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ABSTRACT 6 
 7 
Ignition of cryogenic engines of space launchers is usually preceded by a transient phase 
during which feeding lines of the combustion chamber are swept by an inert gas. This 
sweeping flow may be prolonged for several milliseconds while propellants injection begins. 
Experiments were carried out with nitrogen flowing in a full scale injector of HMB7 engine 
(equipping Ariane 5 launcher) in thermo-hydrodynamic conditions of similitude with oxygen 
flow in HM7B (actual oxider propellant of HM7B). Two conditions were investigated: 1) with 
nitrogen only, 2) with helium gas injected simultaneously with nitrogen during the 150 first 
milliseconds. The aim was to characterize the instabilities occurring during a pre-ignition 
transient of 300ms and the effect of the inert gas sweep on these instabilities.  
Impact force of the jet, density and pressure at injector exit where measured by means of 
load cell, piezoresistive sensor and resonance cavity respectively Mass flow was then 
calculated through momentum equation and slip ratio correlation. 
Measurements and analysis showed that the flow was inverted annular flow and mist flow, 
instabilities were of thermoacoustic oscillation (TAO) type, and led to suggest the thermal 
effect as major in the production of these oscillations. This also showed that a prolonged 
sweep of the injector with inert gas had a stabilizing effect on the two-phase flow due to the 
reduction of wall heat flux and of the inlet subcooling enthalpy. This finding is of great interest 
also because it shows that TAO are generated in the unit engine much earlier than after 
ignition inside the combustion chamber. Possible coupling between these TAO and those 
occurring after ignition during combustion (which have different source and with different 
sustaining factors) might bring interesting knowledge regarding engine ignition process. 
 8 
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 11 
1. INTRODUCTION 12 
 13 
Ignition of cryogenic space rocket engines are key phases for space flights. Without 14 
appropriate ignition (especially in terms of time and power delivered), the space mission may 15 
be compromised. Since a few years, with the proliferation of projects aiming at developing 16 
engines with re-ignition [1-5], new stakes have raised regarding ignition, the expected benefit 17 
being to ship multiple payloads, to place satellites closer to their final orbits. The control of 18 
ignition or re-ignition phases depending on a pre-ignition transient is a crucial challenge: an 19 
ignition failure or a long lasting ignition may lead to lose control of the launcher or to make 20 
the engine exploding after gases accumulation inside the combustion chamber, thus 21 
destroying payloads [6]. 22 
 23 
Cryogenic space rocket engines may operate at low or high pressure in nominal conditions 24 
depending on the technology used but anyway ignition comes through a pre-ignition 25 
transient, a phase of low pressure before launching turbopumps necessary to reach high 26 
pressure [7].  27 
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Propulsion units including cryogenic engine respect a similar design [6, 8] (Figure 1): mainly 28 
a combustion chamber in which the propellants are injected through coaxial injectors, a 29 
nozzle whereby the combustion gases reach the required speeds necessary for propulsion 30 
purpose, two fuel supply turbopumps themselves fed by a portion of the resulting 31 
combustion gases, two tanks of hydrogen and oxygen (LH2 and LOX) under low pressure 32 
(example Figure 2). Propellants are injected at cryogenic temperature. Oxygen enters a 33 
cavity called LOXdome and supply the combustion chamber through several tens or 34 
hundreds of injectors located under the bottom plate of the dome (predistributor plate). 35 
Hydrogen enters a toroidal collector and is distributed in a bundle of rectangular channels 36 
within the combustion chamber wall. It then flows up to the predistributor plate and the H2 37 
flow surrounds the LOX flow through coaxial injectors [9-12]. 38 
 39 

 40 
Fig. 1. Schematic design of a cryogenic unit (type HM7B of Ariane launcher) 41 

 42 

 43 
Fig. 2. HM7B engine and the schematic design of its combustion chamber (Source: 44 

Propulsion spatiale – HM7B. Snecma. Division Moteurs Spatiaux. 2011. 45 
www.snecma.com) 46 

The pre-ignition transient always goes through a sequence in four steps: sweep of propellant 47 
ducts with inert gas for complete purge, H2 fill without combustion, start-up of the igniter, 48 
admission of the oxidizer O2. The time lasting between H2 admission and ignition generally 49 
lasts several hundreds of seconds [13]. The time between admission of O2 and ignition lasts 50 
generally a few hundreds of milliseconds. This procedure creates a reducing mixture before 51 
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ignition because an oxidant mixture would destroy the engine walls [14:p30]. This transient 52 
combines different types of oscillations due to the LOXdome and the difference of 53 
temperature between the cryogenic propellants and the walls [15]. Even with a pre-cooling of 54 
the feeding system, this difference is high enough to produce oscillations. This complex 55 
thermo-hydraulic instabilities do not facilitate ignition [16] whereas short time ignition is 56 
favored by stable and homogeneous mixture “intimately and uniformly mixed” [17:p92]. 57 
 58 
The aim of the present study is to characterize the possible benefits of inert gas sweep 59 
management in order to reduce oscillations during the pre-ignition transient of cryogenic 60 
engines and thus to favor a quick ignition. 61 
 62 
2. MATERIAL AND METHODS 63 
 64 
2.1. Design 65 
 66 
Experiments were carried out on a mock-up representing LOX supply simulated by liquid 67 
nitrogen (LN2) in one injector during a pre-ignition transient of 300 ms (time after which 68 
effectiveness of ignition is expected). LN2 was stored in a pressurized and insulated tank. 69 
LN2 was led to the injector through a duct closed by a solenoid gate valve (LN2 valve) to be 70 
opened in less than 5ms in cryogenic conditions: this was verified by high speed camera. 71 
Downstream this valve, a cavity reproduced the LOXdome connected to the injector 72 
reproducing one HM7B injector full-scale. Material used to build the mock-up was stainless 73 
steel as done for HM7B engine. Dimensions and material being similar to real operating 74 
conditions, calculations of similitude for the flow was only based on Reynolds number and 75 
data given for the cryogenic engine HM7B [13, 18]: LN2 was thus stored at constant 76 
pressure and temperature conditions equal to 3.5bar and 77K representing pre-ignition 77 
conditions before launching turbopumps. Inert gas sweep was made possible, done as for 78 
the rocket engine with Helium gas (He) injected in the LOXdome; with similitude to HM7B, 79 
the flow rate was .1g/s for one injector [13] maintained constant and independent from 80 
downstream pressure by creating a sonic flow through a micrometric valve. Two 81 
experimental conditions were studied: 1) with inert gas sweep before opening the LN2 valve 82 
only, 2) with inert gas sweep before opening the LN2 valve and 150ms after. 83 
 84 
The injector was made up of five parts: a converging part (angle: 15°, length: 1.5mm), inlet 85 
(diameter: 2mm, length:3 mm), diverging part (angle: 51°, length: 1mm), cylindrical part 86 
(diameter: 4.5mm, length: 14.5mm), converging part (angle: 37°, length: 1mm), outlet part 87 
(diameter: 3mm, length: 18mm).  Along the injector, pressure was measured in three points 88 
by piezoresistive sensors: before inlet (according to the fluid low) p1, entrance constriction p2, 89 
before exit p3. At the exit of the injector where external pressure p4, void fraction and thrust 90 
were measured by means resp. of a microwave resonator and a plate mounted on a 91 
piezoelectric load cell (Figure 3). This metrology is described in section 2.2. Measurements 92 
of these parameters acquired at 5ms interval allowed us to calculate the mass flow rate G vs 93 
pressure drop dp=p3- p4 at the exit as described in section 2.3.  94 
 95 
Characterization of N2 flow for each experimental condition was considered in terms of G 96 
and dp and instability types. 97 
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  98 
Fig. 3. LN2 two-phase jet exiting the injector (vertical flow) and impacting the plate 99 

mounted on load cell: the N2 flow goes upwards on the picture 100 

From the expression of the volume balance in dotted line on Figure 4 applying momentum 101 
conservation equation, we derived the total N2 mass flow G at injector exit: 102 
 103 

�� = � −  ��	
�  �� − ��  (1) 104 

with: 105 

� =  � −  ��	
� ∑   �
�
�
   
��,�   (2) 106 

Introducing the slip factor � = �� ��� , (2) becomes: 107 

� = � − ��	
��� ���� +  ������� (3)  108 

Introducing: 109 

� = � −  ��	
�  �� − ��   (4) 110 

�� =  ��� +  �1 − ����  (5) 111 

 = �� ��     (6)  112 

equation (3) into (1) gives: 113 

�! =  ��	
���� "� ; ��   (7)  114 

where " is a function defined as: 115 

"� ; ��   =  $1 +  �1 −  �%� +  1 �� −  2'()*
 (8)  116 

Calculations showed that for the expected values of G and α in the considered experimental 117 
conditions, the function " could be approximated by 1 with negligible error on G; 118 
demonstration follows.  119 
 120 

Estimating the slip factor s using Premoli et al.’s [19] correlation which has the benefit of 121 
taking into account the mass flow (established for vertical adiabatic flows but tested with 122 
many other types and recommended by the comparative analysis in [20, 21]) defined by: 123 
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with: 125 
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?@ = J  KLMNO
PLMNO  Q8   (14)  130 

F@ = J 0KLMNO
PLMNO0   R 68   (15)  131 

calculations showed that, for a given value of G, slip ratio increases with quality until a 132 
threshold after which it decreases and tends to 1. At fixed G=5g/s, slip ratio is 1 when X>.7. 133 
With higher values of G, this threshold is diminishing. In our experiments, G being very early 134 
higher than 5g/s and X being calculated close to 1 led to consider s=1 and thus " =1. 135 
Therefore, for the considered experimental conditions, the error on G using (7) with " 136 
approximated by 1 was estimated less than 5.6% according to the comparative study of 137 
Yashar [20] assessing the reliability of correlations for flows in smooth millimetric tubes.  138 

 139 
Fig. 4. Sketch of the N2 jet at injector exit impacting plate  140 

 141 
2.2. Apparatus 142 
 143 
2.2.1 Pressure 144 
 145 
Along the injector, pressure was measured in three points (nozzle diameter: .4mm) by 146 
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miniature piezoresistive sensors: sensitivity 5pC/bar, resonance frequency >400kHz, 147 
pressure range 0-200bar, rise time 1µm, resolution 0.005bar, linearity <±1%, hysteresis 148 
<1%, temperature range -196 to +240°C, temperature coefficient sensitivity 2.10-4 /°C. The 149 
response time of these pressure lines was estimated less than 20ms when 150 
(ρ,dp)<(5kg/m3;0.1bar) and less than 5ms for higher values which was the case for more 151 
than 90% of the acquired signals. 152 
 153 
2.2.2 Force  154 
 155 
Thrust of the jet at injector exit was measured by means of a plate mounted on a 156 
piezoelectric load cell the specifications of which were: sensitivity 46.8pC/N, resonance 157 
frequency >400kHz, pressure range -500 to +500N, resolution 0.005N, linearity <±1%, 158 
hysteresis <1%, temperature range -115 to +240°C, temperature coefficient sensitivity 2.10-4 159 
/°C. 160 
 161 
2.2.3 Density 162 
 163 
Density measurement was the most delicate part of the metrology. Two-phase flow density 164 
was estimated by means of a cylindrical hyperfrequency resonator (cavity) located at the exit 165 
of the injector (Figure 5) inside which the fluid flew along its axis. The method permitted 166 
calculation of the fluid density ρm from measurement of resonance frequency of the 167 
resonator which varies with the dielectric permittivity of the fluid. Its principle was fully 168 
described by Krupka [22] or Paez et al. [23]. The method was used since long [see for 169 
example 24-28] and applied with many types of resonator [22, 27-28].  170 
The volume considered for measurements was made up of three coaxial media (the fluid 171 
flow in the center, the duct wall, the inside of the cavity). In order to optimize measurements, 172 
the resonator was designed so that: 173 

• the resonance mode would concentrate the electric energy where the fluid flew 174 
giving thus a high sensitivity to variation of the fluid dielectric permittivity and thus to 175 
resonance frequency variation,  176 

• a homogenous sensitivity all over the measured volume of fluid was sought implying 177 
an optimal homogeneity of the electric field,  178 

• the conditions of resonance would be optimal, 179 
• it avoided overlapping of several resonance modes, 180 
• the cavity was as small as possible (small measurement volume for accuracy and 181 

reduced bulk for easier implementation). 182 
As a result, the TM010 mode was chosen for the cavity. This mode is quite distinct from 183 
others in case of cylindrical resonator (no overlapping) [29]. It presents dominant electric 184 
axial component with maximum at the resonator axis while the magnetic field has only 185 
azimuthal component. In his review article, Krupka [22] argued this mode creates practical 186 
measurement difficulties such as “any air gaps between sample and metal surfaces 187 
introduce significant errors in real permittivity determination” (p.62). This drawback, effective 188 
for permittivity measurements of different solid samples, was turned into an advantage for 189 
permittivity measurements of a fixed duct where a fluid flows, thanks to the process of 190 
calibrating device (see § “Procedure”). 191 
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 192 

Fig. 5. Resonance cavity at injector exit 193 
 194 
Using the Lorentz-Lorenz formula [30-31] developed for homogeneous isotropic media or 195 
statistically homogeneous and isotropic two-phase media and recently reconsidered by [32], 196 
we used an expression of the relative dielectric permittivity of the media proportional to the 197 
density through the number density of molecules in the medium N (see also [33]): 198 

  199 
S�T�)*
S�T�.! =  �UV

� ��WWW�X� (16) 200 

The mean polarizability ��WWW�X� at frequency ω  is not a linear function of the resonance 201 
frequency XH and therefore the permittivity is not a linear function of the resonance 202 
frequency XH. However, on a short range of values it was shown that it could be considered 203 
as a linear relation without inducing significant error. Leblond & Stepowski [26] 204 
recommended a range of frequencies less than several hundreds of MHz (our experiment 205 
range was 100MHz) and permittivity 1<ԑ<2 (N2 flow gives the bounds ԑLN2 = 1.43 and ԑGN2 206 
very close to 1 [34]). Our simulations confirmed the negligible error (less than 1/10000) as 207 
obtained elsewhere [23]. This allowed us to formulate the two following equations 208 
fundamental to link the measured resonance frequency and the two-phase flow density. 209 
Considering two media with known dielectric permittivity ԑ1 and ԑ2 associated to the 210 
respective resonance frequency ω1 and ω2 when put one after another in place of the studied 211 
two-phase flow inside the resonator, the linearity finding gives:  212 

  213 
SY)SZ
S0)SZ =  TY)TZ

T0)TZ   (17) 214 

and equation (16) is rewritten:  215 

SN)*
SN.! =  [X
   (18) 216 

 217 
where K is a constant which can be determined experimentally during the calibrating process 218 
and the subscript refers to the medium considered. 219 
 220 
Introducing:  221 
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 \X = X� − X*  (19)  222 

 ΔX = X! − X*  (20)  223 

 Δε = _! − _*  (21)  224 

equation (17) becomes :  225 

 _� = `T
aT Δε + _*  (22)  226 

which gives into (18) for the two-phase flow density (i=m) : 227 

 �� = *
b

cd
ed af.SZ)*
cd
ed af.SZ.! (23)  228 

Equation (23) was used to calculate ρm from ωm. Uncertainty calculation and application with 229 
values of the experiments led to estimate uncertainty on ρm less than 2.5%. 230 
 231 
Another source of uncertainty was due to the fact that equation (16) was developed for 232 
statistically homogeneous isotropic media such as spherical inclusions inside a continuous 233 
milieu. If the size of inclusions does not matter provided that their size remains smaller than 234 
the wavelength of the probing wave, their shape or their arrangement are important factors 235 
of possible uncertainty [26]. We carried out test experiments in order to evaluate the 236 
influence of these parameters. Using periodical solid structures of polycarbonate and 237 
polyethylene and controlled two-phase flow of air/cyclohexane (having permittivity 238 
differences close to that of LN2-GN2), the density measured by the resonator differed less 239 
than 3% from the expected values.  240 
 241 
The last possible contribution to the density uncertainty was link with the temperature 242 
resonator stability as pointed out elsewhere [35-36]. The tests undertaken with the mock-up 243 
showed a maximum deviation of .3MHz for the resonance frequency (coherent with results 244 
of [36]) leading to less than .3% of uncertainty for density. 245 
 246 
As argued above in this section, the cavity was designed for TM010 resonance mode 247 
considering three coaxial media bounded by a, b, c, respectively internal and external radius 248 
of the duct made of quartz (Pyrex, ԑ=3.8) and internal radius of the cavity made of copper. 249 
Using Maxwell equations, the TM010 mode was described by a system of five equations 250 
where the components of the electromagnetic field were expressed in terms of Bessel 251 
functions of first and second kinds. Its resolution allowed us to adjust a resonance frequency 252 
equals to 8GHz with radius in mm (a, b, c) = (1.5, 2.5, 12.5) and an internal length of the 253 
cavity equal to 6.4mm.  254 
 255 
The cavity was coupled by a metal ring inserted into the cavity and connected to a sweep 256 
generator according to the description made by Leblond & Stepowski [26]. It enabled to 257 
provide an incident microwave signal with linear frequency and to detect the reflected signal 258 
which was absorbed by the cavity at the resonance value, giving therefore the value of the 259 
resonance frequency varying with the two-phase flow density. The incident signal swept a 260 
range of 100MHz around 8GHz over 5ms (in coherence with the response time of the 261 
pressure lines).  262 
 263 
2.2.4 Resulting uncertainty on the mass flow 264 
 265 
Taking into account all these considerations exposed in section 2.2 and the contribution of 266 
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the slip factor correlation using Premoli et al.’s [19] (§2.1), uncertainty calculation from 267 
equation (7) led to estimate the uncertainty on G equal to 7.2%. 268 
 269 
2.3. Procedure 270 
 271 
Two experimental conditions were studied:  272 

• Condition 1 with inert gas sweep before opening the LN2 valve only,  273 
• Condition 2 with inert gas sweep before opening the LN2 valve and 150ms after. 274 

In both conditions, the time t=0 was associated with the opening of the LN2 valve which was 275 
closed 300ms after. Data acquisition was performed during these 300ms. 276 
 277 
2.3.1 Calibration phase  278 
 279 
The constant K of equation (18) had to be experimentally determined. For this aim, the N2 280 
two-phase flow was replaced by liquid cyclohexane at ambient temperature: ԑ=2.02 at 20°C 281 
[37:p508]. From this value and the associated resonance frequency, the value of K was 282 
determined and then used for calculation of the density of the two-phase flow. 283 
 284 
2.3.2 Pre-injection phase  285 
 286 
Pre-injection phase preceded the opening of the LN2 valve. Inert gas He (mass flow .1g/s) 287 
was injected inside the duct in order to eject any solid particle or droplet of water that could 288 
stay inside. During this time, the volume reproducing the LOXdome was lowered in 289 
temperature by means of an external flow of LN2. This phase lasted 3 minutes. 290 
 291 
2.3.3 Injection phase  292 
  293 
The LN2 valve was opened at t=0. According to the experimental condition, He sweep was 294 
stopped at t=0 (condition 1) or at t=150ms (condition 2). The data acquisition was stopped at 295 
t=300ms and LN2 valve was closed. 296 
 297 
3. RESULTS  298 
 299 
Conditions 1 and 2 both exhibited unstable flows illustrated by oscillatory characters of the 300 
acquired data. 301 
In both conditions, a high rate of reproducibility was observed for each test of each given 302 
condition: amplitude and wavelength of the measurement curves (F, dp and ρm) were similar 303 
from one to another.  304 
 305 
3.1. Condition 1 306 

 307 
Condition 1 was N2 flow with He sweep flow stopped at t=0. 308 
Figure 6 presents variations of the physical quantities needed in equation (7) to calculate the 309 
mass flow G which is drawn on Figure 7. Impact force, pressure drop as well as density 310 
oscillate around an increasing slope during the first 140ms and then around a decreasing 311 
slope (less pronounced for dp) as part of an oscillation of longer wavelength. Additional 312 
experiments lasting several seconds have shown that this was the case, showing a 15Hz 313 
oscillation superimposed to a 1.5 to 3Hz wave during several seconds. Data Figure 6 show 314 
G oscillates before t=160ms with large amplitude and then decreases to about 5g/s. Mean 315 
and max values are given in Table 1. 316 
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 317 

318 
Fig. 6. Impact force F (N), pressure drop d319 

300ms after opening the LN2 valve 320 

 321 

322 
Fig. 7. N2 mass flow G (g/s) calculated during 300ms after opening the LN2 valve 323 

324 

 325 
Table 1. Mean and maximum values for physical quantities of eq326 

327 

Quantity 

 
Mean 

Max 

 328 
 329 
Figure 8A & B presents mass flow 330 
points describe two loops from 331 
G but a narrow range a dp, then decrease to 5g/s332 
  333 

 

(N), pressure drop dp (bar) and fluid density ρρρρm (kg/m
300ms after opening the LN2 valve (condition 1). 

 

(g/s) calculated during 300ms after opening the LN2 valve 
(condition 1). 

Table 1. Mean and maximum values for physical quantities of eq. (7) – condition 1
 

F (N) dp (bar) ρρρρm ((kg/m
3
) G (g/s) 

    
1.03 .63 63.24 15.69 

1.96 1.04 284.00 49.49 

presents mass flow G vs pressure drop dp during 300ms. From zero, the 
points describe two loops from t=0 to 150ms oscillating for the last loop on a large range of 

then decrease to 5g/s while dp stabilizes between 0.8 and 1bar.

(kg/m
3
) during 

(g/s) calculated during 300ms after opening the LN2 valve 

condition 1 

From zero, the 
oscillating for the last loop on a large range of 

stabilizes between 0.8 and 1bar. 
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A 334 

Fig. 8. N2 mass flow G (g/s) vs pressure drop d335 
opening the LN2 valve and B) during the 336 

 337 
3.2. Condition 2 338 

 339 
Condition 2 was N2 flow with He sweep flow stopped at 340 
Figure 9 presents variations of the physical quantities needed in equation (7) to calculate the 341 
mass flow G which is drawn on Figure 10. Impact force and density oscillate around an 342 
increasing slope during the first 100ms, then around a decreasing slope and stabilize after 343 
t=160ms, making G oscillating before 344 
drop increases during the first 150ms and then decreases. Mean and max values are given 345 
in Table 2. 346 
 347 

348 
Fig. 9. Impact force F (N), pressure drop d349 

300ms after opening the LN2 valve (condition 2).350 

 351 

352 
Fig. 10. N2 mass flow G (g/s) calculated during 300ms after opening the LN2 valve 353 
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  B

(g/s) vs pressure drop dp A) during the first 150ms after 
opening the LN2 valve and B) during the following 150ms (condition 1).

N2 flow with He sweep flow stopped at t=150ms. 
Figure 9 presents variations of the physical quantities needed in equation (7) to calculate the 

which is drawn on Figure 10. Impact force and density oscillate around an 
increasing slope during the first 100ms, then around a decreasing slope and stabilize after 

, making G oscillating before t=160ms and then stabilizing around 10g/s
drop increases during the first 150ms and then decreases. Mean and max values are given 

 

(N), pressure drop dp (bar) and fluid density ρρρρm (kg/m
300ms after opening the LN2 valve (condition 2). 

 

(g/s) calculated during 300ms after opening the LN2 valve 

20 30 40 50
G(g/s) B 

ms after 
150ms (condition 1). 

Figure 9 presents variations of the physical quantities needed in equation (7) to calculate the 
which is drawn on Figure 10. Impact force and density oscillate around an 

increasing slope during the first 100ms, then around a decreasing slope and stabilize after 
=160ms and then stabilizing around 10g/s. Pressure 

drop increases during the first 150ms and then decreases. Mean and max values are given 

(kg/m
3
) during 

(g/s) calculated during 300ms after opening the LN2 valve 
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354 

 355 
Table 2. Mean and maximum values for physical quantities of eq356 

357 

Quantity 

 
Mean 

Max 

  358 
Figure 11A & B presents mass flow 359 
points describe two loops from 360 
G but a narrow range a dp, then decrease to361 
 362 

A 363 

Fig. 11. N2 mass flow G 364 
opening the LN2 valve and B) during the following 150ms (condition 2).365 

4. DISCUSSION 366 
 367 

4.1. General considerations368 
 369 
Discussion of the results may take benefits of previous studies undertaken by Hu et al. [370 
who analyzed N2 vertical flows inside a 8mm diameter371 
measurements by video analysis through high speed camera recordings372 
conditions to the present experiments, Hu et al. 373 
N2 entered the pipe involving dramatic flow pattern development374 
that at the earliest stage and at high mass flow rate (according to Hu e375 
conditions 1 and 2 are high mass flow rates)376 
flow and then mist flow, a dispersed flow comprised of small and spherical liquid drops 377 
embedded in the gas. They also explain that this occurs wh378 
than the rewetting temperature.379 
 380 
Fu et al. [39] undertook similar investigations for vertical N2 flow in 1.931381 
diameter duct, focusing on stabilized flows. They elaborated several types of 382 
regime maps devoted to N2 383 
our data to their results, it appears clearly that the flows studied in the present research 384 
of annular type, in accordance with the above description385 
 386 
Furthermore, findings and conclusions of Q387 
microtubes (diameterO1.931mm) led to consider these types of annular or mist flows as 388 
homogeneous. Qi et al. explained that, in mic389 
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(condition 2). 

. Mean and maximum values for physical quantities of eq. (7) – condition 2
 

F (N) dp (bar) ρρρρm ((kg/m
3
) G (g/s) 

    
.98 .39 47.73 14.41 

1.80 .94 222.00 47.98 

Figure 11A & B presents mass flow G vs pressure drop dp during 300ms. From zero, the 
points describe two loops from t=0 to 150ms oscillating for the last loop on a large range of 

, then decrease to and stabilize about  10g/s while dp to .2

 B

 (g/s) vs pressure drop dp A) during the first 150ms after 
opening the LN2 valve and B) during the following 150ms (condition 2).

General considerations 

esults may take benefits of previous studies undertaken by Hu et al. [
analyzed N2 vertical flows inside a 8mm diameter pipe and complemented their 

measurements by video analysis through high speed camera recordings. In similar 
nditions to the present experiments, Hu et al. clearly identified a chilldown process when 

involving dramatic flow pattern development: Hu et al.’s results sug
that at the earliest stage and at high mass flow rate (according to Hu et al.’s criteria, 
conditions 1 and 2 are high mass flow rates), the flow is characterized by inverted annular 
flow and then mist flow, a dispersed flow comprised of small and spherical liquid drops 

. They also explain that this occurs while the wall temperature is higher 
than the rewetting temperature. 

] undertook similar investigations for vertical N2 flow in 1.931mm
on stabilized flows. They elaborated several types of two

 among which one in terms of mass flux vs quality. 
, it appears clearly that the flows studied in the present research 

of annular type, in accordance with the above description based on Hu et al.’s results

d conclusions of Qi et al. [40] who also undertook studies of LN2 in 
1.931mm) led to consider these types of annular or mist flows as 

i et al. explained that, in micro-tube at high mass flux, homogeneous flow 

20 30 40 50

G(g/s)

condition 2 

during 300ms. From zero, the 
=0 to 150ms oscillating for the last loop on a large range of 

to .2bar. 

B 

A) during the first 150ms after 
opening the LN2 valve and B) during the following 150ms (condition 2). 

esults may take benefits of previous studies undertaken by Hu et al. [38] 
and complemented their 

. In similar 
a chilldown process when 

results suggest 
t al.’s criteria, 

inverted annular 
flow and then mist flow, a dispersed flow comprised of small and spherical liquid drops 

ile the wall temperature is higher 

mm internal 
two-phase flow 

. Comparing 
, it appears clearly that the flows studied in the present research were 

based on Hu et al.’s results. 

] who also undertook studies of LN2 in 
1.931mm) led to consider these types of annular or mist flows as 

tube at high mass flux, homogeneous flow 
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was favored by the small density ratio of liquid to vapor and the small viscosity of liquid 390 
nitrogen favoring mixing of liquid and vapor phases. Despite the fact that their work 391 
concerned long lasting flows displaying lower frequencies, the classification they proposed 392 
for stable/unstable N2 flow in 1.931mm diameter duct located conditions 1 and 2 of the 393 
present study in unstable region which is coherent with the curves obtained. 394 
 395 
It is tempting to relate oscillations observed in conditions 1 and 2 to the pressure drop 396 
oscillation (PDO) phenomenon due to the existence of the LOXdome just upstream the 397 
injector as well as to density wave oscillation (DWO) mechanism due to vaporization of LN2 398 
in the injector, the former sustaining the latter. However these kinds of instabilities are 399 
associated with large amplitude excursion of the physical quantities and low frequency 400 
oscillations [15], conversely to what was obtained here. High frequency oscillations are 401 
usually related to acoustic oscillations linked with resonance of pressure waves inside the 402 
considered system and related to the time needed for the pressure waves to propagate in 403 
the system. The frequency identified in §3.1 (1.5 to 3Hz and 15Hz) are typical of thermo-404 
acoustic oscillations (TAO) [41-43]. The following analysis will help us to suggest hypothesis 405 
for the mechanism encountered in the experiments. 406 
 407 
4.2. Comparative analysis 408 

 409 
When the mass flow curves for conditions 1 and 2 are superimposed (Figure 12), similar 410 
oscillations are observed especially in terms of extrema localization of the first three 411 
oscillations but their amplitudes differ.  412 

 413 
Fig. 12. Time comparison of N2 mass flow calculated from t=0 to t=300ms for 414 

condition 1 (G) and for condition 2 (G with He) 415 

This difference of amplitude leads to a better mass flow in condition 2. Comparison of values 416 
in Tables 1 and 2 suggests the opposite mean and max values are higher for condition 1, but 417 
when comparing time variation, it is clear that during the first 120ms and from t=270ms to 418 
the end, condition 2 gave higher mass flow than condition 1 (Figures 12 & 13); from 120 to 419 
270, it was opposite; this gave an equal time of higher mass flow for each condition. In 420 
addition, during the last 150ms, mass flow was stable in condition 2 (Figures 10, 11B, 12, 421 
14) around 10g/s whereas condition 1 gave a decreasing and unstable mass flow (Figures 7, 422 
8B, 12, 14). The final mass flow in condition 2 was twice this of condition 1. 423 

 424 
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 425 
Fig. 13. Relative comparison of N2 mass flow calculated from t=0 to t=120ms for 426 

condition 1 (G) and for condition 2 (G with He); r=0.96 427 

 428 
Fig. 14. Relative comparison of N2 mass flow calculated from t=160 to t=300ms for 429 

condition 1 (G) and for condition 2 (G with He) 430 

These results indicate that He sweeping mass flow had a stabilizing effect. This could be 431 
due to the fact that He flow contributed to reduce the heat flux from the injector wall over 432 
time by reducing the difference of temperature with the fluid and at the same time led to a 433 
vaporization of the LN2 in the volume of fluid (condition 2) rather than from the wall 434 
(condition 1) contributing therefore to homogenizing the two-phase flow. In addition, the 435 
vaporization process was more efficient in condition 2 (as attested by density measurements 436 
shown Figures 6 and 9) and contributed to make the flow speed closer to the sound speed in 437 
the fluid and therefore to the critical flow conditions. Applying Hosangadi et al.’s correlation 438 
developed for sound speed in two-phase flows whilst studying cavitation on cryogenic fluids 439 
[44]:  440 

�ghijK,� = *
k6Y l m

67nopqrs,70 + *)m
68nopqrs,80 t

)* !�
  (24) 441 

we found that condition 2 was a critical flow all along the 300ms and for condition 1 the flow 442 
was critical except over two time slots of 10ms each corresponding to the higher values of 443 
ρm. yet the Mach number was higher in condition 2 than 1. This critical flow was induced 444 
especially by the internal geometry of the injector with the restricted nozzle at inlet.  445 
 446 
Despite the fact that TAO have been investigated for space rocket engines, these concerned 447 
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instabilities generated in the combustion chamber after ignition during nominal operations 448 
(see the review [45]).  Conversely, out the combustion domain, the literature is poor. In their 449 
recent review, Ruspini et al. [42] reported that “It is worth noting that in some cases TAO are 450 
observed together with other phenomena (in particular with geysering and DWO); this is 451 
especially the case for transient flows. Nevertheless, the interaction between these high 452 
frequency phenomena and the other oscillatory phenomena is not investigated”. They 453 
noticed however that oscillatory behavior found during heat transfer to a fluid occurred 454 
regardless of whether the fluid was at a subcritical or supercritical pressure.  455 
 456 
These considerations suggest that the main difference between conditions 1 and 2 lies in the 457 
heat transfer change due to the relative high temperature gas in the mixture during the 458 
prolonged sweep of He in condition 2. Considering that the thermal effect is major in favoring 459 
thermo-acoustic oscillations, the stability map of Ishii and Ishii & Zuber [46] based on the 460 
dimensionless subcooling and phase change numbers may help us to understand the 461 
stabilizing effect of He: this might be thought in terms of phase change number lessened 462 
through the reduction of the heat flux and in terms of subcooling number lessened through 463 
the reduction of the inlet subcooling enthalpy. 464 
 465 
Applying these findings to the LOX flow of the rocket engine, it suggest the promotion of 466 
prolonged He sweep. 467 
Some worries could rise regarding an associated lower feeding rate of O2 for the 468 
combustion chamber due to presence of He and thus resulting in a lower mixture ratio. 469 
Hence having a more stable mass flow by means of prolonged He sweep might be seen as 470 
a drawback by lowering the mixture ratio but we argued at the beginning of this section that 471 
mass flow in condition  could not be strictly considered lower than in condition 1; 472 
furthermore, even if so, Mastorakos et al. [47] showed that favorable ignition conditions 473 
required poor stoichiometric mixture: the shortest starting time for engine ignition was 474 
obtained for poor mixtures i.e. far away from stoichiometric conditions. 475 
 476 
5. CONCLUSION 477 
 478 
Studying the pre-ignition transient in one full scale injector of HMB7 engine (equipping 479 
Ariane 5 launcher) with N2 flow in thermo-hydrodynamic conditions of similitude with O2, we 480 
found that a prolonged sweep of the injector with inert gas (He) had a stabilizing effect on 481 
the flow during the transient phase before ignition of the engine. 482 
 483 
Analysis led to characterize the flow as inverted annular flow and then mist flow (dispersed 484 
flow comprised of small and spherical liquid drops embedded in the gas). The homogeneous 485 
character of the flow was favored by the small density ratio of liquid to vapor and the small 486 
viscosity of liquid nitrogen inducing mixing of liquid and vapor phases. The flow was found 487 
critical with instabilities analyzed as being thermoacoustic oscillations (TAO). Thermal effect 488 
was identified as major in the production of these oscillations. Characterization of the 489 
stabilizing effect of He prolonged sweep was explained through reduction of wall heat flux 490 
and of the inlet subcooling enthalpy. This finding is of great interest as it shows that TAO are 491 
generated in the unit engine much earlier than after ignition inside the combustion chamber. 492 
Even if the oscillation mechanisms are likely quite different in terms of source of instabilities 493 
and of factors sustaining instabilities, we might assume a coupling effect between both 494 
during ignition and make the hypothesis of a non-negligible effect of the former on the latter 495 
at least during ignition.  496 
 497 
Further experiments are required to better characterize and control the stabilization effect of 498 
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prolonged inert gas sweep as TAO phenomenon is of importance for engines: high 499 
frequency pressure oscillations may destroy and ruin not only injectors but the ignition unit 500 
as a whole. 501 
 502 
Further experiments are also required to quantify the stabilizing effect in terms of heat flux 503 
and of subcooling enthalpy: a better understanding may be of great benefits for the future re-504 
ignited engines developed today for future space flights as each (re)ignition phase is a stage 505 
with non-negligible probability of failure. 506 
 507 
 508 
 509 

Symbols & Units 510 
 511 

Symbol Quantity Units  

α void fraction none 

��WWW�X� mean polarizability at frequency ω C2.m2.J-1 

β coefficient none 

δ,∆ difference none 

η dynamic viscosity kg/(m.s)-1 

ԑ relative dielectric permittivity F/m 

γ surface tension N/m 

ρ Density kg/m3 

ω frequency Hz 

ω0 resonance frequency Hz 

   

A area m2 

a, b, c radius m 

d diameter M 

dp   

E1,2 coefficients none 

f, F force N 

G mass flow kg/s 

N Number density of molecules unit 

p pressure drop Pa 

Re Reynolds number none 

r Correlation coefficient none 

s slip ratio none 

T temperature K 

t time S 
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v velocity m/s 

We Weber number none 

X vapor quality none 

y coefficient  none 

  512 
 513 

Subscripts 514 
 515 

Symbol Relates to:  

  

i generic subscript taking other values 

l liquid 

g gas 

exit injector exit 

m mixture; two-phase fluid 

sound sound 

  516 
 517 

Abbreviations 518 
 519 

Symbol Definition 

  

He helium 

LOX Liquid oxygen 

LN2/GN2 Liquid / Gas nitrogen 

N2 nitrogen 

O2 oxygen 

  520 
 521 
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