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Section 6.2: Optimal TurboFan Bypass Ratio
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Review 1: Normalized Thrust and Isp

 Fully expanded nozzle & f >> 1
* Inlet, fan, compressor, turbine, and fan /core nozzles are isentropic

« Combustor heat addition 1s as constant pressure and Low Mach

pexil:pexit :poo_>ﬂ-d:ﬂ-b:ﬂ-n re:ﬂ-n :1

fan core “ fan

-1 -1 s
— — — -1
7TC Tc ’ 7Tc Tc , 7T p (7- p ) .
core core fan fan

exit exit
e
OPRMAL J tyrbofan > 1‘|‘ /6 Voo 1—|_ 6 Voo

—

1 I/vexit I/exit
:,YM2 . core_l i 6 . fan_l
=||1 1+ 3

fr/

( Optimal)mrbofan ( Opﬁmal)turbofan | - M

0
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—] fan_l :fyMz [—] Jan —1
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Review 2:
Fan/Core Summary

2
Vexit 7_r ) 7_c _1
fan fan
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Review 3: TurboFan Matching Equations

[Tc —1{+ 5|7, —1
. T core fan
* Turbine Work |7, = 1[ r]

T 1+ 0
A 1—
[+f]

1 1 T)\ - Tr . Tc
. 7_1—'_6 Tfuel_T)\ m
* Fuel/Air Flow f=_"a
mfuel

N

T — T
1‘|‘6) fuel A
T)\_Tr .Tc

core

/

If the bypass ratio goes to zero the matching
condition reduces to the usual turbojet formula.
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Thermal Efficiency of an Ideal TurboFan

(ma ) ) hexit o hoo + ma | hexit o hoo + m fuel “exit
77 L K'Eout - K'E'in o 1 heat I’ejected L 1 core 4 core fan fan 4 core
th . - . - .
mfuel ) hfuel heat lnput (m y + mfu ) h04 - (macore ) : h03
Core Flow Heat Rejection Fuel Flow Heat Rejection
. . _ . Head Added in Combustor
» Rewrite efficiency by adding and subtracting
My P and dividing by 71
v fuel] [hexif - hoo t . .[hexit o hoo + = 'hoo I+ fuel ] [hex 1 o | T Bl h exit oo +- foe 'hoo
ma core ma fan ma ma core fan ma
,r’th — 1 _ core : C core — 1 _ core : core
m m
1+ .fuel ho _hO 1+.ﬁwl].h0 _ho
macore ' 3 maca}’e ‘ ’
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Thermal Efficiency of an Ideal TurboFan

* From the definition of bypass flow

m

o — g
maco
o i i, M T
fuel _ fuel Ayl _ fuel ‘ fan — . 1 s
ma ma ; ma ma ; ma f ( ﬁ>
 Substitution gives /
1 1
[l—i_(l—'_ﬁ)][hexlt _hoo]—i_ﬁ hexzt_hoo]+<1+/6)hoo
L f core fan f
Ny = 1— 1
[” )|,
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Thermal Efficiency of an Ideal TurboFan ¢

* Collecting up 4.,

1 [HJI”'(lJrﬂ)]'hi’;?fﬁ'hjgz_[”}'(Hﬁ)]—ﬁ—}-(wﬁ) h_
th 1

1 —.1 .h —h

[+f(+ﬁ)J . —h

[1+1-<1+6>]-hm T Beh, ~[1- B,
- S

core fan

1
[1+-(1+6)]-h0 —h,
f 4 3
e Ideal fan is quasi isentropic ...

/ [H}-(Hﬁ)]'h@m ~h,

exit ~ hoo — 7,,th — 1_ 1 —
o [l—l—f'(1‘|—5>]°ho4 —h,
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1 exit
h 1_|__. 1_1_ . core _
h, " 1+ (14 ) oty
* From enthalpy cascade
h,
:TC
h02 core
h, |
By b by By ok B
o h h k. h
: o S0 T
OOO
hO
4 — ,7_
h v
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Thermal Efficiency of an Ideal TurboFan «

exit
core

1oL

/

(1+5)

T

05

h

hOO
h, h

[©.8)

hy,

0,

h

(0. 9]

[1+1.
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* Substituting

[1-+1-(1+6)]-

exit
core
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Thermal Efficiency of an Ideal TurboFan

Ve
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f h
Ny = 11— =
1 T
T, T, 1—|——-<1—|—ﬁ) — 1
core f Tc ) 7-,,
core
» As shown before during turbojet analysis
exit 0 exit exit
core o core 1 — 1 core T c
= ' lambdz — 1+ ! ezxit =T, T, — =
hoo hoo hO [ 1 :I_ 7—_1 2 core core hoo Tgore ' 7-,,
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Thermal Efficiency of an Ideal TurboFan

* Substituting

h 1 T 1/f ~ C
[1_|_J1[<1_|_6)] }Zorte_l [1‘|‘f <1+5)] T V'Tr 1 1
0 —1— _ . L _ core _~1_T -
1 T 1 T core
Tiore.Tr [H_f.(l—'_ﬂ)].n 7-Tr_l Tzore.Tr [H_f.(Hﬂ)].Tc 7-Tr_l

* This solution is identical to the turbo jet analysis with the core flow replacing the normal
turbine flow path.

* This analysis shows for the ideal (isentropic) fan - hex,-tfan = h,, --> the the heat rejected
by the fan stream 1is zero.

* Therefore the thermal efficiency of the ideal turbofan is independent of the parameters of
the fan stream.

» Only the mechanical efficiency (Thrust, Specific Impulse) are altered by bypass flow.

MAE 6530 - Propulsion Systems I1 10
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Example Turbofan Calculation
Freestream Conditions be a: 1 O . 3333 NonDimensional Parameters
Tau Lambda
(Jos W 40a7e7 . 807754
Taur
'1.128
412 M di004.96 . Tau Ceore
12.508485
V. v S | Tau C fan
exit .
core _ \/[ T T 1] Y G = | 11.299263
VOO T 1 Te' T, Voo T, 1 Bypass Fraction
_ 10.911769
1
1—|——<1—i—ﬁ) V.. 3 it Tau f
(T 1) = 7 M / —+ 1= 227.214
optima o0
p turbofan (1 —|— 5 ) Voo 1 + /6 Voo Air/fuel ratio.
f
%4 %4 1473.262
exit exit
=~.-M’ l e 1|+ g N Tau turb
CN+8) |V 1+8) |V, 10372509
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Freestream Conditions
b e ta: 1 O 3 3 3 3 3 NonDimensional Parameters

Tau Lambda

8.07754

Taur

1.128

Tau Ccore

2.508485

T04 =1750, Tau C fan

INIechSnicS)Edrenos S c el
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(Jos W oa7e 7

(410 W 100496 |

. T : 1.299263
maf a X } - / Bypass Fraction
. i Y
e A e
i, — | il 7/1~' it || 0.911769
core | N R L S
4 b || = _..';,..._ ty 4 Tau f
i A ———— core
A PTG | | T Xk A 227.214
e At il]ﬁlii]lii’nui.am. u:"_"t ‘{;OB -~ . -
. \ L it 2 RN ’
e s it AN Air/fuel ratio,
_ ; SN L e
M _=0.8 | ‘,g,j‘ 7 f
I“ ¢ 473.262
. D " Tau turb
| l.l " "
b P LT 91 - 0.372509
=gl (s )
Ccore PO O Ccore
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Sweeping Through Bypass Ratios

Normalized Specific Impulse

wvi

Nondimensional Isp

Exit Velocities

25-

10—

Ve/Vinf

...................................

Normalized Thrust

Bypass ratio

Vcore/Vinf
VFan/Vinf

Vfan-Vinf/Vcore-Vinf -

Bypass ratio

Engineering

Total Thrust
Fan Thrust

Core Thrust

Bypass ratio

N

» Optimal Efficiency (Isp) occurs at a Bypass Ratio that results in most of the thrust
produced by Fan and not Core Flow (assumed Nozzle exit pressure = P)
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What Bypass Ratio Gives Optimized TurboFan Performance?

Normalized Specific Impulse —

I -g J
(H)turbofan — PC - = (T>turb0fan . - MOO

oo

fully expanded nozzle —

exit n exit
(T) — | ) M2 1 ] core _1 _|_ ] fan _1
turbofan o0 1 + " V 1 i " V

Air / Fuel Ratio —

f=(1+8) | L=
A r c

MAE 6530 - Propuision Sysiems 11 14
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Optimized TurboFan Performance ()

Substitute Normalized Thrust and air / fuel ratio into Specific Impulse

I - I/exit
(]I) — %P gO — ’}/Mz . core _1 +
turbofan Coo o0 1_|_ 6 Voo
Simplify —
T —T exit
. ) fuel A core )
(I[)turbofan o o0 7—)\ —T T V I ™ /3

* what value of  maximizes the specific impulse?

MAE 6530 - Propulsion Systems I1

exit

143

—1

fan _1 .

: (1+5).

/
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Optimized TurboFan Performance ¢

T fuel - T)\ ?odrte %ﬁi
(I =M —1|+ 3 |-~ -1
turbofan ,7-)\ T T V V
r c 00 00
core

» What value of P maximizes the specific impulse?

Necessary Condition

8 I[ I/exit I/exit
R < )turbofan :O , a core _1 _|_6 Jan —1 :O
0 aB|| V. 4

* Since fan 1s ~ Isentropic only bypass nozzle and not bypass massflow affects
Bypass exit velocity ratio

8 ( exit | 8 (I/exit \ I/exit

fan _0 ThuS N core [ __ 1_ fan

ap| V_ 06| V_ V.,
\ / \ /

MAE 6530 - Propulsion Systems I1 16
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Optimized TurboFan Performance

*Find... O | &%
06| V_
* Start with
2] 2]
o || el ||| 0| ) o) m| |, | o
0B V_ V. | 08|V, OB V. V.
from earlier derivation
n I [ ™ ] e [ A ]
V, T —1 T T, 00 T —1 T T,

MAE 6530 - Propulsion Systems I1
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exit
fan
V
o0
exit exit
core 1_ fan
V V
00 00
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Optimized TurboFan Performance ¢

*Also ... from earlier derivation

T -1 -7 —1 Vo Vo
a r c t T exit exit

core ) Y _ 2 . core | 1 __ fan
00 T —1 T T,

T, 1s a function of

since turbine powers both fan

and compressor

' ] T T
0|7, T.T,—1 | T, T | oT,
0B T, -1 .3

|
-
>

| oT,
T —1]08
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Optimized TurboFan Performance

e Taking the derivtive

. o |7 -7, -1,—1 1l | Tr'Tﬁm . or,| | 7, . o,
00 T —1 B T, T, 7. —1 00 B T.—1)( 08
—1 - —1 —1 —1 —1 - —1
[aﬂ]_al [Tr]Tz o J[T [T;m J+L[T§m J[T; e J.l
5] op| |7, [1+1+6] T [HHB] m NNEY. f
/ / f
l~0—>a7—f:ir—1—>8 TTTt—IZ_ LV Y P Y I -
f 00 T, U an 00 T —1 T =17, )\ Fn T —1 Y,
it
o, . 7, —1 i‘an %Z
substituting — |~— —1
2.I/exit V Voo

/
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Optimized TurboFan Performance (7

2

7.1, —1 7.1, —1 T T, —1—(7‘r—1) Tr-[T —1

4

exit

from earlier — | -£~| = fon = ]|+ 1= fa +1|=|——=+1
V T —1 T —1 T —1 T —1

o r r 7

Simplifying

2
Vexit Tr ' [TC o 1]
fan 1 fan

2
I/exit/l/oo] _1 I/exit
fan fan _

— | —+=| —1=————=— Substituting — =
Voo Tr _1 exzt /V Voo
core
Re arranging and expanding diffference of squares
2 2

exit exit exit exit exit exit
LR p— (i I JUCCY | R Y N (LR [ [ ——, N 1
V V V V 14 14

[e.e] [e.e] oo oo (e @] oo

Cancelling Terms
V

exit exit exit exzt
_ fan _|_ 1 2 __core N fan _|_ 1 - 2 - 2 core

exit O

exit exit
— | =2 - [V -~V ]—2 [V —V
V fan

o] o
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Optimized TurboFan Performance )

Optimization Criterion

int _Voo] — 2.[I/exit _Voo]

e
fan core \

Optimal turbofan design delivers twice the velocity increment across the fan
compared to velocity increment across the turbine (core flow)

How does this criterion relate to
the fan bypass ratio?

MAE 6530 - Propulsion Systems I1 21
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Optimized TurboFan Performance ()
Optimization Criterion
exit exit I/exit exit exit exit
core fan core fan core 1 fan
2V =V =V, V|2 1|=|——-1|=22—-2=|"——1|>|——=—-| = +1
ore an V. V. V. V. V. 2|V,
From Earlier Derivations
. . - —1
i N O N
Ve 7, —1 T T, 7.1, T, —1 NN —1
o | — Substitute — core 7 = — fan +1
T —1 T T 2 T —1
exit Tr ) Tc o 1 ' gore ’ '
_fan _ fan
VOO Tr — 1 /
Square Both Sides —
T -1 17 —1 T -1 —1 T -1 —1
r c t T 1 r c 1 r c
core . Y _ - fan _|_ - fan _|_ 1
T —1 T T 4, 17 —1 2 T —1
r C r r r
core
MAE 6530 - Propulsion Systems I1 22
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Optimized TurboFan Performance (o)

» Solve for 7, ....

—1

T T
r C

<1+l fan

Tr—l

e From Earlier Derivation

thl_[L].
-
A

» Substitute into above

-[Tc —1]—|—ﬁ-[7‘c —1”—1—<
core fan

MAE 6530 - Propulsion Systems I1

T —IJ—I—ﬁ-[

| T -1, —1 T T, 1
fan +1 . core '(Tr _1) [ .
T —1 T, T -T,

T —1

C

fan ”

T T, —1 i T -1, —1 T, T, i

fan 4= fan +1 core ) (7-,, . 1>
T —1 2 T —1 T, T T,

23
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* Finally .... Solving for the optimal bypass ratio gives

.
A

INtechvanicallGdAenospac e,

Engineering

Optimized TurboFan Performance (o)

Whew! .. Check Numerical Result agans earlier simulation Tau Lambda
6 - 8.07754
optimal ~— o
1 8.0775 8.0775 1(1.128 -1 1.128-2.5085 — 1\ H128
- —1](25085-1) + ————— (1.128 = 1) — - | —="— L0 L IV0I T T4
(1.2993—1)(((2.5085'1.128) )( ) 1.12822.5085 ( ) 4( 1.128 )[ 1.128 — 1 ) ]} Tau Ccore
N lized Specific Impul 2.508485
ormalized Spe se
- 10.16 Tau C fan
1.299263
Q
= Bypass Fraction
Tg 0.911769
=
2 Tau f
g 227.214
g Air/fuel ratio,
° .
— f
473.262
Tau turb
rati 0.372509
MAE 6530 - Pr Bypass ratio

r
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Discussion of Optimal TurboFan Performance

OPTIMAL BYpass Ratio vs FreeStream Mach Number

Bypass ratio

MACH NUMBER

* Variation of Optimal Bypass Ratio as a Function of Freestream Mach Number

» At Higher Mach Numbers optimum bypass ratio decreases until the fan disappears
altogether and we basically convert the engine to a turbojet.

MAE 6530 - Propulsion Systems I1




UtahState IMechanicalfodrenospace)
UNIVERSITY g g

Discussion of Optimal TurboFan Performance ()

OPTIMAL BYpass ratio vs Fan ComprEssion Ratio

1000- — —— —— tC=2_5]

core

S—
P e
—— e e EEE e e
N Sy ——————t

S E—
S S——
SERE anan ssamny
e ————— e e ot

t—— e,
VRIS SN W

Bypass ratio

0.001- I I I I I I I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fan Compressio Ratio

[ I I [
16 17 18 19 20

Ideal turbofan bypass ratio for maximum specific impulse as a function
of fan pressure ratio. Plot shown for several Mach numbers

MAE 6530 - Propulsion Systems I1
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Discussion of Optimal TurboFan Performance @)

OPTIMAL BY pass ratio vs Fan ComprEssion Ratio

Bypass ratio

0'00]'_| 1 | ] | ] | 1 1 1 } 1 I I } | } I } I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Fan Compressio Ratio

* From this plot is is observed that increasing fan pressure ratio leads to an optimum at a
lower bypass ratio.

* Curves all allow for optimum systems at very low fan pressure ratios and high bypass
ratios.

e This result is an artifact of the assumptions underlying the ideal turbofan.

» Once non-ideal effects are included, low fan pressure ratio solutions reduce to much
lower bypass ratios. ...

MAE 6530 - Propulsion Systems I1 27
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Comparisons of Ideal and Non-Ideal TurboFan

B max impulse turbofan
30

. TA = 8 .4
A.

o 3 T = 1.162
25 " % ideal cycle f

[ 5, % T, =251
20 + . .'-.... \.. core

' " \\ .
151 . "\ non - ideal cycle
10t

5 -
T

L ' e A e . e ' A s ' s i i ' . ' . e s e '8 i e J C
1.1 1.2 1.3 1.4 1.5  Jan
Turbofan bypass ratio for maximum specific impulse as a function of
fan temperature ratio comparing the ideal with a non-ideal cycle.

MAE 6530 - Propulsion Systems I1 28
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TurboFan Efficiencies
e Recall that

—
Propulsive Efficiency = W

M proputsive = (K.E. jK.E.oo)

exit

Kinetic energy
production rate <

Kinetic energy

production rate
—>

(KE.,,~KE.,)

Thermal Efficiency= — n =

m.  -h
[ [
Combustion Jue Jue

Enthalpy of <—
Fuel

MAE 6530 - Propulsion Systems I1 33
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Propulsive Efficiency

/ Thrust power
" propulsive =

Rate of kinetic enegy added to engine flow (8)
Turbofan engines have two different streams that called hot
stream which comes from the core of the engine and cold

stream which passes through fan of the engine. The first
expression of propulsive efficiency becomes:

: I G
Voo (Tfan . Tcore) H | oo ( #5%—'_ &() )
I

77Propulsive - "l oo '(" #$%+"&() ) ) '(" #$%+" &0 )/I -

MAE 6530- Propulsion Systems Il "
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Propulsive Efficiency

e v) e ) ar))
vmsa() [ ! ! 17T ! . . i
“f ) [ Ve, | o | Vo | L ) [ Ve, Ve, 70

W G | e e
_|,Rg!" I#$+| H _ £.$.Rg'Too Tfan+Tcore _
L &L ) $ v pA )
48, (% ! (' "+ )| Veue, |
e e O T o e P e e
! fan+!"#@/o,(y0 I
$ M; # &f ! D & $M; (Tfan core)

MAE 6530- Propulsion Systems Il I
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Propulsive Efficiency
o N, & &
_ — ! %c)cglre |||( |%&(on ||('
7Y =1 +7.)=r1 ; /

( )!"m&( ( fan %) | ;:*("JF’B] B, | ey %8@!! ¢
|_ - - --"—"-———-"—7=-———-7=7 7= __I
I o $ fl "H & Iy $ ! "H#P I
! 1 g I%O/O'&( --"(+# +I% I&(— |
111 ! '(Tfan-l_Tcore) _: +! g ! g ’ oo :
Tlpropulsive = | — | I I B | | - |
. : n /0 $ I I N V $
# + ! $. ! 7 | %) ? " & | + | exit exit &|
f | %[f +”§!.('&((+!)&' ) v Hh V: (1)
L e e e e e e e e e e e e —

050> 441012 ) e

! = V. %V! ¢ )
(" +f]=n — propulsive = # = I V = " V (yo(
vV 7 exit exit
f { ex’tcoreJ _mn &(" _wm | _core L w $. + core '
V

I 4 i -
MAE 6530- Propulsion Systems Il I$
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Propulsive Efficiency OTake Away

. O/#l & ” (! " A
! 0% &( non ! &(0 "
”@..Jr,,& §+¥o+—f‘) T
/ == \ ] /.
* propulsive
prop ) +f$' % " % ?L

|
i LT 96, (o
il %5 1, 5 % &(( ’ )gb

(l \ . |
! | I<'§'L17':‘&(E"/0 _ I# # I " % ;)C(llrfl #| #Lcan .
! B | " # # % : #LI l n
oo & .

MAE 6530- Propulsion Systems Il 13
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Thermal Efficiency  Take awa

* Also, recall from earlier ...

ey 1 Ty
[1+1'<1+5)J' core | [1+f (1+ﬁ)] ——-1
/ h core 1
nthzl [ > -=1— =1-
T, T 1—|—l’<1+5) S T T l—l—l'<1—|—ﬁ) L . Tiore ”
core S/ T, T, core S/ T, T,

* This solution is identical to the turbo jet analysis with the core flow replacing the normal
turbine flow path.

* This analysis shows for the ideal (isentropic) fan - hexl-tfan = h, --> the the heat rejected
by the fan stream 1s zero.

» Therefore the thermal efficiency of the ideal turbofan is independent of the parameters of
the fan stream.

MAE 6530- Propulsion Systems Il
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Homework 6.2

Consider the TurboFan Engine whose Block Diagram is Shown Below

o | Diffuser

With Following Conditions

Fan
%an
exit
Bypass fan > Bypass
Exhaust
- Core
Compressor—é——> Combustor [ Turbine 5 > Exhaust
) e core exit
4 core
core
> Bypass
Bypass exit Exhaust
% fan
an .
- Aircraft Mach Number: 0.70
an

MAE 6530 - Propulsion Systems I1

Aircraft Altitude: 6 km

Bypass Ratio: 2

Fan Pressure Ratio: 2

Compressor Ratio: 6

Burner Outlet Temperature: /1700 K
Fuel: JP4 2 h,= 42.68 MJ/kg

29
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omeEwor L ©
Fan
?an
exit
Bypass fan » Bypass
Exhaust
1
2 ; Core
o i Diffuser »|Compresso » Combustor Turbine > Exhaust
S ore core Sgﬂet
core
» Bypass
Bypass exit Exhaust
fan
:?an
Fan
Outer
Secondary
.ec —— Duct fan nozzle
air stream l Fuel Tarkime
Injector

gases

. Combustion
Compressor Nozzle

5 chamber
Primary

MAE 6530 - Prop air stream
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Homework 6.2

Fan

%an

IMechanic3edrenospace)

Engineering

exit
Bypass fan > Bypass
Exhaust
1
- 2 Turbine Core
o | Diffuser Compresso— Combustor [ 5 » Exhaust
D e core ceo)ﬁclat
core
» Bypass
Bypass exit Exhaust
fan
%an
Fan
Assume the Following Component Properties
1)  Diffuser, Compressor, Fan, Turbine, Nozzle ~ Isentropic
i1) Nozzle exit flow is NOT mixed 3 CIT
iii) Combustor is 35% efficient > = =
iv) Fuel massflow is NOT negligible et 7 f 1114
v) Mean specific heats, gamma are constant across engine constant > C | 1004.96
vi) Fan, Core Nozzle Exits Optimized for Altitude Jlkg" K
MAE 6536 - Propulsion Systems I1 31
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Fan
?an
exit
Bypass fan _ Bypass
Exhaust
1
, Core
o ) Diffuser 2 Compressof——1 Combustor [ Turbine » Exhaust
3 core exit
core core
core
» Bypass
Bypass ]?xit Exhaust
an
?fan
Calculate -
. : an
1)  Normalized Thrust
1) % of Thrust delivered by Core Flow T = Fthrust
i11) % of Thrust delivered by Bypass Flow D "A
i1) Ratio of Bypass Thrust to Core Thrust | '
iii) Normalized Specific Impulse B | - "go
iv) TSEC Ibm/lbf-hr | = c

v) Bypass Ratio for Optimal Isp
vi) Optimal TSFC

1
vii) Thermal, Propulsive, and Total Efficien/TSFC - "
Verify Graphical peak is at optimal Bypass ra % P

MAE 6530 - Propulsion Systems I1
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Verify Graphical peak is at optimal Bypass ratio
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