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Underexpanded Jet for Testing Laser-Based
Combustion Diagnostics

K. G. Klavuhn¤ and J. C. McDaniel†

University of Virginia, Charlottesville, Virginia 22903

The design, construction, and operation of an underexpanded jet facility developed as a test � ow� eld for laser-
based supersonic combustion diagnostics are described. The continuous-running device accelerates hot gases
from a 160-kPa, 2000-K, stoichiometric H2 /Air combustion chamber through a 3.15-mm i.d. alumina tube into
a 11-kPa chamber. The resulting underexpanded jet of � ame species provides a range of � ow� eld parameters
(M = 1–4, T = 1700–500 K, P = 72.8–2.7 kPa, and ½ = 0.12–0.004 kg/m3 ) typical of practical supersonic combustion
experiments. The modeling of the jet � ow� eld using an axisymmetric Navier–Stokes code is also described.

Introduction

U NDEREXPANDED jets are particularly attractive as test
� ow� elds for high-speed compressible � ow diagnostics be-

cause they are reproducible,have been studied extensively,1 15 can
be modeled with good accuracy,16 22 and offer a broad range of
the important measurable parameters. For these reasons extensive
use has been made of jets in the development of laser-based diag-
nostic techniques for use in high-speed, nonreacting compressible
� ows. Nonintrusive techniques for the measurement of density,23;24

velocity,24 26 pressure,26 and temperature27 using laser-induced� u-
orescence (LIF) of I2 seeded in air have been studied using under-
expanded jets. Other techniques for velocity measurement in non-
reacting � ows using LIF of NO seeded in air,28;29 LIF of Na seeded
in nitrogen,30 LIF probing of vibrationally tagged O2 in unseeded
air,31;32 LIF probingof OH producedby thephotodissociationofwa-
ter vapor in air,33 inverse Raman spectroscopyof N2,34 Raman gain
spectroscopyofN2 ,35 and coherentanti-StokesRaman spectroscopy
of CH4,36 have been also been studied using supersonic jets.

Renewed interest in propulsion systems for hypersonic aircraft
and reusable launch vehicles using combined airbreathing/rocket
cycleshas created a need for nonintrusivediagnostictechniquesthat
are effective in high-speed combusting � ows. Calibration of these
new techniques requires a � ow� eld with gasdynamic and thermo-
dynamic conditions similar to those found in the model supersonic
combustors in which the techniquesare to be applied.Brief descrip-
tions of jet facilities incorporating � ame products have appeared in
the literature. For example, a supersonic, axisymmetric freejet was
formedbyexhaustingtheproductsfroma high-pressure(»405kPa),
stoichiometric CH4/Air � ame through a 1.6-mm diam nozzle into
ambient air and used for the demonstration of a technique for mea-
suring velocity, temperature, and pressure using rapid continuous-
wave wavelength-modulationLIF of OH.37 A similar high-pressure
(»172 kPa) H2/Air diffusion � ame combustor with a 3.2-mm diam
nozzlewas used to producea subsonicjet for demonstratingvelocity
and temperature measurements using XeCl excimer LIF of OH.38

In another experiment a supersonic freejet produced by expanding
the combustion products of a low-pressure (7 kPa) H2/O2/Ar � ame
through a 4.56-mm diam nozzle was used for the demonstration of
rotational temperature measurements using LIF of OH.39 However,
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the design, construction, operation, and characterization of these
facilities are not discussed in detail.

In this article, a unique underexpanded jet facility that was con-
structed for the testing of supersonic combustion diagnostics in-
tended for use in model supersonic combustion ramjet combustors
is described. The facility is small and inexpensive and produces a
well-controlled, high-speed, low-pressure � ow� eld of combustion
species without the use of vacuum pumps. The design, operation,
and characterizationof the jet are presented, including an analysis
of the distribution of � ow properties in the jet’s supersonic core.

Design Features
A cross section of the underexpanded jet facility is shown in

Fig. 1, and a schematic of the entire setup is shown in Fig. 2. The
fuel and air enter a small mixing chamber on top of the facility.The
fuel stream is oriented between two counterpropagatingairstreams
in order to promote mixing. The fuel/air mixture passes into the
combustion chamber through a multiholed ori� ce plate located at
the bottom of the mixing chamber. The size of the burner holes was
determined by estimating the total mass � ow rate and sizing the
holes so that the � ow speed through each hole would be at least
twice the maximum projected laminar � ame speed.40 This ensures
that the � ame cannot � ash back into the mixing chamber, while
not restricting adjustability of the � ow rates when using constant
pressure supplies by creating a sonic throat in the � owpath. In ad-
dition, in-line � lters with 7-¹m sintered elements were installed in
the fuel and air lines at the inlets of the mixing chamber to snub the
� ame in the event of � ashback and to prevent pressure � uctuations
from resonating in the supply lines causing � ow instabilities. The
fuel and air� ow rates are controlled with course and � ne metering
valves mounted in parallel and monitored using mass � owmeters
for precise adjustment of the total � ow rate and equivalence ratio.

A spark generator produces a spark between a nichrome ignitor
and the burner surface to initiate combustion. The ignitor enters
the combustion chamber through one of four access ports located
symmetrically around the burner. The � ame burns below the burner
surface and is contained in an insulated combustion chamber. A
machinable ceramic was used to form the insulation to protect the
aluminumshell of the combustionchamber from the hot � ame gases
and to reduce the quenching of � ame radicals at the inside wall by
allowing the surface to remain hot. The pressure of the combustion
chamber is monitored by a pressure transducer,which accesses the
chamber through one of the remaining three access ports. The two
remainingportscan be used formonitoringthe chambertemperature
and/or for adding seed species, such as NO or Na, or seed particles
for LDV and other Mie scattering techniques, to the � ow.

Once ignited, the reacting mixture is accelerated through a
38.1-mm-long,3.15-mmi.d.aluminatube into a low-pressurecham-
ber to form an axisymmetric, underexpanded, supersonic freejet.
The alumina tube provides a rugged, high-temperature boundary
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that minimizes quenchingof the � ame radicalswhile improving the
structural integrity of the thin-walled ceramic nozzle exit. An alu-
mina cement was used to bond the alumina tube to the surrounding
insulation and to repair occasional cracks in the insulation caused
by thermal stress.The low-pressurechamber is pumped by a remote
set of air ejectors, which provide an adjustablebackpressure that is
monitored by a vacuum transducer connected to the low-pressure
chamber througha port in the wall. In-line � lters with 7-¹m sintered

Fig. 1 Cross-section view of the underexpanded jet facility.

Fig. 2 Schematic of the complete underexpanded jet setup.

elements were also installed in the lines connectingthe pressureand
vacuum transducers to the combustion and low-pressure chambers
to prevent any high-frequencypressure � uctuationsfrom resonating
in the lines.

Three 150 £ 50 £ 6:4-mm-thick fused silica windows, centered
on the underexpanded jet, provide generous access for laser beam
transmission and signal collection. In addition, the combustion
chamber wall and window cover plate edges are tapered, forming
a 45-deg angle with the centerline of the alumina tube, to allow up
to 45-deg access to the � ow� eld in the vertical plane. Aluminum
blanks with mounts for smaller, less expensive windows are sub-
stituted when full optical access is not required. Water cooling is
applied to the brassmixing chamber/burnerand exhaustassemblies,
enabling the jet to be operated continuously without overheating.
The jet is oriented in a vertical sense with the � ame products ex-
hausting out the bottom to prevent condensatesfrom contaminating
the windows—a problem that is experienced with most � at � ame
facilities where the exhaust is above the � ame.

In the present con� guration all of the electronic sensors are con-
nected to a laboratory PC via a IEEE-488 bus to allow convenient
recording of the operating conditions during experiments. A � exi-
ble section in the exhaust line and three precision translation stages,
mounted to the back of the low-pressure chamber, enable precise
positioningof the jet in three axes. For safety, the entire jet assembly
is housed in a Plexiglas® enclosure that is continually exhausted to
the outside atmosphere by a high-volume air ejector. In addition,
a � ammable gas detector is mounted in the top of the enclosure to
detect any fuel leaks, and solenoid valves were installed to enable
automatic shutdown and purge (with N2) of the fuel lines in the
event of a leak. These precautions are particularly necessary when
using fuels such as hydrogen.

Operational Procedure
The start-up procedure begins by turning on the air ejectors and

coolingwater and setting the air supply to the mixing chamber with
the needle valves to the level required for the desiredoperatingcon-
ditions. The spark is turned on, and the fuel � ow rate is increased
with the coarseneedlevalve until ignitionoccurs. Ignition is evident
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by the immediate increase in pressure in the combustion chamber.
Once ignitionis sustained,the spark is turnedoff, and the � ow rateof
the fuel is slowly (over a period of »10 min) increasedwith the me-
tering valves until the desired operating condition is reached. This
procedureis recommendedin order to minimize the thermalshockto
the fragile ceramic insulation.Once started, the jet can run continu-
ously, assumingthat enoughair, fuel, and coolingwater is available.

As with the startup procedure, similar care is recommended dur-
ing shutdown to avoid stressing the insulation. The fuel � ow rate
is slowly (over a period of »10 min) decreased using the metering
valves to the level where ignition was initially achieved, and the
air and fuel are shut off simultaneously using the shut-off valves
to prevent cold air from entering the combustion chamber in the
absence of the � ame and shocking the hot insulation.The metering
valves controlling the fuel are now set for easy startup during the
nextexperiment.A bypassvalvein the vacuumline leadingto the air
ejectors is opened for a few minutes to allow dry air to remove any
remaining condensation in the exhaust piping. The air ejectors are
then shut off. The cooling water is turned off after an additional
10 min.

This facility was originally developed using propane as the fuel
because it required fewer safety precautions.Although the propane
� ame convenientlyprovided enough chemiluminescence to clearly
see and photograph the underexpanded jet structure that formed at
the exit of the alumina tube, it was noticeablyunstableand tended to
depositsoot on the windows.Propanewas abandonedfor the desired
fuel, hydrogen, once the operation of the system had been checked
out. The jet was usually operated with a stoichiometric mixture of
hydrogenand air. The hydrogenwas supplied to the metering valves
at 414 kPa and a rate of 2.34(10) 5 kg/s (15.6 SLPM) allowing 6.5 h
of run time on one standardDOT-3AA2265 bottle. The air was sup-
plied to the metering valves at 690 kPa and a rate of 8.00(10) 4 kg/s
(37.2 SLPM) while the four air ejectors were suppliedwith 552 kPa
air at a rate of 4.76(10) 2 kg/s (2209 SLPM) for a total required
air� ow of 4.84(10) 2 kg/s (2251 SLPM). At these � ow rates the
pressure in the combustion chamber was P0 D 160 kPa (1.58 atm),
and the backpressurewas Pb D 11 kPa (0.11 atm).

Underexpanded Jet Flow� eld
Figure 3 shows an actual photograph of the luminescent under-

expanded jet plume and a schematic outlining the main features of
the � ow� eld. The high-pressuregas leaving the exit of the tube un-
dergoes rapid expansion into the lower pressure of the surrounding
chamber. The condition of constantpressure along the jet boundary
causes the expansion waves to re� ect off the boundary as compres-
sion waves and also causes the boundary to be bent back toward
the � ow. The curvature of the jet boundary causes the compression
waves to coalesce, forming the characteristicbarrel shock in the in-

Fig. 3 Photograph of the luminescent underexpanded C3H8/Air jet plume (ASA 400, f /4, 25-s exposure) and schematic outlining the main features
of the � ow� eld.

terior of the jet. The barrel shock is an oblique shock, behind which
the � ow is still supersonicbut at a lower Mach number than the � ow
in the core of the jet.

For slightlyunderexpandedjets thesebarrel shocks meet at the jet
axis, forming the familiar diamond structure. As the pressure ratio
across thenozzle is increased,the barrel shocksno longermeet at the
jet axis but are connectedwith a normal shock or Mach disk (some-
times referredto as a Riemannwave), as picturedin Fig. 3. The Mach
disk is a slightly curved shock that is normal to the � ow at the jet
axis.The � ow immediatelybehindtheMachdisk is clearlysubsonic,
whereas the � ow behind the shock that re� ects from the interaction
of the barrel shock and the Mach disk, known as the triple point, is
still supersonic. In either case the re� ected barrel shocks intersect
with the jet boundary re� ecting as expansionwaves, and the whole
process is repeated until viscous effects dissipate enough of the ki-
netic energyof the � ow that thewave structureis no longerobserved.

For highly underexpandedjets, as shown in Fig. 3, only one Mach
disk is present. In this case the � ow behind the Mach disk acts as a
potentialcore,which diminishes in diameter and forms a throat-like
region as it adjusts to, and exchangesmomentum with, the adjacent
supersonic stream. The resulting reacceleration can cause the core
� ow to become sonic in the throat-like region.

SPARK Flow� eld Calculation
The � ow� eld properties for a stoichiometric (i.e., equiva-

lence ratio 8 D 1) hydrogen/air jet with a source temperature
T0 D 2000 K, source pressure P0 D 160 kPa (1.58 atm), and back-
pressure Pb D 11 kPa (0.11 atm) were calculated using an axisym-
metric versionof SPARK. SPARK is a Reynolds-averaged,Navier–
Stokes code with � nite-rate chemistry that uses a nine-species (H2,
O2 , H2O, OH, H, O, HO2, H2O2 , and inert N2 ), 18-reaction chem-
istry model.41 SPARK uses a modi� ed-MacCormack, � nite differ-
ence technique to solve the Navier–Stokes and species continuity
equations.Momentum, heat, and mass diffusion are modeled by re-
lations based on kinetic theory.Chemistry is de� ned by a multicom-
ponent � nite-rate scheme, and a real-gas thermodynamicsmodel is
employed. The particular version of SPARK used here included a
choice of three turbulence models: 1) laminar � ow (i.e., no turbu-
lence), 2) a mixing length model for boundary-layer applications,
and 3) the algebraic model of Baldwin–Lomax for separated � ows.
The turbulent interaction of most interest in the underexpanded jet
occurs within the free shear layers. Because the mixing length and
Baldwin–Lomax models are not intended for free shear layers, the
calculations were performed with the laminar option. The lack of
an appropriate turbulence model was not expected to have any ap-
preciable effect on the solution in the jet core, the region of interest
in this work. Convergence was assumed when � uctuations in the
density and temperature contours between iterations became less
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Fig. 4 Computational grid for SPARK calculation of the underex-
panded jet � ow� eld.

Fig. 5 Calculated contours and centerline distributions of Mach number and temperature in the underexpanded jet, where P0 = 160 kPa (1.58 atm),
T0 = 2000 K, Pb = 11 kPa (0.11 atm), and U = 1:0 (H2/Air).

than 0.1%. To smooth any residual numerical oscillations, the last
200 iterations were averaged for the � nal output.

Computational Grid
The 60 £ 100 computational grid for the axisymmetric SPARK

calculationof the underexpandedjet � ow� eld is shownin Fig. 4. Ac-
tual computations included only half of the grid shown because the
� ow is axisymmetric. This particular mesh size was a compromise
betweenspatialresolutionandcomputationtime.The computational
domain extended from the jet centerline to 3.0 jet radii (4.73 mm)
in the transverse Y direction and from the nozzle exit to 10.0 jet
radii (15.75 mm) downstream in the axial X direction.The grid was
compressed in the regionsof the transonic inlet, the free shear layer,
and the Mach disk in order to resolve the sharp gradients expected
in these areas. The expected Mach disk location was determined by
� rst performing the calculation on a coarse uniform grid.

SPARK Boundary Conditions
Inlet

The conditions in the combustion chamber were determined us-
ing STANJAN,42 a robust computer program that uses the element
potential method for calculating the equilibrium composition of a
mixture of gases. An equilibrium mixture consisting of H2 , O2,
H2O, OH, H, O, HO2 , H2O2, and N2 was calculatedfor the combus-
tion chamber total conditions T0 D 2000 K and P0 D 160 kPa. The
conditions at the exit of the ceramic tube were determined by � rst
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expanding the equilibrium mixture to the entrance of the alumina
tube, assuming one-dimensional isentropic � ow and frozen chem-
istry. The frozen mixture was then further expanded to Mex D 1
at the exit of the alumina tube, assuming one-dimensional adia-
batic � ow with friction (Fanno line).43 The � ow in the alumina tube
is not actually adiabatic. The actual heat transfer, which was not
known,was accountedforbyadjustingT0 (to bediscussedlater).The
Mach number at the entranceof the alumina tube Men D 0:58, repre-
sents the conditionsnecessaryat the entrance to obtain sonic � ow at
the tubeexit.This valuewas determinedby backcalculatingfrom the
tube exit using the Fanno-line relations.For the Fanno-line calcula-
tion a manufacturer-suppliedfriction factor of f D 0:0138 was used
for the aluminatubing.The � ow propertiesat the tube exit (T ex

0 , P ex
0 ,

and Mex ) were used as the in� ow boundary conditions for the grid
area from Y=R j D 0:0 to 1.0, representing the exit of the alumina
tube. In previousjet studies the detailsof the � ow in the transonicre-
gion at the ori� ce exit havebeen shown to have little in� uenceon the
core � ow region located more than a nozzle diameter downstream.8

Thus, in the interest of simplicity a uniform velocity pro� le with
no transverse velocity component (slug � ow) was used. For the
remainder of the grid inlet, a co� ow of air at Tc f D Tw D 500 K,
Pc f D Pb D 11:07 kPa, and Mc f D 0:01 was introduced. The co� ow
served to stabilize the calculation without altering the jet � ow� eld.
The temperature of the co� ow was arbitrarily set equal to the mea-

Fig. 6 Calculated contours and centerline distributionsof pressure and density in the underexpandedjet, where P0 = 160 kPa (1.58 atm), T0 = 2000K,
Pb = 11 kPa (0.11 atm), and U = 1:0 (H2 /Air).

sured temperature of the jet chamber wall, and the pressure was
set equal to the measured backpressure in the jet chamber.

Outlet

All gradients in the X direction at the outlet boundary were set
equal to zero by using the values obtained from the preceding grid
plane.

Line of Symmetry

All gradients in the Y direction and the transversevelocity com-
ponent along the line of symmetry were set equal to zero.

Wall

No-slip boundary conditions were imposed along the grid plane
representing the outer wall of the jet chamber. The temperature and
pressure along the wall were set equal to those of the co� ow.

Results
Calculated results for the stoichiometric case 8 D 1 are pre-

sented here because this equivalenceratio gives the highest temper-
atures and velocities. Contours of Mach number and temperature
are shown in Fig. 5. Centerline values are plotted independently to
better illustrate the wide range of thermodynamic conditions that
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Fig. 7 Calculated contours and centerline distributions of H2O and OH number density in the underexpanded jet, where P0 = 160 kPa (1.58 atm),
T0 = 2000 K, Pb = 11 kPa (0.11 atm), and U = 1:0 (H2/Air).

Fig. 8 Calculated contours and centerline distributions of HO2 and H2O2 number density in the underexpanded jet, where P0 = 160 kPa (1.58 atm),
T0 = 2000 K, Pb = 11 kPa (0.11 atm), and U = 1:0 (H2/Air).
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Fig. 9 Calculated contours of axial and transverse velocity, centerline distribution of axial velocity, and cross-sectional distribution of transverse
velocity for X/Rj = 1:5 in the underexpanded jet, where P0 = 160 kPa (1.58 atm), T0 = 2000 K, Pb = 11 kPa (0.11 atm), and U = 1:0 (H2/Air).

is representative of supersonic � ows and freejet expansions. The
Mach-number ranges from M D 1 at the exit of the alumina tube to
M D 4 in the core just before the Mach disk over a distanceof »4.5
jet radii, while the temperaturevaries from 1750 to 500 K. Contours
of pressureand densityare shown in Fig. 6. The pressurevaries from
72.8 to 2.7 kPa, and the density varies from 0.12 to 0.004 kg/m3 in
the jet core. Contours of H2O and OH number density are shown in
Fig. 7, and contours of HO2 and H2O2 number density are shown
in Fig. 8. The OH number density varies by an order of magnitude
from 2.5(10)21 m 3 in the high-densityregion at the exit of the alu-
mina tube to 1.0(10)20 m 3 just before the Mach disk. The number
densities of the other minor species, except for H2O2 , follow the
same general trend as the OH number density. The concentration
of H2O2 decreases rapidly behind the Mach disk as a result of its
relatively rapid and highly temperature-dependent rate of dissocia-
tion. Because the actual number density of H2O2 is relatively low,
deviations in its concentration from the general trend do not appre-
ciably affect the concentrationsof the other species.Contoursof the
axial and transverse velocity components are shown in Fig. 9. The
axial velocity varies from 880 to 2000 m/s through the jet core, and
the transverse velocity peaks at 950 m/s near the barrel shock that
forms the inner boundary of the jet core.

Figure 10 shows a comparison between calculated centerline
OH mole fraction and axial velocity distributions for � nite-rate
and frozen chemistry solutions. For the � nite-rate calculation the

OH mole fraction along the centerline of the jet core decreases by
8% from X=R j D 0 to 1.6 and remains constant from X=R j > 1:6
to the Mach disk. In contrast, chemical equilibrium values of the
OH mole fraction vary by 11 orders of magnitude from the high-
pressure, high-temperature � ow at the nozzle exit to the low-
pressure, low-temperature � ow just upstream of the Mach disk.
Hence, the � ow in the jet core is essentially chemically frozen. The
comparison between the centerline axial velocity distributions for
the � nite-rate and frozen-� ow solutions, including both the frozen
SPARK solution and a method of characteristics solution using
° f D 1:25 and R f D 339:3 J/kg ¢ K, clearly indicates that the veloc-
ity is not affectedby the small amount of chemical reactionin the jet
core.

Owing to the heat transfer through the combustion chamber and
alumina nozzle tube, the actual source temperature used for the jet
calculation is less than the stoichiometric adiabatic � ame tempera-
ture (H2/Air) of 2405 K. Because the actual heat loss was unknown,
an effective source temperature T0 was deducedby varying its value
until the calculatedvelocitypro� le in the jet core matched the values
measuredusinganOH LIF technique.44 This procedurefordeducing
the effective source temperature by comparison of calculated and
measured core velocity pro� les is valid for the following reasons.
The velocity is given by

uX D M
p

° f R f T (1)
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a)

b)

Fig. 10 Comparison of calculated a) OH mole fraction and b) axial
velocity along the centerline of the underexpanded jet for � nite-rate
and frozen chemistry solutions.

Fig. 11 Calculated axial velocity distributions for U = 1:0, P0 =
160 kPa, Pb = 11 kPa, and three total temperatures—T0 = 1900, 2000,
and 2100 K—compared with the measured axial velocity pro� le.

where M is the local Mach number, ° f is the frozen speci� c heat
ratio, R f is the frozen gas constant, and T is the local static temper-
ature. The centerline Mach-number distribution in the inviscid jet
core is a functionof ° f alone.8 Because the jet core has been shown
to be essentially frozen and is steady, the local static temperature is
determined by the local Mach number and the frozen speci� c heat
ratio through the steady, isentropic chain.43 The frozen speci� c heat
ratio ° f and the frozen (caused by frozen chemicalcomposition) gas
constant R f are dependentonly on the initial conditionsin the com-
bustion chamber T0 , P0, and 8. Because P0 and 8 are measured, it
is reasonable to adjust T0 to � t the measured velocity pro� le in the
jet core.

Figure 11 shows the measured centerline axial velocity pro� le in
the core of the underexpanded jet, compared with calculated pro-
� les for three values of the total temperature T0 D 1900, 2000, and
2100 K. The measured experimental conditions of P0 D 160 kPa,
Pb D 11 kPa, and 8 D 1 were used for all three calculations. The
measured pro� le agrees with the calculated pro� le to within, on
average, 1.3% for T0 D 2000 K. Hence, T0 D 2000 K was used for
the total temperature in the combustion chamber. The calculated
pro� les for T0 D 1900 and 2100 K indicate the sensitivity of the ve-
locity pro� le to temperature. A 100-K change in total temperature
produces a 56-m/s change in velocity in the jet core just before the
Mach disk.

Summary
The jet facility has proven to be quite reliable except for the need

for occasionalrepairs,with aluminacement, of cracksin theceramic
insulationlining thecombustionchamber.These crackswere caused
by thermal stresses, which were minimized by careful startup and
shutdown procedures. However, it is recommended that the dura-
bility of the insulation and nozzle assembly be improved by having
the entire assembly made from a single piece of alumina. It is also
recommended to equip the jet with automatic � ow meter/controllers
to eliminate the tedious task of manually monitoring and adjusting
the fuel and air� ow rates during experiments. In addition, because
the jet facility is compact, the entire setup could easily be made
portable by mounting everything onto a cart equipped with a small
optical bench. Only air, fuel, water, exhaust, IEEE-488, and power
hookups would be necessary to make the jet available to multiple
labs in a large facility.
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