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Abstract

This dedicated paper presents an overview of six fields of research in combustion in which Pr

Sébastien Candel has made remarkable contributions: cryogenic combustion and liquid rocket en-

gine dynamics, turbulent combustion modeling, combustion noise, flame dynamics and combustion

instability, flame describing functions in combustion instability analysis, combustion dynamics and

instabilities in annular systems. The paper is designed to (1) provide a review of research in each

of the six fields, which can be used by all members of our community and (2) show how Pr Candel’s

work has oriented and shaped research in these fields over the last few decades.
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1. Introduction

Pr Sébastien Candel has been a leader in the field of combustion for decades as well as a remark-

able member of the Combustion Institute. This dedicated paper, written by some of his students

and colleagues, presents a summary of his achievements in six fields of research, starting from

his initial ideas and showing how these ideas have influenced multiple generations of researchers

in combustion. While Pr Candel has also worked on steady flames, his main interest has always

been unsteady combustion as found in turbulent flames, combustion noise and combustion insta-

bilities. He has addressed all types of flames, from laminar Bunsen type flames (in the kW range)

to cryogenic hydrogen-oxygen rocket engines (in the MW range):

• Cryogenic combustion and liquid rocket engine dynamics

• Turbulent combustion modeling

• Combustion noise

• Flame dynamics and combustion instability

• Flame describing functions in combustion instability analysis

• Combustion dynamics and instabilities of annular systems

For each topic, there are two objectives: (1) to provide a historical view of combustion research

in each field so that readers will have an overview of recent progress, and (2) to show the impressive

impact of Pr Candel in all of these fields. Each section is designed to provide a summary of the

field over the last forty years and to be used as an entry point into the domain for all interested

researchers. Details can be found in the corresponding papers.
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2. Cryogenic combustion and liquid rocket engine dynamics

Rocket engines are the most extreme application of combustion. They combine high pressures,

huge powers, unusually low temperatures, and extremely high temperatures. The design of fuel and

oxidizer injection systems is a crucial component in rocket engines. Early research into combustion

in liquid rocket motors relied heavily on experiments [21, 46]. By the 1970’s, tests on many

injector designs had led to adoption of the coaxial injector with a slow central liquid oxygen (LOx)

jet surrounded by a fast annular fuel jet. This was used in the Space Shuttle main engine (SSME)

with swirling flow at 200 bar, and in the Ariane family with non-swirling flow at 100 bar. The

more complex design of the SSME was justified by the fact that each engine was expected to be

re-used up to 50 times, although in practice each was used around 5 times.

By the standards of today, numerical analysis before 1990 was rudimentary [242]. Furthermore,

experiments were limited to measurements of global outcomes such as combustion efficiency, thrust,

and mixing rates because rigs did not have good optical access. Until the 1990’s, rocket engine

design therefore relied on empirical correlations and simple axisymmetric models of the flows from

fuel injectors [148]. These models assumed that shear layers grow linearly with downstream dis-

tance and considered the streams as quasi-1D incompressible steady flows. In this way, the shear

experienced by the LOx jet could be estimated from the injector geometry, which went some way

to explaining the experimental observations. Nevertheless, many details remained unknown. For

example, scientists did not know the shape of the flame in a coaxial injector, how it was anchored,

how the LOx jet was atomized, or how trans-criticality influenced jet break-up.

With advances in diagnostics, instrumentation, data acquisition, and numerical simulations

available in the 1990’s, it became possible to start to answer these questions systematically. In

1993 Sébastien Candel and others convened the Groupement de Recherche ‘Combustion dans les

Moteurs Fusées’ to (i) investigate the physical processes involved in mixing and atomization, (ii)

investigate the physical processes involved in combustion of sprays, (iii) develop experimental

diagnostics applicable to cryogenic combustion, (iv) perform experimental measurements on a
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trans-critical cryogenic combustion facility and (v) develop numerical simulations of cryogenic

combustion. One of the most instrumental tools was ONERA’s MASCOTTE test rig: a high

pressure (> 70 bar) coaxial test rig for cryogenic propellants with good optical access and the

ability to be acoustically forced [421]. The information available from experiments on MASCOTTE

enabled advances in models and simulations that would otherwise have been impossible. This

section contains a description of the work that Sébastien Candel led from the 1990’s, which has

changed our understanding of the structure and stability of cryogenic spray flames.

2.1. Unanswered questions about cryogenic combustion in the early 1990’s

Cryogenic combustion occurs between trans-critical species over such a wide range of spatial

and temporal scales that it is too numerically expensive to simulate directly. Instead, reduced order

models must be used for many aspects of the physics, meaning that experiments are required to test

and improve models. Estimates of characteristic times [170] showed that chemical reaction is faster

than mixing, which is faster than vaporization, which in turn is governed by atomization of the LOx

jet, meaning that atomization is the rate limiting process. For atomization, cold flow experiments

showed that the most influential dimensionless groups are the momentum flux ratio J ≡ (�gu2
g)=(�lu2

l )

(also known as the dynamic head ratio) and the Weber number We ≡ (�g(ug − ul)2dl)=�, where g

denotes gas, l denotes liquid, u is speed, � is density, d is jet diameter, and � is surface tension.

For supercritical flows, the Weber number is undefined because there is no surface tension and it

was not clear what, if anything, should replace it. Despite the fast chemical time, the position

of the base of the flame was also not known before the 1990’s. Four possible flame anchoring

configurations were thought possible [377], shown in Fig. 1. The main questions were therefore (i)

what controls the rate of atomization or mixing, which impacts combustion efficiency and (ii) what

controls the flame anchoring, which impacts reliability.
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CRYOGENIC PROPELLANT COMBUSTION 339

guish the four situations sketched in Figure 1. The stabilization process has
been studied extensively in the case of a gaseous fuel jets injected into an
ambient oxidizing atmosphere at rest (for example Kalghatgi (1994), Pitts
(1990), Broadwell et al. (1984)). Some other experiments concern two-phase
flames (see for example Stepowski et al. (1994». The gas phase experiments
indicate that when the fuel jet velocity is low, the flame is anchored on the
injector rim. The flame lifts off when the jet velocity is increased beyond a
certain value. The flame is then established at a stand-off distance from the
injection plane. If the jet velocity is increased further, there comes a point
where the flame is blown-out. The cryogenic injector configuration differs in
some notable ways from the cases investigated previously. The oxygen stream
is at low temperature and requires energy for vaporization. The liquid oxygen
is injected by the central tube at a low speed while the outer hydrogen stream
flows at high speed. Under these circumstances the inner jet acts like a wake
producing a velocity "defect" in the central region. The stabilization point will
then lie in the low velocity region. One may however imagine different possi-
bilities. The flame may be anchored on the injector lip as in Figure 1 (a), it
may be lifted and stabilized at a distance as in Figure 1 (b) or it may be
stabilized as a premixed front anchored downstream on the liquid core break
up region as in Figure 1 (c). One may also imagine a combination of a weak
reaction region in the immediate vicinity of the injector forming a "pilot"

FIGURE I Possible flame stabilization configurations. (a) The flame is anchored on the injector
rim; (b) The flame is lifted and stabilized at a finite lift-off distance; (c) The flame is stabilized as
a premixed front anchored in the liquid core break-up region; (d) A weak pilot reaction develops
nearthe injectorriminitiatingreactionswhichaftera certaindistancerunawayand produceflame
stabilization.

Figure 1: Possible flame stabilization configurations: (a) the flame is anchored on the injector rim; (b) the flame

is lifted and stabilized at a finite lift-off distance; (c) the flame is stabilized as a premixed front anchored in the

liquid core break-up region; (d) a weak pilot reaction develops near the injector rim initiating reactions which after

a certain distance run away and produce flame stabilization. Reproduced from [377].
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���M�/ �M�Q�M�@���/�B���#���i�B�+ �~���K�2�b�X �(�R�R���R�j�- �R�k�3���R�j�y�)�X �h�?�2 �b�B�x�2 �Q�7 �/���i���#���b�2�b �K�B�;�?�i �#�2�+�Q�K�2 �T�`�Q�?�B�#�B�i�B�p�2

�B�M �i�2�`�K�b �Q�7 �+�Q�K�T�m�i���i�B�Q�M���H �`�2�b�Q�m�`�+�2�b�- �#�m�i �+���M �#�2 �`�2�/�m�+�2�/ �m�b�B�M�; �~���K�2 �b�2�H�7�@�b�B�K�B�H���`�B�i�v �T�`�Q�T�2�`�i�B�2�b
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���+�+�Q�`�/�B�M�; �i�Q �6�B�;�X�3�- �� �+�Q�M�}�;�m�`���i�B�Q�M �Q�7 �B�M�i�2�`�2�b�i �B�b �i�?�2 �`�Q�H�H�B�M�; �Q�7 �� �~���K�2 �B�M �� �p�Q�`�i�2�t�X �h�?�B�b

�+�Q�M�}�;�m�`���i�B�Q�M �B�b �r�2�H�H�@�b�m�B�i�2�/ �i�Q �b�i�m�/�v �i�?�2 �b�i�`���B�M�B�M�; �Q�7 �~���K�2 �B�M �K�B�t�B�M�; �H���v�2�`�- �i�?�2 �B�M�+�`�2���b�2 �B�M �~���K�2
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�Q�7 �i�?�2 �*�6�J �+�Q�M�+�2�T�i�- �2�p�2�M �B�7 �b�B�K�m�H���i�B�Q�M�b �r�2�`�2 �H�B�K�B�i�2�/ �#�v �b�i�`�Q�M�; ���b�b�m�K�T�i�B�Q�M�b �b�m�+�? ���b �B�M�}�M�B�i�2�H�v �7���b�i
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�h�?�2 �*�6�J �r���b �B�M�B�i�B���H�H�v �/�2�p�2�H�Q�T�2�/ �B�M�i�m�B�i�B�p�2�H�v ���M�/ �i�?�2� �@�2�[�m���i�B�Q�M �U�1�[�X �U�R�V �Q�` �1�[�X �U�R�9�V�V �r���b �2�b�b�2�M�@

�i�B���H�H�v �T�Q�b�i�m�H���i�2�/ �r�B�i�?�Q�m�i �`�B�;�Q�`�Q�m�b �/�2�`�B�p���i�B�Q�M�X �A�M �i�?�2 �R�N�N�y�b�- �a�X �*���M�/�2�H �`�2�p�B�b�B�i�2�/ �i�?�2 �r�?�Q�H�2 �7�`���K�2�r�Q�`�F

�Q�7 �~���K�2 �b�m�`�7���+�2 �K�Q�/�2�H �m�b�B�M�; �i�?�2�Q�`�2�i�B�+���H ���M���H�v�b�B�b�- �+�Q�K�#�B�M�2�/ �r�B�i�? �/�B�`�2�+�i �M�m�K�2�`�B�+���H �b�B�K�m�H���i�B�Q�M �U�.�L�a�V

�/���i���- �#�`�B�2�~�v �b�m�K�K���`�B�x�2�/ �?�2�`�2�X

�j�X�9�X�R�X �"���H���M�+�2 �2�[�m���i�B�Q�M �7�Q�` �i�?�2 �~���K�2 �b�m�`�7���+�2 �/�2�M�b�B�i�v

�*���M�/�2�H ���M�/ �S�Q�B�M�b�Q�i �(�8�N�) �/�2�`�B�p�2�/ ���M �2�t���+�i �2�t�T�`�2�b�b�B�Q�M �7�Q�` �i�?�2 �~���K�2 �b�i�`�2�i�+�?�,
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= r � u � nn : r u + SLr � n: �U�R�3�V

�r�?�2�`�2� A �/�2�M�Q�i�2�b �� �~���K�2 �b�m�`�7���+�2 �2�H�2�K�2�M�i �T�`�Q�T���;���i�B�M�; ���i �i�?�2 �b�T�2�2�/SL �B�M �i�?�2 �M�Q�`�K���H �/�B�`�2�+�i�B�Q�Mn�X

�h�?�2 �i�r�Q �}�`�b�i �_�>�a �i�2�`�K�b�-r � u � nn : r u�- �+�Q�`�`�2�b�T�Q�M�/ �i�Q �i�?�2 �b�i�`���B�M �`���i�2�- �B�X�2�X �i�?�2 �p�2�H�Q�+�B�i�v �;�`���/�B�2�M�i

�B�M �i�?�2 �~���K�2 �i���M�;�2�M�i�B���H �T�H���M�2�- �r�?�B�H�2 �i�?�2 �H���b�i �i�2�`�K �B�b �`�2�H���i�2�/ �i�Q �i�?�2 �~���K�2 �+�m�`�p���i�m�`�2 �2�z�2�+�i�b ���M�/ �K���v

�#�2 �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �i�?�2 �T�`�B�M�+�B�T���H �`���/�B�B �Q�7 �+�m�`�p���i�m�`�2 �Q�7 �i�?�2 �b�m�`�7���+�2�-R1 ���M�/R2�,
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���M�/ �B�b �T�Q�b�B�i�B�p�2 �U�M�2�;���i�B�p�2�V �r�?�2�M �i�?�2 �~���K�2 �B�b �+�Q�M�p�2�t �U�+�Q�M�+���p�2�V �i�Q�r���`�/�b �7�`�2�b�? �;���b�2�b�X �h�?�2�M�- ���M �2�t���+�i

�#���H���M�+�2 �2�[�m���i�B�Q�M �7�Q�` �i�?�2 �B�M�b�i���M�i���M�2�Q�m�b �H�Q�+���H �~���K�2 ���`�2�� �T�2�` �m�M�B�i �p�Q�H�m�K�2�-� l �B�b �/�2�/�m�+�2�/�,
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+ r � u� l = (r � u � nn : r u) � l � n � r (SL� l) �U�k�y�V

�h�?�2 ���m�i�?�Q�`�b �b�m�;�;�2�b�i�2�/ �i�?���i �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �~���K�2 �b�m�`�7���+�2 ���`�2�� �T�2�` �m�M�B�i �K���b�b�-as�- �B�b �K�Q�`�2 ���T�T�`�Q�T�`�B���i�2

�7�Q�` �b�B�K�m�H���i�B�Q�M�b�X ���b� l = � as�- �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �#���H���M�+�2 �2�[�m���i�B�Q�M �B�b�,
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�k�N



�S�Q�T�2 �(�j�R�N�) �b�?�Q�r�2�/ �i�?���i �i�?�2 �K�2���M �~���K�2 �b�m�`�7���+�2 �/�2�M�b�B�i�v �+���M �Q�M�H�v �#�2 �/�2�}�M�2�/ �b�i���i�B�b�i�B�+���H�H�v�X �6�Q�` ��

�T�`�2�K�B�t�2�/ �~���K�2 �/�2�b�+�`�B�#�2�/ �#�v �� �T�`�Q�;�`�2�b�b �p���`�B���#�H�2� �U�`�2�/�m�+�2�/ �K���b�b �7�`���+�i�B�Q�M �Q�` �i�2�K�T�2�`���i�m�`�2 �b�m�+�? ���b

� = 0 �B�M �7�`�2�b�? �;���b�2�b ���M�/� = 1 �B�M �7�m�H�H�v �#�m�`�M�i �Q�M�2�b�V�- �i�?�2 �2�t���+�i �/�2�}�M�B�i�B�Q�M �Q�7� � �B�b�,
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p(� � ) �U�k�k�V
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�
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