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Section 4.3: The RamJet Propulsion Cycle

3. IGNITION

Ramjet Engine

<«— Diffuser Burner | q——— Nozzle—
Step 1 Step 2 Step 3

MAE 6530 - Propulsion Systems I1




“tahState INMechanicallediierospace]

UNIVERSITY Engineering
Background on RamlJets

« Ramjets are a very simple jet engine configuration that are capable of high
speeds

« Ramjets cannot produce thrust at zero airspeed; they cannot move an aircraft from
a standstill.

Inlet Fuel injecbon

(M>1) flame holder

Nozzle
(M=1)

Compression Combustion Exhaust
(M<1) chamber (M>1)

* A ramjet powered vehicle, therefore, requires an assisted take-off like a rocket
assist to accelerate it to a speed where it begins to produce thrust.

* Inherently constrained to “combined cycle” applications for flight
MAE 6530 - Propulsion Systems I1
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Control Volume for a Ramjet

UNIVERSITY

n
(m T mﬁtel) Vexit o (mair> . Voo + Aexi; .(pexz‘t o poo)
Bt = b 4 _
1 A .
thrust i OO [f;_ ] Ve: — 1|+ j;” . p;:t 1
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Ideal Ramjet
Thermodynamic
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Ramjet Engin

«— Diffuser

Burner|q——— Nozzle— 5

~
e

Cycle Analysis __ Stepl-2 Step3  Stepd
Region Process Ideal Behavior Real
Behavior

A to 1(inlet) Isentropic flow | P,,T, constant P, drop
o-1-2 (diffuser) | Adiabatic P, T increase P, drop

Compression P, drop
2-3 (burner) Heat P, constant, T, P, drop

Increase
As = (ﬂ] >0
T rev

3-4 (nozzle) Isentropic Ty,P, constant s Increase

expansion As > ASrev T, drop

Engineering




Ideal Ramjet Cycle Analysis
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Step Process

1) Intake (suck) Isentropic Compression

2) Compress the Air (squeeze) Adiabatic Compression

3) Add heat (bang) Constant Pressure Combustion
4) Extract work (blow) Isentropic Expansion in Nozzle
5) Exhaust Heat extraction by surroundings

Step 3

Pc

Pressure drop with
acceleration

Pressure

T-s Diagram

Step 5

Ram effect - pressure rise

with deceleration Volume

A

Step 1-2 >\ Step 4

O
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Cycle Efficiency of Ideal Ramjet
77 propulsive X TW: \

thermal

W (K.E.
X
~K.E.)

exit

—-KE,) W

exit

(K L. m fuel h fuel m fuel h fuel

 Propulsive Power Output--> work perform by system in step 4
minus work required for step 1-2

* Net Heat Input --> heat input during step 3 (combustion)
- heat lost 1in exhaust plume
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Cycle Efficiency of Ideal Ramjet

Netl?ower:(hA_hB) [f;lj (h h)

m

air

Net Heat Input £f+1h _ ]
m J

air

( Power

Net
L m;ir \ (hA—hB)+

ntotal = =
(Net Heat Input\ [M]

o
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Cycle Efficiency of Ideal Ramjet

f+1
Add and Subtract f “he =Ny From Right Hand Side

Ramijet Eng

Step1-2  Step3 Stepd

(hA—hB)+(j?1)'(hc—hD)-HT)-hc—hg} [ff“)-h,)—m

—1-
[f”]-hc—hB
f
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Cycle Efficiency of Ideal Ramjet «
* Assume ... calorically perfect gasses = h ~ Cp*T

(¢, )
( f ) Cp products TD Cp air TA f + 1 L J
)

Tltomzzl— f+1 =1- (
[ ]CP d TC_CP'TB T [ f ) Cp
f products air C f N 1 L J B

p products

 For conceptual simplicity .. > and . Cpu ~ CPpoduers

(

C,
p products

ntotal ~ 1 o ( C
L P air
P products
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Cycle Efficiency of Ideal Ramjet

. : e —r— ~
* From C-->D flow is isentropic ... amjet Engine

(Credit Narayanan Komerath, Georgia Tech)

y-1
TD ” ®

«— Diffuser: Burner |<— Nozzle—

[ y j
P \ Step1-2  Step3 Step 4
\ J

(r N )
(T, T,T,) L{PD) / _TATBJ

ntotal — 1_
(. T,)
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Cycle Efficiency of Ideal Ramjet «

( Ramjet Engine )

(Credit Narayanan Komerath, Georgia Tech

- ];)ifﬁl_sex'

| Step1-2 i Step 3 ﬁ Stepd T )
s y
(p) (B R, B (1,V7" R (T,
) \e, R, ) \T, ) R\,
y-1 r-1
- ﬂ_(&\T(POB\ 4
_)TOA_TOB_)SOZvefor_)TB_LPBJ (POAJ
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Cycle Efficiency of Ideal Ramjet

into efficiency
equation

~

Ramjet Engine

(Credit Narayanan Komerath, Georgia Tech)

«—— Diffuser

Step 1-2

Burner |<_ Nozzle—

Step 3 Step 4

PA

Uu

7_
Y

K

(
) &

B

A

e

)

Iy
T

n=1-
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Cycle Efficiency of Ideal Ramjet

( Ramjet Engine )

(Credit Narayanan Komerath, Georgia Tech)

Assume ideal nozzle - P, = P,
ideal burner — P; = P, ®

-1
Burner |<_ Nozzle—

Factor Out ( ﬁ\ ¥ & ‘_S?éguimz Step 3 Step 4 )
(1 (Pog\yy_lﬂ\ (T —(P"B\TT\
(P\yrt (5, TCJ (P\TLC 2, BJ
_11 b
n=1-(%) { TB] vy (Te = T;)
TC
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YCycle Efficiency of Ideal Ramjet

«— Diffuser

Ramjet Engine

(Credit Narayanan Komerath, Georgia Tech)

Burner Iq_ Nozzle—

Step 1-2 Step 3 Step 4
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Cycle Efficiency of Ideal Ramjet )

nl[

Mechanicallcg

Engineering

f

(

|

=)

[

)
)

~Tu)

(P
(a

(T,

P,

)
7,)

=

-

«—— Diffuser

Ramjet Engine

(Credit Narayanan Komerath, Georgia Tech)

Step 1-2 Step 3

Burner |<— Nozzle—

Step 4

High Inlet Compression Ratio Desirable
Low Stagnation Pressure Loss Desirable
Large Temperature Change across Combustor Desirable
Ramjets Cannot Start from Zero Velocity

When M, —>0—>—>n,

—[1-

(Tc _TB]
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Ideal Ramj et Example: Inlet and Diffuser

* Take a Rocket motor and “lop the top oft”

I’nfuel

=S

7

M>1I’;]§ normal M<1
air shockwave

> Looan SRR

T M

ete. * -

air+fuel

H

* Works Ok for subsonic, but for
supersonic flow ... can’t cram
enough air down the tube

e Result 1s a normal shock wave
at the inlet lip
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Ideal Ramjet Example: et ana biguser

mfuel
T EFr >
jf’/’fv’f/f{.f’?// A >
_
M>15 nomal V[ < 1 //< —
air shockwave \\\ > air+fuel
: P
ol >
—» —P
I

* Huge Loss in Momentum

MAE 6530 - Propulsion Systems I1
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Ideal Ramjet Example: it and piffuser 3

* So ... we put a spike in front of the inlet

Obllque

shockwave

M>1m§

Much weaker normal
shockwave

fuel

Y

M<

NN

U

MAE 6530 - Propulsion Systems I1

 How does this spike Help?

* By forming an Oblique
Shock wave ahead of the inlet

INTechSnicS)Edrenos S c el

Engiineering

air+fuel
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2-D Ramyjet Inlet Example

///////////// é//‘ .
. v -
///////// //‘ . /

|V|1=4.0 normal M < 1 / _
shockwave B \\\\\ -
NN\ L

— \\Nx\\f\ .

>

o

RN

e

-
B=40° * Compare Mg and P, behind normal shockwaves

Oblique P

§ShOCkWam

\&\\\\\\\\\\\\\\\\\\\\\\\ B

normal
shockwave
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.,////////////////////////////////////////////////////I////

o //// /, ;//
% // o ////

7 //»( /
. ///,v//// ///
" 7 //////// ) /j )v////.(
-l normal 1 - |
ShOCkwave g \ \\\\‘\\\’ R
\\\\\\\ \\\\\\\\\\\\ \\\\\> \\
) \ ‘\\\\\ @ ‘ N \\\\\ \ \ NRR
> N S N

: </
S

X\
AN

% —0.1388

P 0
normal ..shock

M, —> M,=0434959=| p
p

[*2]

qv

<]

=185
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2-D Ramyet Inlet Example

/6 =40 deg.

Oblique

%S h oc kW am v
_— ‘\‘
_ .

- .‘. \ R R
S \f\ A\ . ) A
—» - AL \

normal
shockwave

e Across Oblique Shock wave

. (T -
* Myp=Mysing, = 4 sin (— 40) 95A . M.n-05084

180
tan(6) = 2{M12 sin2(ﬂ)_1} _)@ e 2(42 sin” (&40) —~ 1)
Can(B)[2+ M [y reos2)]] T | (tan (5 40)) (2447 (144 cos (5 240) )
0 =262 oy
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UtahState INtechanicSlledrenospac e,
UNIVERSITY 9 g

2-D Ramjet Inlet Example ¢

/6 =40 deg.

Oblique

ﬁshockwam .
: —
v -] \\‘
= . S

normal e, S e

shockwave

e Across Oblique Shock wave

0.5064
M,n

M ,n=0.5064 —M,=— = (L _ ) ~2123
2 2 sin(3,-6) sin 120 (40 —26.2)
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7-D Ramyjet Inlet Example ©

/6 =40 deg.

Oblique
sh / ,
. ) ’7/ .
—_—>

normal
shockwave

e Across Obligue Shock wave

normal ..shock

M,=2123 — M,=0557853=

0 K, £, 5
£ =0.66353] = —% =—% 2 =(0.663531)(O.4711)=O.3126
K., b, 5,
P P 14-1 5 1.41:1
_Ps o 0p o 0. _ 0.3126[(1+2 4)( )] - 1g499

———0.557853
2

poo })OB I)Ooo poo 14
{(1 14-1 )(1.41)}
MAE 6530 - Propulsion Systems I1
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2-D Ramjet Inlet Example

= |
M, =04350] = —
B /Q/m
POB //o/ /
M,=4.0 normal | p =0.1388 . ///%///
shockwave |~ 0 et
O
= NESITY &\\
— B — . \\\\.\\
\\ ’\\\\\\\\\\
P, =

N N
e Compare

e Spike aids in increasing Total Pressure recovery
Reducing “ram drag”

Oblique —|M , =0.557853

“ w =0.3126

PO
- normal  —— —=38.422
IV|1‘4'0 shockwave P0

0

MAE 6530 - Propulsion Systems I1
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2-D Ramjet Inlet Example

.. Continuing example ... Incoming Air to Ramjet

e Molecular weight = 28.96443 kg/kg-mole
oy = 1.40

. Rg = 287.056 1/°K-(kg)
T = 216.65 °K

°*P.. =, 19.330 kpa

« Combustor g = q/ m = 500 kJ/kg

e Assume that mass of added fuel is negligible, exhaust
and y, R, are the same

MAE 6530 - Propulsion Systems I1
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2-D Ramyjet Inlet Example onra)

e Compute free stream stagnation temperature
14-1 »
2

T, =T [1+7’__1M 2} 216.65(1+
o0 oo 2 0

e Compute BURNER stagnation temperature

T, = a+clo. _ 500-10° +1004.696 (909.93)
’ c, 1004.696

Ramjet Engine
(Credit Narayanan Komerath, Georgia Tech)

®

<«— Diffuser Burner |<— Nozzle——»

Step 1-2 Step 3 Step 4

. J

MAE 6530 - Propulsion Systems I1

4 ) =909.93°K

= 1407.6 °K
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2-D Ramyjet Inlet Example onra)

e Compute efficiency .... Normal shock inlet
M, =0.4350 >
fo, =0.1388 —» -
Ml:4'0 shnoocrl?]waellve PO” | _—
p _—>
= 18.5 \ —
Py N
>
e Compute T, Ty
To=_ 999%. _g67.75K
(1 s 14 10.4352)
2 T = 070 1356.3°K
¢ (1 + 1’42_ 10.4352)

|

MAE 6530 - Propulsion Systems I1
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2-D Ramyjet Inlet Example onra)

e Compute efficiency .... Normal shock inlet
M, = 0.4350 /—’_,
.
§ %o, _0.1388 —
M1:4'0§ shnoocrlznvjallve PO o —_—
i —
p —
> =18.5 .
L. X_'_»
Compute T, T ( v
e Compute T, P 7
p c 1B y TC_[POB] T,
Tg= 867.75°K n—l—[&]yk O ) _
P, T.—-T
T, = 1356.3°K ’ (Te=Ts)

~(4-1) a4-n
185 M 113563-0.1388 * (86775
=(0.2328

’] - (1356.3 — 867.75)

WAEGSSORIPTOpulSion Systems 11
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2-D Ramyjet Inlet Example onra)
. * Compute efficiency .... Oblique shock inlet

ObIlQUe M =(0.557853 / >
shockwave >
Py, ’

~=0.3126
0.

— = 38.422

00

normal
4 0 shockwave

hav)

. Compute Te, Ty
909.93

T.,= _
B (1+ L4 10.5578532)
2 1407.6
TC=( 14 -1
1+
2

=856.61°K

= 1325.1°K

0.5578532)

MAE 6530 - Propulsion Systems I1
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2-D Ramyjet Inlet Example onra)

« Compute efficiency .... Oblique shock inlet

Oblique M =0.557853
Py,

> = 38.422

M.=4.0 normal
1

shockwave PO

* Compute T, Ty

-1
Tc= 856.61 °K | (pA\yT
=15
P T.-T
Tg= 1325.1°K —?1.4—1) (C B) (14-1)

38422 !4 [-—[0.3126 14 ]856.61]
| =0.4652

MAE 6530 - Propulsion Systems I1 (1325.1 - 856.61)
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2-D Ramyjet Inlet Example onra)

« Compute efficiency .... Oblique shock inlet

‘

/ )
i

M.=4.0 normal 7/]
1 l shockwave M < 1
il
s
\\\

N
cnng R \
AN A N \\
—» _—_— \\\\\\%

\
\‘\\\\ - \\

Okllaliq;e \
sSnockwave -

Sq

al <<

N

>
M.=4 .0 norm
1_ .

shockwave

200% increase in efficiency!
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Supersonic Inlet:
Condorde Inlet Design

Concorde @

Technical Specs

Multi-stage Compression always Works
Best For Stagnation Pressure Recovery!

e Mach 2 Cruise

Shockwave
Formed

MAE 6530 - Propulsion Systems I1
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“Starting” a Constant Geometry Ramjet Inlet

M< M =]
Mg <Mypg il "m"‘od'zﬂc | aill
(b)

(a)

/M>l M
My * Mg Me® Mg ¢ I s (Shock~Free)
(c) (d)

Fia. 5.33. Overspeed starting of fixed-geometry supersonic inlet, designed for free-
stream Mach Number M., and having contraction ratio (A2/44)..

MAE 6530 - Propulsion Systems I1
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Questions??
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