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A PROGRAM FOR CALCULATING TURBOFAN-DRIVEN LIFT-FAN
PROPULSION SYSTEM PERFORMANCE
Michael E. Tauber, Allen E. Fuhs,* and John A. Paterson

Ames Research Center
SUMMARY

A computer program for calculating the performance of a turbofan-powered
lift-fan propulsion system for vertical takeoff and landing (VTOL) aircraft
has been written. The program provides quick approximate propulsion system
performance information and can be used by persons unfamiliar with the thermo-~
dynamics of engine-cycle analysis.

Since VTOL aircraft propulsion systems are generally sized by takeoff
thrust requirements, the program is limited to horizontal and vertical air-
craft velocities that are small in comparison with the propulsion exhaust
velocities. The program formulation consists of taking bleed air from a turbo-
fan engine, heating the bleed air in an interburner, and passing it through a
tip turbine to drive a 1lift fan. Two options are available: bleed air from
the engine exhaust, or bleed air that has passed through the engine fan only.

INTRODUCTION

Option 1: Exhaust~Bleed Drive

The first program option (OPTION = 1) is formulated for air that is bled
from the turbofan engine exhaust after the low-pressure fan air and hot core
air have been mixed. Although an afterburner can be present, the afterburner
is not used during takeoff (to avoid ducting of very high temperature gases).
The mass fraction of the exhaust that is bled is one of the program inputs.
The bleed air passes through an interburner, to increase its temperature, and
then goes through a tip turbine to drive the 1lift fan. The vertical thrust
comes from the lift-fan exhaust, the tip-~turbine exhaust, and the engine
exhaust by canting the nozzle downward.

Option 2: Fan-Bleed Drive

An alternative to the method of option 1 is to use cool, lower pressure
air that has passed through the engine fan only to drive the 1lift fan
(OPTION = 2)., It is assumed that all the bypass air that has been compressed

*Chairman, Department of Mech. Engineering, Naval Postgraduate School,
Monterey, California.



by the fan is bled, ducted through an interburner to be heated, and continues
from there to the tip turbine, thereby driving the 1lift fan. The vertical
thrust, again, comes from the lift-fan arnd tip-turbine exhaust and the engine
central core exhaust, which can be directed downward.

Performance Criteria

The following system performance criteria are calculated: the thrusts of
the lift fan, the tip turbine and the engine; the specific thrust and the
specific fuel consumption of the entire propulsion system. In addition, the
exhaust velocities from the lift fan, tip turbine and engine are given. If
required, the corresponding mass flows are readily available by dividing each
component thrust by its exhaust velocity.

ASSUMPTIONS

The major assumptions in the analysis relate to the state of the gas, the
heating value of the fuel, the operating condirions, and the system component
efficiencies. The gas flowing through the power plant is assumed to be calori-
cally and thermally perfect. A calorically perfect gas has constant values of
specific heat, both at constant pressure and constant volume; a thermally per-
fect gas does not dissociate. The heating value of the fuel is assumed to be
18500 BTU/1b; however, the mass flow of fuel is neglected in comparison with
the airflow through the engine. Only operation at sea level is considered and
at horizontal and vertical aircraft velocities that are small in comparison
with the exhaust velocities of the jet engine and lift fan, respectively. A
Mach number of 0.4 is used at the main engine face and lift-fan face.

DESCRIPTION OF INPUTS

The inpnuts begin with a choice of systems: For the engine exhaust-bleed-
driven lift fan, the input is OPTION = 1; while for the engine fan-air-bleed-
driven lift fan, the input is OPTION = 2, The remaining inputs consist of
eight engine or component efficiencies, the limiting turbine inlet temperatures
of the engine and tip turbine, the compressor face areas of the engine and of
the 1ift fan, the engine bypass ratio, six total pressure ratios, and the
exhaust ratio, defined below. A NAMELIST input format (called DATA) is used,
and default values for all inputs are provided. A listing of the inputs
follows.



Fortran
Name

OPTION = 1
OPTION = 2
ETAFF
ETAF
ETAC
ETAHT
ETALT
ETAT
ETABB
ETAB
THTMAX
TTMAX
AFF

AF

B

PIFF
PIF
PIC
PIBB
PIB
PIMIX
E

Variable Description

Units Default

Exhaust-bleed drive None

Fan-bleed drive

Engine~-fan efficiency

Lift~fan efficiency

Compressor efficiency

High-temperature turbine efficiency

Low-temperature turbine efficiency

Tip-turbine efficiency

Engine burner efficiency

Interburner efficiency

Maximum engine turbine temperature

Maximum tip-turbine temperature

Engine compressor face area

Lift-fan compressor face area

Engine bypass ratio

Engine fan compression ratio

Lift-fan compression ratio

Engine compressor compression ratio

Engine burner pressure loss ratio

Interburner pressure loss ratio

Engine plenum mixing pressure loss ratio

Exhaust ratio: fraction of engine mass flow
being exhausted (i.e., not used to drive
1ift fan)

DESCRIPTION OF OUTPUTS

1l
None 1l
None 0.85
None 0.85
None 0.85
None 0.9
None 0.9
None 0.85
None 1.0
None 1.0
3000.
2360.
19.63
28.27
None 1.0
None 1.7
None 1.2
None 14.7
None 0.95
None 0.90
None 0.90
None 0.5

For each option, there are 10 output quantities to represent thrusts,
exhaust velocities, and specific thrust and fuel consumption of the system.

Fortran
Name

TF
TT
TE
VF
vT
VE
I

SFC

Variable Description

Lift-fan thrust

Tip-turbine thrust

Thrust of engine exhaust

Lift-fan exhaust velocity

Tip~turbine exhaust velocity

Engine exhaust velocity

Specific thrust: total system thcust divided by
total system air flow

Specific fuel consumption: total system fuel flow
divided by total system thrust

Ratio of lift-fan plus tip-turbine thrust to engine
exhaust thrust ‘

Units

1b

1b

1b
ft/sec
ft/sec
ft/sec
sec

1b fuel
1b thrust/hr
None



Fortran

Name Variable Description Units
TFF Total thrust of engine fan (Option 2 only) 1b
M6 Mach number in mixing region for eng.ne fan and None

core flow (Option 1 only)
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APPENDIX
DERIVATION OF EQUATIONS
SYMBOLS

fan area, ft2
speed of sound, ft/sec
bypass ratio
see equation (7)
see equation (7)
- BTU
specific heat at constsnt piessure, 1b°R

specific heat at constant volume, %%;%

exhaust ratio

1b-sec

momentum flux, sec

acceleration of gravity, 32.2 ft/sec?

heating value of fuel, 18500 BTU/1b

specific thrust of entire propulsion system, 1b thrust/lb/sec of air flow
see equation (7)

Mach number

mass flow, slugs/sec

pressure, 1b/£e2

gas constant for air, 1716 ft?/sec?°R; also ratio of 1lift fan plus tip
turbine thrust to engine thrust

specific fuel consumption of entire propulsion system, 1b/lb/hr
temperature, °R, or thrust, 1b

velocity, ft/sec

specific heag ratio

12



T

P

efficiency
ratio of total pressures
ratio of total temperatures

density of air, slugs/ft3

Subscrigts*

t

(a)

total conditions

ambient conditions

condition at fan face

interburner

engine burner

engine compressor

engine exhaust

1lift fan

engine fan

high-temperature turbine in engine .
lower temperature turbine in engine
region of mixing between fan and cuve air in engine

tip turbine

ASSUMPTIONS

The following basic assumptions are made in the derivatioms:
Calorically perfeci gas

c_. = constant

P
°p

Y = — = constant
cv

*Note: JFor numbef subscripts, refer to figures.

13



(b) Thermally perfect gas
P = PRT

(c) Fuel-to-air ratio is small, typically about 0.02, and fuel mass can be
neglected in comparison with air mass.

The static pressures in the exhaust of the engine, the 1lift fan, and the

tip turbine are all assumed to be atmospheric. Thus, to calculate the thrusts,
we must determine the exhaust velocities.

EXHAUST-BLEED DRIVE SYSTEM FORMULATION (OPTION 1)

For the engine and the tip turbine (fig. 1), the exhaust velocities
depend on the velocity in the region where the air that has passed through the
engine fan is mixed with the hot, higher pressure engine core air.

Conditions in the mixing region are calculated by using the continuity,
momentum, and energy equations, with the assumption that there is constant
area mixing. The continuity equation is

PsVsAs + P5iVsiAge = peVeApp = dig + Bypy o

where @, is the mass flow through the engine core and m@ppp 1s the mass
flow through the engine fan only. The momentum equation is

2 2 = 2 =

where G 1is the total momentum flux and it is assumed that

Pg ™ Pge
The energy equatién is
ﬁbcths + ﬁAFFcpTcs, = (bo + r‘nAFF)cth6 3)
where it is assumed that
) T, =T,

5! 1

The static pressure in the mixing region can be written in terms of the
momentum flux as

- & )
App(l + YMg2)
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and the mass flow per unit area as

<12
™, /1 + 1= G
0V ™ /15w (5)

AFF/}T% (1 + v2)

Substitution of the continuity equation (eq. (1)) into equation (5) leads to a
polynomial in the mixing Mach number, Mg

2 - - 2
2yK ;(Y 1) Hsb + (21(2 - Y)Hsz + %_ = 0 (6)

which has the solution

M = 5 )

where

G

2(2k2 - y)
Y(2R2 - vy + 1)

K

C, =

21(‘2
vy2(2K2 - y + 1)

C, =

Equation (7) has pliysically meaningful solutioas only if

Before equation (7) can be solved, Ty , pgy>» VS., and Vg must be found.
Since Tt6 can be written 6
BcTe, + Parrle,
T, = < : (8)
i fic + @)pp

the solution to equation (7), therefore, depends on conditions at stations 5
and 5'.
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The following efficiencies are defined:

For fans and compresscrs
!(Y‘I)IY -1

n= T-1
and for turbines

l-7

nE 1 - gDy

where 1 1is the ratio of total temperatures and 7w 1is the ratio of total
pressures across the component.

The conditions at station 5 are given by

v, = Ms/qRTs 9)

(yv=1) /v G-1)/y
T::‘:x[l _:(1 Y, )] [1 - nﬂ'r(l = Tur )]

1...1%&“52

Tg = (10)

where '1‘ta is the maximum turbine inlet temperature, and the turbine pres-

sure ratios are

(v=-1)/v
(1 + n)("rr - 1)
,,1(‘;-1)/7 .1 - LT "FF an
) T}t’Ax .“,(Y-l)/y -1 "(Y—l)/y -1
3 FF c
— {1+
T "FF "¢
(yv-1 /v _ (yv-1) /v _

Ly o= ) e (e - (12)
HT TMAX n ¢

t, gr \ FF

The Mach number is
1/2

(y=1) /v
2 Rl 1
M5 =97 -1 ("Lr"nr“nn"c“n ps,) -1 13

16



However, Ms is a function of Per which depends on Hs. through

Pa"pp
= 14
Pst yo1,)V0D 14
1 + 2 MS'
and
( 12{y-1)
. o.u13n§1 + 1—;—1 ®, T2 as)
M., = ‘
s -1 (rt)/2G-1) LA (v-l)/v 1/2
0 n)-:."‘”"’sx R n§.) 1- v\u.( o ) n"(x 3 ) ‘
(1 + B)x ('LT'HT'B'C)(Y /2y [(I TarTa" )(Y Uh(l + J =1 Hg,) ] S

Equation (15) is a transcendental equation which is solved iteratively. Now
Ts. can also be found

ppp— . S (16)
1+ 1= w2,
The velocity of the hot core air is
Vse = M, /YRT,, a17)
while the total temperatures of the hot core air and cooler fan air are,
respectively
= Y-1y2
'rts T, (1 + Ms) (18)
and
LD /y
"FF
T, = Tt = T A1 + ; (19)
1 LM FF

The total temperature in the mixing region is given by equation (8), and
the static temperature is

T
te

T, = (20)
6 -1
1+J_2_._M62
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The static pressure in the mixing region is given by equation (4) and the
total pressure is

_ v/ (y-1)
-l )
The thrust of the engine exhaust, neglecting turning losses, is
YRT, 1/2
TE = povoAFFEHS" Y - i 2 (22)
1+ M
where the exhaust Mach number is
(-1 /¥ 1/2
D S .26_ 1+ X1 w2 o (23)
MS“ ‘Y - 1 p@ 2 )46 3

The engine exhaust is bled, passes through an interburner to be heated,
and then goes through a tip turbine to drive the lift fan. The work balance
for the tip turbine and 1lift fan is

hrc"(Tts- ) T‘7) i ﬁFcP(Tts ) Tta) 24

vhere

If the tip-turbine and lift-fan exhausts are expanded to ambient pressure
Pg ™ Pyp " Po

and the thrusts of the lift fan and tip turbine, respectively, are

T, = ﬁFvg (25)
T, = &V, . (26)

The exhaust Mach number of the lift fan is

2
y-1

My = (1 - rF) (27)
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where

"P(.Y'l)/Y -1
. =1+
F ng
and the lift-fan thrust is
= ——2—1-— -
Tp = 0.V,AL /Y = RT(tp = 1) . (28)
The Mach number of the tip-turbine exhaust is
p (v=1) /vy
2 [ = 1 (29)
e Y- 1If\r, -
where
p DY
&y (y=1)/y TAp(L - 1)
e - (“n"m-‘“mx) 1 - — E (30)
te NArp(l - E)

and T¥2¥ is the maximum interburner temperature. The thrust of the tip-

turbine exhaust is

Ty = poVoARM, (1 - E) ART, (31)
where
THAX
tg1 ToAg(l = Tp) ‘
=S WY Rl 7Y (32)
1+15=w, Tts' App(l - E)

The specific thrust is defined here as the total thrust of the propulsion
system divided by the total airflow through the system:

L
TF + T, +T

T E
I= R
The thrust ratio is defined as
1..+ T
R=—=-1 . (24)
E



The specific fuel consumption of the propulsion system is

36003(1&B + ﬁBB)

SFC = : (35)
T+ T, + 1,
where
T pMAX T. (1 - E) [T
P.V.Amcp t, t, L te tes (36)
h,_ 4+ h = -1} + -1
Pgg T Ty H ngp(l + B) \T, ng Tte
and
“((:Y-l)/Y -1 1,1912—1)/7/ -1
T, =Tafl + ———— {1 + = (37
2 ¢ "FF

FAN-BLEED DRIVE SYSTEM FORMULATION (OPTION 2)

It is assumed that all the bypass air is bled, passed through an inter-
burner to be heated, and goes through the tip turbine to drive the 1ift fan
(see fig. 2).

The thrust of the 1ift fan is given by equations (25), (27), and (28).
The thrust of the engine fan is

(-1 /v _
T . = m 2y RT L_i (38)
FF B+1 y~-1"* NeF

The thrust of the tip turbine is given by
Tp = m¥y
where

Vg

Bp B+ 1 (39)
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and

1/2 LT "(Y-l)/Y -1 1/2
v. w [2R_ paxy | e [TF «
7 Yy -1 tg, MAX n
T F
tG'
1/2
1- __ 1 , (40)
LT =1 [y
- ® -
n TMAX p
Tt,,
6
Here, L 1is lift-fan ratio, defined as
i (B + 1)
L = -;-nF- = _:.A_E__E—._— (41)
Apr
The thrust of the engine core flow is
Tg = bV
where
L (42)
The engine exhaust velocity is
2yR  MAX 12 (y-1)/ (y-1)/ 1/2
= Y Y- Y ) ot Y _
Vs ( - 1T, ) ["HT“LT) (58" c"rr 1] X
1/2
TymT
HT LT
(43)
(-1 /v G- /y
(gL ("5g" "F
where "éz-l)/y and wé;-l)/y are given by equations (11) and (12), respec-

tively, and

. T, "é;--l)/v -1 1,((:*\(--1)/\( -1
Tyn = 1 - == {1 +- (44)
HT Thtmx Nep ¢
3
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a+pfH—me
=1 i) (45)
LT T LN N G-D
o FF C
—_— - {1+
THAX "eF nc

ty

The expressions for specific thrust, thrust ratio, and SFC are the same
as given in equations (33), (34), and (35); however, the mass flow through the
interburner is different. The expression which replaces equation (36) is

LHAX -1 -1 \
) ey O°V°AFchTw 1 rts L4 "E(‘;‘ )/Y -1 . ,"((:'Y )/'Y -1
= - - .‘
"8 "B " (B+ L)H nmsLn;n - e
B [ e B,
+ = 1+ (46)
ng | Tw Nep
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MIX

Figure 1.~ Option 1l: exhaust-bleed drive.

Figure 2.~ Option 2: fan-bleed drive.
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