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 Original idea predates turbojet
— 1913: French patent (Lorin)
— 1930’s and early 1940’s: development work in Soviet
Union and Germany, including engine flight tests
— late 1940’s: first flight of ramjet powered winged aircraft

US Navy Gorgon IV
(missile/drone) Leduc 0.10 (France)

 Basic layout

Compression Burning Expansion
Diffuser —‘I*— Combustion chamber —“7 Nozzle—-‘

j Fuel inlct
v ———
r l’. < _———
EI¢ T T

Shocks B> 2
Exhaust jet
—
=<

< —_———

\ | v | Combustien l Expansion&
@ \0\®Oo ® O

' Al
Supersonic  Subsonic
compression compression

FIGURE 5.6 Schematic diagram of a ramjet engine.  from Hill and Peterson
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P55 Afterburner

* This afterburner arrangement of fuel injection/bluff
body flame stabilizers was used in many ramjets

o\

Flame
Holders

« Early ramjet application (1950’s, US Navy SAM)

TALOS RIM-8E - RIM-8J
Mk 46 CONTINUOUS AIR TURBINE
ROD WARHEAD HYDRAULIC
PUMP

PILOT FUEL
INJECTORS

MAIN FUEL
INJECTORS

ELECTRONICS
COMPARTMENT  AIR TURBINE
Copyright (©)2009 Philip R. Hays

FUEL PUMP

FUEL

PILOT
TANK

BURNER

FLAME
HOLDER

NOZZLE
« Actually layout more complicated than simple
schematic

AF4451




_Georgia

Tech|| h\J E - %&’ =

Comments on Ramjet Operation

Pressure rise accomplished by air decel. (diffuser)

— Poa! Py =34 for M=3

— though get p, losses due to inlet shocks

Can operate at high combustion temp. (~2200-2500K)
— no downstream turbine

— higher maximum flight M than turbine engines
Protect combustor and nozzle walls from hot gases

— cooling air, thermal barrier coatings

Can’t take off, no static thrust

— requires booster (e.g., solid rocket) or staging with
another vehicle/propulsion system

nnnnnnnnnnnnnnnn 5 Wﬂ
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Performance (Cycle) Analysis

Goal: calculate performance of a ramjet as a function
of “input” parameters

So performance parameters are “outputs”: ST, SFC, 77’s
Inputs
— flight conditions: M, altitude (p,,T,), fuel

— design choices: component performance, fuel choice,
structural or thermal limitations

Simplest version is ideal cycle analysis

— assumes: 1) all components are “ideal”, 2) working fluid
is thermally and calorically perfect gas, 3) fluid
properties (y, MW, ...) do not change due to
combustion, 4) negligible thermal energy of fuel

— AF4451




« Good way to start is by gyl ™ -mant A
sketching process on T-s = T

(or h-s) diagram l T

. N - i \ 3 B
— begin with air at ol B ‘
ambient conditions hT

(far in front of engine)

» Want to find parameters
like ST and SFC

— so consider t (111.1)
T= ma[(1+ f)ue _u]+(pe - pa)Ae
2 277 2

Engin performarce 7 W 51
Copyright ©2014,2017-18,2020,2024 by Jerty M. Seizman, Al i eserved.

° S 0 hee d u . Diffuser —-I-:‘ :‘::yl:.suon chamber —rl\'eulcj
— short-cut method for = T

ideal cases (isentropic |
compression and © \0\00
expansion, reversible "

. h, T
heating)
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Ideal Ramjet Performance
. iwe get /_L Ue)\/u
ST:.T=U[(1+f)ue—1}=M RT, [0+ ) Ty
— : — T{lﬂ—lej
— and from (11.15b) 2
_ TaTo T T -7t M7) To=T (111.8)

- AhR/Cp —T04 h AhR/CpTa _To4/Ta choose T04 (e.g., :Tmax matl)
— 50 ST =ST(M, T,, Toy, Ahg/cy)

flight design
 Other parameters (from 111.4-7)
f ST u 1
TFC=5 =7 an, T TSFC an, 1,
_— W u 5 ST o = n,
*  AKE %ma[(1+ f Ju? —u2] u[(1+ fXu,/u)’ —1]
S AE4451
Georgia FI Co 4
= Tech|| ngrsaring o=
Ideal Ramjet Performance
Ahe=45MJ/kg, y=1.4, T,=220K
1.50 l 0.12

Tmax(K)
—3000

ST
)
L
1.00 \ - \ — oo08
’\

)
0.75 //\}{

0.50 0.04
! TSFC \\ \
\ 0.02

- \\\\ 0:00

0.00
0

——- 0.10

1.25 \

0.06

! //
< |
3
3
TSEC (kg/s/kN)

ST (kN s/kg)
~
i
/ /
"
!
l/
1/
i
N
\
1

N
IN
o
o)
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Ideal Ramjet Performance

150 0.12 » Poor subsonic
125 | st ety —{ o0 performance
3 R =

$ 1o |3 w0 o % e ST, @M-~26
= n
CNRE we ® DUtSFC,, @
< 050 ¢ 004 O M~4
A TSFC ' w .

025 | . _ ] 02 2 ¢ Forgiven M,

Tv—zlng oo 000 Taxv=>SFC{
Hv45MUkg ™ — 3200 but STV

080 — 4 3000 What are the
) n / /1 2500 design tradeoffs?

0.60 b / < :
g 0.40 /“/,/ fut 200 3 P
E e e I + o Forgiven T,
N "/ 2400 there is max M

0.00 - 2200 hyo

0 2 4 6 8 Why*
M

Georgla NJ ?
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“Real” Ramj et Cycle Analysis
« Want to remove some of the idealizations in the
previous analysis

— inlet/diffuser, combustor and nozzle are no longer
reversible

* will experience p, losses
— combustor does not achieve ideal heat release

» some of the fuel is unburned and/or the combustion

is “incomplete” (e.g., made some CO instead of
CO,)

— nozzle not perfectly expanded
» But will keep other idealizations
— no heat losses, ¢,= constant,...
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* Can’t use “short cut” based
on isentropic processes

i\;;( ;
— now need to perform CV VIng S L |
. XoRYeXeo ® O €
analysis for each S Sa
component, e.g., inlet  h, T
to exit Tos

» But again useful to
examine T-s diagram to
understand process

— let’s use same p,, T,,
Mand T,, as in ideal caser,

— show underexpanded case

AF4451
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“Real” RamJ et Cycle Analysis

rha 1 ml 1 2 mz 4 m4 e rhe
——>| Super. H Sub. 3—H Burner H Nozzle H—>
Mr pa, Ta pol, ol | poz, 02 p04, o4 pe ,Te
« Diffuser (like Example 4) Trﬁf
Mass —m, =m, =m, v LY
Energy m,h, =m.h, =mh, =T, =T, :Ta(1+7/— 2)

Entropy . L -
— to get stagnation pressure, use adiabatic efficiency to

compare to isentropic case, similar to (11.12)

%—1 v s %—
pozﬂd{m{“z J} =rd{1+nd—7 1M2} " lang
P, T. 2
— but modified by ram recovery factor (ry (M) < 1)

to account for shock losses

AF4451




“Real” RamJ et Cycle Analysis

m. Ah
Energy 7, fc R

p

= ma [(1+ f )To4 _Tos
/

m, 3 2 m, Lll m, : me
—>|' Super. H Sub. {~+——> Burner Nozzle H——
M, pa, Ta pol Tol ; poZ ,Toz p04, 04 pe ,Te
» Combustor Tmf
Mass m,+m, =m,=m,([1+f)

like (11.15) but with

(111.10)

T04/T02

- (nbAhR/cp

To} )_T04/T02

v v v
— can’t use efficiency to get pressure loss (not
compression or expansion process)

(111.12)

v
hz prb

poZ

] n,=combustion efficiency
how much available chem.
energy is converted to
thermal energy, <1

p,=burner pressure ratio

<1

AF4451
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“Real” Ramjet Cycle Analysis
. 12 4 e
ma% Super. Ilml Sub. —|m%2 Burner H m Nozzle —&
M' pa, Ta pol ,Tol | poz ,Toz T po4, 04 pe ,Te
* Nozzle my (111.12)
Mass V)
Energy U, =/2¢,(T,, =T,
Entropy
(||| 13)
V0w A
Te :To4 1_77N 1_( pe J
po4
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“Real” Ramjet Performance

* Sowe get S, depends on nozzle design
vv o _
ST =" [+ f)u, - M 71-‘<Ta]+7('°e P)A
ma %(_/ ma
f u N
TSFC =—
ST
o L u
° TSFC Ah, no change in these
" ST ~ express_ions compared to
n,=—==2 - ideal case
AKE u[(1+ f Xu,/u) —1]
T = T
ﬂp —

RS AF4451
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Aerospace Engineering

Real vs Ideal Ramjet Performance

vs. ideal 150 — ——— o
ramjet; 1z f4 ST —ae fig oo
— =
sTl 2 3
> 006 2 y=1.3-1.4
SFC T,‘: 004 O T.=220K
7 ¥ oz & HV=45MJ/kg
i \L 0.00 Np=0.92&ram
3200 recovery
o T 0so0 | 1 3000 Ms=0.99
>\ !
g oe0 e /, Moo g P,,=0.98
@ / -
S 040 T e T, 12600 3 =0.95
2 R~ Toa\ 7 E LN
g;(;)re B o2 // 2400
0.00 Jo 2200
T02:Tmax 0 2 M 6 8




