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Hydrogen Autoignition and Combustion in Supersonic Flow
at Low Equivalence Ratio

Giulio Riva* and Giambattista Daminelli†
Consiglio Nazionale delle Ricerche, Peschiera Borromeo (Mi) 20068, Italy

and
Adolfo Reggiori‡
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A supersonic high-enthalpy tunnel developed at CNPM – CNR to test hydrogen autoignition and com-
bustion under simulated � ight conditions in the high supersonic – low hypersonic range is capable of
sustaining supersonic combustion for 10 – 30 ms, the � ow residence time being about 1 ms. A simple but
effective procedure for data analysis based on detailed static and total pressure measurements provides
information on the one-dimensional quasisteady thermo� uid-dynamic � eld inside the tunnel as a function
of the upstream stagnation conditions. An ef� cient-mixing discrete-hole cross-stream injector was adopted,
which also allowed hydrogen preheating. The equivalence ratio was limited to values #0.15 to keep the
airstream supersonic in the constant cross-sectional portion of the tunnel. Autoignition delay data were
obtained (0.1 – 1 ms) and correlated with the local static temperature. The results agree with experimental
and theoretical literature data available for cold hydrogen. A strong effect of fuel temperature was ob-
served, suggesting that a meaningful database for scramjet applications should always include, if appro-
priate, fuel preheating. Overall reaction times were also evaluated for different fuel temperatures, whose
remarkable in� uence was con� rmed.

Nomenclature
A = cross-sectional area, m2

A/F = air/fuel mass ratio
b = tunnel width (along z axis), m
E.R. = equivalence ratio (A/F )st,mass/(A/F )mass

K = function depending on gas composition and
temperature, Eq. (4)

M = Mach number
m = mass, kg
mÇ = mass � ow, kg/s
p = pressure, Pa
R = gas constant, J/(kg K)
T = temperature, K
t = time, s
u = gas velocity, m/s
V = stagnation vessel volume, m3

v = velocity, m/s
w = molecular weight, kg/mole
x = distance along the tunnel longitudinal axis

(main � ow direction), m
y = distance along the tunnel vertical axis, m
z = distance along the tunnel transversal axis, m
Dt = time interval, s
g = speci� c heats ratio
r = density, kg/m3

Subscripts
A = position A on the � ame front, Fig. 4
air = air (without water vapor)
av = average
B = position B on the � ame front, Fig. 4
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C = position C on the � ame front, Fig. 4
COMB = combustion
D = position D on the � ame front, Fig. 4
E = position E on the � ame front, Fig. 4
end = � nal
f = � ame
H2O = water vapor
H2– O2 = hydrogen – oxygen stoichiometric mixture
i = location along x
ign = ignition
inj = injection
j = location along y
k = location along z
max = maximum
NO – COMB = noncombustion
re = reaction
st = stoichiometric
t = total
up = upstream
0 = upstream stagnation vessel
1 = before the shock wave produced by the

injector assembly

Superscripts

¯ = average over one space

% = average over two spaces
* = throat

Introduction

H YDROGEN autoignition and combustion dynamics in
high-enthalpy supersonic � ows are major topics in the

development of hypersonic � ight propulsion systems. A num-
ber of studies have been published over several decades, pro-
viding a general overview of the research activity in this � eld,
or focusing on some peculiar physical and technological fea-
tures of the many complex phenomena involved. Development
of the experimental facility employed in the present work took
advantage of both these types of papers. Some of them were
useful for de� ning the operating conditions1,2 and the general
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Fig. 1 Qualitative sketch of the supersonic tunnel.

Fig. 2 Qualitative sketch of the injector structure.

channel geometry,2,3 others gave indications about fuel-injec-
tion techniques and injector geometry.4– 7

A common peculiarity of almost all the supersonic combus-
tion test facilities is the contamination of the supersonic air-
stream caused by the products of precombustion, a commonly
used technique to increase air stagnation enthalpy, often in
combination with other energy addition techniques. Several pa-
pers were recently published on the effects of such contami-
nants (H2O, OH, H, O, NO, . . . .) on the hydrogen ignition
and combustion process8– 10 and, in some cases, a remarkable
in� uence was observed.10 In our case, however, pre-combus-
tion products contents and thermodynamic conditions are kept
to levels probably involving small in� uences from this view-
point. Air contamination in test facilities for hypersonic � ight
Mach numbers less than 8 is, however, an open issue that
needs further studies to be done.1

The experimental tests presented in this work refer to � ight
conditions typical of the high supersonic – low hypersonic
range (M` = 4 – 7). In this range it may be dif� cult to achieve
suf� ciently fast and stable ignition in supersonic combustors.
These are also the only hypersonic � ight conditions that can
be studied in ground facilities of reasonably small size. Similar
test conditions were also investigated in papers that provided
a very useful database for comparing some of the results pre-
sented in this work.3,4,5,11,12

In this paper, hydrogen autoignition delay, overall reaction
time, and minimum air total temperature required for ignition
are compared for two hydrogen stagnation temperatures (i.e.,
300 and 500 K) and an equivalence ratio up to 0.15.

Experimental Setup
A supersonic high-enthalpy tunnel has been developed at

CNPM – CNR with the speci� c purpose to investigate mixing,
ignition, and combustion characteristics of fuels injected in
supersonic � ow. Immediately downstream of the supersonic
nozzle, the tunnel test section is of a constant rectangular cross
sectional area (2.6 cm height, 3 cm width, 25 cm length). A
rectangular cross-sectional area divergent follows (6 deg angle,
3 cm width, 60 cm length) (Fig. 1).

The tunnel is fed with high-enthalpy vitiated air coming
from a 15-l free-piston compression tube (4 m length), in
which the effects of rapid compression and hydrogen precom-
bustion are combined to produce stagnation temperatures of
about 2000 – 2500 K and pressure up to 5 MPa. These condi-
tions are obtained inside a vessel that is fed by the piston-
compressed air through a check valve. The high-enthalpy vi-
tiated air is then expanded into the supersonic nozzle following
the breakup of a calibrated diaphragm.

The experimental tests reported and analyzed in this paper
were carried out with the injector placed in the constant area
section of the tunnel, 10 cm before the beginning of the di-
vergent. The injector assembly consisted of twin (downstream
and upstream, 2 mm spacing) stainless-steel pipes, 2 mm ex-
ternal diameter, crossing the tunnel spanwise and placed mid-
way with respect to the channel height (Fig. 2). The down-
stream pipe had 10 holes (2 rows of 5), 0.4 mm diam each,
their axis at 660 deg with respect to the horizontal symmetry
plane. The hydrogen temperature was varied by electrically
heating the pipe connecting the injector to the reservoir, whose
volume was calibrated to keep the equivalence ratio constant
during the whole injection period and for the two hydrogen
temperatures tested. Because of the injector geometry and po-
sition the hydrogen was fed immediately behind the blunt
shock generated by the upstream pipe. Flow conditions suita-
ble for sustaining hydrogen self-ignition and combustion in
supersonic � ows can be maintained from 10 to 30 ms, the gas
residence time being of the order of 1 ms.

Pressure along the tunnel was measured midway with re-
spect to the channel height using transducers with 0.7 MPa full
scale, 1 MHz natural frequency, 61% global accuracy. The
stagnation pressure (upstream air reservoir) was detected with

a 14 MPa full-scale transducer with similar characteristics. A
12-bit resolution multichannel transient recorder was used for
data acquisition.

Tunnel Calibration
The analysis of the combustion tests was made possible by

a preliminary calibration, whose purpose was to provide a map
in terms of pressure, temperature, and Mach number along the
tunnel. In particular, this calibration established a correlation
between upstream stagnation pressure (always measured) and
upstream stagnation temperature. Based on this correlation,
pressure measurements, and some simplifying assumptions, the
thermal and � uid dynamic � elds inside the tunnel could be
determined with reasonable approximation. Static and total
pressure measurements were used to evaluate the Mach num-
ber of the air� ow immediately before the injection location
(M% = 2). Average values of pressure and Mach number were
evaluated under three different � ow conditions (combustion,
fuel injection without combustion, no fuel injection) at � ve
equally spaced axial stations along the divergent, on the basis
of detailed static and total pressure maps detected over the � ve
corresponding cross-sectional areas. For the unreacting � ow
condition the average Mach number was found to increase
from 1.3 (injector position, behind the shock wave) to 2.3 (ex-
haust), with air velocity correspondingly going from 700 to
1100 m/s.

By assuming the divergent inlet as the origin of the abscissa
(x = 0), the tunnel axial locations where average pressures
were computed are placed at x = 0.06, 0.172, 0.285, 0.4, and
0.515 m. Static (wall) pressure was measured at each axial
position at several different locations along the channel height
( y direction). As expected, measurements of static spanwise
pressure (along the z direction) indicated constant spanwise
pressure; consequently, pressure was averaged taking into ac-
count the y distribution only.

Along the divergent, local values of the Mach number were
computed from pitot and static pressure measurements at each
axial location, and several positions along the y direction, on
the midplane with respect to the channel width. Since the
Mach number distribution is fully three dimensional, pitot
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pressures spanwise on the midplane with respect to the channel
height were also measured. A probe with six equally spaced
(Dz = 2.5 mm) sensors provided the spanwise Mach distribu-
tion along the channel (half ) width. Symmetry with respect to
the channel vertical midplane was assumed. Once the Mach
number � eld was known, the average Mach at each cross sec-
tion was computed as follows. First, the average Mach number
along the y axis was calculated using linear interpolationM̄i,k=1

among the internal points and a parabolic distribution between
walls and the nearest measurement location; the Mach values
along the z axis were then used to scale the corresponding
contributions to the average Mach:

6
Dz Mi,k% ¯M = M 1 1 2 (1)i i,1 S O Db Mi,1k=2

Procedure for Combustion Tests Analysis
The evaluation of gaseous hydrogen ignition delay and re-

action times is based on the static pressure measurements
downstream of the fuel injection structure. Other essential data
are the upstream stagnation conditions (pressure, temperature,
gas composition) and the � ow conditions at the fuel injection
location. The scheme of the tunnel in Fig. 1 shows the axial
locations relevant to this analysis. Such locations are locations
(0), upstream stagnation conditions, p0(t) known; (1), condi-
tions immediately upstream of the fuel injection structure (M%

= 2); (2), conditions immediately downstream of the shock
wave; (3), conditions after fuel injection (air/H2 mass � ow ratio
is constant in time and known); and (4), � ow conditions at
ignition location, pressure and Mach number are known from
experimental data.

Evaluation of the Upstream Stagnation
Conditions (0)

The procedure for evaluating all of the relevant quantities
at the locations just mentioned is the following. The pressure
history inside the stagnation volume [position (0)] is known
from measurements. The evaluation of temperature and gas
composition is based on a calibration of the setup, carried out
by keeping the high-enthalpy gas coming from the piston tube
con� ned inside the vessel and measuring the whole pressure
history, including the � nal pressure, when ambient temperature
Tend is reached. The gas coming from the piston tube is the
product of precombustion of a mixture of air (0.1 MPa) and a
stoichiometric H2– O2 mixture produced by an electrolytic cell
(0.0356 MPa). The simultaneous effect of compression and
hydrogen pre-combustion produces the desired high-enthalpy
conditions. Assuming a complete H2 combustion and a com-
plete water condensation as the � nal temperature (Tend = 300
K) is reached, a correlation between maximum stagnation pres-
sure (measured) and maximum stagnation temperature can be
derived:

p R T0,max air end
T = (2)0,max 2–p R 1 1 (p /p )(w /w )end 3 H -O air H O air2 2 2

The maximum temperature given by Eq. (2) as a function
of the (measured) maximum pressure was obtained for a closed
vessel. During a normal experimental test, the vessel fed by
the piston tube is connected to the supersonic tunnel. This
occurs, however, only after breakup of the diaphragm whose
breakup pressure is slightly less than the maximum pressure.
Moreover, the relatively small nozzle area makes the pressure
history of actual supersonic combustion tests quite similar to
that in the calibration tests, at least during the raising portion.
Since the initial conditions and the operation of the piston tube
are identical in the two cases, Eq. (2) can reasonably be ap-
plied to supersonic combustion tests, giving with acceptable
accuracy the maximum stagnation temperature. Such a tem-
perature is fundamental for scaling the whole temperature � eld
inside the supersonic tunnel as a function of time. In practical

terms, the calibration tests provided the � nal pressure pend

inside the (closed) vessel as a function of the percentage of
H2– O2 stoichiometric mixture. The value corresponding to the
initial conditions adopted in all of the combustion tests inside
the free piston compression tube is 0.47 MPa, which is the
only quantity taken from calibration tests needed in the pro-
cedure detailed earlier. At this stage, pressure history p0(t), gas
composition, and maximum temperature are known at the lo-
cation (0); however, the time history of temperature still has
to be determined. Mass conservation, coupled with state equa-
tion and the assumption of adiabatic and isentropic � ow along
the convergent portion of the supersonic nozzle, lead to the
following expression of the stagnation temperature as a func-
tion of time:

t
p (t)0

T (t) = T exp <n 1 K T (t) dt (3)Ï0 0,max 0H F G E Jp0,max t(T )0,max

where

[(g11)/2(g21)]
A* 2

K = gR (4)ÏS DV g 1 1

Equation (3) can easily be solved iteratively, providing the
upstream stagnation conditions as a function of time. Then the
correct upstream conditions at any time of interest can be com-
puted (e.g., every time the combustion wave is detected by
any of the pressure transducers along the divergent channel).

Evaluation of Conditions (1)
Immediately Before the Injector

A preliminary number of calibration experiments gave the
average Mach number at this axial location as M% = 2. Conti-
nuity equation, coupled with the measurement of the local
static pressure and Mach number can be used to compute all
of the other relevant quantities (temperature, gas speed, . . .).
In this case the static pressure measured on the horizontal mid-
plane with respect to the channel height was used. On the basis
of this experimental information, the continuity equation can
predict the static temperature

2%g p̄ (t)M A1 1 1 1
T (t) = (5)1 F GR mÇ (t)1 1

where

[(g1 1)/2(g2 1)]
p (t) 2 g0

mÇ (t) = mÇ (t) = A* (6)1 0 S D Îg 1 1 RT (t)Ï 0

Once T1(t) is known, all other relevant quantities can be com-
puted in a straightforward manner.

Evaluation of Flow Conditions (2)
Behind the Shock Wave

The injector assembly produces a shock wave that is normal
near the channel midplane and oblique (with decreasing angle)
between the midplane and the horizontal walls. To simplify the
treatment, an equivalent oblique two-dimensional shock has
been assumed to replace the true shock. Its angle has been
determined by two-dimensional calculations applied to � ow
conditions consistent with those existing at location (2) of the
channel. The oblique shock equations thus provide the nominal
conditions at the fuel injection location. It is worth stressing
that the � ow properties computed according to this procedure
are average values over the cross-sectional area, and their use
in analyzing the data must take into account that locally var-
iations may exist around their average levels.
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Fig. 4 Sketch showing the reaction zone characterization crite-
ria.

Fig. 3 Example of static/upstream pressure traces vs time at dif-
ferent monitoring locations along the divergent (cold hydrogen,
E. R. = 0.15).

Evaluation of Flow Conditions (3)
After Fuel Injection

The equivalence ratio is constant and known during the
whole injection period. Thus, average properties of the hydro-
gen-vitiated air mixture can be calculated. Since very low E.R.
(0.15 or less) were tested, average pressure, temperature, and
speed of the airstream experience minor changes.

Evaluation of Flow Conditions
at Ignition Location (4)

At the ignition location, average pressure and Mach numbers
are known from experimental data (if needed, interpolation is
performed). Mass conservation gives the total mass � ow rate
as the sum of the airstream and hydrogen contribution. As done
for location (2), the static temperature can be computed using
the continuity equation and the other relevant quantities are
then immediately computed.

Ignition Delay and Reaction Time
Hydrogen combustion tests were performed for E.R. = 0.05,

0.1, and 0.15, and for hydrogen stagnation temperatures 300
and 500 K at the start of injection. Injector geometry and po-
sition were kept constant. The E.R. had to be limited to such
low values to keep the � ow supersonic in the constant area
portion of the duct (except in the unavoidable small subsonic
region inside the injector wake). Higher values of the E.R.
could be obtained without transitioning to subsonic � ow by
either decreasing the angle of the holes feeding the hydrogen
or by moving the injector closer to the divergent. In these tests
the following measurements were performed: total pressure in-
side the upstream vessel, total pressure inside the hydrogen
reservoir, and static pressure at several locations along the su-
personic tunnel.

The time of transit of the combustion wave in front of the
monitoring stations downstream of the fuel injector was de-
tected and correlated to the instantaneous upstream stagnation
pressure. The preliminary calibration then provided the cor-
responding upstream total temperature [Eq. (3)] and the pro-
cedure summarized in the previous section gave the one-
dimensional thermo� uid-dynamic � eld inside the tunnel. In
other words, at each pressure-monitoring station downstream
of the injector, a quasisteady combustion con� guration could
be analyzed. A meaningful and immediately readable picture
can be obtained by showing the ratio static/upstream total pres-
sure at the measurement locations vs time. A typical example
is given in Fig. 3, where the curves refer to axial stations 9.8,
17.7, 23.3, 34.7, 46.1, and 57.7 cm, respectively, downstream
of the injector position, covering the whole divergent.

Using the experimental data (Fig. 3), the time at which the
combustion wave is assumed to be at a certain axial location

(i.e., at each of the pressure measurement points) can be eval-
uated. To be more consistent, it is necessary to establish which
point of the combustion wave should be chosen to de� ne its
position. In fact, especially under relatively low air tempera-
ture conditions, the wave thickness may be comparable to the
tunnel length. The criteria adopted to characterize the � ame
front are summarized in Fig. 4. Consider � rst the average val-
ues of the pressure ratio for the two cases of combustion and
no-combustion and de� ne

Dp = ( p/p ) 2 (p/p ) (7)i t,up i,COMB t,up i,NO-COMB

Let us de� ne points (A) and (B) as follows:

(A) ® (p/p ) 2 0.2Dp (8)t,up i,COMB i

(B) ® (p/p ) 1 0.2Dp (9)t,up i,NO-COMB i

The straight line passing through these two points crosses the
lines representing the combustion and no-combustion average
pressure values at points (C ) and (D). Eventually, at each pres-
sure-monitoring location i, we can de� ne the following quan-
tities:

Dt = t 2 t (10)f,i D C

t = t = (t 1 t )/2 (11)f,i E D C

t = t (12)ign,i D

The physical meaning of the quantities given previously is
, total transit time interval of the combustion wave acrossDtf,i

the monitoring location xi; , time of transit of the combustiontf,i
wave midpoint at monitoring location xi; and , time of tran-tign,i

sit of the conventional ignition point at monitoring location xi.
The ignition delay is evaluated according to the following

procedure: 1) the conventional ignition time given by Eq. (12)
is assumed; 2) the corresponding value of the upstream stag-
nation pressure is identi� ed; and 3) using the procedure of the
previous section, the one-dimensional quasisteady thermo� uid-
dynamic � eld along the tunnel is determined and, in particular,
the � ow velocities at injection location x inj and monitoring lo-
cation xi are evaluated and the average value is computed.ū inj,i

The ignition delay can eventually be computed as

Dt = (x 2 x )/ū (13)ign i inj inj,i

One further problem is to decide which temperature such a
ignition delay has to be correlated with. Two possible choices
can either be the temperature at the fuel injection point or an
average temperature, computed taking into account both injec-
tion and monitoring location values. The plots reported in Figs.
5 and 6 present both of these possibilities.



536 RIVA, DAMINELLI, AND REGGIORI

Fig. 5 Ignition delay as a function of air temperature at the in-
jection location for different values of E. R. and hydrogen injection
temperature.

Fig. 6 Ignition delay as a function of the average temperature
between injection location and � ame position for different values
of E. R. and hydrogen injection temperature.

Fig. 7 Reaction time as a function of temperature at the � ame
location.

The ignition delay results shown in Figs. 5 and 6 point out
the importance of fuel preheating. In fact, despite the relatively
small hydrogen temperature increment (about 200 K), the ef-
fect is remarkable and systematic. Ignition delays determined
by chemical kinetic considerations are available in literature.8,9

Typical values are in the range 0.1 – 1 ms for pressures and
temperatures of concern in scramjet applications. Such data
refer to premixed mixtures, often with E.R. close to unity and,
at least in principle, should provide lower temperature bound-
aries for nonpremixed combustion. In real supersonic combus-
tors, however, local temperature may be much higher than
mean airstream values (especially when cross-stream injectors
are present), making autoignition possible at lower mean tem-
peratures.2 The pressure dependence of hydrogen autoignition
is also relevant. For example, at T = 750 K, ignition delay
times controlled by chemical kinetics decrease from 1 to 0.1
ms by increasing pressure from 0.01 to 0.1 Mpa (Ref. 8). The
present data refer to pressure levels that decrease as the tem-
perature decreases. For example, Fig. 5 gives ignition delay as
a function of the temperature at injection location, where the
pressure, for the temperature interval of concern, covers the
range 0.08 – 0.04 MPa. A further extension of the pressure
range toward lower values, because of the � ow expansion
along the divergent, has to be considered if ignition delay is
given as a function of an injector-� ame position average tem-
perature, as done in Fig. 6. In this case the lower boundary of
the pressure range may be as low as 0.02 MPa. It has to be

remarked that, under high-temperature conditions (fast chem-
ical kinetics), the time required for mixing prevents ignition
delay from reducing below a threshold of about 100 ms.

During the combustion tests, the reaction wave moves pro-
gressively downstream since, because of the temperature de-
crease following the discharge from reservoir, ignition delay
becomes longer and, consequently, the distance of the ignition
point from the fuel injector increases. The � ame velocity with
respect to the tunnel walls depends essentially on the rate of
temperature decrease. The � ame speed can be calculated along
the tunnel as xi and are known. The next step is the de� -tf,i
nition of the � ame thickness:

Dx = v Dt (14)f,i f,i f,i

The total reaction time is de� ned as the residence time of
the gas inside the � ame region whose thickness is de� ned by
Eq. (14). At each monitoring location i we can write

Dt = Dx /(ū 2 v ) (15)re,i f,i g,i f,i

Reaction times are reported in Fig. 7 as a function of the
temperature at the pressure-monitoring locations. It must be
stressed that all of the results reported in this work refer to
quasisteady situations, in which the � ame speed with respect
to the tunnel walls is much lower than the gas speed (one order
of magnitude at least).

Minimum Temperature Required for Ignition
During the discharge from reservoir, both pressure and tem-

perature decrease in time. As a consequence, ignition delay is
lengthened and thus the � ame progressively approaches the
tunnel exit. The limit con� guration in which the ignition point
coincides with the last pressure monitoring location can be
regarded as a lower boundary for ignition. In fact, under such
a condition, the � ow temperature decrease is relatively low,
while the temperature sensitivity of the ignition process is
high. This situation, which can reasonably be considered very
close to the ignition limit, is summarized in Fig. 8, where the
ignition limit is given as a function of the upstream total tem-
perature.

Figure 8 clearly shows the remarkable effect of the hydrogen
temperature, whose increase lowers the ignition limit. Raising
the E.R. also lowers the temperature needed for ignition, but
this effect seems to be balanced by the local cooling when
hydrogen is cold. As pointed out by Kinzei et al.4 and Sato et
al.,11 autoignition in a supersonic � ow of cold hydrogen is not
expected for stagnation temperatures below 1500 K. The ef-
fectiveness of hydrogen preheating in lowering such a thresh-
old value is made evident in Fig. 8. Moreover, the bene� t
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Fig. 8 Minimum upstream air stagnation temperature required
for ignition: effect of E. R. and hydrogen stagnation temperature.

increases as E.R. increases, at least for the range investigated.
Since fuel preheating is one of the suggested mechanisms for
cooling hypersonic vehicles surfaces,2 the usefulness of data
in this area would greatly be enhanced if fuel preheating was
systematically adopted during experimental tests in ground fa-
cilities.

Conclusions
Hydrogen autoignition delay and reaction times in high-en-

thalpy supersonic air� ow were obtained as functions of the air
static temperature. Two hydrogen stagnation temperatures (300
and 500 K) and three E.R. (0.05, 0.1, and 0.15) were explored.
Ignition delay-time reductions ranging from 20 to 60% were
found, depending on the airstream static temperature, by in-
creasing the hydrogen stagnation temperature. Similar but less
systematic effects of the hydrogen preheating were observed
on the reaction time. The minimum air stagnation temperature
required for hydrogen autoignition signi� cantly decreases rais-
ing the hydrogen temperature. This effect is enhanced at higher
E.R., in particular, air stagnation temperature reductions rang-
ing from 6% (E.R. = 0.05) to 18% (E.R. = 0.15) were found.
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