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A PROGRAM FOR CALCULATING TURBOFAN-DRIVEN LIFT-FAN 

PROPULSION SYSTEM PERFORMANCE 

Michael E. Tauber, Allen E. ~ u h s , *  and John A. Paterson 

Ames Research Center 

A computer program fo r  ca lcu la t ing  the  performance of a turbofan-powered 
l i f t - f a n  propulsion system fo r  v e r t i c a l  takeoff and landing (VTOL) a i r c r a f t  
has been wri t ten.  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 a i r c r a f t  propulsion systems a r e  general ly  s ized by takeoff 
t h rus t  requirements, the  program i s  l imited t o  hor izonta l  and v e r t i c a l  a i r -  
c r a f t  v e l o c i t i e s  t ha t  a r e  small  i n  comparison with the  propulsion exhaust 
ve loc i t i e s .  The program formulation cons is t s  of taking bleed a i r  from a turbo- 
fan engine, heat ing the  bleed a i r  i n  an in te rburner ,  and passing it through a 
t i p  turbine t o  dr ive  a l i f t  fan. Two options a r e  avai lable:  bleed a i r  from 
the engine exhaust, o r  bleed a i r  t h a t  has passed through the  engine fan only. 

INTRODUCTION 

Option 1: Exhaust-Bleed Drive 

The f i r s t  program option (OPTION = 1)  is formulated f o r  a i r  t ha t  is  bled 
from the  turbofan engine exhaust a f t e r  the low-pressure fan a i r  and hot  core 
a i r  have been mixed. Although an af terburner  can be present ,  t he  a f te rburner  
is  not used during takeoff ( t o  avoid ducting of very high temperature gases). 
The mass f r ac t i on  of the  exhaust t h a t  is bled is  one of the program inputs .  
The bleed air passes through an in te rburner ,  t o  increase i ts temperature, and 
then goes through a t i p  turbine t o  d r ive  the l i f t  fan. The v e r t i c a l  t h r u s t  
comes from the  l i f t - f a n  exhaust, the  t ip- turbine exhaust, and t h e  engine 
exhaust by canting the  nozzle downward. 

Option 2: Fan-Bleed Drive 

An a l t e r n a t i v e  t o  the  method of option 1 is t o  use cool,  lower pressure 
a i r  t h a t  has  passed through t h e  engine fan only t o  dr ive  the l i f t  fan 
(OPTION = 2). It is assumed tha t  a l l  the  bypass a i r  t h a t  has been compressed 
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by t h e  f a n  is b led ,  ducted through an  i n t e r b u r n e r  t o  be heated,  and cont inues  
from t h e r e  t o  t h e  t i p  tu rb ine ,  thereby d r i v i n g  t h e  l i f t  fan. The v e r t i c a l  
t h r u s t ,  again ,  comes from t h e  l i f t - f a n  arid t ip - tu rb ine  exhaust  and t h e  engine 
c e n t r a l  core  exhaust ,  which can be d i r e c t e d  downward. 

Performance C r i t e r i a  

The following system performance c r i t e r i a  a r e  ca lcu la ted :  t h e  t h r u s t s  of 
t h e  l i f t  fan,  t h e  t i p  t u r b i n e  and t h e  engine;  t h e  s p e c i f i c  t h r u s t  and t h e  
s p e c i f i c  f u e l  consumption of t h e  e n t i r e  propuls ion system. I n  a d d i t i o n ,  t h e  
exhaust  v e l o c i t i e s  from t h e  l i f t  f an ,  t i p  tu rb ine  and engine a r e  given. I f  
required,  the  corresponding mass flows a r e  r e a d i l y  a v a i l a b l e  by d i v i d i n g  each 
component t h r u s t  by its exhaust v e l o c i t y .  

ASSUMPTIONS 

The major assumptions i n  t h e  a n a l y s i s  r e l a t e  t o  t h e  s t a t e  of t h e  gas ,  t h e  
hea t ing  value of t h e  f u e l ,  t h e  opera t ing  condir ions ,  and t h e  system component 
e f f i c i e n c i e s .  The gas  flowing through t h e  power p l a n t  i s  assumed t o  be c a l o r i -  
c a l l y  and thermally p e r f e c t .  A c a l o r i c a l l y  p e r f e c t  gas has  constant  va lues  of 
s p e c i f i c  h e a t ,  both  a t  constant  p ressure  and cons tan t  volume; a thermal ly  per- 
f e c t  gas does not  d i s s o c i a t e .  The hea t ing  value  of t h e  f u e l  i s  assumed t o  be 
18500 BTUfLb; however, t h e  mass flow of f u e l  i s  neglected i n  comparison wi th  
t h e  a i r f l o w  through t h e  engine. Only opera t ion  a t  s e a  l e v e l  i s  considered and 
a t  h o r i z o n t a l  and v e r t i c a l  a i r c r a f t  v e l o c i t i e s  t h a t  a r e  small i n  comparison 
wi th  t h e  exhaust  v e l o c i t i e s  o f  t h e  j e t  engine and l i f t  fan ,  r e s p e c t i v e l y .  A 
Mach number of 0.4 i s  used a t  t h e  main engine face  and l i f t - f a n  face.  

DESCRIPTION OF INPUTS 

The inpclts begin wi th  a choice  of systems: For t h e  engine exhaust-bleed- 
d r iven  l i f t  fan ,  t h e  inpu t  is OPTION - 1; while f o r  the  engine fan-air-bleed- 
d r i v e n  l i f t  fan ,  t h e  inpu t  i s  OPTION = 2.  The remaining i n p u t s  c o n s i s t  of 
e i g h t  engine o r  component e f f i c i e n c i e s ,  t h e  l i m i t i n g  t u r b i n e  i n l e t  temperatures 
of t h e  engine and t i p  tu rb ine ,  t h e  compressor face  a r e a s  of t h e  engine and of 
t h e  l i f t  fan ,  t h e  engine bypass r a t i o ,  s i x  t o t a l  p ressure  r a t i o s ,  and t h e  
exhaust  r a t i o ,  def ined below. A NAMELIST inpu t  format ( c a l l e d  DATA) i s  used, 
and d e f a u l t  values  f o r  a l l  i n p u t s  a r e  provided. A l i s t i n g  of t h e  i n p u t s  
follows. 



Fortran 
Name - Variable Description 

OPTION = 1 
OPTION = 2 
ETAFF 
ETAF 
ETAC 
ETAHT 
ETALT 
ETAT 
ETABB 
ET AB 
THTMAX 
TTMAX 
AFF 
AF 
B 
PIFF 
PIF 
PIC 
PIBB 
PIB 
P I M I X  
E 

Exhaust-bleed d r ive  
Fan-bleed d r ive  
Engine-fan e f f ic iency  
Lif t - fan e f f ic iency  
Compressor e f f ic iency  
High-temperature turbine e f f i c i ency  
Low-temperature turbine e f f ic iency  
Tip-turbine e f f ic iency  
Engine burner e f f ic iency  
Interburner  e f f ic iency  
Maximum engine turbine temperature 
Maximum t ip- turbine temperature 
Engine compressor face a r ea  
Lif t - fan compressor face  a r ea  
Engine bypass r a t i o  
Engine fan compression r a t i o  
Lif t - fan compression r a t i o  
Engine compressor compression r a t i o  
Engine burner pressure l o s s  r a t i o  
Interburner  pressure l o s s  r a t i o  
Engine plenum mixing pressure l o s s  r a t i o  
Exhaust r a t i o :  f r ac t i on  of engine mass flow 

being exhausted (i.e., not used t o  d r ive  
l i f t  fan) 

Units Default  - 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
O R  

O R  

f t 2  
f t 2  
None 
None 
None 
None 
None 
None 
None 
None 

DESCRIPTION OF OUTPUTS 

For each option, there  a r e  10 output quan t i t i e s  t o  represent  t h r u s t s ,  
exhaust ve loc i t i e s ,  and s p e c i f i c  t h r u s t  and f u e l  consumption of the system. 

Fortran 
Name 

SFC 

Variable Description Units  

Lif t - fan t h r u s t  
Tip- turbine t h rus t  
Thrust of engine exhaust 
Lif t-fan exhaust ve loc i ty  
Tip-turbine exhaust ve loc i ty  
Engine exhaust ve loc i ty  
Spec i f ic  t h rus t :  t o t a l  system t h r u s t  divided by 

t o t a l  system a i r  flow 
Spec i f ic  f u e l  consumption: t o t a l  system f u e l  flow 

divided by t o t a l  system th rus t  
Ratio o f  l i f t - f a n  plus  t ip- turbine t h r u s t  t o  engine 

exhaust t h rus t  

l b  
l b  
l b  
f  t I sec  
f  t Isec 
f  t / s e c  
s e e  

l b  f u e l  
l b  t h r u s t l h r  
None 



Fortran 
Name Variable Description 

TFF Total thrust of engine fan (Option 2 only) 
M6 Mach number in mixing region for enghe fan and 

core flow (Option 1 only) 

Units - 
lb 
None 



C L IFTFAN PERFORMANCE PROGRAM 
C 
C 

5 
C 
C EhGINE EXHAUST DRIVEN L I F T  FAN (OPTION 1 1  
C AND F I N  EXHAUST DRIVEN L I F T  F I N  I G P T I O I  # 

REAL M5rM5P M6,M6PP,#?rM68MB* rK9l.v 0 
+ ~ 7 4 x * * 2  $!(El:bit x l * *Fe  

G3( XIS, 3673*B*G2( X)  
G4(X)om3993*G2(X) 
G5 X l ~ F l O * G l ( X ) - l o  
6 6  1 X)=SQRT(GS(XI I  
G7(X)=G3( X ) /F12 
G8(XI=l.-G4(X)*F16/(F13*Gb( X l l  
F (X)=G7(X) /G8(X) -X  
NAMELIST /DATA/ OPTI3N,ETAFF ETAF ETAC 

1 E T A B ~ T H T M A X ~ ~ ? M A X , A F F ~ A F , B ~ ~ I F F ,  ~IF,P~ 
GdP=l-4 
WRITE ( 6 ~ 6  0) 

6 0 0  POOMAT( l H 1 f  c..---- SE7 DEFAUL VALUES F3R INPUT QUANTITIES 
10 OPT I G N = l  

E T 6 F F ~ o B S  
ETAFze85 
ETAC=o85 
ETAtllm.9 
ETALTtm S 
ETPTs. 8 5 
ETABB-1 0 
E T A B = ~ , ~  
T HTMA X= 3000m 
TTCAXa2 360m 
AFFs19063 
A F128.2 7 
B=l.O 
P I  FFr l .7  
P 1 F ~ 1 0 2  
PXC=l407 
PIBBom95 

c----- E=o 
R E I D  INPUT QUANTITIES. 
READ ( 5  DATA) 
IF ( O P T ~ O N ~ N E ~ ~ I  GO TO loo 

ETAHT ETALT TATtETABB, 
C,PIB$,PIB. b f ~ r x . ~  



- - - - - - - - - 
3PTION 1 (ENGINE EXHAUST DRIVE& L I F T  FANI, - .-------------------------------------------- 
JRITE ( 6  6011  EfAFF ETAFIETAC ETbhT EfALT ETAVtET 

1 TTHAX A~FIAFIB P X F ~  PIF,PIC 6180 ~ £ 0  P I M ~ X  
F ~ R M A T ~  / / / /~SX~JOHEN~INE E X H ~ U S ~  ~ R I V ~ N  LI F + - F A ~ ~ /  

ETAF=F6o3,9H ETAC r F 6 0 3 r  
ETATsF6o 399H ETABBfF6.3, 

TTMAXPF~O 1 t 9 H  AF FoF6.3, 
4 9H P I g F ~ F 6 0 3 r 9 H  P I  FsFb03 t  
5  9H PIBtF6o3,9H PIYIX=F6.3r 

TAUFt lo+ (  P IF**F l -10  ) / E m  
FP=TAUF-10 
I F  (F2rGToO.I GO TO 1 5  
WRITE (6.6021 F 2  
FORMAT4 / 4 H  FZ=tE1305,3Xp 19HF2 SET EQUAL TO 0.51 1  
F2= 05 
1 F = ? 4 3 4 m * A F * ~ ~ ~ ~  ( F1) 
F 3 t t P  FF**F l - lo  J /ETAfF 
F ~ P ~ C * * F ~ - ~ . ) I E T A C  
F 5 ~ 1 0 + 9  
F6=F5/ETALT 
P I L T G t l o - F  ~ * F ~ / ( T H T M A X / ~ ~ ~ ~ - ( F ~ + ~ O ) * F G )  
PIHfG=lo-519o*(F3+1o )*F4/(THTMAX*ETAHTJ 
f7=(GAM- lo) /20  
FB=(GAM+lo I /  (2o*(GAM-lo 1 )  
F9=o5*F 
F~O=PIL~G*P~HTG* (PI~~*PIC)**F~ 
F l l = S  RT( F l O )  
F~z=F!?*PIFF**F~ 
F13=FS*P F F * F l  f F l 4 ~ 1 0 - E  ALT*( i 0-PILTG) 
FlSr1.-EtAHT*( 1--PIt-lTG) 
f F (F14oGToOoo4NOoF15oGToO0 1 GO TO 20 
WRITE 4 6,603) 
FORMAT( /60H M5P CANNOT BE FOUNOo GYCl.2 INOPERATIV 

1CbSEO 1 
F16=S R (F14*F 5 )  

b--SLIPC FJR ROO) TO TRANSCENDENThL EQUATION 70 GET 
X lsO-05 

' E l  GO1 

VaLUE 

NG TO NEXT 

FOR H5Pe 



I F  t G S ( X 1 ) r G T m O  
HRITE (696031 
GO TO 10 
V l = F ( X l )  
Y 2=F ( X2.1 
Y = F ( X )  

f F ( Y l * Y * G T o  
F  ( Y L * V o L T o  

I F  ( Y  *Y.EQ* 
~ = . 5 * t ) ( 1 + ~ 2 )  
CONTINUE 

)-END OF SEARCH F 

GO TI) 30 

1-10 

SET 

LUTI 

SET 

SET 

' 4  

EQUAL 

' EQUAL 

EQUAL 



n b = s  ~ ~ 4 ~ 2 1 )  
T C = T ? ~ /  (1 .*F7*M6 1 
96=G/(AFf*{l.+GAM*M6**2)l 
?76=?6*G14M6)**Fl7 
F22=5 r * (  ( P 6 / 2 1 1 6 r  I**Fl*G1(M6)-1. ) 
I F  F22oGToOo) 6 3  TO 6 5  
URI~C ( 6  609)  F L L  
FORMAT ( /&H F 2 2 = t E 1 3 - 5 r  3x1  2OHF22 SET EQUAL TO 00 5/  1 
F22100 5 
MCPPrS RT(F22)  
T E = ~ ~ . ? ~ * A F F * E * M ~ P P * s P R T (  f t b / G l (  H6pPI  1 
F23~1.-519.*AF*( lo-TAUF J/(TTMAX*ETAT *AFF*( 1.-ED 1 
PT72G~(PIB*PIM~X*PIFF)**Fl*F23 
F 2 4 ~ 5 0 *  (PT 72G-10 
I F  (F24oGToOm) GO TO 10 
hRITE ( 6  6 1 0 1  F24 
FGRMAT4 I ~ H  F24= t  E13.5r3X~ 20HF24 SET EQUAL TO 0 0 5 /  1 
F 2 4 ~ 0 o 5  
W7rSQRT (F24 )  
F25=lo-519o*AF*(lo-TAUF)/iTTMAX*PFF*(lm-E) J 
f 7 = T f  HAX*FZS/Gl( W7) 
I F  (TImGToOo ) 63 TO 7 5  
WRITE ( t r o l l )  T I  
FOPMAT( /4H T ? = t E L 3 r 5 ~ 3 X ~ 1 9 H T 7  SET EQUAL TO 0 0 5 /  I 
T 7 ~ 0 0  5 
tT=47077*AFF*M7*( Lm-E )*SORT (T7)  
R=(TF+? f  ) /TE 

M @ B M B ~ ~ O ~ ~ ~ E - S * A F F * ( F ~ ~ + F ~ ~ )  
SFC=l.l59€5*MBBHB/F26 
I F  (FZoGTo ) GO TO 8 0  
*RITE ( 6 6811 FZ 
V F = Z ~ ~ ~ ~ & S Q R T ( F  1 
VE=49.*MPP*SQR f (TT6/Gl (M6PP)  I 





V F r V ?  VE I SFCgR TFF 
3,3H ~ L B $  8~ ~ H T ~ ~ E L O .  
9 X  ~ H Y F = E I O ~ J  5 H  ( F T / S  
E C ~  5X ~ H V E = E ~ O .  3.9~ ( 
7 X  k t i ~ k = ~ l 0 , 3  bH (/HR 
= E ~ O , ~ . S H  (LBI J 



w 
Y- - ----+k-tO3t)9f-9+ - S F *  p.~icft++ ti.&)-- - ---- -+ea ,,.?w,c ++ +C~-C~ . ,C . *  t- - --  - --- --- 

V F *  2,RhQF P3 I* 3,R23F 0 1  f S F t )  S C C *  r .  [ ~ ! 5 ~ - * ~ 1  ( 1 ,  ' ) I  
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SFC 

T 

v 

APPBRDYX 

DERIVATION OF EQUATIOMS 

SPMBOLS 

fan area, f t 2  

speed of sound, f t l s e c  

bypass r a t i o  

see equation (7) 

see equation (7) 

m spec i f i c  heat at  constant pzessure, -7 t b  R 

BTU speci f ic  heat a t  constant volume, - lbOR 

exhaust r a t i a  

lb-sec lNl?ftentum flux, seC 

acceleration of gravity, 32.2 f t /eec2 

heating value of fuel ,  18500 B?U/lb 

s ~ a c i f i c  thrus t  of e n t i r e  propulsion system, l b  thrus t / lb /sec  of a i r  flow 

see  equation (7) 

Mach number 

mass flow, slugs/sec 

pressure, l b l f  t2 

gas constant fo r  a i r ,  1716 f t 2 / s e c Z 0 ~ ;  a l s o  r a t i o  of l i f t  fan plue t i p  
turbine thrus t  t o  engine thrust  

speci f ic  fue l  consumptiot of e n t i r e  propulsion system, Ib/ lb/hr  

temperature, O R ,  o r  thrust ,  l b  

velocity, f t l s e c  

speci f ic  heat r a t i o  



n efficiency 

+ r a t i o  of t o t a l  pressure8 

r r a t i o  of t o t a l  temperatures 

p density of air, s lugs / f t3  

subscripts* 

t t o t a l  conditions - ambient conditions 

0 condition at  fan face 

B interburner 

BB engtne burner 

C engine compressor 

B engine exhaust 

P l i f t  fan 

FF engine fan 

ET high-temperature turbine i n  engine 

LT lower temperature turbine i n  engine 

MIX region of mixing betveen fan and cbre air i n  engine 

T t i p  turbfrra 

ASSUMPTIONS 

The.following basic assumptions a r e  made i n  the derivations: 

(a) Calorically perfecc qas 

c = constant 
P 

C 

= constant Y = -  
Cv 

- 

* ~ o t e :  370r number subscripts,  r e fe r  t o  figures. 

13 



(b) Therrrolly perfect  gas 

(c) Fuel-to-air r a t i o  is small, typical ly about 0.02, and fue l  mass can be 
neglected i n  comparison with a i r  mass. 

The s t a t i c  pressures i n  the  exhaust of the  engine, the  l i f t  fan, and the  
t i p  turbine a r e  a l l  assumed t o  be atmospheric. Thus, t o  calculate the  thrus ts ,  
w must determine the a h a u s t  veloci t ies .  

EXHAUST-BLEED DRIVE SYSTEM FORMULATION (OPTIm 1) 

For the  engine and the t i p  turbine (f ig.  I ) ,  the exhaust ve loci t ies  
depend on the velocity i n  the region where the  a i r  tha t  has passed through the  
engine fan is mixed with the  hot, higher pressure engine core a i r .  

Conditions i n  the Plixing region a r e  calculated by using the  continuity, 
moEntum, and energy equations, with the assumption that  there is constant 
area mixing. The continuity equation is 

where & is the mss flow through the engine core and is the  mass 
flow through the engine fan only. The momentum equation is 

vhere G is the t o t a l  momentum flux and it is assumed tha t  

The energy equation is 

where it .is hssumed that 

The s t a t i c  pressure i n  the mixing region can be wri t ten i n  terms of the 
momentum flux a s  



and the maso flow per unit area as 

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

which has the solution 

I 
where 

Equation (7) has pZiysically meaningful solutio..ls only if 

&fore equation (7) can be solved, Tt , p S l ,  V5,, and V5 must be found. 
Since T can be written 6 

t6 

the solution to equation (7),  therefore, depends on conditions at stations 5 
and 5'. 



The f o l l w i n g  ef f ic iencies  a r e  defined: 

For f a 8  and cmprt8scrS 

and fo r  turbines 

where T is the  r a t i o  of t o t a l  temperatures and r is the r a t i o  of t o t a l  
pressures across the contponent. 

The conditions a t  s t a t ion  5 are given by 

where is the maxi- turbine i n l e t  temperature, and the  turbine pres- 

sure r a t i o s  a r e  

The Mach number is 



Eowevex, It5 is a function of p,, vhich depends on %, through 

and 

Equation (15) is a transcendental equation which is solved i tera t ive ly .  Nost 
T5, can a l s o  be found 

The velocity of the hot core a i r  is  

while the t o t a l  temperatures of the hot core a i r  and cooler fan a i r  are ,  
respectively 

and 

The t o t a l  temperature i n  the mixing region is given by equation (8), and 
the s t a t i c  temperature is 



The s t a t i c  pressure i n  the  mixing region is given by equation (4) and the  
t o t a l  pressure is 

The thrus t  of the engine exhaust, neglecting turning losses, is 

where the  exhaust Mach number is 

The engine exhaust is bled, passes through an interburner t o  be heated, 
and then goes through a t i p  turbine t o  drive the l i f t  fan. The work balance 
for  the t i p  turbine and l i f t  fan is  

where 

I f  the tip-turbine and l i f t - f an  exhausts a re  expanded t o  ambient pressure 

P8 = p10 = p, 

and the thrus ts  of the l i f t  fan and t i p  turbine, respectively, a r e  

T~ = v 9  

T* = li4p7 . 
The exhaust Mach number of the  l i f t  fan is 



where 

and the  l i f t - f a n  t h r u s t  is  

The Mach number of t he  t ip-turbine exhaust is  

where 

and ? is the  maximm interburner  temperature. The t h r u s t  of t h e  t ip -  t69 
turbine exhaust is 

where 

The spec i f i c  t h r u s t  is defined here a s  the  t o t a l  t h r u s t  of the propulsion 
system divided by the  t o t a l  a i rf low through the  system: 

The th rus t  r a t i o  is  defined a s  



The speci f ic  fue l  consumption of the propulalon system is 

where 

and 

FAN-BLEED DRIVE SYSTEM FORMJLATION (OPTION 2) 

It i s  assumed tha t  a l l  the bypass a i r  is  bled, passed through an in ter -  
burner t o  be heated, and goes through the t i p  turbine t o  drive the  l i f t  fan 
(see f ig.  2): 

The thrus t  of the l i f t  fan is given ,by equations (25), (27), and (28). 
The thrus t  of the engine fan i s  

The thrus t  of the t i p  turbine is  given by 

where 



Here, L is l i f t - fan ratio, defined a s  

The thrust of the engine core flow is 

where 

The engine exhaust velocity is 

where n ( Y - ~ ) / Y  and 
LT 

y l y  are given by equations (11) and (12), respee- 
HT 

t ively,  and 



The expressions for specific thrust, thrust ratio, and SFC are the same 
as given in equations (33), ( 3 4 ) ,  and (35); however, the mass flow throcgh the 
interburner is different. The expreseion which replaces equation (36)  is 



TC c Y nr LT MIX 

- - 

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

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