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ASE 376K Problem 5-16 P. L. Varghese

Need: To explain why TSFC m,

increases for increases in To4 at : — ' ~—

fixed flight speed ' m, 45 ! U
> & e
vu p— : '

Given: Turbojet engine, 7. = 20, ~_ | 5 § ﬁ/;

|AHR| = 45 MJ/Kg, Tmax = 1500K, : : P | E

1700 K, u = 0 m/s (static), a 2 3 4 5 6 7(

From Table 5-1:

Diffuser (d) | Compressor (c) | Burner (b) Turbine (t) | Nozzle (n)

ne =0.97 n. = 0.85 n, =1.00 m 0.90 n,=0.98

w=14 =137 w=1.35 =1.33 m=1.36

Solution:

m f Assumptions:
TSFC = R 3/m (1) Steady, quasi-1D flow

(2) Adiabatic components

For a fixed flight speed at specified altitude T, is constant and (3) Ideal gas behavior,
hence for fixed 7z Tos is also constant. Now R=Rair = 287 J/kg-K,
T T, piecewise constant y for
- 7 [AH,| each component.
., Tos (4) Pe=Ppa

| = 4.07x10* K >> To4, S0 denominator term in f is

©)
¢, =—L2—R, =1107 Jfkg-K = 1281 o|AH
Vb -1 Cp b
nearly constant. Thus f grows nearly linearly with To4. (The effect of To4 in the denominator is
to make f increase a little faster than linearly with increase in Tog.)

Now examine the denominator term in TSFC: —=| (1 f U, —u|[+—
- > s ]+ MO(4)

a

Because f<<1 typically, (1— f) =~ constant, and u is fixed, we need to examine the effect of
change of To4 ON Ue.

7n_1

Ye =\/277ncp’n (T°6 _TGS) = 277ncp nT06 1- { 5 ] ’ T |A |

06

For fixed 7 and flight speed AT__is fixed and so |AT, |= ﬁ ~ constant, so Tog INCreases
linearly with To4. If we neglect the effect of increase in To4 On the pressure ratio term, we see that
Ue (and hence specific thrust) will increase approximately as the square root of To4. Hence we
see that the numerator term in TSFC increases faster than the denominator (nearly linearly with
Tos vs approximately as the square root of Tog). Thus TSFC should increase with Ty, at fixed
flight speed.




Note: The effect of increasing To4 is to increase 7z because 7, _{

it decreases with increasing To4, and 1—[
p06

&j : increases with T4, but for typical turbojet

AT, I} 1
——oc—S0

M To4 poS T

conditions the increase is not enough to make specific thrust increase much faster than as the

square root of T4 and the conclusion above stands.

For the specific data in the problem statement one gets:

® %

2
Ru = 1063 Jkg-K; T,, =T,, =T, +h2\—° = 288 K,

Assumptions (cont’d):

Coe = y_ (5) Ta=288K
; 1 6) W, =0
Ve
T _1 (7) rp=0.95 (typical value)
AT, =T,| —= =422 K, T,=T,+AT =710K rp=1
7.
(3) 7 (3) % (3) 1%
Cop = R, =1084 J/kg-K, Cpt = L R, =1157 JIkg-K, Con = —R, =1084 J/kg-K
7 —1 r—1 71
T04,A = 1500 K To4,B =1700 K
(2.3) (2,3)
T,,-T - T,.-T
f, = AT 0 -9 (2x107 fy = 4B 03 =9 54x107
|:77b|AHR|_T } |:77b|AHR|_T il
04,A 04,B
Cp,b Cp,b
(Zf) (ZJ-?) C
A otA\ = —®° AT _=380K. \ATM\ = — 2 AT _=378K.
pt(1+ fA) pt(1+f )
Tosn = Toan —|ATy 4| = 1120 K Toss = Toas —|ATys|= 1322 K
" 7t
‘ATot A‘ et ‘ATot B‘ 7t
= 1—— =0.2637 = Ty = 1—— =0.3184
T, 04,A T, 04,B
pog\lﬁ) p°4 po;\o 95(7) pa-\l(M 0)%1(4) pog\w) p°4 pog\o 95(7) pa -\l(M 0)%1(4)
=5.01 =6.05
(2) (2)
Tos,A :TOS,A =1120 K. TO&B :T05'B = 1322 K.
7n—l 7n—1
p n p 7n
Tes,A =T06’A —& =731 K Tes,B =T06,B —& =821 K
p06 A p06 B

- \/znncp,n (Toe,A _Te,A) =909 m/s

Uys =27, (Toes —Tes) = 1032 ms



3 3
= = (1+f —Uu =927 m/ — | =/(1+f —u |= 1058 m/
[ _ JA [( +fu)Uq u:| S [m jB [( +f3)U, 5 u:| S

a a

TSFCa = 2.18x107 kg/s-N TSFCa = 2.40x10™ kg/s-N

As expected, the TSFC has increased as maximum engine temperature is increased other
parameters being held fixed.

Additional comments:
(1) The figures below show the variation of f and J/m, for a range of maximum engine

temperatures. As expected the variation of f is nearly linear, whereas the increase of
3/ m_ is slower than linear. As a result TSFC increases with Toa.

Effect of T04 on fuel-air ratio and Specific Thrust Effect of 'r04 on TSFC for a turbojet
for a turbojet at fixed (0) flight speed. T = 20 at fixed (0) flight speed. m = 20
35100F——7——F "1 T———7T 7T 1400 2.810°
50103 ] 2.610°F
i 1200 L
” 2.410°F
2.5107 | k] [
3
1000 = f
| 5 _ 22107
= L
~ 20107 s 2
] 23 2 5[
= = 2.010°F
800 & O L
J @ L
1.5 107 o z 2 I
—— Sp. Thrust [m/s] ] 1.810°F

1.610°F

................... 400 1.41075_,,,,,..............
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000

T T K

(2) If one does the calculations with just two values of y, i.e. % = 1.4 and y, = 1.35, rather than
the multiple values specified in Table 5-1, then the final results are not changed
significantly. Specifically, for To, = 1500 K one gets f = 1.92x107, 3/m, = 884 m/s, TSFC
= 2.18x107° kg/s-N.

The values of f, and J/m, are each about 5% lower in the more approximate calculation,
and the TSFC is virtually the same in this case. The 5% difference is well within what we
might expect for an approximate calculation. Note that the multiple y calculation, while

more accurate, is not much better than 3-5%. The results we obtain with our simplified
models give the correct trends, even though the individual values are not that accurate.



ASE 376K Problem 5-20 P. L. Varghese

Need: 3/, TSFC, 1y, 7ty ov 12 13 16 17
Combination of B, 7 that m,
optimizes 7oy 7——5 § | |
Given: Turbofan engine, B = 5, m, - Bma T—‘—m
m =15, 7=30, Ta=216.7 K, — i—we‘
|AHR = 45 MJ/Kg, Trmax = 1700 K | = — o~
M = 0.85, 774 = 0.97, 7. = 0.85, U— M e Uep
1 = 1.00, 7t = 0.90, 77,1,= 0.98, | C — D - >
7= 0.85, rjnc = 0.97 i I N
a= % =14, %=137, =135 g T
%#=133 =136 | 5 | I
=
a 2 3 4 5 6 7(
Solution: Standard turbofan analysis but with multiple values of y
<D Assumptions:
S=m, {[(“ fi+ f ) Uy —U ]+ B[ U, - u}} (1) Steady, quasi-1D
flow
+MO(2)A¥:@ +M0(2)A"’f (2) Pe=Ppa '
-M RT = 250.8 nvs (3) Ideal gas behavior,
1= MayrRla Rar=287 JIkgK,
T,=T,.=T, (1+7__1M§J =248 K, Toa = Trmax = 1700 K piecewise constant y
2 for each component
(4) Turbine exit = nozzle
To3s 7.1 . .
T Too| 771 4 inlet, i.e. 5=6, no
AT =T, T, = o2 _ 02 =T, Te 72| 439K stagnation pressure
e e s drop
(5) Adiabatic
T,=T,+AT =687K components

Because of multiple y need multiple c;:

¢, =R, =1063J/kg-K; ¢, =2 R, =11073/kgK; ¢, =— R, =1005J /kg-K;
ye—1 Yo—1 r-1

¢, =—L—R, =11573/kgK; c,, =—"—R, =1084J/kg-K
7 —1 Va1

(3,5) _
f = Tos ~Tos = 2.60x10?

|:77b |AHR| T :I
04

Coo

’\Nt‘ :V\./c +Wf = (ma + )|hos - h04| = ma(hos - h02)+ Bma(ho13 - holz)

Dividing by air-flow rate through primary and using assumption (3)




L+ F)C [Tos —Tou| = Coo(Tos = Top) + Bey (T — Topp) = |A AT, +Bc, AT, ]

1
Tot | - m[cpc

T [TOlBS _ 1} r-1
012
— T ® . =1
ATy =Tz =Topp = Tose=Tog o =Tos | — =358K
7 uh Ur

T =T, +AT, =T, +AT, =284 K
1

AT, | = [T +BaRAT, ] = 545 K. T =T, —[AT,|= 1700 -545 = 1155 K
ph b

7 i
n-1 AT, nl
ﬂ-t = EEJ s ToSs =T04 _ATots; ATo’(s = A_TOt = ﬂ.t = |:1_|—0t:| = 01695
T04 77t 77’(T04
Primary nOZZIG:ﬁ — 06 p05 po4 poS poz \pa — ”trbﬂ-crd (1+77d 7_1 MaZJ}/l — 772
Pep Py Pos Pos P Pa Pob, 2
®) — . TOG —
T,s=T, =1155K; Tes,p i 672K
h ”n
pe,p

Uy p =27 (Tos — T p) = 1013 ms

7

Fan nozzle: Pete — Pors _ Pois Pz Ya — 7z, (1"'7711 7—1M§j71: 237
pe, f pe, f p012 pa p 12) 2

71

®) pef 7
Toe = T3 =284 K; T =T ’ =222K

016

Uy = \/277nf Cc (T013 _Tas,f ) =348 s

%: {[(1+ fo ) U, —u]+ B[uelf —u}} =1.27 km/s
TSFC M f. = 2.04x10° kg/s-N
I 3lm




Moy =My Ty = 0.273
Note: If we used just two values of ¥, yod = 1.4, and o = 1.33, then we get almost exactly the
same results: 5/, =1.27 km/s, TSFC = 2.06x107° kg/s-N, 7, = 0.502, 7t = 0.538, and

nov = 0.270. The results do not differ to within the accuracy of the calculation procedure.

®
o)

0.35

N

N

\M)

&

0.30

770V

)
P

Bypass ratio (B)
+—5 20 35

0.25

0.20 | | | | | | |
1.2 1.4 1.6 1.8 2.0

—
o

The figure above shows 7., as a function of 7 for a range of B and was calculated using a
spreadsheet. Observe: (1) the optimum as a function of 7z becomes sharper as B increases; (2)



there is little further improvement beyond B > 15. The bypass ratio and fan pressure ratio that
maximize overall efficiency are found to be near B = 25, 7+ = 1.3, with 7o, = 0.375. This is an
improvement of nearly 40% compared to the value for B=5, 7z = 1.5. This value of bypass ratio
is unrealistically high because we have assumed a constant fan efficiency independent of bypass
ratio. In reality, very large fans would have substantially lower efficiency because of problems
with shock losses at the fan blade tips. A more sophisticated optimization would include a model
for the fan efficiency variation with bypass ratio. Additionally, the theromdynamic cycle
efficiency does not account for other considerations such as the weight, drag, and noise
associated with ultra-high bypass (UHB) engines. However, the above analysis illustrates why
UHB (B > 10) engines are attractive if the technical challenges can be overcome.



ASE 376K HW#6: S6-1 Philip Varghese

Need: (a) Optimum fan pressure ratio (7 ) for a turbofan with separate primary (core) and
secondary (fan) streams.

Given:
Flight speed Mach number, M, | 0.80 Fuel enthalpy of reaction, |AHR| 45 MJ/kg
Ambient temperature, T, 217K Burner efficiency, ny 0.99
Inlet adiabatic efficiency, 74 0.92 Burner stagnation pressure ratio, rp 0.95
Compressor pressure ratio, 40 Turbine inlet temperature, Trax 1640 K
Compressor & fan polytropic 0.92 Hot gas specific heat, 1.33
effICIency, 77pc, 77pf
Ambient pressure, pa 19.3 kPa | Turbine polytropic efficiency, 7 0.93
Bypass ratio, B 8 Primary & fan nozzle efficiencies, n, | 0.97
) 12 13 16 17
Solution: L . :
We assume pe= pa for both streams, and we seek an Lo "
assume pe= pa w — N
optimum 7 for fixed u, T, 7, B, Tos. el T :
e . m, =Bm’| | ' et
Specific thrust, S=(3J/m,,), _—
. u rha/—~-.\ Y u
S:{[(1+ fb)ueyp—u]+ B[ueyf —u]}/(1+ B) P U— ] L S— ep
| —| o
ou ou | PN L
and s __1 (1+f,)—2+B—"1. 5 e ~ d
87Zf (1+ B) aﬂf 572’f ‘ o
U, ) ) ) x—/
Now p — >0, because increasing 7 increases the ; P
s a 2 3 4 5 6 7@

. ou
pressure ratio across the fan nozzle. Also a—ep <0
7T
because increasing 7 increases the power that must be extracted from the turbine, and thus
increases pressure drop across the turbine and hence reduces the pressure ratio across the primary
nozzle. At very low 7 the positive second term is larger than the first, but as 7z grows the
negative first term increases until the two are equal, we have a maximum (c’)S/&;zf =0), and

further increases in 7z reduce S

A little thought shows why the same 7z simultaneously maximizes Sand minimizes TSFC.
TS-C LI /mm, = fy 1 =i L . For fixed u, T, we have constant T, and
S Fm (Imy)(1+B) S(1+8B)
for fixed 7z and compressor efficiency (either adiabatic or polytropic) Tos is also fixed. Because
Tos IS constant, then f, is also constant independent of 7. Because B is also held constant, we see
immediately that maximizing Swill minimize TSFC. Deriving an explicit analytic expression for
the optimum 7 is very tedious algebraically especially for non-ideal components, but it is easy to
compute Sfor a range of 7 using a spreadsheet and find the optimum 7z numerically. The only
caution is that one cannot use too large a step (especially for high B), because if one uses too

large a value of 7, then the primary nozzle has a pressure ratio that is less than 1, which is




impossible. The spreadsheet on ERes has to be modified to handle the case where polytropic
efficiency of compressor, fan and turbine are specified. The equations required are on the
equation sheet.

Using such a spreadsheet, for the parameters given | obtain 7; = 2.18 with Syax = 188.6 mVs and

TSFCrin = 1.390x10™° kg s /N = 13.90 mg s */N. | am quoting more digits than usual because
here we are comparing relative values for slightly different values of 7. Increasing 7z to 45
decreases 7, to 2.16. The optimum fan pressure ratio makes the two exhaust velocities nearly

equal (Uep =472 m/s, ugs = 417.5 m/s). They are not exactly equal at the optimum point because
of non-ideal components. Using the spreadsheet with all component efficiencies set to unity we
see that the optimum fan pressure ratio (which is substantially higher in this case) gives exactly
equal primary and fan exit velocities. This can be proven mathematically for this case, but the
algebra is tedious.

190 T T T I T T T I T T T I T T T I T T T I 1 T 1 165 10-5
185 —11.6010°
180 —11.5510°
- 7 —
K | (%)
2
@ L g @)
Ppilg
E 15 —15010° X
n - 7 «,
B i -
Z
- - N
170~ —1.4510°
165 —1.4010°
- —4&— TSFC (kgs¥/N) 1
160 1 1 L I 1 L L I 1 L L I 1 L 1 I L 1 1 I L 1 1 135 10.5
1.4 1.6 1.8 2.0 2.2 2.4 2.6



ASE 376K HW#6.56-2 P. L. Varghese

Need: CF6 engine performance computed with NASA Engine simulator for range of conditions
specified on problem sheet

Given: Data on problem sheet

Solution:

Results from NASA EngineSim.

Thrust in KN:
£=100% M
H(m) 0 01 | 02 | 03 | 04 | 05 | 06 | 07 | 08 ] 09
0| 201.2 185.6 172.3 161.1 151.8 142.8
3000 1346 | 1274 | 120.3 | 115.6 | 111.9
6000 100.0 | 96.3 | 93.4 | 91.2 | 90.7
9000 81.9 79.1 | 76.8 | 75.1 | 74.7
12000 60.4 58.4 | 56.8 | 55.6 | 55.2
TSFC in mg-s*/N:
£=100% | M
H(m) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0| 8.66 9.41 10.2 11.0 11.8 12.5
3000 10.9 11.7 12.3 13.1 | 1338
6000 12.2 129 | 136 | 142 | 15.0
9000 12.0 12.7 | 133 | 139 | 146
12000 11.9 125 | 132 | 138 | 144
Thrust in kN:
&=75% | M
H(m) 0 00 | 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09
0| 943 84.7 76.7 70.0 64.4 59.8
3000 58.7 54.4 50.9 48.0 | 46.0
6000 42.5 40.4 | 38.8 | 37.7 | 36.8
9000 34.9 334 | 32.1 | 31.2 | 30.6
12000 25.7 24.7 | 23.8 | 23.2 | 22.7
TSFCin mg-s™/N:
=75% | M
H(m) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0| 6.88 7.67 8.51 9.41 10.3 11.3
3000 9.35 10.2 11.1 119 | 127
6000 10.9 117 | 124 | 131 | 13.7
9000 10.7 114 | 121 | 12.7 | 13.3
12000 10.6 11.3 | 119 | 125 | 131

Plots of 3 and TSFC for these throttle settings are shown below.




(i)

200 § T .
i +Dm
—=— 3000 m
—— 6000 m |
=150 | ——9000 m
= ’ ——12000 m 1
k7] -‘\‘\.\1\‘. ]
= |
—100 £ ———
E k\"“——o——_—.—;
i — ,. ]
50 [ ! I ! | ! ! I . . T
0.0 0.2 0.4 0.6 0.8
\Y
JvsM for £=100 %
16 - I I T T T I T T T I
15 |
> 14
o 131
S 12 |
E 11
— 10 :
0 |
8 F ! | ! L ! ! ! | ! ! ! | !
0.0 0.2 0.4 0.6 0.8
M

TSFC vsM for £=100 %



(i)

M
® ——0m E
—=—3000m
. ——6000m
= ——9000 m :
= ——12000 m ]
2 \ __
= .
S ]
— .
A\ﬁ__"“—r " ::
06 08
JvsMfor £=75%
14
13 |
S 12¢
o 11
210 |
O 9¢
S ol
= 8¢
[
6: ! ! ! I ! ! . | ! ! ! | ! ! . | .
0.0 0.2 0.4 0.6 0.8

M

TSFCvsMfor £=75%



(i) Comparing the listed temperature and pressure for station 1 at any given flight altitude
and Mach number > 0. For example, at H=0 m, and M = 0.5, pa=101.3 kPa, T,= 288 K.
The corresponding stagnation values are poa= 120.1 kPa, Toa = 302 K. These match the
listed values of pressure and temperature at station 1, indicating that the values listed
correspond to the stagnation values.

(iv)  Changing throttle setting changes turbine inlet temperature and fuel flow rate as
expected, i.e. decreasing the throttle setting from 100% reduces turbine inlet temperature
and fuel flow rate. Changing M or H has no effect on Tos in the simulation model.
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Variation of fuel flow rate with throttle setting at M = 0.8, H = 6000 m.
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The plots show that To4 varies linearly with & but fuel flow rate varies non-linearly with &.




H | pa | Ta] 6| 6 |36 5 | £ | m | TSC | T1sc/da
(m) | (kPa) | (K) (kN) | (kN) | (%) | (kgrhr) | (MISN) | (mg/s-N)
0]101.3| 288 |1.000|1.000 | 128.8 | 128.8 | 100.0 6850 14.8 14.8
3000 | 70.1| 269 |0.692|0.932 1288 | 89.1| 93.7| 4547 14.2 14.7
6000 | 47.2 | 249 |0.466 | 0.865 | 128.8 | 60.0 | 87.4 | 2935 13.6 14.6
9000 | 30.8| 230|0.304|0.797 | 128.8| 39.1| 81.0 1825 13.0 14.5
12000 | 19.3| 217 |0.190|0.752 | 128.8 | 245 | 76.7 1105 12.5 145

Looking at &we see that it is given by & (expressed as a percentage) to a good approximation,

whereas TSFC/ «/5 is almost constant.
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