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Abstract

The minimum total temperature required to sustain a supersonic combustion was investigated in a
hydrogen-fueled supersonic combustor directly connected to a shock tunnel facility. The combustor
model comprises an isolator (initial constant area section), followed by a single-hole fuel injection point,
a flame-holder cavity and an expansion ramp. In order to find the minimum temperature that provides
the spontaneous and stable combustion of Hz during the test time, dynamic pressure transducers were
installed along the combustor model and a high-speed OH* chemiluminescence emission technique was
employed to verify the occurrence of supersonic hydrogen combustion. Total temperatures roughly
between 750 and 970 K were reached, a range compatible with the ignition temperature of Hz for
hypersonic flows. This configuration led to total pressures of 1.8 to 3.1 MPa. During the experiments,
the value of[0.17 +0.03 bf global equivalence ratio (¢) was obtained. The experimental results showed

that a stable and spontaneous combustion of Hz occurs with total temperatures greater than 950 K,
during the test time.

Keywords: supersonic combustion, scramjet combustor, spontaneous combustion, minimum
temperature, hypersonic shock tunnel

Nomenclature

Latin i — Injection

A — Area p — Related to the plenum

m — Mass flow S — Related to the free-stream

P — Pressure 0 — Related to the total conditions
R — Gas constant 1 — Related to the driven

T — Temperature 4 — Related to the driver

U — Velocity

Greek

y — Ratio of specific heats
¢ — Equivalence ratio
Subscripts

G — Global

1. Introduction

Over the past decades, significant efforts have been devoted to advancing supersonic combustion
ramjet (SCRamjet) engines, given their critical role in hypersonic propulsion systems [1]. A central
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challenge in SCRamjet development lies in achieving efficient mixing and stable combustion in the short
residence time imposed by supersonic flow conditions [2]. Flameholders, particularly wall cavities, have
shown promising results by enhancing fuel-air mixing and anchoring the flame with minimal pressure
losses [3-5]. The geometry of such cavities and the injection configuration play a decisive role in shaping
the recirculation zones and shear layers that govern ignition and combustion stability [6].

Among the key parameters affecting supersonic combustion are the global equivalence ratio and the
pressure conditions of fuel injection [7]. These factors directly influence turbulence intensity, mixing
times, and flame propagation characteristics. Variations in fuel injection pressure alter the fuel/oxidizer
distribution, which impacts the reaction rates and, ultimately, combustion efficiency. Understanding
how these parameters interact under high-speed flow conditions is essential for optimizing engine
performance and expanding the operability range of hypersonic vehicles [2,8].

This study builds upon previous experimental campaigns conducted in the T1 shock tunnel facility,
which explored various combustion chamber configurations. In this work, we map the operating limits
of supersonic combustion by varying the driver—driven pressure ratio and determining the minimum
conditions, as pressure, temperature and equivalence ratio that yield hydrogen autoignition during the
available test time.H Although the present study focuses on the total temperature (To), it extends and

updates the findings reported in earlier studies [9-11]. Details regarding the facility, experimental
methodology, and diagnostic techniques are presented in the subsequent sections.

1.1. T1 shock tunnel facility

The T1 shock tunnel facility is located at the Hypersonic and Aerothermodynamics Laboratory (LAH) at
the Institute of Advanced Studies (IEAv), of the Department of Aerospace Science and Technology
(DCTA), in Sdo José dos Campos, Brazil.

Structurally, the T1 shock tunnel is basically composed of the shock tube and the combustor. The shock
tube consists of a high-pressure section called “driver”, filled to an initial pressure known as P4, and a
low-pressure section called the “driven”, filled with the test gas of interest at pressure P1. The combustor
is composed of the shock tunnel nozzle and the test section, which include the combustion chamber
and the injection system. This configuration described is illustrated in Fig. 1.

l

Nozzle I
|

— Dum|
| Driver I . Driven /K Tankp
DDS Diaphragm

Test Section

Fig 1. Schematic of the T1 shock tunnel facility configuration, including Driver, Driven, nozzle, test
section and dump tank.

In terms of operation, the T1 shock tunnel uses a direct-connect testing mode, that is, the convergent-
divergent nozzle outlet is directly connected to the end of the Driven section (or to the model inlet),
accelerating the flow to supersonic speeds at the combustor entrance. Further deeper details about this
shock tunnel facility and its operation for supersonic testing can be found in the references [9-12].

1.2. Total pressure (Po), total temperature (To) and global equivalence ratio (¢) [

From a practical standpoint, when the incident shock wave reaches the end wall of the shock tube, it
reflects and travels back, further increasing the gas pressure. The region between the end wall and the
reflected shock wave, where the gas reaches high temperature and pressure, referred to as To and Po,
respectively, is known as the stagnation or reservoir region [9,13].
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This high parameters in the reservoir ruptures the end-wall diaphragm, allowing the high-enthalpy gas
to flow through the convergent-divergent nozzle. The flow accelerates from rest to sonic velocity at the
throat, then continues to accelerate to supersonic speeds as it moves toward the model [9].

For the continued progress in understanding supersonic combustion, it is essential to clarify how fuel
injection, mixing, self-ignition and combustion characteristics are influenced by external parameters,
such as global equivalence ratio. So, varying the equivalence ratio values, we can better quantify these
effects [7,11].

1.3. Spectral signature of the OH* radical

The release of combustion energy through light emission enables the use of cameras for non-intrusive
diagnostics. In the combustion between hydrogen and oxygen, the most common intermediate
products are water and hydroxyl (OH*). Therefore, a non-intrusive diagnostic technique known as the
spectral signature of the OH* radical technique allowed the detection of combustion occurrence within
the models, using the emission of the OH* radical [10].

L’-\ preliminary literature review revealed no reports of a quantitative analysis of this type that, for each
established test condition, applies a binary classification (burn/no-burn) and evaluates whether flame
stabilization occurs during combustion. }Therefore, the OH radical spectral signature technique was

employed to construct a classification map aimed at identifying the combustion zone, using stagnation

or total temperature (To) as the independent variable.

2. Material and Methods
2.1. Supersonic combustor machining

The combustor used was manufactured at the Institute for Advanced Studies, with the upper section
made of a copper—zinc metal alloy and the lower section made of aluminum, as demonstrated at Fig. 2
(a). A Mach 2.7 flow was established at the isolator region by the nozzle. The combustion chamber
[includes a 1.9 mm diameter orifice for transversal injection bof molecular hydrogen (H,), indicated as
T.I. in Fig. 2, a cavity measuring 20 mm in width and 10 mm in height and a 4° inclined expansion
ramp at the downstream end. The model was designed to accommodate [14 pressure transducers],ﬁ
numbered 1-14 in the design presented in Fig. 2. (b) [10-12].

Nozzle . Isolator . Supersonic combustor

(b)

Fig 2. Experimental model: (a) Manufactured combustor (b) model design, including nozzle,
isolator, supersonic combustor regions, distribution of 1-9 upper wall sensors and 10-14 lower
wall sensors.|
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2.2. Dynamic pressure transducers, signal acquisition and pressure measurements

In this paper, 24 valid experiments were conducted in the T1 shock tunnel facility. The combustor
geometry was kept constant and the driver/driven fill conditions were varied across runs. Once the
value of P4 was fixed (4.5 MPa for 11 experiments and 5.0 MPa for the rest), only the initial
driven-section pressure P: was varied, from 110 to 140 kPa. |

Pegarding the pressure measurements, the data acquisition system used in the experiments consisted

of a signal conditioner and oscilloscopes, as illustrated in the schematic shown in Fig. 3. In summary,
all pressure transducers are connected to a signal conditioner, which is connected to an oscilloscope.

LAII pressure transducers used have a known sensitivity (a proportionality constant between the output
voltage and the measured pressure) expressed in voltage per unit of pressure. To obtain the pressure
values, the measured voltage signals were converted by dividing them by the corresponding sensor
sensitivit}es. Therefore, the signals recorded from all pressure transducers are proportional to voltage
outputs.

[Commenté [V18R17]: Tabela removida.

Following previous studies [9,12], ﬁhe useful test time for this work was the most stable segment of
the plateau in the P5 transducer signal, corresponding to a 500 ps interval. The measured stagnation
pressure for each experiment was defined as the average of all measurements within the interval
comprised by the test time previously defined. The mean pressure over this interval was obtained using
the Yokogawa Xviewer [17], with standard deviation of 4%.\
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IThe temperature values were calculated by an iterative process reported in a previous study [15],
involving a practical method for atmospheric air, used to incorporate the properties of air in equilibrium
and at high temperatures into flow equation calculations, through a polynomial correlation process
between tabulated and calculated data [13-15]./The Shock Tube and Tunnel Calculator [16] was used

to estimate the real flow conditions generated, as applied in previous works from the same research
line [9—12].] The parameters for calculation were the driven pressure and temperature (P: and T1), the
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primary shock speed (Us) and the area ratio of nozzle exit. The shocked and reflected conditions are
computed by treating the gas as equilibrium air that is successively processed by a normal incident
shock and its normal reflection. The reflected-shock strength is assumed so that the post-reflection
flow is brought to rest. When the reservoir pressure (Po) is specified, the reservoir (stagnation) state
from the reflected-shock state is estimated by assuming an isentropic transformation [13,16].

2.3. Global Equivalence Ratio ()

h’he experimental model corresponds to a supersonic combustor with a simplified geometry,
dimensionally comparable to the final design of the 14-XS technological demonstrator [9-10]. As
previously mentioned, the T1 facility is directly connected to this combustion chamber for supersonic
combustion studies.

The injection of H2 was initiated by a fast-acting valve, as described in [11]. A pressure transducer
positioned in the [plenum upstream of the injection orifice Mas used to monitor both the injection

pressure [(Pp) bnd the hydrogen mass flow rate (rmy,) [11]. The relation between plenum pressure and
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[15] e ja é bem estabelecido. Nos trabalhos sempre somente
falamos que é um método completo, numérico, e dispensamos
o detalhamento de equagGes no texto, até mesmo porque é
multi-iterativo complexo e possui relagdes empiricas muito
grandes.

fuel mass flow rate is demonstrated in Eq. 1.

[f' té [V30R29]: Indicado na Fig. 2.
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in which Ai, Tp, y and R mean the injection orifice area, the room temperature, the ratio of specific
heats and the gas constant for molecular hydrogen, respectively [11].

The air mass flow rate was calculated similarly using Eq. 1, by using Po, To and Yo as Etotal pressureL”

temperature and specific heat ratio data.

So, considering the air mass flow rate (1h;,) in the experiments, a global equivalence ration is defined
by the Eq. 2 [3]:
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@ = 34,4822 )

Mgir
Here all calculations and data processing were performed in Microsoft® 365 Excel.

2.4. [Non-intrusive diagnostic technique and data processing\

For this study, in terms of operation, a Phantom® V1612 high-speed camera, with a resolution of 512
x 512 pixels and acquisition rate of 10 kHz, was aligned with the combustion chamber to capture the
spectral signature of the excited hydroxyl radical (OH*). L’-\Iso was employed a bandpass filter centered
around 306.0 nm to filter, coupled to a Lambert® HiCATT image intensifier (model II 18) to intensify
and enhance signal detection.]

For analyzing the obtained data, we followed a sequential image-processing workflow comprising
definition of the region of interest, extraction and correction of OH* emission intensities and application
of a threshold to indicate the occurrence of combustion. The steps are described below:

1. Mask definition: the analysis mask was derived from the accumulation of multiple experiments
so as to highlight the OH* emission region. This procedure was adopted to mitigate possible
camera shifts over the experimental campaign. By restricting the analysis to pixels within this
mask, only the relevant image regions are retained, thereby reducing spurious contributions
and improving consistency in subsequent analyses.]
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Fig 3. Illustration of the mask (a) and an image collected for frame 7 of experiment number 105

(b).

2. Intensity definition: each experiment produced a sequence of frames acquired at 10 kHz. All
processing was restricted to pixels within the analysis mask. For every frame, the OH* emission
intensity was computed by spatially integrating the pixel values under the mask, yielding a
frame-indexed time series that tracks the evolution of OH* emission over the course of the
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experiment.[ |

3. Background identification: for each experiment, the background intensity was estimated from
the integrated intensity of the first frame within the mask, prior to the onset of OH* emission.
This value represents the baseline of the optical system, including random fluctuations that
affect the image. Background removal ensures that the intensities computed for subsequent
frames reflect only the combustion-related OH* emission.

4. Background correction: for each experiment, the previously estimated background level was
subtracted from the integrated intensity at every frame. The result is a background-corrected
intensity time series that represents the evolution of OH* emission free from the system
baseline. These vectors were subsequently used to compare against each experiment’s total
temperature and to define the combustion threshold.

5. Combustion-threshold determination: background-corrected intensities from all experiments
were normalized by a single global factor to enable consistent comparisons across runs. Based
on manual inspection of all images and corresponding time series, a threshold of 0.8 was
adopted: combustion is deemed to occur in any frame whose normalized intensity exceeds this
value. This threshold balances correct identification of combustion frames against false
positives due to noise.

3. Results
3.1. Operating boundary based on temperature
Experiment IDs ranged from 91 to 117. The experiments 102, 103 and 104 were discarded.

Wter the experiments, the following parameters were achieved in the shock tunnel (Table 1):}

Table 1. [Experiments, P4/P1 reservoir filling pressure values [kPa], with the
respective ranges of P,, T, and ¢ achieved|

P4/P1 Total Pressure Total Temperature Equivalence Ratio
Experiment ID Pressure (P,) [MPa] (Ty) [K] q (®6)
Ratio Ps
Py 1.80 < P, < 2.40 748 < T, < 887
91 to 101 32 < o <41 0.13 < @6 < 0.16

+0.10 +10

P g 2.80 < P, < 3.10 855 < T, < 964
105 to 117 36<P—1< 6

0.17 < @c < 0.21
"""""""""""" £0.12 £10

The driver pressure was fixed at P4+ = 4.5 MPa for runs 91-101 and at P4+ = 5.0 MPa for runs 105-117.
Under these conditions, only the initial driven-section pressure P: was varied, from 110 to 140 kPa, as
described previously, yielding the P4/P1 ratios summarized in Table 1. This configuration produced total
pressure values (measured) between 1.8 and 3.1 MPa and total temperatures between 750 and 970 K
(Table 1). Such range of temperature is compatible with the operational autoignition temperature of
hydrogen for hypersonic flows, [which is approximately 1000-1100 K| as reported in reference [18].

The standard deviation of total pressure was computed from sample statistics and of total temperature
was estimated by error propagation of the experimental measurements.
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Additionally, across this set of [experiments, the global equivalence ratio (¢s) ranged from 0.13 to 0.21
for each condition (Table 1), res ulting an average of 0.17 + 0.03

Fig. 4 shows better the total temperature versus total pressure (To vs. Po) for each test condition — P4
= 4.5 MPa (squares) and P4 = 5.0 MPa (triangles). Cases exhibiting burn (flame stabilization[, during
the test time)\ are highlighted as red triangles, as confirmed by OH* chemiluminescence, which will be

detailed in the subsequent sections.

To VS. Po
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376 Aggﬁ&ﬂ s 933 %
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Total Temperature (To) [K]
MP4=45MPa AP4=50MPa AP4_burn=5,0MPa

Fig 4. Total temperature (To) vs. Total pressure (Po) plots of the conducted tests: experiments 91 to
117, excluding experiments 102-104.

3.2. OH Radical Spectral Signature Analysis

The results in this section were obtained by applying the image-processing procedure described in
Section 2.4.

Fig. 5 shows the OH* emission-intensity profiles as a function of frame number, with the experiments
split into two groups for clarity: the first group (IDs 91-101), with a total pressure of about 2 MPa, is
shown in Fig. 5 (a); the second group (IDs 105-117), with a total pressure of approximately 3 MPa, is
shown in Fig. 5 (b).

For the first group, OH* emission can be identified in the first two frames of each run, even for the
case with the lowest total temperature, around 800 K. These emissions, however, are weak, occur
upstream of the injector, and were not classified as stable combustion under the method adopted in

this study. Hypothetically, premature fuel injection could flood the combustor, transporting H> toward

the nozzle region near the stagnation point. In that region, the elevated temperature and pressure
could favor combustion, and the emission observed in the first two frames would result from interaction
with the initially present gas.

The second group exhibited more complex behavior. In some runs, combustion was detected only in
the second frame, whereas in others it persisted at approximately constant intensity for ~15 frames.
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experiments 105 to 117, excluding 107, 108, and 111.

) {Commenté [V62R61]: Optamos por deixar o ID dos

Based on these results, together with the total temperatures estimated for each experiment, Fig. 6 was RS

constructed. This figure identifies the frames in which combustion occurred and correlates them with
the total temperature of each experiment.

As shown in Fig. 6, combustion was not detected in any of the frames corresponding to total
temperatures below 890 K. In the intermediate range, between 895 and 940 K, sporadic combustion
events were observed, as indicated by the unit markers on the vertical axis. For total temperatures
between 950 and 970 K, a more stable combustion regime was achieved, although this conclusion is
based on a limited number of test cases.
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Fig 6. Combustion vs. Total Temperature (frame by frame analysis)

4. (Conclusion

Experiments in the T1 Supersonic Shock Tunnel were conducted with the aim of investigating the limits
of supersonic combustion. Total temperatures (To) ranging from 750 to 970 K were achieved, a range
compatible with the ignition temperature of hydrogen for hypersonic flows. This configuration resulted
in total pressures (Po) between 1.8 to 3.1 MPa and the value of 0.17 + 0.03 of global equivalence ratio
(¢s) was obtained.

In general, it can be stated that experiments conducted at total temperatures between 950 and 970 K
led to the combustion stabilization — this condition is confirmed by experiments 105 and 106. This
result changes for temperatures between 895 and 940 K, where combustion was occasionally detected,
as observed in experiment 115. For temperatures below 890 K, no combustion stabilization was
detected — this condition was confirmed by the remaining experiments.

Finally, the experimental results showed that a stable and spontaneous combustion of H> during the
test time occurs at total temperatures greater than 950 K, corroborated by the OH* chemiluminescence
emission technique. This technique was initially employed to construct a classification map capable of
identifying the combustion zone, using stagnation temperature as the only independent variable. This
procedure represents the first step in a broader effort to apply machine learning for identifying key
variables that contribute to stable supersonic combustion.]

Further experiments are planned to reach higher To conditions. Ongoing work is mapping and analyzing
additional parameters relevant to burn/no-burn identification and to combustion characterization, such
as cavity height and width, to provide a more comprehensive assessment.
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