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* High combustion chamber pressure and temperature generally reflect
to high efficiency and/or thrust in diesel, gas turbine, and rockets.

* The Space Shuttle main engine thrust chamber pressure is about 22.3
MPa.

— This is supercritical for the liquid H, (1.28/32.94) and liquid O,
(5.04/154.6). (Pc in MPa / Tc in K)

— The combustion chamber pressure for Vulcain (Ariane 5) with liquid
H, /liquid O, can reach up to 10 MPa while a record pressure of
nearly 28.2 MPa has been reported

* Limited information is available for jets injected under these conditions
where injectant finds itself in a thermodynamic supercritical
environment.

 Understanding mechanism of acoustic combustion instabilities under
such a high pressure environment has been a challenge

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Combustion Instability in Liquid
Rocket Engine (LRE)
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« LOX core exhibits large-scale
sinusoidal structure

Heidmann, NASA TN D-2725, 1965
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Unstable small engine- Heidemann.avi

Combustion Instability:
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Combustion Instability: n.;"""@
Phenomenological Model (n-t
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Amount of liquid

converted to gas in What was injected at the time

the element dV in t-r in the interval d(t-t)
interval t to t+dt = wy = 1wy -+ wh
. AL 3 - A e . : i
wpdV df = &yt — 7)d(t — 7) rT=T+4+71

p'(t) p'(t—r1)
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P P

® m denotes the mass flow (mass/sec.) of the propellant.
® No distinction between fuel and oxidizer.
® The arguments based on the idea of a time lag are directed mainly to constructing a

representation of the mass source term e (mass/vol.-sec.) in the equation for
conservation of mass. L

® Intention: to express the rate of conversion of liquid to gas in a volume element of the
chamber.

® No consideration of combustion processes in detail.

® Assumption:Combustion occurs instantaneously, a view that determines how the time
lag model ought to be incorporated in the equations.

B. Chehroudi, PhD



Thermodynamic Critical Point

Very large C, at Critical Point (CP)
Surface tension vanishes
Heat of vaporization vanishes above CP

Distinction between liquid and gas
phases disappears above CP

* For mixtures: Critical mixing T & P
(critical lines for 2-component)

Chehroudi, B., 2006. Supercritical Fluids: Nanotechnology and Select Emerging Applications,

Invited Review Paper, special volume dedicated to Supercritical Fluids, Combustion Science
and Technology, Vol. 178, No. 1-3, January 2006, pp. 555-621(67).
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More Information on Emerging Applications

of Supercritical Fluids
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It is not just a “phenomenon”, itis a

“technology”

SUPERCRITICAL FLUIDS: NANOTECHNOLOGY
AND SELECT EMERGING APPLICATIONS

B. CHEHROUDI*

Engineering Research Consultants, Lancaster,
California, USA

In this paper, a selected list of emerging applications of supercritical
Muids (SCFs) are presented. In particular, demonstrated facts for the
promise of the nanoscale science and technology and its overlap or
interface with the SCFs technology are presented. It is argued that
nanoengineered materials at the nanoscale have mechanical, optical,
chemical, and electrical properties quite different from the bulk
material. Examples of enhanced performance of many such maiter-
ials when they are used in practical applications are given. SCFs,
in particular carbon dioxide, on account of their special properties
such as zero surface tension, low viscosity, and high solubility,
enable them to play a critical role in many advanced technology
applications. For example, as miniaturization efforts approach the
nanoscale, surface tension forces become an important factor in
many nanotechnology processes such as lithography in the elec-
tronic industry. In particular, the zero-surface-tension property
of the SCFs presents them as a natural choice for nanotechnology
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Major Kinds of Rocket Injectors

Common Injection Element Configurations
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A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)

Mechanism of Acoustic Combustion Instability

(CI) in Liquid Rocket Engines (LRE)

In LOX/H2 Engines (Coaxial injector; RL-10,
J-2, J-2S; SSME). Conditions under which CI
occurred more commonly (or inevitably):

* Lower velocity ratio (VR) V,/ V| ox

* Sufficiently low temperature of
injected hydrogen (Temp
Ramping)

° Less recessed oxidizer tubes
* Reduced injector pressure drop
o True mechanism remains obscure

In LOX/HC Engines (Impinging jets injector;
mostly from F-1)

* Sensitivity of jets and formation of
spray fans to velocity fluctuations
parallel to the injector face

* Hewitt correlation suggests
certain injector parameters (d/V)

* Others (resurge, etc.)

3.3 Mechanisms in LOX/HC Engines

» Later developments at Aerojet and Penn State led to correlations with
the parameter injector orifice diameter/injection velocity ( D;/ V) to
identify the peak injection response.
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» These results are related to the dynamics of injectors but
there is no associated modeling.

From Prof. F. Culick, CalTech



Injector Assembly and High-Pressure Chamber
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PiezoSiren for Acoustic Field Generation

Circular-to-Rectangle Waveguide PiezoSiren
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PiezoSiren generates up to 180 dB SPL
Designed to operate under high pressure
Several resonance frequencies

Most dominant are at ~ 2700 and ~4800 Hz
The acoustic waves are channeled through a
specially designed waveguide
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Dark Core Characteristics is the Key

Physical Interpretation

A

Jet-core
Llength

—AStochastic

wvariations
of the Jet-
core length

Root mean square (RMS) of the dark core length
oscillations as

— A reflection of mass fluctuations ( first order
approximation)

— Indication of intrinsic sensitivity of the injector

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Dark Core Characteristics is the Key

Non-reacting Coaxial Jet & Connection to Multi-Element LRE

From AFRL & PennState: Davis (PhD Thesis), and Davis and Chehroudi

- 8
t 7 Intrinsically more sensitive
Jet-core , toits environment
LI&ngth 6 \ /
— 5 4
&) ariti With & without
> 4 0_\_\ ub-critical Pc fransverse |
=\ - S % om = acoustic
AStochastic z 3 — = -
e ) f B
wvariations 5 2 .
of the Jet- © 1 li _ Near- & Super-critical Pc
core length 8§ o ¥ . |
0 5 10 15 20
_mk a Outer-to-inner jet velocity ratio
® RMS of the core length variations is much (In Engine: Vy,/ V o)

hilgher at subcritical chamber pressure at
all'velocity ratios

— Intrinsic (higher) sensitivity at subcritical

Lower RMS at high velocity ratio offered a possible explanation for the enhanced
stability observed in LRE (at high V,,/V, o)

Temﬁerature rampingh(for LRE stability rating) was linked to its impact on the velocity ratio
and hence core length RMS offered an explanation

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Peak-to-Peak Pressure Amplitude

(% Pc)

Dark Core Characteristics is the Key

Non-reacting Coaxial Jet & Connection to Fired Single-Element LRE

275
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From: DLR group, Germany
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Inlet  Inlet

T#—— H20 cooling
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Fig. 2. Windowed liquid rocket engine thrust chamber used in the study.

Under all conditions, no instability could be triggered when operating above or very close to
the critical point of oxygen (consistent with nonreacting jet's intrinsic sensitivity at subcritical)

Significantly different dynamic behavior for subcritical as compared to near- & super-critical

Also, results from Santoro’s group at Penn State (woodwardetal.) in fired engine are consistent

with observations at AFRL (see paper for details)

Fired-engine experimental observations consistent with Davis & Chehroudi (done in non-reacting
supercritical facility at AFRL)

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Dark Core Characteristics is the Ke
Impact of d/V on Dark Core & Connection to Multi-Element LRE Stability
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® As “V” increases, the dark-core (or breakup) length decreases

® As “d” decreases dark core length decreases (Chehroudi et al. equation. See SAE Trans. Paper 850126)

® As “d/V” declines (and engine moves into unstable regime by Hewitt), the dark core length for each
jet (of the impinging jet) decreases & an impinging jet system becomes more sensitive

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Dark Core Characteristics is the Key

Intrinsic Sensitivity of Impinging Jet Injector at Low d/V values

........ Ly T L P R
LA SR S P S
ofF f7: >
s & i?" i oS
" P ~
20 - .‘I‘—: = Il
5 ™
10k —& 20=40°
- &  28=60°
SF =% 29-30°
0 — I
2 4 6
d,/U; x 10°, s
Figure 8. Shows sheer breakup length as a

function of mstability parameter at three different
mmpingement included angles. Much higher
sensttivity of the sheer breakup length 15 seen
with included angle (28) at low do/'V (= d/U;. in
the original article) values. Anderson et al. [13].

Impinging Jets:

® PpennState work in non-reacting setup (Anderson et al.)

® Higher sensitivity at lower values of d/V
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Figure 9 Shows sheer breakup lemgth as a
function of instability parameter at three different
chamber pressures. Much higher sensitivity of the
sheet breakup length 1s seen with chamber
pressure at low dn'V (= d,/U;, i the onginal
article) values. Anderson et al. [13].

® Higher sensitivity to chamber pressure at low values of d/V

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)

Intrinsic stability of the impinging jet injector at low d/V values ( for more details see paper)



Dark Core Characteristics is the Key

Comparable Preimpingement Length and Dark Core Length

PREIMPINGEMENT LENGTH DARK CORE LENGTH SINGLE CRYOGENIC JET
Spray Intact Core
Chamber-to-Injectant Density Ratio / (Upper/Lower bounds)
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Chamber-to-Injectant Density Ratio

Single & Impinging Jets:

® Cryogenic, sub- and super-critical conditions (AFRL data)
® Similar and comparable DLR data

® Comparable pre-impingement distance (for impinging jet injectors) in production (LRE)
engines and measured dark core lengths (for cryogenic jets)

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Supporting Information for a Proposed

A Hypothesis:

The Hewitt stable-to-
unstable transition
point (or line) as d/V
reduces is at or near
where the dark core
length reaches a
critical value, being
comparable to the
distance from the
holes exit plane (of the
impinging injector) to
the impinging point
(i.e., the pre-
impingement length).

Hypothesis

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)
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A Unified Injector Sensitivity Theory

Single Jet and Coaxial Jet Injectors

JET-CORE LENGTH
OSCILLATION

JET-CORE IS SHOWN
AT TWO EXTEREME
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AVERAGED
JET-CORE
LENGTH

Single Jet

Jet-core
Jength

S

NStochastic
yvariations
of the Jet-
core length EXTENT OF JET-

CORE OSCILLATION

JET-CORE IS SHOWN AT
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OF ITS OSCILLATION

AVERAGED
JET-CORE
LENGTH
Coaxial Jet

[Key Components of the Unified Theory }

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



A Unified Injector Sensitivity Theory

Impinging Jet Injector

Extent of Dark-core

[Key Components of the Unified Theory ] i

/I’
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Impinging Jets

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



A Unified Injector Sensitivity Theory
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[Key Components of the Unified Theory:

Lowered Intrinsic
Sensitivity (e.g., for LOL)

1.All share a “dark core” with Mean & RMS, A
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Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

Dynamics of
the Dark
Core length

Physical

interpretation of
RMS and

connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

SINGLE JET

Dark-core (Breakup)

length
Hiroyasu

Cavitation& Hydraulic
Flip (Hiroyasu

Dark Core length
measurements by

DLR and Chehroudi
(AFRL)
Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

SINGLE JET
Dark-core (Breakup)

length
Hiroyasu

COAXIAL JET

Cavitation& Hydraulic
Flip (Hiroyasu

Dark Core length
measurements by

DLR and Chehroudi
(AFRL)
Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



SINGLE JET
Dark-core (Breakup)

length
Hiroyasu

Cavitation& Hydraulic
Flip (Hiroyasu

Dark Core length
measurements by
DLR and Chehroudi
(AFRL)

Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length

COAXIAL JET

LRE Stability rating
* Temp Ramping
* Velocity Ratio

Physical
interpretation of
RMS and
connection to
instability
(Culick)

(=1
o

=
o

Curved Dark Core Length Lt/D1

Lt Standard Deviation/D1

Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

subcritical P

e

e
it

\
¥

™

*

nearfsupercritical P

1

T T
0.1 1.0 10.0

100.0
Outer to Inner Jet Momentum
Flux Ratio (MR)

Figure 10. Trend of the Curved Dark Core Length vs.
8
7
6
5 AV
TS &
3 \\ F o
21— w 7
11
0 u’%i.ll. .

0 5 10 15 20

Outer to Inner Jet Velocity Ratio, VR

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)




Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

(=1
o

SINGLE JET subgitical P
Dark-core (Breakup) T 141
length ' ;iu véii;ir;
- 10 i 0.3 T ¥it+iy
Hiroyasu ;. 8 SR

\
A

el

x

COAXIAL JET

nearfsupercritical P

Cavitation& Hydraulic
Flip (Hiroyasu

1

Curved Dark Core Length Lt/D1

T T
0.1 1.0 10.0 100.0

LRE Stabl“ty rating Outer to Inner Jet Momentum
. Flux Ratio (MR)
* Temp Ramping
Dark Core |ength ° Velocity Ratio Figure 10. Trend of the Curved Dark Core Length vs.
measurements by
DLR and Chehroudi
(AFRL)

DLR work in single-element ,
Rocket ¥
Stable at near- & super-critical : T
Unstable at subcritical LY

Unlfled 0 5 W}D IIS 20

Lt Standard Deviation/D1
O = MW R @~ @
d

| n - eCtor Outer to Inner Jet Velocity Ratio, VR
Sensitivity
Theory
Dynamics of
the Dark
Core length
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)




Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

(=1
o

SINGLE JET subgitical P
Dark-core (Breakup) T 141
length ' ;iu véiigir;
- 10 i 0.3 T ¥it+iy
Hiroyasu ;. 8 SR

\
A

el

x

COAXIAL JET

nearfsupercritical P

Cavitation& Hydraulic
Flip (Hiroyasu

1

Curved Dark Core Length Lt/D1

T T
0.1 1.0 10.0 100.0

LRE Stab|||ty rating Outer to Inner Jet Momentum
° Temp Rampmg Flux Ratio (MR)
Dark Core Iength PY Velocity RatiO Figure 10. Trend of the Curved Dark Core Length vs.
measurements by
DLR and Chehroudi 58
(AFRL) )
DLR work in single-element Z° 7\ .
Rocket s \\f-s‘i\
Stable at near- & super-critical g2 - 7
Unstable at subcritical ERSIC PP ,
Unlfled 0 5 10 15 20
In.ector Santoro’s fired single—element Outer te Inner Jet Velocity Ratio, VR
Sensitivity Rocket
Theory
Dynamics of
the Dark
Core length
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)




SINGLE JET
Dark-core (Breakup)

length
Hiroyasu

Cavitation& Hydraulic
Flip (Hiroyasu

IMPINGING JET

Dark Core length
measurements by
DLR and Chehroudi
(AFRL)

Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length

COAXIAL JET

LRE Stability rating
* Temp Ramping
* Velocity Ratio

DLR work in single-element
Rocket
Stable at near- & super-critical
Unstable at subcritical

Santoro’s fired single-element
Rocket

Physical

interpretation of
RMS and

connection to
instability
(Culick)

(=1
o

Curved Dark Core Length Lt/D1

Lt Standard Deviation/D1
O = MW R @~ @

=

0

Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

subcritical P

T

e
LS

™~

nearfsupercritical P

1
0

Figu

T T
1 1.0 10.0 100.0

Outer to Inner Jet Momentum
Flux Ratio (MR)

ure 10, Trend of the Curved Dark Core Length vs.

. \.4;\

I’&i P

0

5 10 15 20
Outer to Inner Jet Velocity Ratio, VR

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)




Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

i 100
HP”PP'MJ SINGLE JET 5 subgyitical P
Smooth Jel Region Dark-core (Breakup) i -
’ Teansilion Flow: Region Iength ;E:h g ;i g i ; 3 f
. e e o Hiroyasu e uii pHHHE
Incomplete 3 ° 58 - *
in complele Spray v d ?_: / Ii 18
L2 B PN RS TR CRNRCRRRCREF SRV WL, '"CRF Ay : ¥
Q I M P I NG I NG JET CaVitatiOn& Hydraulic COAXIAL JET % ; -learfsupercrm'ca\ P ‘
i Flip (Hiroyasu 3 o 1.0 10.0 100.0
5 : — : LRE Stab|||ty rating Outer to Inner J_et Momentum
Hewitt Stablllty plot for LOL ° Temp Rampmg Flux Ratio (MR)
Implnglng (d/V) Dark Core Iength ° Velocity Ratio Figure 10. Trend of the Curved Dark Core Length vs.
measurements by
DLR and Chehroudi ¢
(AFRL) 5.
- H H _ % 5 AV
10 DLR work in single-element g, 7\\ '
Fl Rocket R
H Stable at near- & super-critical g2 - :
3 Unstable at subcritical E RN VPR ,
% Unified 0 5 o152
-%(1[] |n .ector Santoro’s fired single—element Outer to Inner Jet Velocity Ratio, VR
Sensitivity Rocket
Theory
Dynamics of
> the Dark
1
T o001 0.10 100 Core Iength
Chamber-to-Injectant Density Ratio
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)



Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

LY

Break-up Length

enzth ¥(Nozzbe Divneter)

Dripping

Smooth Jel Region
Teansilion Flow: Region
Wavy Jel Region

Incomplele Spray

IMPINGING JET

SINGLE JET
Dark-core (Breakup)

Hewitt Stability plot for LOL
impinging (d/V)

Comparable pre-impingementx
distance and Dark-core

length

0.10

Chamber-to-Injectant Density Ratio

1.00

length
Hiroyasu

Cavitation& Hydraulic
Flip (Hiroyasu

COAXIAL JET

LRE Stability rating

Dark Core length
measurements by
DLR and Chehroudi
(AFRL)

* Temp Ramping
* Velocity Ratio

Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length

DLR work in single-element
Rocket
Stable at near- & super-critical
Unstable at subcritical

Santoro’s fired single-element
Rocket

Physical

interpretation of
RMS and

connection to
instability
(Culick)

(=1
o

=

Curved Dark Core Length Lt/D1

Lt Standard Deviation/D1
O = MW R @~ @

0

1

subcritical P

T

e
LS

\
A

nearfsupercritical P

T T
0.1 1.0 10.0

100.

Outer to Inner Jet Momentum
Flux Ratio (MR)

0

Figure 10. Trend of the Curved Dark Core Length vs.

. \.4;\

I’&i P

0

5 10 15
Outer to Inner Jet Velocity Ratio, VR

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)

20



Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

Dripping
Smooth Jel Region

Teansilion Flow: Region

LY

Wavy Jel Region

Incomplele Spray

Break-up Length

IMPINGING JET

100

Hewitt Stability plot for LOL
impinging (d/V)

Comparable pre-impingementx
distance and Dark-core

length

0.01 0.10 1.00

Chamber-to-Injectant Density Ratio

Observed Instability at high
chamber pressures for some
engine designs (J. Fang)

(Santoro” Group)
Impinging jet increasing
sensitivity at lower d/V

(Anderson et al.)

SINGLE JET 5 subgyitical P
Dark-core (Breakup) z Ti 1,3
length g ;in 'éig;%l‘
Hiroyasu i %‘ B8 SyRL
) ¥ == =
‘ ;| /Py,
8 3
CaVitatiOn& HydraUIiC COAXIAL JET % ; -learfsupercrm'ca\ P ‘
Flip (Hiroyasu 3 o 1.0 10.0 100.0
LRE Stab|||ty rating Outer to Inner Jet Momentum
Flux Ratio (MR)

* Temp Ramping
* Velocity Ratio

Figure 10. Trend of the Curved Dark Core Length vs.

Dark Core length
measurements by
DLR and Chehroudi
(AFRL)

DLR work in single-element
Rocket
Stable at near- & super-critical
Unstable at subcritical

Lt Standard Deviation/D1

O 2N WR OO N ®
o
a
L
-

I’&i P

0 5 10 15 20

Unified

|niect0r Santoro’s fired Single-element Outer to Inner Jet Velocity Ratio, VR
Sensitivity Rocket
Theory
Dynamics of
the Dark
Core length
Physical
interpretation of
RMS and
connection to
instability
(Culick)

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)




Supporting Data and Offered Explanations by the
Unified Injector Sensitivity Theory

Dripping
Smooth Jel Region

Teansilion Flow: Region

LY

Wavy Jel Region

Incomplele Spray

Break-up Length

IMPINGING JET

SINGLE JET
Dark-core (Breakup)

Hewitt Stability plot for LOL
impinging (d/V)

Comparable pre-impingementx
distance and Dark-core

length

0.10

Chamber-to-Injectant Density Ratio

1.00

Observed Instability at high
chamber pressures for some
engine designs (J. Fang)

(Santoro” Group)
Impinging jet increasing
sensitivity at lower d/V

(Anderson et al.)

I —————————— —
I Prediction for impinging jet :
1 rockets using the I
1 THEORY I
1

e e e e e e

length
Hiroyasu

Cavitation& Hydraulic
Flip (Hiroyasu

Dark Core length
measurements by
DLR and Chehroudi
(AFRL)

COAXIAL JET

LRE Stability rating
* Temp Ramping
* Velocity Ratio

Unified
Injector
Sensitivity
Theory
Dynamics of
the Dark
Core length

DLR work in single-element
Rocket
Stable at near- & super-critical
Unstable at subcritical

Santoro’s fired single-element
Rocket

Physical

interpretation of
RMS and

connection to
instability
(Culick)

100

=

Curved Dark Core Length Lt/D1

Lt Standard Deviation/D1
O = MW R @~ @

0

1

subcritical P

i in
&, JiEg
I-T_ I_l I

™~
T

™

%

near/supercritical P

0.1

T T
1.0 10.0 100

Outer to Inner Jet Momentum
Flux Ratio (MR)

.0

Figure 10. Trend of the Curved Dark Core Length vs.

=
4 N [
i
’&J.I-. .
0 5 10 15

Outer to Inner Jet Velocity Ratio, VR

MANY EXPERIMENTALLY OBSERVED TRENDS ARE CONSISTENT WITH THE THEORY

A Unified Approach on Combustion Instability in Cryogenic Liquid Rocket Engines (Bruce Chehroudi)

20




Conclusions =L, |
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® A hypothesis is proposed to link observations made in cold flow
Injector studies, sub-scale fired engines, and full-scale production
engines with an aim to offer a sketch of a Unified Injector Sensitivity
Theory which is consistent with most observations pertaining to
combustion instability.

® This is a unique and systematic approach based on dynamic
behavior of the “Jet-core length” observed and characterized for
single jets (showerhead), coaxial jets, and impinging jets

® This theory, for the first time, attempts to propose & unify the
underlying mechanism responsible for the sensitivity of different
liquid rocket injectors to acoustic field established inside the rocket
thrust chamber

® Theory is able to offer plausible explanations for combustion
Instability observations in liquid rocket engines under sub- and
super-critical conditions
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In thizwork, the author would like to portray a sketch of a fluid dy namical picture to deseribe the coupling nature’
strength between the chamber acoustics and the injectors. This new perspective is achieved through a physically
intuitive arguoment eombined with previously published test resultsfor twoe pepular injector designs, mamely, ceaxial
and impinging jets. For the impinging-jet mjectors, it is shown that the dynamic behavior of the dark-core (or
breakup) zone for each jet, their lengths and thicknesses, has a profound impact on injector sensitivity to
disturbances in its surreunding. This infomation & used tooffer a pessible explanation for the trends seen on the
Hewitt stability plot in impinging-jet injectors.
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Conclusions

® A Unified Injector Sensitivity Theory is proposed

® Unique systematic approach based on dynamic behavior of the “Jet-
core length” characterized for single jets (showerhead), coaxial jets,
and impinging jets

® This theory, for the first time, attempts to propose & unify the
underlying mechanism responsible for the sensitivity of different
liquid rocket injectors to acoustic field established inside the rocket
thrust chamber

® Theory is able to offer plausible explanations for combustion
Instability observations in liquid rocket engines under sub- and
super-critical conditions

® Theory is consistent with the examined (so far) existing body of data
from cold to fired single-element tests, as well as able to explain
engine data such as Hewitt Stability Correlation (see paper for
details)
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