated, which in turn
allows the friction factor to be calculated.

In the references, the authors have produced correlations that give the ratio of the friction
coefficient for a rotating page to the fanning friction coefficient for a stationary pipe. The value
of this ratio depends on numerous factors but numerous factors but for flows considered in this
analysis the ratio is greater than 1, which implies the losses due to friction in the rotating passage

are greater than those in a stationary passage.
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Fanning Friction Coefficient

As noted above references 5-7 give the ratio of the rotating friction factor to the fanning friction
factor. So in order to calculate £, the fanning friction factor must be known. The fanning friction
coeflicient is calculated using the formula proposed by Haaland and taken from “Viscous Fluid

Flow” by White (Ref 9).

//j} 1.1
Lz—l.810g10 69 +(k" J)
5 Re, 3.7

Where 2 is the hydraulic diameter and £ is the roughness of the slot.
For the case of fully developed turbulent flow, an empirical correlation proposed by Ito and

Nanbu (Ref. 6) was used in calculating the rotating friction factor (f). The correlation is

J2 0.282
% =0.942+ 0.058[R—"J Eqgn. (3.33)
e
72 7
Where J, = Q27 and Re = Wz . This correlation is valid in the range
1% 1%

2

IS—J—d—SSXIOS
Re

Which is within the range of the flow of the flow through the bleed passage. The increase in the

value of the rotational friction factor f; are document in Chapter 6 of Ref. 8.
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3.2: Numerical Integration

The differential equations in Table 3.1 must be integrated numerically for specific initial and
boundary conditions. The initial conditions for this problem were the Mach number, static
temperature and static pressure at the bottom of the slot. A discussion of how these values were
calculated is given below. The boundary conditions are the conditions of the air outside the
suction slot. These conditions can be got from the CFD analysis of the blade shape or can be
calculated as discussed in Chapter 4. A Forward Euler technique was used to integrate each of
the equations.

Conditions outside the slot
The following conditions need to be specified outside the suction slot

1. Rothalpy of the air outside the slot (or total enthalpy for stationary blades).
2. Static pressure P;.
3. Air density p.
The slot is discretized as shown in Figure 3.3 below, with the above conditions specified at each
location. Knowledge of the conditions outside the slot allow the changes in d/ and dm to be
calculated.
From Eqn. (3.16) the change in the rothalpy due to mass addition can be calculated

dl+dl, =0

2 2 2 2 ]
PPN | P N Cd | N P N I
g 2¢, | 2€, 2C, | 2C, ||| m

WhereT,, is the static temperature outside the suction slot.

Where
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i Pei Ty Pei

Figure 3.3: Discretized slot with conditions outside the slot specified

The amount of mass “sucked” in to the bleed passage of the rotor or stator blade is determined by

the pressure difference between the static pressure outside the slot and the static pressure inside

the slot. This difference allows dm, (the amount of mass added at each section) to be calculated.
Aspiration is implemented by “sucking” a portion of the blade boundary layer, causing

the boundary layer to remain attached further downstream. In the boundary layer, just above the

blade surface the fluid velocity is approximately zero (in the rotating coordinate system for the

rotor). This means that the static pressure is equal to the total pressure just above the blade

surface.
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For the air to be sucked into the slot, the static pressure inside the slot must be less than
the static pressure outside the slot. Luckily this is the case for the aspirated compressor. The
factors that dictate the amount of mass dm “sucked” into the slot are

e Static Pressure difference between the inside and outside of the slot.

e Area of the slot.

e Density of the air outside the slot.
Figure 3.4, below shows a schematic of the flow entering the slot. The first step is to calculate
the Mach number M; of the air sucked into the bleed passage. This is done by assuming an
isentropic expansion through the slot from the “Total pressure” Py outside the slot to the static

pressure P; inside the slot.

r-i
M= |2 (E] " Eqn. (3.34)
y=1\p

Using this Mach number, the Area of the entrance slot, the external total pressure and

temperature an estimate for the mass into the slot can be calculated as follows:

> Eqn. (3.35)

j—(yﬂ)ﬂ(y—l)

1
; y P y=1,.
dm =dA M. P| —| | 1+—M
! dAl 1 Q(RT] (

e

Figure 3.4: Calculation of Mass flow into slot
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Initial Conditions

An initial value for the Mach number M, the static pressure and temperature must be specified.
To calculate the initial conditions some assumptions about the conditions at the bottom of the
bleed passage were necessary. The static pressure is assumed to be 12% less than the pressure
outside the slot. This then allows a value of dm to be calculated. The static temperature inside
the passage is assumed equal to the static temperature outside the slot. The values of static
temperature and pressure allow the density of the air in the bleed passage to be calculated. Using

continuity pAW = dr a value for W, can be found and using the static temperature to calculate a
speed of sound, a value for M to be calculated. A schematic illustrating the ideas behind this
calculation is shown below in Figure 3.5.

W= dm;/ p; A,

|

|

P, ~0.88 P,

A

Figure 3.5; Calculation of Initial Conditions
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Chapter 4: Results

4.1: Introduction

In this section the effects of aspiration on the performance of the compression system and the
overall engine are presented. To illustrate these effects, the systems analysis discussed in section
2 is used to compare the performances of both the aspirated and the non-aspirated engine. Five
different engine/fan configurations are presented, to illustrate and understand the effects of

aspiration. The five configurations are

1. Potential QSP configured Turbofan.
(1) Aspirated Fan and Aspirated core compressor (see Figure 4.1);
(i)  Aspirated Core compressor only (see Figure 4.6);
(iii)  Aspirated Fan only (see Figure 4.8).

2. MIT low speed Fan (see Figure 4.11).

3. Aspirated Turbojet performing auxiliary work (see Figure 4.13).

At the heart of the analysis is the potential QSP (Quiet Supersonic Platform) configured
turbofan. This engine is analyzed with aspiration applied to either the fan, core compressor or
both. Analyzing the three separate configurations allows the effects of aspiration on each
component to be recognized and understood more clearly. Two other configurations are
analyzed, the MIT low speed fan and the aspirated turbojet performing “auxiliary work™. The
MIT low speed fan is an aspirated fan stage; with a rotor tip speed of 228 m/s. This stage has
been built and tested in the MIT blow down compressor, where accurate values for the through

flow efficiency have been calculated. Using these efficiency numbers and values for the
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conditions of the bleed air, the fans installed efficiency was calculated (the concept of installed
efficiency is discussed latter). In chapter 2, the concept of the aspirated turbojet (see Section 2.2,
Figure 2.8) was introduced. The bleed air in this engine is used to perform “auxiliary work” in
another part of the engine or aircraft. This idea is presented as an alternative approach to the
analysis of the turbofan.

The performance of the aspirated engine depends on whether the bleed air can be used in
the cycle for some other function. In section 2 we assumed for the turbofan that the air returned
to the turbine as cooling air (core compressor bleed air) or expanded overboard to recover the
momentum drag (Fan bleed air). In the case of the turbojet, performance depends on the amount
of “Auxiliary Work™ the bleed air could perform.

What dictates whether the bleed air can be returned to the turbine or the amount of thrust
the air can produce is its pressure and temperature. The total pressure and temperature of the
bleed air leaving the blade is calculated using the techniques outlined in Section 3. This analysis
accounts for the losses in the blade passage (i.e. losses inherent in the aspiration process) and
gives the total temperature and pressure leaving the blade. However, to use this air for a useful
purpose the air must be diffused and piped to the area where it can be returned to the cycle or
expanded overboard. This diffusion process involves losses that depend on the diffuser design
and the specific routing of the air. To account for these losses a pressure recovery factor is
introduced. The value of the recovery factor varies between 0 — 1 (0 for complete loss of the
bleed air, 1 for complete recovery).

Two measures of performance were used to compare the aspirated to the non-aspirated
technology. Specific Impulse was used to compare the overall engine efficiencies, while
compressor efficiency was used to compare the compression systems. For the aspirated
configuration, an “Installed compressor efficiency” was defined. This concept will be explained

below.
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4.2: Bleed Air Calculations

During this study detailed designs of the rotor and stator blades to be used in the counter-rotating
compressor had not been completed. Without this information values for the Relative Total
temperature and Static pressure for conditions outside the bleed passage on the rotor blades
were not available. Other information such as the placement of the bleed slot on the suction
surface of the blade, the dimensions and area distribution of the slot were also not available.

In this analysis, the bleed slot was assumed to be located on the suction surface at 50% of
the chord length. The opening on the blade surface through which the bleed is extracted was
assumed to vary between 1mm — 2mm in width. This parameter was varied to control the mass
flow of air into the slot (see Section 3.2, where the factors that influence the mass flow into the
slot are discussed). The internal passage and it’s opening were assumed to occupy the top 30% of
the blade span. For example if the hub/tip ratio was 0.5, the slot extended from, 0.85r, to rgp.

To overcome the problem of no static pressure and total temperature outside the bleed
passage, estimates were calculated. An estimate of the total temperature outside the slot was
calculated using Euler’s equation. With the value for total temperature, the total pressure was
calculated by assuming an isentropic efficiency for the temperature rise and using this to get an
estimate of the total pressure outside the bleed passage.

The swirl component of the air close to the blades surface is approximately equal to the

velocity of the blade Qr . If the swirl of the air entering the blade is assumed to be zero, Euler’s

equation can be used to estimate the rise in total temperature based on the change in the swirl

component of the air.

C,AT, =Qr(v—v,)=(r)’

r
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The total temperature into each stage can be calculated using the stage pressure ratio (7, 72, 73)
and the stage isentropic efficiencies (1), N2, n3)- The total pressure outside the slot, can be
calculated using

B=P,+p(er)
Where ; is the average of the fluid density; the average of the air density before the blade row

and the density after the blade row. What drives the flow into the bleed passage is not the total
pressure but the static pressure difference between the outside of the slot and the inside. The

static pressure outside the slot is found using an estimate for the fluid Mach number, Mg,y

g

y—1 ri(r-1)
(1+( ) )Mf,wd)

The fluid Mach number Mp,is contains two components, the swirl component and the axial

P=

component. No radial component is assumed. The swirl component is equal to Qr and the axial

velocity is assumed constant equal to the inlet Mach number A, Therefore

M= \/ (Swirl component)2 +(Axial Component)2

2
M pu= [i) +M1i

JYRT

For this study the axial Mach number M,, is set equal to 0.6. This is the value being used for the

preliminary design of the counter-rotating compressor.
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4.3: Installed Efficiency

As stated earlier, to understand and see the effects of aspiration on the overall turbofan cycle two
measures of performance will be used.

1. Specific Impulse was used to compare the overall engine efficiencies

2. Compressor efficiency was used to compare the compression systems.
Specific impulse was defined in Section 2 and is repeated here for clarity. Specific Impulse is
defined as the number of units of thrust produced per unit of fuel weight flow rate (Kerrebrock).
For the turbofan analyzed in Section 2 this gives

£

otal

’hfuelg

I =

Where Fior1 = Total thrust of the engine
Mg, = Mass flow rate of fuel
g = acceleration due to gravity
For the aspirated compressor an equivalent isentropic efficiency is defined. This new efficiency
takes the bleeds into account and will be called the “Installed Efficiency”.
Effects of Bleeds on Efficiency
For a normal non-aspirated compressor, the isentropic efficiency is defined as

Ideal work of compression for a given 7,

Hisen =

Actual work of compression for a given 7,

This leads to the familiar expression found in references 1 and 2.

lz_f‘yfl)/}’ -1
nisen =
7, —1

4
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For the aspirated compressor the bleeds must be accounted for to give a more revealing measure
of the efficiency. If the bleeds are treated as a set of compressors operating in parallel, each
producing a stagnation pressure ratio and a stagnation temperature ratio, the installed efficiency
can be defined as

Total available work

nin.\'ta”ed = Total W()I'k performed

The total available work will be estimated by assuming the air can be expanded isentropically to
the local ambient pressure, while the work performed will be the total temperature rise during the
compression. If the Cp, for both the through flow air and the bleeds are equal, the following

relationship, the efficiency can be defined as

g (07 1)+ Y (")

Ninstatiea = m() (1-0 __1)+ Zmi (Ti ——1)

m, is mass flow through the core compressor, and the subscript i = 0 represents the core flow.
Note: For the core compressor of the turbofan s, = m,

Define the ratio of the core mass flow to the bleed mass flow as ¢,

After some manipulation the Installed efficiency of the aspirated compressor is

,70(10_1)4.25( o )
Ninstatted = To _1) +Zgi (’[[. —1)

Egn. (4.1)
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Where 77,= the isentropic efficiency of the core flow compression. From Eqn (4.1) it can be seen

that the equivalent compressor efficiency equals the isentropic efficiency of the core flow

compression system if the bleed compressions are carried out isentropically.

D (7[,(7_1)/7 —1) =Y £(z,-1)

However, the compression of the bleed air is inefficient and the equivalent compressor efficiency
will be less than the isentropic efficiency of the through flow air.

Before going onto the actual engine comparisons, another point about efficiencies will be
addressed. In the results to follow, it was assumed throughout that the through flow air through
the aspirated compressor was the same as that of the non-aspirated compressor. This may not be
true as the aspirated compressor may have higher polytropic efficiency. The reason for this
higher polytropic efficiency is the fact air bleed off due to aspiration is the high entropy air in the
boundary layer of the fluid in contact with the blade surface. Removing this air has the effect of
reducing the temperature into the next stage of the compressor and thereby can lead to an
increase in polytropic efficiency. This concept is discussed in much greater detail in Ref 10

(Kerrebrock et. al, 97-GT-525)
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4.4: QSP Configured Turbofan

To clearly see the effects of aspiration on the cycle, both the non-aspirated and aspirated engines
were identical in almost all respects except for the presence of aspiration. This means that both
engines were assumed to be flying at the same altitude and speed, Ty for both units was equal;
the polytropic efficiency of the fan, compressor and turbine on both units was assumed to be the
same etc. Table 4.1 below, shows the configuration of each turbofan engine.

As mentioned in Section 2, the aspirated turbofan uses a counter-rotating compressor.
This compressor has 3 stages and each stage is aspirated. The bleed air is taken radially outward
for Stage 1 and radially inwards for Stages 2 & 3. Table 4.1, gives the overall pressure ratio and
isentropic efficiency for each stage, while Table 4.2 below gives a more detailed breakdown of
the pressure rise and temperature rise across the aspirated compressor stages.

For convenience in the cycle analysis, the overall compression ratio through the fan and
the compressor is denoted by 7. This is in fact the product of the fan and the compressor
pressure ratios. For the aspirated compressor this works out to be

. =7, m 7, Ty =32.827
The pressure ratio of the fan alone is denoted by 7.

For stages 2 & 3 of the counter-rotating compressor, the bleed air is taken radially
inward. It is assumed that the inward flow is extracted for turbine cooling at 15% of the blade tip
radius. As table 4.1 shows, for the aspirated compressor, 1% of the main bleed flow was
extracted from each blade row (i.e. €;; = 0.01 etc.). This air is returned to the cycle as turbine
cooling air or in the case of the fan extraction air is expanded through a nozzle to recover the

momentum drag.
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Non-Aspirated Turbofan

Aspirated Turbofan

(Counter-rotating compressor)

Flight Mach No.

Altitude

Ti

T4

T

g

(Qr)sip

Stage 1, m;, mi
Stage 2, 2, M2
Stage 3, m3 13

Cc

Cr

€t

Erf
Est

€r1

€
2]
€3

€3

or

2
50,000 ft
1922 K
0.925
32.83
1.776
457 mv/s
N/A
N/A
N/A
0.916
0.9
0.9
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
42800 KJ/kg

2
50,000 ft
1922 K
0.925
32.83
1.776
457 m/s
3.325, 0.94
2.66, 0.9
2.09, 0.9
0.916
0.9
0.9
0.01 7,

0.01 riz,
0.017,
0.01 7,
0.01 7,
0.01 i,
0.01 i,
0.01 7i,
42800 KJ/kg

Table 4.1: QSP Configured Turbofan
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Stage Rotor Stator Overall

T 3.5 0.95 3.325
T 1.44 1 1.44
Misen - - 0.94
) 2.8 0.95 2.66
T2 1.36 1 1.36
Misen - - 0.9
73 2.2 0.95 2.09
3 1.26 1 1.26
MNisen - - 0.9

Table 4.2: Aspirated Compressor

Using the code discussed in Section 3, the values of the total pressure and temperature for each
of the aspirated stages were calculated and are listed below in Table 4.3. These values represent
the temperature and pressure of the air as it leaves the bleed passage of the blade. The losses that
the bleed air experiences in the bleed passage are intrinsic to the aspiration process. Once the air
leaves the blade, it can be used for other purposes such as turbine cooling etc. The amount of
pressure recovery that can be achieved once the air has left the blade passage will depend on the
diffusion system and the final destination of the air.

As can be seen in Eqn. (4.1) the value of pressure recovery can plays an important role in
the efficiency of the compression system. If none of the bleed air can be recovered for useful

work, Eqn. (4.1) becomes
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7, —1
Moy = 770(0 )

N (ro-1)+> & (z,-1)
So to understand the full effects of aspiration the Specific impulse and equivalent compressor

efficiency for the aspirated turbofan are calculated for various levels of Pressure recovery.

Stage Component Total Pressure Total temperature
1* Stage Rotor P, =2.998 x 10’ N/m’ T, =664 K
1% Stage Stator P, =3.06x10° N/m’ T, =674K
2™ Stage Rotor P, =345x10° N/m’ T,.,=688K
2" Stage Stator P,=99x10°N / m> T,.,=922K
3" Stage Rotor P, =1.12x10° N/m? T,..=931K
3¢ Stage Stator P, =214 x10° N/m T,.;=1155K

Fan Rotor P, =1.7x10° N/m2 T, =654K
Fan Stator P, =8.57x 104 N/m2 T, =468K

Table 4.3: Bleed air temperature and pressure for QSP configured turbofan

As a reference for the pressures and temperatures in Table 4.3,
P,=877x10' N/m* & T,=388.8K

The air is used for turbine cooling or is expanded overboard to recover its momentum drag. The
full cycle calculations for the 3 differently configured QSP turbofans and the Non-aspirated

turbofan in Appendix D, for various levels of pressure recovery.
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4.4.1: QSP Turbofan-Aspirated Fan & Core Compressor

In the introduction to this chapter, it was mentioned that three different QSP turbofan
configurations would be analyzed and their performance compared to a non-aspirated mixed

exhaust turbofan. The first of these configurations is shown in Figure 4.1 below.

m
my b

Eor My ———— Thust augmentation

Figure 4.1: QSP turbofan with Fan and core aspiration

As can be seen from Figure 4.1, the engine contains and aspirated fan and a 3 stage aspirated
counter-rotating compressor. The flight conditions, the percentage air removed by aspiration, the
compressor pressure ratio, Ty etc. are all detailed in Table 4.1.

Figure 4.2, compares the Specific Impulse for the QSP configured turbofan and non-
aspirated turbofan versus pressure recovery. Table 4.4 gives the actual values of Specific

Impulse for both the aspirated and non-aspirated case. For figure 4.2 the pressure recovery of the
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fan was assumed to be 100% and the effect of aspiration on the core was studied. At 100%
pressure recovery, it can be seen that the specific impulse of the engine with the aspirated fan
and core compressor is less than that of the non-aspirated case. This is because of the frictional

losses present in the internal bleed passage.

Specific Impulse vs. Pressure Recovery
(Fan & Core Aspiration)

4200
@ 4100
2z % i 3 & - -
o
£ 4000
£ 3900
O
@ A SR s el s Gl Sepiaih R St S ]
c%_ 3800 i - e -+

3700

45 55 65 75 85 95
% Core Pressure Recovery
—-#-- Aspirated Compressor —&— Non-Aspirated Compresso}
Figure 4.2: Specific Impulse vs. Pressure Recovery for QSP turbofan
(See Table 4.2 for engine configuration)
Specific Impulse Specific Impulse
% Pressure Recovery (Aspirated Compressor) (Non-Aspirated Compressor)

100 3840 sec 4070

90 3837 sec 4070

80 3834 sec 4070

70 3830 sec 4070

60 3825 sec 4070

55 3823 sec 4070

32 3821 sec 4070

45 3763 sec 4070

Table 4.4: Specific Impulse vs. Pressure Recovery for QSP turbofan
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Pressure recovery does not play a significant factor in the value of specific impulse until a
pressure recovery of 52% is reached. At this point reducing the pressure of the 1* stage rotor air
48% means that the air cannot be returned to the turbine as cooling air as its pressure is too low.
Below this pressure recovery the air from the 1% stage rotor and stator is discarded and plays is
not returned to the cycle, hence the fall off in Specific Impulse.

The fact that pressure recovery does not significantly effect the specific impulse until the
1% stage rotor and stator air must be discarded suggests that the mass flow through the engine
plays an important part in the specific Impulse. When the mass flow of the bleed air from the 1
stage bleeds is lost, specific impulse suffers considerably.

Figure 4.3, plots the Installed compressor efficiency versus pressure recovery, for the

core compressor. Compressor efficiency for the aspirated engine is defined in Eqn. (4.1).

; Installed Efficiency vs. Pressure Recovery
0.9
0.88
— —T & & = - —L &
% 0.86 B
g . peis= —— =" v
£ 084 e s
0.82
| 0.8
3 0 20 40 60 80 100
% Core Pressure Recovery

— - — AspiT*ated Core Compressor —=— Non-Aspirated Compressor

Figure 4.3: Core Installed Efficiency vs. Pressure Recovery for aspirated counter rotating compressor

(see Table 4.2 & Table 4.3)
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Like Figure 4.2, even with 100% pressure recovery the compressor efficiency of the aspirated
compressor is less than that of the non-aspirated core, due to the losses from the bleed passages.
At a pressure recovery of approximately 60% the compressor isentropic efficiency is reduced by
approximately 1%. Table 4.5, below dives the exact values of compressor efficiency as pressure
recovery changes. When calculating the available work, it is assumed the bleed air is expanded

isentropically to Pp.

Installed Efficiency Compressor Efficiency
% Pressure Recovery (Aspirated) (Non-Aspirated)

100 0.863 0.869

90 0.862 0.869

80 0.86 0.869

70 0.858 0.869

60 0.856 0.869

50 0.854 0.869

40 0.853 0.869

30 0.848 0.869

20 0.845 0.869

10 0.841 0.869

0 0.839 0.869

Table 4.5: Core Compressor Installed Efficiency vs. Pressure Recovery

To further illustrate the effects of aspiration on the compression system of the counter-rotating
compressor the equivalent efficiency for the 1% and 3™ stages was calculated for various levels of
pressure recovery. The results are shown in Figure 4.4 & 4.5. In both cases the baseline
efficiency against which both stages are based is the isentropic efficiency of the through flow air.

So from Table 4.1, the isentropic efficiency of the 1% stage is 7, = 0.94, while for the 3™ stage
the isentropic efficiency is 77, =0.9.

Each graph “breaks out” the effect of aspiration on the compressor on a stage-by-stage
basis. Again like Figure 4.3, even with 100% pressure recovery the stage efficiency of the

aspirated stages is less than that of the non-aspirated stages, due to the losses from the bleed
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passages. When calculating the available work in the bleed and through flow air, it is assumed

the air is expanded to P;.

]
1st Stage Installed Efficiency vs. Press. Recovery
0.95
0.94 2 . " "
£003 1ot o e e !
g _____ PO R L]
% s e *
& 0.92
0.91
0.9
20 40 60 80 100
% Pressure Recovery
- - - - Aspirated 1st Stage —=— Non-Aspirated 1st Stage ] |
Figure 4.4: 1" Stage Installed Efficiency vs. Pressure Recovery
(see Table 4.2 & Table 4.3)
3rd Stage Installed Efficiency vs. Pressure Recovery
0.91
09 # ™ » = " ™ » ™ " -—n
-4---"""‘""'.'—'"4’-“*”4’
$ 0.89 et 2
§ " i
2 0.88
0.87
0.86
0 20 40 60 80 100
% Pressure Recovery
— = — Aspirated 3rd Stage —=— Non-Aspirated 3rd Stage

Figure 4.5: 3" Stage Installed Efficiency vs. Pressure Recovery

(see Table 4.2 & Table 4.3)
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4.4.2: QSP Turbofan-Aspirated Core Compressor Only

The second configuration for the QSP configured turbofan is the case where no aspiration is
applied to the fan, but the core compressor remains a 3-stage aspirated counter-rotating

compressor. This configuration is shown in Figure 4.6 below.

mg

Figure 4.6: QSP turbofan with Core Aspiration only

A QSP configured turbofan with core aspiration was analyzed to isolate the impact core
aspiration has on the Specific Impulse of the overall engine. The pressure ratio and polytropic
efficiency of the non-aspirated fan was equal to that of the aspirated fan. Except for the
replacement of the aspirated fan, all the other engine parameters were equal to the QSP turbofan
with fan and core compressor aspiration. The engine parameters for the engine in Figure 4.6 are

shown in Table 4.6 below.
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Non-Aspirated Turbofan Aspirated Turbofan
(Counter-rotating compressor)
Flight Mach No. 2 2
Altitude 50,000 ft 50,000 &

Tu 1922 K 1922 K

g 0.925 0.925

T 32.83 32.83

e 0.916 0.916

T 1.776 1.776

er 0.9 0.9

(€2r)gip 457 m/s 457 m/s

Stage 1, T, M1 N/A 3.325,0.94
Stage 2, o, M2 N/A 2.66, 0.9
Stage 3, m3, N3 N/A 2.09,0.9

€ 0.9 0.9

€1 N/A 0.01 71,

€51 N/A 0.01m,

€ N/A 0.01m,

€52 N/A 0.01 m,

€3 N/A 0.01m,

€53 N/A 0.01 m,

hp, 42800 KJ/kg 42800 KJ/kg

Table 4.6: QSP turbofan with Aspirated Core compressor only

The bleed air from the compressor is returned to the cycle as cooling air for the turbine. The

conditions of the bleed air are the same as those calculated for the QSP turbofan with fan and

core aspiration and are listed in Table 4.3. The basis for comparison with the non-aspirated

turbofan will be the specific impulse as the installed compressor efficiency is the same as that for

QSP turbofan with fan and core aspiration (see Figure 4.3). Figure 4.7 shows the Specific
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impulse versus pressure recovery for the engine in Figure 4.6, while Table 4.7 gives the actual

values.

Specific Impulse vs. Pressure Recovery
(Core aspiration only)

P 1557 ST e iy e B0

@ 4050
3
£ 4000 /_?___.______._____:.f o —
£ 3950
(&)
8 /
& 3900

3850

45 55 65 75 85 95

% Core Pressure Recovery

—e— Aspirated Core —&— Non-Aspirated Core !

Figure 4.7: Specific Impulse vs. Pressure Recovery for QSP turbofan with Core aspiration only

(See table 4.6 & Table 4.3)

Specific Impulse Specific Impulse
% Pressure Recovery (Aspirated Core Compressor) (Non-Aspirated Compressor)
100 4002 sec 4070
90 3999 sec 4070
80 3995 séc 4070
70 3990 sec 4070
60 3985 sec 4070
55 3982 sec 4070
52 3980 sec 4070
45 3907 sec 4070

Table 4.7: Specific Impulse vs. Pressure Recovery for QSP turbofan with core aspiration only
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From Figure 4.7, it can be seen that the specific impulse of the QSP turbofan with the aspirated
core only is substantially better than the specific impulse for the QSP turbofan with fan and core
aspiration (Figure 4.2). This suggests that the biggest penalty in specific impulse arises in the fan
aspiration. With this fact in mind we move onto look at the effect on the overall engine

efficiency of a QSP turbofan with Fan aspiration only.
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4.4.3: QSP Turbofan-Aspirated Fan Only

A turbofan with aspiration applied to the fan rotor and stator only, was analyzed to understand
the effect this would have on the overall engine efficiency. From Figure 4.2 and Figure 4.7, the
fan aspiration appears to be the major cause of the decrease in Specific Impulse. The engine

configuration is shown schematically in Figure 4.8.

m
my, 9

~—~——
Egpmy % Thust augmentation

Eef My

Figure 4.8: QSP turbofan with Fan Aspiration only

The rest of the engine parameters were the same as those in Table 4.1. Basically the counter-
rotating compressor discussed in above is removed from the engine and replaced with the non-
aspirated core. The condition of the aspirated air is the same as that for the QSP turbofan with
Fan and core aspiration and can be found in Table 4.3. The engine parameters are listed below in

Table 4.8.
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Non-Aspirated Turbofan Aspirated Turbofan
(Fan aspiration only)

Flight Mach No. 2 2

Altitude 50,000 ft 50,000 f
Tu 1922 K 1922 K
U 0.925 0.925
e 32.83 32.83
€c 0.916 0.916
uf 1.776 1.776
er 0.9 0.9
€ 0.9 0.9
Erf N/A 0.01 m,
Esf N/A 0.01
hy, 42800 KJ/kg 42800 KJ/kg

Table 4.8: QSP Turbofan with Aspirated Fan only

The bleed air from the rotor and the stator are expanded to Py to recover the momentum drag.
This expansion produces thrust that is added to the thrust produced by the through flow air (see
section 2). The basis for comparison between the non-aspirated turbofan and the aspirated
turbofan will be the specific impulse and the “Installed Compressor Efficiency”. Figure 4.9
shows the Specific Impulse versus pressure recovery, while Table 4.9 gives the numerical values

for specific impulse.
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Specific Impulse vs. Pressure Recovery
(Fan Rotor & Stator Aspiration only)

4200 |
4100 !
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- - = - - Aspirated Fan —&— Non-Aspirated Fan }

Figure 4.9: Specific Impulse vs. Pressure recovery for QSP turbofan with Aspirated Fan only

(See Table 4.8 & Table 4.3)
Specific Impulse Specific Impulse
% Pressure Recovery (Aspirated Core Compressor) (Non-Aspirated Compressor)

100 3917 sec 4070

90 3908 sec 4070

80 3898 sec 4070

70 3887 sec 4070

60 3874 sec 4070

50 3859 sec 4070

40 3844 sec 4070

30 3832 sec 4070

20 3813 sec 4070

10 3811 sec 4070

0 3811 sec 4070

Table 4.9: Specific Impulse vs. Pressure Recovery for QSP turbofan with Aspirated Fan only

(See Table 4.8 & Table 4.3)
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Figure 4.10 below shows the Fan isentropic efficiency as a function of pressure recovery. When
calculating the available work it was assumed the air was expanded to P;;. This means that the

bleed air from the fan stator contributes nothing, as its pressure is less than P;; (see Table 4.3).

Fan Efficiency vs. Pressure Recovery
(Fan Rotor & Stator Aspirated only)
0.9 ;
089 P oo — S & — — = - e = . w ——— — e - — - —4.
i
0.88
£ 0.87
= s
0.86 S A S 2 R A i, owr=oT"
faimm e AR - i
0.85
|
i 0.84
50 60 70 80 90 100
% Pressure Recovery
S -~ Aspi?a%ed Fan —-e-- Ndr;—aspirat_égFan

Figure 4.10: Fan Efficiency vs. Pressure Recovery (Aspirated Fan only)

(See Table 4.8 & Table 4.3)

From Figure 4.11 it can be seen that the specific impulse of the QSP turbofan with the fan
aspiration, is less than that for the non-aspirated turbofan. Looking at Figures 4.2, 4.7 and 4.9, it
can be surmised that the major contributor to the reduction in specific impulse noticed in Figure
4.2 is the aspirated fan. This indicates that returning the air directly to the cycle, as turbine-
cooling air is less detrimental to the cycle than expanding the air overboard to augment the

thrust.
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4.5: MIT Low Speed Fan

As mentioned in the introduction a low speed fan stage has been designed, built and tested at the
MIT blow down compressor. Experimental values of the stage pressure and temperature ratio’s
have been found and hence a value for the isentropic efficiency. The bleed air in this low speed
fan is taken radially outwards for both the rotor and the stator. The rotor has a tip shroud to

facilitate the removal of the bleed air. Figure 4.11 shows a schematic of the low speed fan.

g Mg £y g
TS AT
Rotor Stator

myg

Figure 4.11: MIT Low speed aspirated Fan Stage

For this low speed stage it was assumed that 2% of the total mass flow was removed by
aspiration (i.e. 1% by the Rotor and 1% by the Stator). Using the code described in section 3, the
total temperature and pressure of the bleed air for both the rotor and stator were calculated and

used to calculate the “Installed Efficiency” for the fan stage.
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The testing of the fan stage was done at atmospheric pressure and for this analysis P,; was

assumned equal to atmospheric pressure (P, = 1.013 x 10°> N/m?). Table 4.10 presents low speed

fan data.
Component Data
Tip Speed 228.6 m/s
Tostage 1.57
Trotor 1.62
Tstator 0.97
Nstage 0.9
Py 1.013 x 10° N/m?
Rotor Bleed Air
& 0.01
Py 1.0538 x 10° N/m’
Ty 337.5K
Stator Bleed Air
€ 0.01
Py 1.0862 x 10° N/m’
Tis 332K

Table 4.10: MIT Low speed Aspirated Fan conditions

Using the information in Table 4.10, the “Installed Efficiency” of the fan was calculated for

various levels of bleed air pressure recovery. From the table it can be seen that the pressure rise

in the bleed passage for both bleeds is low and very inefficient. So the available work that the
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bleed air can perform is low. The installed Fan efficiency versus pressure recovery is shown in

Figure 4.12.

Fan Installed Efficiency vs. % Pressure Recovery
(MIT Low Speed Fan)

0.91 ‘

|

09 = - .- n |
= 0.89

0.88 *
0.87
60 70 80 90 100
% Pressure Recovery
}P—+— Aspirated Stage —=—— Non-Aspirated Sta@

Figure 4.12: MIT Low speed fan installed efficiency vs. Pressure Recovery

(see Table 4.10)
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4.6 Aspirated Turbojet performing Auxiliary Work

To see the effects of aspiration on the Specific impulse and efficiency for a turbojet

configuration, a comparison between the Aspirated turbojet and the Non-aspirated turbojet

discussed in Section 2 was performed. A schematic of the aspirated turbojet is shown in Figure

4.13.

E3 My
Er3 1M,
£ m, Auxilany Work
Fluid expanded to P,
L2 My,
£ m,
&) My

xm_(Compressor discharge extraction only)

Er] My
Eg] My
£2 My
£52 1M,
Er3 My
€43 1My
X mg

Aspirated Air from 1st stage rotor
Aspirated Air from 1st stage stator
Aspirated Air from 2nd stage rotor
Aspirated Air from 2nd stage stator
Aspirated Air from 3rd stage rotor
Aspirated Air from 3rd stage stator

Compressor Discharge Extraction

{ X < ] )

Figure 4.13: Aspirated turbojet performing Auxiliary work

Both engines had to perform equal amounts of “Auxiliary Work”. Comparisons were made over

a range of “Auxiliary work outputs”. Both engines were assumed to be flying at the same altitude

and speed. It is also assumed that 100% of the bleed air is capable of performing auxiliary work.

Table 4.11 below compares the engine configurations of both engines.

Page 93



Non-Aspirated Turbojet Aspirated Turbojet
(Counter-rotating compressor)
Flight Mach No. 2 2
Altitude 40,000 ft 40,000 ft
Tu 1922 K 1922 K
T4 0.925 0.925
e 19.2 19.2
(Q)sip 457 m/s 457 m/s
Stage 1, T;, mi N/A 3.2,0.9
Stage 2, 1, N2 N/A 3.0, 0.89
Stage 3, 3. N3 N/A 2.0, 0.89
e 0.9 0.9
€ 0.9 0.9
&l N/A 0.01
&si N/A 0.01
€2 N/A 0.01
€92 N/A 0.01
€13 N/A 0.01
€53 N/A 0.01
hy, 42800 KJ/kg 42800 KJ/kg

Table 4.11: Aspirated Turbojet performing auxiliary work

4.6.1 Aspirated Turbojet

As mentioned in Section 2, the aspirated turbojet uses a counter-rotating compressor. This

compressor has 3 stages and each stage is aspirated. The bleed air is taken radially outward for

Stage 1 and radially inwards for Stages 2 & 3. The radial inflow is extracted for “Auxiliary

Work™ at 0.15 tip radius. As table 4.11 shows, 1% of the main bleed flow was extracted from

each blade row (i.e. & = 0.01 etc.).
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Using the code discussed in Section 3, the values of the total pressure and temperature for
each of the aspirated stage was calculated. To allow for losses in diffusing the air from it was
assumed that 1/3 of the dynamic head was lost. With this loss in total pressure the final values of

the total usable pressure and temperature are listed below in Table 4.12.

Stage Component Total Pressure Total temperature
1" Stage Rotor P, =3.03x10° N/m* T, =608 K
1* Stage Stator P, =327x10° N/m’ T, =558K
2" Stage Rotor P,=3.51x10°N/m? T,, =568 K
ond Stage Stator P, =141x 10° N/m2 7.,=817K
3" Stage Rotor P.=13x10°N/m? 7,,=827K
3" Stage Stator P, =2.9x10°N/m’ T, =1019K

Table 4.12: Conditions of the air used for “Auxiliary Work”

A comparison between the non-aspirated turbojet and the aspirated turbojet was performed using
the data in Table 4.12. As has been mentioned numerous times before this air was expanded to
Py to perform “Auxiliary Work™. The amount of “Auxiliary work™ performed by both engines is
equal.

(Auxiliary work)aspiratea = (Auxiliary Work)aon-aspirated

this means the compressor discharge extraction (x’mo) for the aspirated case is smaller than that

for the non-aspirated case (xr,). The quantity (x, ) gives an indication of how much

“Auxiliary Work” both engines perform. Figure 4.14 below gives a comparison of the specific

impulse for both engines as the “Auxiliary Work” is increased.
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Figure 4.14: Specific Impulse comparison for aspirated turbojet performing Auxiliary work

(See Table 4.11 & Table 4.12)

It can be seen that the effects of aspiration have a minimal influence on the Specific impulse as

the amount of “Auxiliary work” increases. The same effect can be seen in Figure 4.15 for the

overall efficiency.

Overall Efficiency vs. Fractional extraction
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Figure 4.15: Overall Efficiency for aspirated turbojet performing auxiliary work
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Chapter 5: Conclusions

Five different engine/fan configurations were studied, to illustrate and understand the effects of

aspiration. The five configurations are repeated here

1. Potential QSP configured Turbofan.
(1) Aspirated Fan and Aspirated core compressor (see Figure 4.1);
(i1) Aspirated Core compressor only (see Figure 4.6);
(iii)  Aspirated Fan only (see Figure 4.8).
2. MIT low speed Fan (see Figure 4.11).
3. Aspirated Turbojet performing auxiliary work (see Figure 4.13).
For the QSP configured turbofan with fan and core aspiration, % bleed on each blade row and
100% pressure recovery for the aspirated air, the specific fuel consumption is 5.5% higher
than an equivalent non-aspirated turbofan. The bleed air from the fan is expanded overboard to

augment the thrust while the bleed air from the core is returned to the turbine as cooling air.

The second case is the QSP configured turbofan with only an aspirated core (i.e. no fan
aspiration), 1% bleed on each blade row and 100% pressure recovery for the aspirated air, the
specific fuel consumption is 1.7% higher than an equivalent non-aspirated turbofan. The bleed

air is returned to the turbine as cooling air.

For the QSP configured turbofan with only fan aspiration (i.e. no core compressor aspiration),
1% bleed on each blade row and 100% pressure recovery for the aspirated air, the specific fuel
consumption is 3.75% higher than an equivalent non-aspirated turbofan. The bleed air is

expanded overboard to augment thrust.
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From the previous three cases, it can be surmised that aspirating the fan has the largest impact on
the specific fuel consumption. This arises due to the high losses experienced by the aspirated air

as it is “pumped up” in the bleed passage.

For the experiments performed on the MIT low speed fan, if 1% bleed was removed from each
of the blade rows and 100% pressure recovery was achieved for the aspirated air, the installed
efficiency is 1.8% lower than the non-aspirated fan. Again like the fan in the QSP configuration,
this decrease in efficiency arises due to the high losses experienced by the aspirated air as it

travels through the bleed passage.

Finally for the aspirated turbojet performing auxiliary work, the specific fuel consumption is

4.5% higher at a fractional extraction of 0.1 (i.e. 10% of the compressor discharge is removed

for auxiliary work).
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Appendix A

A.1: Cycle Analysis for Aspirated mixed exhaust turbofan

This section will compute the behavior of the aspirated turbofan including component losses, the
mass flow rate of the fuel through the components, and the variation of specific heats. It also
takes the work performed on the bleed air into account. This is an important difference between
the cycle analysis performed on the non-aspirated turbofan.

Again as in the case of the non-aspirated engine the analysis will be brief and only an
outline of the most important steps is included. The aspirated turbofan with station numbering is
shown in Figure 2-4a. The bleed and turbine cooling airflow is shown in Figure 2-4b.

Uninstalled Thrust:

F = (rgVy —mV, )+ 4, (P, — )+ (Momentum Drag of Fan bleeds)

Note: The thrust developed by expanding the Fan bleed air to Py will be calculated latter and will

be removed from the thrust calculation for now.

Assume the engine exhaust nozzle expands the gas to the ambient pressure P, = P,. Therefore

we return to Eqn. 2.1

g V.
£ =(@—3—M0) Eqn. (A.1)

. m
Calculation of —-:
mg

The fan bleed air is not returned to cycle directly and as mentioned above will be treated

separately.
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After some manipulation one gets

o (1:05)[” fra(i-(s,+2,))] Eqn. (A-2)

Placing Eqn. (A.2) into Eqn. (A.1) gives

F o 1+f+a(1—(gﬁ-+gjf)) V.
e o a_Z*M" Eqn. (A.3)

Calculation of (Vo / ag) 2

2
(KL)_J - a92M92 _ YoRo Ty M92
g aé YoRoTy

For the turbojet cycle, this equation becomes

2
[_VgJ _VRT ban. (A4
- 9 qn. (A.
) 7cRc]::
Calculation of M}
(7(‘1)/7(
P
M= 2 (i] -1 Eqn. (A.5)
7. -1\ K
Py P
Where B -y wam T, Eqn. (A.6)
L
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Calculation of Ty / Ty

T9 — Tt9 /’/TO

T0 ( Pt o/ P9 )(7,—‘)/}9

Eqn. (A.7)

Ty

Where ?— =T, T4T.TpT Ty
0
Calculation of f:
f _ mﬁxel
mC

Application of the 1% law of thermodynamics to the control volume about the combustor shown

in Figure 2-2 gives:

m3Ccht3 + ﬂbmﬁtelhpr = ”.14CptTt4 qu‘l. (A.8)

The mass flow of the air entering the combustor is reduced by aspiration. This air is not returned

to the cycle until the turbine. Therefore
my =1, (1= ¢,)
and
iy =1 ((1-35)+ /)

Where Z £ =¢&,+&,+&,+&,+&,+¢&,; and the mass flow out of the combustor is increased

only by the addition of fuel.

f= (1-25) [mr.-7] Eqn. (A.9)

- nbh r
I:T,i _( p CchO j}
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Calculation of =

Like the non-aspirated case the calculation of 7 involves a power balance between the
compressor, fan and the turbine.
Power into compressor + Power into Fan = Net Power from turbine

As mentioned in Chapter 2 calculating the power consumed by both the fan and the core
compressor, the effects of aspiration must be taken into account. ~ For example the bleed air
removed from the 1% stage rotor is taken radially outward and in so doing, work is performed on
the air; the air is “pumped” similar to the work done by a centrifugal compressor. This
“centrifugal work™ increases the total temperature of the bleed air to a temperature greater than
Ty. The temperature rise can be greater than or less than the stage temperature rise.

This means that the work performed on each bleed air must be treated separately in the
cycle analysis. Figure Al shows the fan and compressor bleeds, plus the nomenclature used in

the analysis

lff 1 Pts ]

1 ri B! tsl

Ist Ist 2nd 2nd 3rd 3rd
Stage Stage Stage Stage Stage Stage
Rotor Stator Rotor Stator Rotor Stator

]rl S

Tt
Pr i pl 8

[EE

Figure Al: Counter-rotating Compressor
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Compressor & Fan Work

To calculate the work performed on all the air that passes through the compression system it is
necessary to account for the work performed on each of the bleeds. The fan has two bleeds and
the core compressor has 6 bleeds, as shown in Table 2-1. Work performed on each bleed
depends on the total temperature rise achieved. For the rotor bleeds temperature rise is calculated
using a 1-D compressible flow calculation, detailed in Chapter 3. The temperature of the stator
bleeds and the through flow air can be found using the isentropic or polytropic efficiency and the
pressure rise.

Therefore

1. Through Flow of Core Compressor

i (1-2.6)C, (T, -T,,) Eqn. (A.10)
2. 1% Stage Rotor Bleed
&,m.C (T, -T,,) Eqn. (A.11)
3. 1% Stage Stator Bleed
eam,C, (T4 —T,) Eqn. (A.12)
4. 2" Stage Rotor Bleed
£,,1.Coo (T, ~T,,) Eqn. (A.13)
5. 2" Stage Stator Bleed
£,m.Co (T, T,) Eqn. (A.14)
6. 3™ Stage Rotor Bleed
&,311.Coo (T, ~T,,) Eqn. (A.15)
7. 3™ Stage Stator Bleed
£ .C, (%3 - 7;2) Eqn. (A.16)
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8. Fan through flow
i, (1 —gd.)c,,c (1,-T,) Eqn.(A.17)
9. Fan Rotor Bleed

&, Coe (T - T,,) Eqn. (A.18)

1 (re-t)/
Where To=T,| 1+ — (ﬂ,-frl) It —1
T '

Power input to the fan stator bleed is accounted for Eqn. (A.18); no work is performed on the air
during the extraction process.

Turbine Power

The aspirated air from the compressor is returned to the turbine as cooling air. The air enters the
turbine at the total pressure of the bleed air and is mixed with the through flow air. This mixing
reduces the temperature of the through flow, while increasing the mass flow of air through the
turbine. Because the mass flow of air through the turbine changes due to the addition of the
aspirated air, the power extracted from the turbine must be calculated in steps. Figure A.2 shows
how the mass flow through the turbine changes with the addition of the bleed flow air from the

COmpressor.
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41

4A 4B 4C 4D 4L 4F 4G +H H 41
Coolunt Coolunt Coolan Coolan Coolant
Turbine Mixer | [Turbine| | Mixer | {Turbine] | Mixer Turbine Mixer Turbine Mixer
1 2 3 4 5
4 Eg3MMe &M, £4aMn, &an, £yl

my=mga = me (e~ e g g em gD - )
myp = g - m (e~ g~ g e+
gy = Mgy = M (1~ ey - D

myy =mg =mg (1)

Coolant
Mixer
6

Turbine

Turbine

€M

myg =mye = m ({(14e~ g " g T e g0 + )

g~y — Mg ((1-(er~ g+ &2 ) + )

mgy=my =mg (1) H

Figure A.2: Changing mass flow through the turbine

Expansion of the air through the turbine and the work produced by this expansion is divided into

7 sections, one expansion to each of the six bleed air total pressures and a seventh to P;s (i.e.

Expansion from P to Py.; (the total pressure of the 3™ stage stator bleed) etc.). After expansion

the temperature of the through flow air can be calculated by assuming a polytropic efficiency for

each step of the expansion. Mixing between the bleed air and the through flow air then takes

place and a mixed out temperature based on mass is calculated. No pressure loss takes place

during the mixing. Figure 2.7 shows a schematic of the expansion and the mixing on a T-S

diagram, while figure A.3 shows the pressure and temperature designations as the air goes

through the turbine.
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Py Pis P Pus D3 Py P> RS} Py Pt P Py Py

Ty Tui Ty Tua Tim> Tus Tims Tia Tima Tys Tims Tye Timo
1
Coolant Coolant Coolant| Coolan Coolant Coolant
'l'urbinc* Miver | {Turhine| | Mixer | Turbing| | Mixer | [turbine! | M&T| |Turbine M‘;‘“ Turhine Mixer Turbine
i 2 3 4 b 6
4 Egaile 3t £y, £ £qM & ¢ 5

Figure A.3: Nomenclature of the air flow through the turbine

The steps involved in calculating the final mixed out temperature are shown here for the case of

expansion from P, (Total pressure out of combustor) to Py.3 (Total pressure of the 3" stage

stator bleed air). Both Py ( Py, 7,7, ) and Pis.s (Calculated using the 1-D compressible flow

analysis talked about in Section 3) are known, as is the polytropic efficiency of the expansion

1, » which will allow us to calculate the temperature of the through flow ( to be known as 7)) air

before mixing.

(re 0/ (m,7)
Zﬂ = (———8“3 ) Eqn. (A.19)
I, \ B

Once Ty is known, the mixed out temperature (to be known as T, ) can be calculated based on
the mass of the through flow air and the bleed air.
m4cptTr't1 + gsBrthpCY;s% = (m4 + 8s3mc ) 7;ml

Where m, =((1—Z£,)+f)n'1€ gives

- [((I—Zgi)+f)CP,T,,, +£S3C,,C7L-u3] Eqn. (A20)

m1 [((1—23,)+f)+gs3]cp,

Where Zgz =& +€sl +gr2 +gs2 +gr3 +gs3
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A similar analysis can be performed for each of the six expansions to match the total pressures of

the bleeds. The temperatures through the turbine are

(r,~1)/(n,7.)
T_[H Eqn. (A.21)

tse3

(0= a)+f +e)Coli +£,C T |

- Eqn. (A.22)
TS e o
(=0/(m,7.)
L _| Beer Eqn. (A.23
7;,»2 (I)Ire3 j qn ( )
_ l:((l—zgi)+f+5s3 +gr3)cpt];t3 + & CchveZJ Eqn. (A.24)
S (5w
(71_1)"/('71’7')
T4 _ B ’ Eqgn. (A.25
Ttm3 (PRWZ) " ( )
. [((1 Y& )+ HegtE,te, )C Tua + &, C,,ﬂ},ez] Eqn. (A.26)
[((1 g’) )+g +E,+E, +E, }Cp,
2 “1),'/('7P7')
Lis _| Bear Eqn. (A.27
7;m4 (Ptrﬂj qn ( )
1— qC el
Al <eﬂEen>>+f> )
(CENEICH
(r. _1),//('7;77 t )
T _| B Eqn. (A.29
];mS (Rsezj " ( )
I:((l —&q )+ f) Colue + & C/w]:fel] Eqn. (A.30)

fie = T+ NIC,
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Each expansion performs a certain percentage of the overall turbine work. The exact amount of
work accomplished depends on the mass flow and the temperature change. So for example, the
work accomplished by the expansion from P, (Total pressure out of combustor) to Pi.3 (Total

pressure of the 3™ stage stator bleed air) is

Z . T
s renyemeni-(2)

But from Eqn. (A.19) we get the following

P (re=1/n,7,
n'14Cp,7;4 1- (—’—‘-‘—3-] Eqn. (A.31)

14

Notice the work is calculated using 7%, not Tym;, the mixed out temperature. As Figure A.3
illustrates the expansion through the turbine is modeled as an expansion followed by a constant
pressure mixing process, followed by another expansion etc.

Changes in the mass flow and the effects of mixing are illustrated in the calculation of the
work performed in the second expansion through the turbine; the expansion from Py.3 (Total
pressure of the 3™ stage stator bleed air) to P,3 (Total pressure of the 3" stage rotor bleed air).

The work done is
(m4 + gs3mc ) Cpl (]:ml - 7;12 )

Similar to Eqn. (A.31) this can be rewritten as

P (r=0/m7
(my + £,,m,)C, T,y | 1- (~i'—3—j Eqn. (A.32)

tse3
From the above equation it can be seen how the effects of mass addition (17'14 + &, 3mc) and mixing

(the T term) contribute. Values of P,; and Py.3 can be found using the 1-D compressible flow

calculation outline in Section 3. All of the stepwise expansions are modeled in a similar manner

and each contributes to the power balance.
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Power Balance

A power balance between the compressor, Fan and the turbine must be performed in order to
obtain a value for 75 or Pys the turbine exhaust temperature or pressure. Eqn.’s (A.10) - (A.18)
give the power required by the fan and the compressor; Eqn.’s (A.31), (A.32) and similar
equations give the power out of the turbine. A balance results in an equation that can be solved

for 75 or Pys.

’hc (1 - Zgi )Cpc (7:3 - ]:2 ) + grlmccpc (]:r] - 7;2)_’_ grzmccpc (];r2 - Tr2 ) + gr3mccpc (Zr3 - ];2)
Eat.Coc (T =T, )+ £, C o (Tr =Ty )+ 65, Co (T = T,,) + ity (1=, ) C o (T3 =T, )

&40, Coe (T T, )

14 ise3

p (n-1/n,n P (n=0/m,n
m,C,T, 1~( 1')*] +(m, +(£,:)m.) C, T, 1—(#} +

tr2 tse2

P (r.V)/m,7, P (r:-1)/n,7,
(’h" +(853 +€’3)mC)CP’7;’”2 (1_[%) J+(m4 +(5s3 t+ &, +852)mC)CPfT;m {1—[};’1] ]

+

p (rWfn,r, p (=) /ma1,
(11'14 +(g,+E,+6, +g,2)rig_)CFTm4 [1—(?"“—) ]+(7h4 +(e,+E,+8,+E, +€,1)rhc)Cp,Tm5 [l—(_m_j }
tsel

il

+

(r=0)/mp7:
. P '
(Ih4 + (853 tE3TELHTE,HEGT grl)mc )Cpt]-;m (1 - (—Pts ) ] Eqn. (A.33)

trl

Dividing both sides of Eqn. (A.33) by 7,C,, and remembering that

iy =, ((1-25 )+ f)
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(r-1),
Sy
an expression for (i] =[ Ls ] =[//////I/]can be obtained. This can be used to calculate

tmé

trl
T;s and hence z.
Calculation of a:

Like the non-aspirated turbofan fluid dynamics requires equal static pressures at stations 6 and

16, so for this analysis, we assume the total pressures of the two entering streams are equal, or

Assuming isentropic flow in the bypass duct from 13 to 16, we can write

T Ty TT, = 7L
However unlike the non-aspirated turbofan, no simple closed form solution for & exists due to
the changing mass flow through the turbine. This means the bypass ratio « is calculated by
iteration. In the above relationship the only term effected by « is 7, so one approach to
calculating the bypass ratio is to vary ¢ until the relationship 7 7,7, = 7, is satisfied to two
decimal places.
Mixed Exhaust Stream
The mixing analysis for the aspirated turbofan is identical to the analysis performed on the non-

aspirated turbofan. The mixing of these two streams will play a role in the overall engine

efficiency. The temperature and pressure ratios of the mixer are defined as

and =% Eqn. (A.34)

The mixer temperature ratio 7, will be obtained from an energy balance, while the total pressure

ratio 7, will be obtained from an analysis of a constant area ideal mixer.
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The only change is to the @' = ﬁ@_ term. m is the same, but the ry term is different as both the
m6

fan rotor and stator are aspirated. Therefore

e m; (1—(5,, +a?,)) ~ a(l—(g,f +83f))
- m,+mg, - 1+ f

This value for o' can be used throughout the rest of the mixer calculation.

Calculation of Total Thrust F

F
Yo F | Eqn. (A.35)

mya, mya, mya,

Calculation of Specific Impulse

1 — Eotal /rho

Eqn. (A.36
re qn. (A.36)
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Appendix B

B.1: Cycle Analysis for Aspirated Turbojet

This section will compute the behavior of the aspirated turbojet engine including component
losses, the mass flow rate of the fuel through the components, and the variation of specific heats.
It also takes the work performed on the bleed air into account. This is an important difference
between the cycle analysis performed on the non-aspirated turbojet.

For example the bleed air removed from the 1% stage rotor is taken radially outward and
in so doing, work is performed on the air; the air is “pumped” similar to the work done by a
centrifugal compressor. This “centrifugal work™ increases the total temperature of the bleed air to
a temperature greater than Ty,. The temperature rise can be greater than or less than the stage
temperature rise. This means that the work performed on the bleed air must be treated separately
in the cycle analysis.

For the second and third stage rotors where the bleed air is taken radially inward, the
bleed air performs work analogous to a centrifugal turbine. Again like the bleed air taken radially
outward this air must be treated separately in the cycle analysis. The calculation of the
temperatures and pressures of the bleed air after they have been taken inward or outward is
performed using a 1-D compressible flow code, detail in Section 3.

Like the non-aspirated turbojet the analysis will assume one-dimensional flow at the
entrance and exit of each component. The variation of the specific heat will be approximated by
assuming a perfect gas with constant specific heat ¢pc upstream of the main burner and a perfect
gas with different constant specific heat ¢, downstream of the main burner. The symbols used
during the analysis are explained in the table of nomenclature. The aspirated turbojet with

station numbering is shown in Figure 2-3.
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Uninstalled Thrust:

F = (igVy — gV )+ 4y (Py — Py )+ (Momentum Drag of Aux. Work)
Note: The thrust developed by expanding the auxiliary work air from Py, to Py will be calculated

latter and will be removed from the thrust calculation for now.

Assume the engine exhaust nozzle expands the gas to the ambient pressure P = F, . Therefore

Fo_[m Y
moao "'10 a, 0 Eqn. (B.1)

, m
Calculation of —-:
my

. ; ; . ; ) ) ] .
Mg =My + Mg — E, My — Eq MMy —Ep My — EaMy — E,3My — E3My — X My

1:;9— = (1 — (Zgi + x'))+ f Eqn. (B.2)
0

Where Zg,- =&, tE tEp HEH HESTEG

Placing Eqn. (B.2) into Eqn. (B.1) gives

=S e, | Ean. (8-

myda,

Calculation of (Vs/ ag)’

For the aspirated turbojet cycle,

a Y. cRcT(’:

2
Vs T
(—9] RPNV Eqn. (B.4)
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Calculation of M;

(7:_1)/7r
2 P
Mg = (ij -1 Eqn. (B.5)
e~ B
Py P
Where Ly rw T, Eqn. (B.6)
Calculation of Ts /' Ty
Ty T/ To
—== ’ - Eqn. (B.7)
T, (Py/P,)0 7 1
Where Ty _ T,T,47,.T,T,T
T btrtdbctbtttn
0
Calculation of f:
m el
£t
my

Application of the 1* law of thermodynamics to the control volume about the combustor shown

in Figure 2-2 gives:

rh3Ccht3 + 77b’hﬁaalhpr = ’h4CptTt4 qul. (B.8)

Where hyy is the thermal energy released by the fuel during combustion.
ity = g (1- (¢ +x7))
Pty = ity + 1t g
= 1ty =1ing(1- (X, +x'))+ 1)
Using the above relations in Eqn. (B.8)
g 1= (X + 3 )C e Ty + i ety = 1t (1= (Z 2+ 2 )+ £)C T
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Dividing the above expression by 71,C ,.T;, and solving for f gives

Eqn. (B.9)

Calculation of 1

Like the non-aspirated case the calculation of t¢ involves a power balance between the
compressor and the turbine.

Compressor Work = Power from turbine
To make the analysis clearer the steps involve in calculating the work for each portion of the
compressor flow is shown below. Figure A.1 shows the nomenclature and location of the
temperatures referenced in the analysis.

Compressor Work

1. Through Flow

g (1= &, )C e (T3 = T,) Eqn. (B.10)

2. 1% Stage Rotor Bleed
£n10C o (T, T2 Eqn. (B.11)

3. 1% Stage Stator Bleed
£qmyCpe (Ttsl —Tp ) Eqn. (B.12)

4. 2™ Stage Rotor Bleed
£,3moCpe Ty = T,) Eqn. (B.13)

5. 2™ Stage Stator Bleed
E5aMoCpe (Ttsl - th) Eqn. (B.14)
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6. 3" Stage Rotor Bleed

gr3Cpc(Tr3 "th) Eqn. (B.15)
7. 3" Stage Stator Bleed
£:3C (T3 ~Ti2) Eqn. (B.16)
1 7.1
Where T =T, 14| —| " 1
™
P
Ty =Ti| 14| —| 7/ 1
m
T3 =Ti| 14| —| w3 —1
Ui

T,1, Trs, T,3 are calculated using a 1-D compressible flow calculation, detail in Section 3.

Turbine Power

ity C (T4 = Tis)
Where m, = ((1 —(Zg,- +x’))+ f)rho gives

tig (L= (e + 5 )+ £)C,0 T T5) Eqn. (B.17)

Power Balance

Using Eqn.’s (B.10)-(B.17) to perform a power balance between the compressor and the turbine

"plus some algebraic manipulation (taking T, out of the brackets and both sides by #1,C,.T,,)
gives

(1 - zgi XTc ‘1)"‘ &n (Trl - 1)+ gsl(Tsl - ])+ ng(TrZ - 1)"‘ €52 (Tsz - 1)+ &3t "1)+ €53 (Ts3 - 1)

,C
I T Eqn. (B.18)
mOCpc TtZ
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Using m, = ((1—(2& +x'))+ f)n'10 gives

Al R )

Eqn. (B.19)

Calculation of x'm,
As mention above both the bleed air and the compressor discharge air are used to perform
“Auxiliary Work™. It is assumed that all of the bleed air can be used for this purpose. To perform
this “Auxiliary Work” the bleed air and the compressor discharge air are expanded isentropically
to the compressor inlet pressure Pp. To allow a comparison between the Non-Aspirated turbojet
and the Aspirated Turbojet, the amount of auxiliary work performed by both engines is equal
(i.e. the work performed by x'm,, &,, etc.is equal to the work performed by xm, in the non-
aspirated engine).

(Auxiliary work) aspiratea =(Auxiliary Work) non-aspirated

This means that the compressor discharge extraction ( x'm,, ) for the aspirated case is smaller that
that for the non-aspirated case. The calculation of x'riz; is detailed below.

The bleed and the compressor discharge air reach their final conditions by undergoing
non-ideal compressions. This means that when they are expanded isentropically to Py, the
temperature of the air after the expansion is greater than Ty, (see Figure 2.5). In order to calculate
the work performed the pressure and temperature of the air at the extraction point must be known
(see Figure 2.4). As has been mentioned earlier this pressure is calculated using a 1-D

compressible flow model detailed in Section 3.
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Like the 7. calculation the work performed by each portion of the compressor air will be

detailed separately for clarity.

Figure 2.5: Auxiliary Werk expansion

Aspirated Compressor

1. Through Flow

P,\7
¥t C T,y 1—(£J g Eqn. (B.20)
13
2. 1° Stage Rotor Bleed
=
P <
&1oC Ty 1—(1);2] ’ Eqn. (B.21)
ri
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3. 1% Stage Stator Bleed

P <
£11it,C T 1—[—};&] 7 Eqn. (B.22)
sl
4. 2™ Stage Rotor Bleed
7.1
&,210C T 1—(ij . Eqn. (B.23)
Pr2
5. 2" Stage Stator Bleed
|
P <
£4210C Tz 1—(;2J ’ Eqn. (B.24)
P, 52
6. 3" Stage Rotor Bleed
vl
£,31,C 5. T3 1—(5-2—J " Eqn. (B.25)
P r3
7. 3" Stage Stator Bleed
)
P C
£4316C T3 1—[1);2} ’ Eqn. (B.26)
53
Non-Aspirated Compressor
7l
P 4
it C e T, 1-(;2j ’ Eqn. (B.27)
P

From Eqn. (B.20)-(B.27) an energy balance can be established to calculate x’
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(Aux1hary WOI'k) aspirated =(Auxiliary WOI‘k) non-aspirated

vl 7] ye-l
. P Ye e P Ve N P 7.
meCPCTI3 1- (;ti_) - X mO(’chB 1 —(_l;tj_J + 5r1m0Cchr1 1- (}%J

! t

B P

+ £y C o Ty 1—(-J + £,,myC . T, 1—[P—’2j g
p,\ 7 .

+ ESZrhOCchtsZ 1_[},;2) ’ + £,3myC T,y 1‘[—&) ’

P, 7
+ £3i10C Ty 1-[£-) § Eqn. (B.28)

s3

Eqn. (B.28) allows x'to be calculated.
Calculation of the Auxiliary Work Thrust
After performing the Auxiliary Work all seven bleeds are expanded from Py, to Py to recover the

momentum drag. Like the fan bleeds for the turbofan the thrust is calculated as shown below:

FCD =x [\/'T% \/ 2 (Tr_l)J_M Eqn. (B.29)

The thrust for the other bleeds can be calculated in a similar fashion with x’being replaced

(&,, etc.) and the T¢p being corrected.

The sum of the individual thrust is called

mydy
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Calculation of Total Thrust Fi,u

F F F,
oldl -y Eqn. (B.30)
Mydy  Mydy  MyQy
Calculation of Propulsive Efficiency
It can be shown that
n, = 2V, (Fiotar /m(;/) — Eqn. (B.31)
| (0-a ) ", ) -]
Calculation of Thermal Efficiency
It can be shown that
OV a2
bl )N P-4
- Eqn. (B.32)
2fhpr q
Calculation of Specific Impulse
[ = Lol Mo Eqn. (B.33)
fg
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Appendix C

This appendix contains data sheets for the QSP configured turbofan with an aspirated fan and
core compressor. The nomenclature is fairly self-explanatory, but some comments are provided
to aid understanding.

Many of the mixing quantities such as Mga, $(MésYs) etc. are defined in Chapter 7, of
Mattingly’s “Elements of Gas Turbine Propulsion”. The nomenclature used in the data sheets to
describe the mixing of the two gas streams in the engine exhaust, is identical to the nomenclature
used by Mattingly.

The quantities defined as Tre1, Tisel, Tarezs Ttsez €LC. are the ratios of the total pressure
changes across the relevant blade row in the counter-rotating compressor. Figure C.1 below
gives an example of the how these 6 Pi terms are defined for the counter-rotating compressor.
Figure C.1 shows the 1* stage of the of the core counter-rotating compressor. The quantity P,
can be calculated as follows:

B = Rm .y,
and the quantity Py, can be calculated as
Boow = 70,7047 7,
where 7, is the pressure rise across the 1* stage rotor. These quantities are known before the
cycle analysis is started. The quantities, P; and Py, can be calculated using the code in Chapter

3, with Py, and Py as inputs to the code. With this information we can mow define 7te; and

Ttse1 AS
_ Brl & _ Ptsel
ﬂ-trl - P ﬂ-lsel - P
tin frout

The other pi quantities are defined in a similar manner.
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Figure C.1: Total pressure into and out of the 1* stage of the aspirated counter-rotating compressor

Specific Impulse is referred to as I, specific fuel consumption is referred to as S and the thermal

and propulsive efficiencies are referred to as n¢ and n, respectively.
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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Ms 2.290846 . 0.594766 Aw/As  2.395526 n 0.930390406
Ve/ao 2.77006 Te  609.8371 MFP(Ms)  0.033071 MFP(Mss) 0.034991844
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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Np 0.844224 nr 0.627358 ] 3825.344sec
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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Turbofan with Aspirated Fan & 3 stage Core Compressor - Aspirated air from All Stages returned to the turbine
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1040.245
0.998615
1.77587

Fl{moay)

Mp

0.765558

0.843977

Tr
o
Crsa
Rea
Yea
TuelTs
Tm
Tie
To/To
Tio
Ttmz
TtreS/T!seS
P treS/Ptsea
P tse1 / Ptre2
Tise1/Tirez
Tis
Ttan

Trotor1

7.824449
3.549145
1055.658
286.6518
1.372756
0.454165
0.569499
611.2282
1.583407
1377.432
1371.132
0.874253
0.519801
0.901241
0.97887
1027.291
521.97
545.38

Fimq

nr

225.4769 N

0.626777

Pue/Pts
Mis
&(Me, )
®(M16,716)
(o)
Mea
AselAs
MFP(Ms)
M
Tus
Tima
TtseZ/ Ttre3
Ptse2/Ptre3
Tus
Time
Tt
Thanstator
Tstator1

1.000022
0.580035
0.176072
0.165941
0.180382
0.638747
2.37314
0.033071
0.982761
1339.69
1333.754
0.977069
0.893197
1032.384
1027.584
0.5634491
443.628
638.3
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T
Te
Ne
f
Tt
3
nt
MFP(Mga)
Tlcen
Tua
Tima
Ttrezl T(sez
Ptre2/ Ptse2
Ptre1/Ptset
Ttre1 / Ttse1
1"

Tlstator

26.67837 mg/(N.s)

3820.953sec

Mm
1

Press. Recov.

52%

€s3
0.01

T(sez
921.89

10.98088203

2.970008943

0.868784
0.028419549
0.534480819
0.054096691
0.928207436
0.035006193
1.844766323
1072.809391
1067.703014

0.80435299
0.346440002
0.963741461
0.992443387
0.064096691
0.6506



