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Development of Pulsed Arc Heater for Small Hypersonic
High-Enthalpy Wind Tunnel
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A pulsed arc heater was designed, manufactured, and installed in Centrospazio laboratory to equip a newly
developed hypersonic, high-enthalpy, small-scale blowdown wind tunnel. The facility operates with air in the low
to medium Reynolds number range (104–106 ) and is capable of producing Mach 6 air� ows, with a speci� c total
enthalpy up to 3 MJ/kg, on a 60-mmeffective diameter test section. The heater is run in a pulsed, quasisteady mode,
with test time ranging between 10 and 50 ms. The � ow is directly heated by the electric arc established between two
coaxial electrodes, powered by a large capacitor bank. A suitable plenum chamber placed just downstream of the
discharge chamber allows the � ow to reach thermochemical equilibrium before the expansion in the wind-tunnel
nozzle and enhances mixing, thereby reducing radial gradients. A numerical model was developed to simulate the
unsteady gasdynamic behavior of the arc heater and was used during the design phase to optimize the geometric
and temporal parameters of the heater and to assess the hypersonic tunnel useful test time. Experimental results
compare favorablywith numerical predictions, with the plenum pressure history matching within 5% and plenum
temperature within 10%. More than 600 runs have been performed so far, demonstrating the heater reliability
and capabilities.

Nomenclature
A = restricted section area, m2

C p = gas constant pressure speci� c heat, J ¢ kg¡1 ¢ K¡1

Cv = gas constant volume speci� c heat, J ¢ kg¡1 ¢ K¡1

C0 = arc characteristic constant, V ¢ Ak ¢ m¡1 ¢ Pam

I = arc current, A
k = arc characteristiccoef� cient
M = restricted section Mach number
m = arc characteristiccoef� cient
Pm = mass � ow rate, kg ¢ s¡1

p = static pressure, Pa
R = gas constant, J ¢ kg¡1 ¢ K¡1

T = static temperature,K
t = time, s
V = chamber volume, m3

v = � ow velocity, m ¢ s¡1

Wth = thermal input power, W
0 = internal energy function, J ¢ K¡1

° = gas speci� c heat ratio
1h = enthalpy variation, J ¢ kg¡1

1V = voltage difference, V
1x = electrodes distance, m
" = arc ef� ciency
´ = restricted section discharge coef� cient

Subscripts

electrodes = electrode conditions
in = incoming � ow
out = outgoing � ow
restr = restricted section
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sheaths = electrode sheath conditions
tot = stagnation conditions
0 = initial conditions

Introduction

A SMALL hypersonic high-enthalpy, arc-heated, blowdown
wind tunnel (HEAT) was recently developed and installed in

Centrospaziolaboratory,1 to perform experiments in the framework
of the ESA Future European Space Transportation Investigation
Program (FESTIP).2 The tunnel is capable of delivering Mach 6
air� ows (Mach 8.5 runs in helium have also been performed) with
a speci� c total enthalpy up to 3 MJ/kg, on an effective test section
with a 60 mm diam, in the low to medium Reynolds number range
(104–106). The facility operates in a pulsed, quasisteadymode, with
running time ranging between 10 and 50 ms, therefore allowing for
a simple, uncooled design to be feasible and effective.3

The HEAT facility mainly consists of an arc-driven gas heater
and a contoured expansion nozzle4 exhausting in a dump tank with
a 4.1 m3 volume. Auxiliary systems are � tted to the arc heater to
provide it with working � uid and energy, as will be described. The
tank is evacuated by four rotary pumps until a pressure of 10 Pa is
reached. This pressure level allows an underexpanded hypersonic
jet to be maintainedat the nozzle exit for a running time in excess of
200 ms. However, the presently available power system limits the
steady-state hot pulse to less than 50 ms.

The present work deals with the arc heater design and the exper-
imental characterizationcarried out so far, using air as the working
� uid.Measurementsof arc input power, stagnationtemperature,and
pressure in the plenum chamber during the power pulse are illus-
trated.

Arc Heater Description
The arc heater consistsof two electrodespositionedin a discharge

chamber and a suitable plenum/mixing chamber. The cathode is
machined out of a 2%-thoriated tungsten rod, measuring 10 mm
in diameter; a boron nitride constricted channel (constrictor) sepa-
rates the cathode from the annular coaxial copper anode. The test
� uid (air in the present case) is injected into the discharge chamber
through two fast acting solenoid valves and is heated by the elec-
tric arc sparking between the electrodes. The constrictor provides
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arc stability and improves thermal energy exchangebetween the arc
column and the surrounding � ow. A coaxial magnetic � eld (with
intensity of a few tenths of gauss) is applied in the discharge region
to spin the arc and, therefore, avoid its concentration on a single
anode spot.5 Two boron nitride perforated screens are placed just
downstream of the anode, both to collect particles sputtered from
the electrodesand to enhanceturbulencein the plenumchamber,be-
cause turbulentmixing promotes a more uniform radial distribution
of enthalpy across the stream.

The arc heaterwas designedin a highlymodularandoperationally
� exible way, to be easily modi� ed for different test campaigns.
Differentelectrodearrangementsand constrictorcon� gurationscan
be easily installed, and insulating spacers of different length can be
mounted to increase the plenum chamber volume if necessary. A
view of the heater is shown in Fig. 1.

The plenum chamber is designed to give the � ow a suf� ciently
long residence time in the high-pressure region, to reach chemical
and thermodynamic equilibrium before the expansion in the wind-
tunnel nozzle. Although plenumconditionsare in full thermochem-
ical equilibrium,this is not the case for the � ow in the test section:A
signi� cant portion (up to 20%) of the speci� c enthalpy is frozen in
nonequilibriumvibrationalmodes during the sudden nozzle expan-
sion. This problem is well known to the experimental practitioner
and is almost unavoidablein small, hypersonic,high-enthalpywind
tunnels operatingwith air. Nevertheless, the nonequilibriumexpan-
sion of a gas through a hypersonic nozzle is a well understood and
widely studied problem since the early 1960s,6 and frozen test sec-
tion conditions can be properly assessed as long as the � uid is fully
in equilibrium upstream of the nozzle. To this purpose, a computer
program was developed to study the nonequilibrium evolution of
air � owing through the plenum chamber. A six-reactions chemical
model was used,7 whereas the Landau–Teller model was assumed
for vibrational relaxation, with constants obtained from the avail-
able literature.8;9 The resultsobtainedshow that complete relaxation
from the arc column conditions,that is, fully dissociated,partly ion-
ized, is achieved over a distance of a few millimeters for plenum
conditions of a few bars in pressure and less than 3000 K in tem-
perature.Clearly, these results representonly an order of magnitude
estimate; nevertheless, they seem appropriatefor a conservativede-
sign of the plenum chamber,provided its length is much longer than
the evaluated relaxation length.

The gas feeding system was designed to supply smooth and re-
peatable cold-� ow pulses with duration of about 100 ms. The air
pulse is produced by opening two fast acting solenoid valves. Each
valve is activated by a rectangular electric signal generated by a

Fig. 1 Arc heater.

programmable electronic board. A 0.005-m3 reservoir is placed just
upstream of each valve to maintain a quasiconstant back pressure
during the pulse. In this way, a steady-state � ow is reached a few
milliseconds after the valve activation. Both the mass � ow rate and
the gas pulsedurationcan be easilyadjustedby setting, respectively,
the reservoir pressure (up to 50 bar) and the electric pulse duration.

The electricalpower system consists of a 12.5 mF main capacitor
bank (MCB), which can be charged up to 2400 V, storing a total
energy of 36 kJ (Fig. 2). A resistor– inductor matching network is
wired between the capacitor bank and the arc heater, to obtain a
discharge current time evolution with a roughly constant plateau
of duration not shorter than 15 ms, during which a power up to
200 kW is supplied to the electrodes. A high-voltage ignitron de-
vice is used to command the arc ignition at the desired moment
(programmable with a resolution of 0.5 ms) to maximize the use-
ful run time. The initial MCB voltage is not suf� cient to obtain a
direct electric breakdown through air at the nominal pressure level.
Therefore, an additional network consisting of a 600-¹F igniting
capacitor bank (ICB) and a 20-mH inductance is permanently con-
nected in parallel with the main power unit. This network is used
to self-ignite the discharge as soon as air begins to � ow across the
electrodes and the pressure reaches a critical value in accordance
with Paschen law10 (typically in the order of a few hundred pascal).
The discharge self-ignition takes place a few milliseconds after the

Fig. 2 Electric feeding system schematic.
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valve opening: the ICB is rated to sustain 30–40 A of discharge
current for a few milliseconds, that is, until the discharge chamber
pressure reaches the desired value (of about 2 bar) and the igni-
tron is switched on, allowing the MCB to supply energy to the arc.
This arrangement allows for energizing the gas when a signi� cant
ionization (produced by the ICB discharge) is already present, thus
facilitating the high-pressure breakdown and establishing a stable
MCB-driven arc, with durationand characteristicdeterminedby the
overall network scheme.

Arc Heater Numerical Simulations
To optimize the arc heater geometry on the basis of the gas-

dynamic system behavior, a numerical model based on a lumped-
parameter/control-volume approach was developed and imple-
mented in a suitable computer code. The facility is schematized as
composed by a series of volumes (capacitive elements) connected
through restricted sections (resistive elements).

The volume elements are modeled assuming space-independent
gasdynamic parameters (equal to an equivalent average value), the
working � uid is considered to be a thermally perfect gas, and con-
duction and radiation effects are neglected. Finally, the kinetic en-
ergy contribution to the total enthalpy is neglected (equivalent to
assuming subsonic � ow). Accordingly, the Eulerian unsteady con-
servation equations for the � ow are integratedover the volume. For
each volume element, a set of two coupled time-dependent integral
equations is obtained, one for the pressure derivative and the other
for the temperature derivative.The equations are written in general
form as
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The interfaceconditionsbetween volume elements, that is, the re-
strictedsectionelements, are modeled using quasi-one-dimensional
steadygasdynamicrelations,obtaininga set of three algebraicequa-
tions as follows:
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Fig. 3 Arc heater lumped-parameter model.

For simplicity, the possible development of standing shocks inside
the arc heater is neglected. This assumption is not satis� ed during
the very � rst moments following the valves opening. Nevertheless,
it seems reasonable to believe that such initial phenomena do not
affect the subsequent behavior of the system.

Schematizing the heater as composed of four volumes connected
by three sections (as shown in Fig. 3), the resultingdynamic system
is described by a set of 17 coupled equations. The forcing actions
on the system are the solenoidvalves opening (describedby a trape-
zoidal law) and the power input from the arc column to the gas. Two
different power input laws were examined for the present work: a
simpli� ed trapezoidal input and a real input signal as directly mea-
sured at the electrodes. The former case was considered during the
preliminary design phase, during which the detailed arc behavior
was still unknown; the latter was considered for model validation,
by comparing numerical and experimental results.

The optimal arc heater con� guration was investigatedby varying
the geometrical parameters, some of which are constrained by di-
mensional and/or operational limits. Speci� cally, the reservoir vol-
ume and pressure cannot exceed, respectively, 0.01 m3 and 50 bar,
for assembly and safety reasons; the injector effective area must be
a multiple of 12.5 mm2 to allow the adoption of available,commer-
cial valves; the plenum chamber volume cannot be less than 25 cm3

to permit installation of ceramic screens; the length cannot be less
than 15 mm to allow for full chemical and vibrational relaxation
of the � ow (three times the relaxation length as computed by the
earlier described model); and the nozzle throat area is dictated by
the Mach 6 condition in the 60-mm-diam test section.

The optimization objective was to maximize the time length of
the quasisteady hot-gas pulse, for a given discharge time. Steadi-
ness conditions were evaluated in terms of stagnation pressure and
temperature inside the plenum chamber, which, in good approxi-
mation, also represent the stagnation conditions in the hypersonic
test section.Optimizationwas performed referring to a nominal test
condition, shown in Table 1. A second condition was subsequently
veri� ed (Table 2) to assess operational � exibility of the facility.

The preceding set of integral–differential equations was solved
numerically, by means of an Adams–Gear–Gauss algorithm, with
variable step size and error control. The numerical accuracy of the
algorithm was set as follows: maximum relative error 10¡3 (that
is, accuracywithin 0.1%), maximum absolute error 10¡6 , and mini-
mum step size 10¡6 s. The optimalvolume forboth thedischargeand
plenum chambers was found to be slightly larger than the minimum
allowed. The optimal time delay for the MCB ignition was found

Table 1 First test condition (nominal)

Variable Value Unit

Mach number 6
Unit Reynolds number 0.8 £ 106 m¡1

Speci� c enthalpy 2.0 MJ ¢ kg¡1

Stagnation temperature 1800 K
Stagnation pressure 590 kPa

Table 2 Second test condition (additional)

Variable Value Unit

Mach number 6
Unit Reynolds number 0.8 £ 106 m¡1

Speci� c enthalpy 1.1 MJ ¢ kg¡1

Stagnation temperature 1080 K
Stagnation pressure 300 kPa
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Fig. 4 Ignition delay effect on computed plenum temperature history.

Fig. 5 Ignition delay effect on computed plenum pressure history.

Fig. 6 Plenum volume effect on computed plenum temperature
history.

Fig. 7 Plenum volume effect on computed plenum pressure history.

to be approximately 8–9 ms, depending on the test conditions. A
reservoir pressure of 710 kPa and 48 kW of input power are needed
to generate the � ow conditions shown in Table 1.

Parametric plots are shown in Figs. 4–7, together with a full set
of results for the optimal con� guration at the design test conditions
(Figs. 8–11). It can be seen that the mass � ow rate keeps constant
(and equal to 0.024 kg/s) through the arc heater during the MCB
discharge,showing that steady conditionsare indeed reached.Flow
is subsonic everywhere inside the heater (therefore, justifying the
no-shocks assumption) and only the nozzle throat is sonic.

Tuning of the simulation parameters, that is, restricted sections
ef� ciencies,was performedby � tting computed results to measured
data for a series of cold runs, during which a gas pulse was gener-
ated with no arc discharge. Good agreement was obtained, show-
ing that the numerical model can correctly describe at least the
cold-� ow case. In Fig. 12 a comparison between the numerically
calculated and experimentally measured stagnation pressure in the
plenum chamber is shown, for a cold run with a reservoir pressure
of 690 kPa.

Experimental Characterization
An experimental program was conducted to assess the capabil-

ities of the arc heater. Measurements of stagnation pressure and
temperature in the plenum chamber and voltage and current (and,
therefore, power) at the electrodeswere carried out using synthetic
air as the working � uid. The plenum pressure was measured using
a fast response, ruggedized silicon diaphragm transducer (nominal
uncertainty 0.1% of full-scale output, §1.7 kPa); the temperature
was measured using unshielded platinum/platinum-rhodium ther-
mocouples, 0.025 mm in diameter (maximum uncertainty §3.7 K,
American Society for Testing and Materials standard). The current
� owing through the electrodes was measured by means of a Hall-
effect probe (nominal uncertainty 1% of full-scale output, §2 A),
whereas the arc voltage drop was measured using suitable high-
voltage probes (relative uncertainty 0.001%, maximum §1.5 V),
the electrodes being � oating with respect to the ground. A digital
transient recorder controlled by a personal computer and a 12-bit
analog-to-digital converting board installed in a workstation were
used for data acquisition, storage, and analysis. Because the ther-
mocouple response time is not suf� cient to properly resolve the arc
running time, a numerical correction method11;12 was employed to
calculate instantaneous temperatures from thermocouple measure-
ments. The combined uncertainty due to the numerical correction
was §45 K.

Figures 13 and 14 show the time history of the main electric
and gasdynamic arc heater parameters during a typical run, with
the time axis origin corresponding to the valve opening. In Fig. 13,
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Fig. 8 Computed pressure histories (optimal con� guration).

Fig. 9 Computed mass � ow rate histories (optimal con� guration).

Fig. 10 Computed temperature histories (optimal con� guration).

Fig. 11 Computed Mach number histories (optimal con� guration).

Fig. 12 Measured and computed plenum pressure histories (cold run).

the arc power measured at the electrodes is shown, and the self-
ignited currentproducedby the ICB additionalnetwork can be seen,
together with the steep current increase (produced by the MCB
network) occurring when the ignitron is activated, 9 ms after the
valveopening.Figure 14 shows thepressuremeasured in theplenum
chamber. The pressure rise induced by the electric discharge heat
input is clearly visible.

A series of runs was performed to assess the steadiness and re-
peatabilityof the arc heater performance,for the two operationcon-
ditions considered. During these runs the main heater controlling
parameters, that is, reservoir pressure and MCB voltage charge,
were kept constant. Higher enthalpy runs (Table 1) were performed
with a reservoir pressure of 900 kPa and a MCB voltage of 1220 V,
whereas lower enthalpy runs (Table 2) were performedwith a reser-
voir pressureof 500kPa and a MCB voltageof 735V. Sample results
for a 10-ms time interval during the quasisteady phase are shown
in Figs. 15–17. The measured data indicate that fair repeatability
exists both for pressure and temperature in the plenum chamber.

Tests were also performed at higher energy levels to assess the
heater reliabilityfor conditionscloser to the operating limit. Though
a proper characterization could not be performed, stagnation tem-
peraturesand pressures up to 2800 K and 1 MPa, respectively,were
obtained by charging the MCB up to 1800 V.
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Fig. 13 Measured electrodes power input history (run d3008-4).

Fig. 14 Measured and computed plenum pressure histories (run
d3008-4).

The simulation code was validated against experimental data by
using actual measured power signals as inputs for the program. An
energy transfer ef� ciency " was introducedto take into accountheat
losses (due to conductionand radiation) and electrodesheath losses.
Ef� ciency was, therefore, de� ned as

" D
Pm ¢ 1h� ow

I ¢ 1Velectrodes

(7)

which in turn can be expanded in the product of a term relevant to
electrode sheath losses and a term relevant to thermal losses,

" D "thermal ¢ "electrodes (8)

For short-run duration, during which the average facility wall
temperature is not signi� cantly increasing, the thermal ef� ciency
can be assumed as constant (and roughlyequal to 0.6 for the present
case13 ). However,fromclassicalelectricarc theory,14;15 ananalytical
expression can be obtained for the electrodic ef� ciency, therefore,
yielding the following relation for the total ef� ciency:

" D 0:6 ¢ 1 ¡
Vsheaths

1Velectrodes

(9)

Fig. 15 Plenum pressure repeatability (higher enthalpy).

Fig. 16 Plenum pressure repeatability (lower enthalpy).

Fig. 17 Plenum temperature repeatability (lower enthalpy).
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1Velectrodes D 1x ¢ C0.pm=I k/ (10)

where Vsheaths is the sum of cathode and anode sheath voltage fall,
amounting to about 35 V in the present case. The arc character-
istic constants for air were empirically found to be m D 0:31 and
k D 0:60 (Ref. 14).

Good agreementbetweenexperimentaland numericalresultswas
found for every case considered,with total ef� ciencyvalues ranging
between 0.3 and 0.5, dependingon the arc power input. An example
is shown in Fig. 14, in which the experimentallymeasured plenum
pressure time history is compared to numerical results (computed
using the actually measured electrode power time history as input).
It can be seen that an actual power signal is quite different from the
ideal trapezoidalone assumedduring the preliminarycomputations,
nevertheless, pressure seems to be scarcely affected by the large
oscillationsin the power signal but appear dependenton the average
value only. Within the explored operational range, it appears that
the numerical model can provide a good estimate of the arc heater
characteristics, proving to be a valuable tool to quickly verify the
feasibility of different test conditions.16

The main problem evidencedduring the heater operation was the
occasionaloccurrenceof anomalousdischargemodes characterized
by extremely high current intensities that were the major source of
componentdeterioration.3 In the � nal design,anomalousdischarges
have been effectivelycontrolled, though not completelyeliminated,
usinga constricteddischargechamberandspinningthe arcbymeans
of a coaxial magnetic � eld.5

Even for proper operation, some level of electrode degradation
cannot be avoided.As usually occurringwith pulsed arc devices, re-
peatedstarts cause signi� cant electrodeerosion,which in the case of
HEAT arc heater is enhanced by the relatively high discharge pres-
sure and the low electrode wall temperature. On cold electrodes,
sheath phenomena are responsible for a signi� cant fraction of the
total power dissipated by Joule effect, which has detrimental con-
sequences on the electrodes (the cathode in particular), enhancing
erosionand reducingits useful lifetime.In particular,a cathodemass
loss of 7–23 mg/C is estimated for the ignition procedure used,17

which gives a tungsten � ow contaminationof 65–260 ppm at design
� ow conditions.Flow contaminationcaused by copper is estimated
to be less than 2 ppm. In additionto electrodeerosion,some damage
to the turbulence enhancing shields was observed. After the initial
tests, the shields had to be redesigned to avoid sharp corners,which
proved unable to withstand the induced thermal stresses. In any
case, no damage was ever observed on the tested models caused by
impacting particles; for example, during the shock-wave/boundary-
layer interaction test campaign2 thin-� lm gauges were used to mea-
sure the local heat � ux to the model wall without experiencingany
damage to the exposed test elements.

Conclusions
Takingadvantageof the existingknow-howon arcjetsand plasma

sources for space applications, a pulsed, arc-heated wind tun-
nel for hypersonic activities has been successfully developed at
Centrospazio. Tests carried out so far have shown both the reli-
ability of the arc heater and, in general, the effectiveness of the
numerical tools developed for the heater design, despite of their
relative simplicity.

More than 600 runs using synthetic air as the working � uid have
been performed,with no part replacements and without any signi� -
cant componentdamage.As expected,thecathodeand ceramicmix-
ing shields proved to be the most stressed and critical components,
though operating the facility in a pulsed mode greatly alleviated the
problems.3

Good repeatability of plenum chamber � ow parameters (stagna-
tion pressure and temperature) has been obtained for the operation
condition investigated.Furthermore stagnation temperatures in ex-
cess of 2500 K have been observed, demonstrating the possibility
of extending the arc heater capability beyond the maximum design
temperature foreseen at the beginning of the activity.
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