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Flow Characterization in the ONERA F4
High-Enthalpy Wind Tunnel

Philippe Sagnier* and Jean-Luc Vérant®
ONERA, 92320 Chatillon, France

Experimental results obtained in the ONERA F4 hot-shot wind tunnel have been analyzed to address two impor-
tant problems for this type of wind tunnel, i.e., the determination of reservoir conditions and the thermochemical
nature of the nozzle flow. Numerical tools (one-dimensional and two-dimensional inviscid or viscous, unsteady or
space marching codes) are used to reproduce the results of the high-enthalpy experiments. To illustrate this ap-
proach, several runs are investigated with different arc-chamber material options, for which diode laser infrared
absorption spectrometry (DLAS) has provided freestream velocity, translational temperature, and nitric oxide
concentration measurements. The reservoir enthalpy can be determined using spherical and sharp-cone probe
heat-transfer-rate measurements with adequate correlations. Recent direct measurements of freestream velocity
with electron beam fluorescence time-of-flight technique are used to cross check DLAS and heat-transfer-rate probe
results. Concerning the thermochemical nature of F4 nozzle flows, an unexpected conclusion is obtained, as the
nozzle wall pressure and translational temperature are observed to be close to equilibrium values at high-enthalpy
operating conditions. A thermochemical model is proposed, involving vibration-dissociation-recombination cou-

pling, which seems able to reproduce available experimental data.

Nomenclature
A = area of a nozzle cross section
A* =nozzle throat area
H; = reservoir enthalpy
H, = enthalpy at wall conditions
K, = chemical-reactionequilibrium constant
k;, = backward chemical-reactionrate
ky = forward chemical-reactionrate
M., = freestream Mach number
P = static pressure
P, = reservoir pressure
P! = pitot pressure
0 = heat flux
Qg = stagnation-pointheat flux
R = perfect-gas constant (288.2 J/kg/K for air)
R,.c =noseradius
Re,, =freestreamunit Reynolds number per meter
RP = rarefaction parameter for a length of 1 m, M,/ Re%’
s = curvilinear abscissa
T = translational temperature
T, = averaged temperature
T, = vibrational temperature
Ty =reference temperature, 273.15 K
t = time
U = velocity
X = abscissa
¥ = isentropic expansion exponent
Introduction

HE ONERA F4 wind tunnel (Fig. 1) was built in the early

1990s to simulate the atmospheric re-entry of hypersonic ve-
hicles. It is a hot-shot type, meaning that the settling conditions are
obtained by heating the test gas with an electric arc in an arc cham-
ber. The energy is deliveredby an impulse generator,at a power of up
to 150 MW for several tens of milliseconds. The settling-chamber
pressure P; can be as high as 500 bar, and the reduced total enthalpy
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H;/ RT, can be as high as 250 (about 20 MJ/kg). After the arc-
chamber conditions reach the desired levels, the arc is stopped and
the nozzle throatis opened by igniting a pyrotechnicplug to initiate
the nozzle flow. The blowdown s interruptedby firing a pyrotechnic
valve in the arc chamber, quickly evacuating the remaining gas into
a dump tank. Run duration of up to 400 ms can be achieved but
with reservoir conditions decreasing with time. However, reservoir
pressure and enthalpy decays are slow enough (1%/ms) to allow
force measurements to be performed. The useful run period is es-
tablished after a perturbed period of 30 ms because of the throat-
plug-expelling phase.! Synthetic air and pure nitrogen are used as
test gases. F4 can be equipped with four different contoured nozzles
with an area ratio varying from 1850 to 32,000. Nozzle 2, with an
area ratio of 4490, a length of 3.4 m, and an exit diameter of 0.7 m,
was used for most of the aerothermal tests reported here.

In this type of wind tunnel, the reservoir pressure can be measured
directly in the arc chamber but not the reservoir enthalpy. In effect,
unlike the shock tunnels for which the enthalpy can be determined
from shock velocity measurement, the total enthalpy in hot-shot
tunnels can be deduced only from indirect measurements of heat-
transfer rates or freestream velocity.

The work performed in the F4 facility to determine the reservoir
enthalpy and the knowledge gained during this investigation about
the thermochemical nature of the nozzle flow are described. As
shown, the present work demonstrates the need for numerical sim-
ulations with sophisticated physical models, even for flows around
simple geometries, to correctly describe the features of the high-
enthalpy flow phenomena. Because of the large number of parame-
ters contained in such gas flows, only a numerical and parametrical
strategy allows the extreme limits of thermochemical and fluid me-
chanical assumptions to be simulated before deeper investigations.

The first part of the paper describes the work on reservoirenthalpy
determination for two different arc chambers, one made of copper
and the other made of carbon. The thermochemistry of the nozzle
flow is then discussed.

Reservoir Enthalpy Determination

The experimental campaign based on the Hyperboloid-flare
(H-flare) model tests! 2 led to a disagreement between computed
and measured heat-flux values. Initially it was believed that the to-
tal enthalpy in the F4 facility could be determined from equilibrium
computationsof the arc-chamber gas, using the known pressure and
density. But the H-flare campaignanalysishas demonstratedthat this
approach is not viable because of the thermal nonuniformity of the
arc-chamber gas at high enthalpy. The thermal nonuniformity was
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Fig.1 F4 hot-shot wind tunnel.

identified from the discrepancy between the theoretical and exper-
imental heat-flux values: The numerical heat fluxes were far lower
than measurements. The calculated reservoir enthalpy was two or
three times smaller than the enthalpy inferred from pitot pressure
and the heat transfer rates to a model placed in the test section. Af-
ter expending a considerable effort along this line, the method was
abandoned in favor of the heat-transfer method described later.

The total enthalpy for F4 can be deduced from four types of mea-
surements: stagnation-pointheat-transferrate for a spherical probe,
heat-transfer rate for a slender sharp cone, velocity measurement
by Doppler effect on NO spectra obtained with the diode laser in-
frared absorption spectrometry (DLAS) technique, and direct elec-
tron beam fluorescence (EBF) velocity time-of-flight measurement
with the pseudospark electron gun.

Stagnation Heat-Flux Spherical Probes

To determine the reservoirenthalpy, first the heat-transferrates are
measuredin the stagnationregion of spherical catalytic probes. Cor-
relating about 60 Navier—Stokes computations for stagnation-point
heat fluxes, assuming nonequilibrium (catalytic wall) and perfect-
gas flows, led to the following enthalpy-heat flux relationship’:

Qslag\/ Rnose/ Pi/

[(H; — H,)/ RT,]"*%

=23.79 = const+ 12% @)

where all variables are in SI units. The exponent and constant in
Eq. (1) were obtained with a least-squares fitting of the numerical
heat fluxes. It was demonstratedthat, for perfectgas, the Fay—Riddell
formula* can be simplified to the same form.*> Correlations similar
to Eq. (1) also were proposed for flight results.**> Note that Eq. (1)
implies no knowledge of the freestream properties, which are a
source of uncertainty at high enthalpy. Furthermore, this correlation
also can be employed to normalize heat-transfer distributions over
models' at least as well as the scheme proposed by Miller.® Using
Eq. (1), the F4 total enthalpy is monitoredin situby two heat-transfer
spherical probes of 30- and 15-mm diam located at the nozzle exit.
The uncertainty on spherical probe enthalpy determinationis about
+20% when summing experimental and correlation uncertainties.

The spherical probes’ surface-temperatureheat-flux data reduc-
tion takes into account the two-dimensional conduction effect, as-
suming a surface heat-flux distributionfrom Lees,” and temperature
effect on wall thermal properties® Efforts were made to character-
ize the effect of surface catalycity, as was done previously by Pope’
for nitrogen flows. However, several metallic surface coatings pro-
duced no significant differences,” which is probably due to con-
tamination plating of probe stagnationregions (these tests were per-
formed with the first arc chamber, made of copper-based materials).
Analyses showed that this stagnation-regionplating was composed
mostly of metals, e.g., copper, tungsten, and zirconium present as
components of arc-chamberparts.!" A heat-flux measurement tech-
nique, weakly sensitive to this contamination problem, then was
studied.

Sharp-Cone Heat-Transfer Probe

The presence of either gaseous or solid impurities during shots
could shiftmeasured sphere stagnationheattransferto higher values
than could be expected. These effects are not well known but seem to

Fig.2 Five-degree-half-anglesharp-cone probe on the cross rake in F4
test section, with pitot tubes and heat-flux spherical probes.

be more complicatedthan simple solid particlesimpacting the model
surface. It was observed that the walls of blunt models,'? set at low
angles of attack, were free of dust blasting or deposits. Therefore, a
cone with 5-deg half-angle was chosen to augmentthe total enthalpy
measurement (Fig. 2). Four surface coaxial thermocouples are set
at three axial locations on the cone wall, made of the same material
as the spherical probes, i.e., constantan.

A few experiments have been performed with the sharp-cone
model. Two runs labeled 760 and 762 (high-pressure,high-enthalpy
condition) were made with different chambers (copper or carbon).
The conventionalchamber with copper—tungsten electrodes, copper
linerandbaffle, and organicinsulatorswas used in the first test (760),
and the carbon chamber with graphite electrodes, carbon—carbon
liner, baffle, and insulators was used for the second test (762). Be-
cause carbon materials are able to withstand higher thermal stresses
than the materials used previously, it was expected that flow con-
tamination would decrease and hence probe measurements would
be more accurate.Indeed, nozzle contaminationhas been reduced as
shown by smoother measurement traces and fewer deposits on the
impacting targets (mass reduction of up to one order of magnitude).

Experimental results for the runs with the cone—760 and 762—
are displayed in Figs. 3 and 4. These figures show the evolution of
the total enthalpies given by the spherical probes and the cone as
a function of time for high-pressure and high-enthalpy conditions
for two runs. The procedure employed in this case is based mainly
on the use of computations: For convenience,we have established a
correlationfor each of the three thermocouplelocations from a set of
10 parabolized Navier-Stokes laminar heat-transfer predictions,?
assuming thermochemical nonequilibrium and fully catalytic wall.
These correlations involved heat flux, pitot pressure, and total en-
thalpy normalization as

Q
[(H; — H,)/ RT)P(P))*

=A+2% 2)
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Fig. 3 Reduced reservoir enthalpy vs time for run 760 with copper
chamber. The enthalpy is determined by both spherical probes (15-
and 30-mm diam) according to Eq. (1) and a conical probe with four
thermocouples according to Eq. (2).
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Fig. 4 Reduced reservoir enthalpy vs time for run 762 with carbon
chamber.

where notations are the same as in Eq. (1). Coefficients 8, 1, and A
depend on thermocouple axial location. Equation (2) correlates the
numerical heat fluxes within +2%.

Probe Results

Figures 3 and 4 show the difference between enthalpies given by
the sharp cone and the spherical probes for the copper and carbon
chambers. The differenceis largest at the beginning of the run when
the flow contamination is likely to be at its maximum. Indeed, it is
known!-* thatmost of the contaminationoccursin the first 30 ms. In
the case of the carbon chamber, this behavioris less obvious (Fig. 4).
The differencebetween the two spherical probes (Figs. 3 and 4) also
is thought to originate from the contamination because the carbon-
chamber configuration seems to reduce this difference (Fig. 4). The
four cone curves from the four cone thermocouples exhibit scat-
tering of up to 15% at the beginning of the run, but there is less
scattering with the carbon chamber. Finally, the temporal variation
is much smoother with the carbon chamber than with the copper
chamber, leading to the least scattering among the different heat-
transfer probes (particularly spherical probes). Reduced sensitivity
of the cone measurements to flow contamination is demonstrated
during the first 3040 ms of the runs, regardless of the chamber
option chosen. However, the matching of enthalpies from the sharp
cone and the spherical probes might have occurred earlier than in-
dicated in Figs. 3 and 4, at least in the case of the carbon chamber
(low contamination). The reason for these differencesis not known,
and this will require further investigation. At least this is not caused
by test-section enthalpy radial gradient, as shown next. (Spherical
probes are on the core side, and the cone is on the axis.)

Recently, the carbon arc chamber was improved (better carbon—
carbon material and better design of some parts than for run
762).'>:16 The good agreement on the reservoir enthalpies obtained
frommeasurementsover probes with diametersof 15,30,and 70 mm
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Fig. 5 Reduced reservoir enthalpy vs time for run 834 with carbon
chamber for 15-, 30-, and 70-mm-diam probes.

(no sharp cone was used here) confirms the improvement reached
on the flow contamination by using carbon materials (Fig. 5). The
70-mm probe is in fact the nose of a sphere-cone model (the Electre
sphere-cone described later) located on the nozzle axis, showing
that no significant enthalpy radial gradient affects the test section.

Another positive direct yield is that carbon parts such as the liner
can be used for about 10 times more runs than copper parts. Use
of the carbon arc chamber also presents some drawbacks. With the
same impulse-generator-seting parameters, the reservoir enthalpy
obtained with the carbon chamber is lower than with the copper
chamber; this is probably due to the superior heat storage capabil-
ity of carbon. Carbon parts normally can withstand 4000 K before
ablation, compared to 1000 K for copper. The F4 domain remains
to be reexplored with the carbon arc chamber.

DLAS and EBF Measurements

A previous calibration campaign with the DLAS technique was
performedin 1994. The DLAS techniquecan providethe freestream
velocity within £5%, the translational temperature within £30%,
and the NO concentration within 30% (Ref. 17). These data are
obtained through the analysis of the absorption spectra of an in-
frared laser beam crossing the test section. Both velocity and trans-
lational temperature can be used to determine the reservoir en-
thalpy by making some assumptions about the flow thermochemi-
cal state.® Other DLAS results were compared with differentnozzle
flow models.'*'"=1° The enthalpy values were significantly lower
than those obtained by spherical probes for the case of the copper
chamber at the beginning of the runs, at least partly because of the
influence of flow contamination on heat-flux measurements. With
the carbon arc chamber, this disagreement on velocity is seen to be
smaller, thoughitis still presentat the beginning of the run. Note also
that, in the past,2%-2! optical techniquesalready gave velocity values
lower than those deduced from heat-transfer probes. Recently, with
the carbon arc chamber further improved,'*:'® DLAS and spherical-
probe freestream velocity results were successfully compared with
the EBF time-of-flight technique.'®:'° The results are discussed in
the following section.

Thermochemical Nature of Nozzle Flow

To determine the freestream flow properties, several types of
measurements can be compared with theoretical calculations, i.e.,
nozzle and model wall-pressure distributions, pitot pressure pro-
files, freestream velocity, translational temperature, and NO con-
centration. For this purpose, nozzle exit-flow charts have been
constructed® in which the thermochemical conditionsat the nozzle
exit are given in the a priori extreme limits of thermochemical and
fluid mechanical assumptions. This task has been performed for two
reasons: first, to explain the unsuccessful attempt>> to match the ex-
perimental pitot pressure and nozzle wall pressure with the values
calculated from the nonequilibrium and turbulent-boundary-layer
assumptions;and second, to know freestream similitude parameters
for model testing. These six nozzle flowcharts were computed by
taking into account the following airflow models: six combinations
of equilibrium, nonequilibrium, frozen core flow with laminar tur-
bulent nozzle boundary layer for reduced enthalpies varying from
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Fig. 6 Schematic of Electre model and instrumentation.

30 to 330 and pressures varying from 50 to 1000 bar. For each of
the six charts, 77 nozzle computations have been performed.

Two-dimensional viscous computations also were performed,
to rebuild either nozzle flows or flows around models such as
the Electre sphere-cone (Fig. 6). In particular, it was shown that
the pressure distribution along the low-angle (cone half-angle of
4.5 deg) conical part of such models is sensitive to the freestream
Mach number.'?:!%-24:25 Electre wall-pressure measurements then
can yield valuable information on the freestream properties.

One-Dimensional Computational Tools

The basic tool to build the nozzle-flowcharts was the one-dimen-
sional Euler package TUYEQ-TURGE?® with an iterative coupling
consisting of a turbulent-boundarydayer model of Edenfield”’ or an
integrallaminar boundary layer. TUYEQ is a one-dimensionalequi-
librium Euler code thatuses a tabulated Mollier diagram, taking into
accountvirial effects at high pressures. It is used to compute the flow
in the convergentpart of the nozzle for all cases and the entire nozzle
flow for equilibrium cases. TURGE, the one-dimensional thermo-
chemical nonequilibrium Euler code, is started a few centimeters
downstream of the nozzle throat for nonequilibriumand frozen cal-
culation cases. The modeling of thermochemistry is of great im-
portance for nozzle exit data, such as static pressure, translational
temperature, and Mach number, as shown later in this section.

Two-Dimensional Computational Tools

To refine the one-dimensional results, nozzle flow computations
can be performed with two-dimensional techniques. The axisym-
metric computations for the F4 nozzle were performed with the
ONERA three-dimensionalparabolized Navier-Stokes (PNS) code
PANASCE.?#2% The implemented physical models allow perfect-
gas, equilibrium, and nonequilibriumthermochemical viscous flow
simulations. Turbulent nozzle flow predictions are made using the
Baldwin—-Lomax algebraic model. Calculation was repeated with
several explicit schemes from the literature, such as those of Van
Leer,® Yee and Harten*' Osher and Solomon,*? and hybrid up-
wind splitting®™® (HUS) method. The last two schemes are used most
often for nozzle computations because of their superior ability in
boundary-layercalculation with no numerical dissipation. Second-
order accuracy is achieved with the MUSCL technique. An implicit
algorithmis applied to the PNS steady solverusing an iterative tech-
nique with substepsin each step-marchingsection to achieve the re-
quired accuracy based on pressure and temperature. To take advan-
tage of the speed of the PNS computation,an approximatesolutionis
constructedat the startinglocationin the vicinity of the throat where
the flow begins to be supersonic. This technique, which is applied
at the throat in place of the usual unsteady solver solution, is based
on a small perturbation theory of inviscid transonic flow, written
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Fig. 7 H-flare campaign: pitot/reservoir pressure ratio vs reduced
reservoir enthalpy for different thermochemical and boundary-layer
models.

by Carriere* for y = 1.4, which was recently extended to arbitrary
y . The assumption of a constant y is approximately correct for the
present flow.3* The nozzle computational technique, using the PNS
solutioninitialized with the small perturbationtheory, was tested ex-
tensively against full unsteady solutions in a prior endeavor> The
favorable results gave confidence for the nozzle flow calculation.

Flows around axisymmetric models placed in the test section
have been computed'->-?* with ONERA two-dimensional unsteady
Navier-Stokes codes, either in perfect gas (HOMAR?®) or in ther-
mochemical nonequilibrium (CELHYO?’). To save computational
time, PNS solutionsalso can be used downstream of the model nose
subsonic region.

Pressure

The wall and pitot pressures, normalized by the reservoir press-
ure,'-2 have been compared with the different nozzle flowcharts in
Figs. 7 and 8, respectively. The wall pressure is measured, in par-
ticular, at the exit of nozzle 2 at two points and then averaged. In
Figs. 7 and 8, the theoretical data are obtained by interpolatingwith
the reservoir pressure and enthalpy into the charts. The experimen-
tally obtained pitot pressure values (accuracy of £5%) agree best
with the turbulent-fow assumption at low enthalpy and with the
laminar-flow assumption at high enthalpy. Furthermore, the mea-
sured wall pressures at the nozzle exit flowfield seem to agree with
an equilibrium assumption at high enthalpies. (Pressure measure-
ment accuracyatnozzleexitis about +10%.) This pressurebehavior
observed through a one-dimensional analysis prompted us to inves-
tigate furtherusing the more sophisticated two-dimensional method
described in the preceding section.
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Fig. 8 H-flare campaign: nozzle-wall /reservoir pressure ratio vs re-
duced reservoir enthalpy for different thermochemical and boundary-
layer models.
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Fig.9 Nozzle-2 wall-pressure distributions (copper chamber, P; = 430
bar, H;/RT,=260): experiment vs PNS computations assuming lam-
inar, transitional, turbulent-equilibrium, or laminar-nonequilibrium
flows.
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Fig. 10 Pitot-pressure profile at 14 cm downstream of nozzle-2 exit
(copper chamber, P; = 430 bar, H;/RT, = 260): experiment vs PNS
computations assuming laminar, transitional, turbulent-equilibrium, or
laminar-nonequilibrium flows.

To confirm the analysis yielded by one-dimensionalresults, two-
dimensional computations, using the PNS solution initialized with
the small-perturbationtheory, were performed, in particular for the
following cases: a copper chamber at P; =430 bar, H;/ RT, =260
(Refs. 14 and 38), and a carbon chamber (in its most recent ver-
sion) at P; =404 bar, H;/ RT, = 170 (Refs. 18 and 19). The results
are displayed in Figs. 9—13. For thermochemical nonequilibrium,
the chemical kinetics (5 species, 17 reactions) is from Park,* and
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Fig.11 Nozzle-2 wall-pressure distributions (carbon chamber, P; = 404
bar and H;/RT, = 170): experiment vs PNS computations assuming lam-
inar and turbulent, equilibrium and nonequilibrium flows.

23 r',‘;,,(_k‘ S

—————
4E-4 < T T T T T T e ——
« x  Experiment
— — chart-equ.lam.

2E-4 chart-equ.tur.

X

t (ms)

OE+0 L . .

0 40 80 120 160 200

Fig.12 Nozzle-2 pitot/reservoir pressure ratio time trace for a carbon
chamber run: experiment vs one-dimensional computations assuming
laminar and turbulent, equilibrium flows.
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Fig. 13 Low- and high-enthalpy copper chamber runs: Electre
wall-pressure/nose-pressure ratio distribution compared with viscous
computations at M, =13 and 7.2 (low-enthalpy case, P; =327 bar,
H;/RT, = 39; high-enthalpy case, P; = 457 bar, H;/RT, = 250).

the vibrational kinetics on nitrogen and oxygen is from Millikan
and White ** Nozzle wall pressure and pitot pressure comparisons
in Figs. 9 and 10 show that the two-dimensional results lead to the
conclusion that, at high enthalpy, the core flow seems to be close
to equilibrium and the nozzle boundary layer is in a transitional
regime. These results are the same as those obtained from the one-
dimensional calculations. The transitional behavior assumed in the
calculation of the boundary-layer flow (transition from the throat
to the exit) may not necessarily be the true behavior of the flow.
However, the pitot pressure profile in Fig. 10 is consistent with
the assumed behavior, as it could be for unit Reynolds number far
below 10° (D. Arnal, ONERA, Toulouse, France, private commu-
nication, 1996). For the case in Figs. 9 and 10, the unit Reynolds
number at the nozzle exit equals 5.5 x 10* and 1.65 x 10° for
equilibrium and nonequilibrium, respectively. The corresponding
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Fig. 14 High-enthalpy carbon-chamber run (P; =327 bar, H;/RT, =
116): Electre wall-pressure/nose-pressure ratio distribution compared
with viscous computations at M« =13, 10, 8.9, and 7.2.

rarefaction parameter RP values are 0.031 and 0.032. Most of the
runs under high-pressure, high-enthalpy conditions appear to be in
the transitional regime, with a few exceptions of purely laminar and
purely turbulent flows.

The nextexample (Fig. 11) confirms thatthe nozzle wall-pressure
distribution seems to be close to equilibrium. (Only two pressure
taps were plugged in.) At the time of 40 ms, the nozzle bound-
ary layer is closest to the turbulent calculation, as indicated also
by pitot-pressure time traces compared with nozzle-flow data in
Fig. 12. (No calibrationrake was used because the H-flare model was
present.) The unit Reynolds number at nozzle exit equals 1.4 x 10°
and 2.8 x 10° for equilibriumand nonequilibrium,respectively,and
corresponding RP values are 0.023 and 0.024.

At that point of the discussion,such a proximity to equilibriumof
the nozzle wall pressure was observed with a full repeatability and
regardless of the arc chamber option, copper or carbon. Figure 8 in-
dicates that nozzle-wall-pressureexperimentaltheoretical compari-
son does not yield any problem at low-enthalpy conditions (see also
Ref. 23), where all thermochemical models give about the same re-
sults. We do not see any reason to mistrust the nozzle-wall-pressure
measurements in the high-enthalpy regime. In particular, if some
systematic errors artificially increase the values of the measured
pressures, it also would be the case under low-enthalpy conditions
where, in particular, the same RP as at high enthalpy can be re-
produced. Furthermore, a validation of these nozzle-wall-pressure
measurements is given by the analysis of the wall-pressure distri-
bution over the Electre sphere-cone model.'> 8- As stated earlier,
the pressure distribution over the Electre sphere-coneis sensitive to
the freestream Mach number. Figures 13 and 14 display the com-
parisons of Electre wall-pressure distributions with Navier-Stokes
computations at different freestream Mach numbers for copper-
chamber and carbon-chamber runs, respectively. In the range of
reservoir conditions presented in Figs. 13 and 14, the largest un-
certainty on the pressure measurements is for the aftbody taps, of
the order of £10% (Ref. 12). Figure 13 shows that, for the copper
chamber, the Electre low-enthalpy pressure distribution agrees with
the computation at M., = 13, the M, value given by any nozzle
flowchart. At high enthalpy (Fig. 13), the best agreement is ob-
tained with the computationat M, =7.2,the M, value givenby the
equilibrium assumption (about 13 for nonequilibrium). If some un-
certainty can affect the reservoir enthalpy determination for copper
runs, carbon runs confirm the copperresults. An exampleis givenin
Fig. 14, where the Electre experimental pressure distributionagrees
best with the M, =8.9-10 computations, values again given by
the equilibrium assumption. A test-section freestream Mach num-
ber close to equilibrium will yield a translational temperature and
a static pressure also close to equilibrium (mass-flow conservation
and equationof state). Electre wall-pressureresultsare in agreement
with the nozzle-wall-pressureresults. Optical measurement results
have to be analyzed before making conclusions on the nozzle-flow
thermochemicalnature.

Optical measurements were performed with the DLAS tech-
nique (freestream velocity by Doppler effect, translational temper-
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Fig.15 Carbon-chamber run 842: velocities vs time from DLAS, pseu-
dospark, and different flow models (from the charts entered with reser-
voir pressure, 30-mm probe enthalpy, and pitot pressure).
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Fig. 16 Carbon-chamber run 842: translational temperature vs time
from DLAS and different flow models.

ature, NO concentration) and with the EBF velocimetry technique
(freestream velocity by time-of-flight measurement at +5%). For
simplicity, only one run, with the latest carbon arc chamber, is con-
sidered. The repeatability of the measurements is very good, re-
gardless of the arc-chamber option (copper or carbon), with respect
to the uncertainty on the enthalpy determination in the case of the
copper arc chamber®:1218:19

Freestream Velocity

Freestream velocities obtained by different means are compared
along an H-flare carbon-chamberrun'® ' in Fig. 15. Experimental
results come from the DLAS technique and the EBF velocime-
try technique. For the latter, only one measurement is obtained
during the run, the pulsing capability of the pseudospark gun re-
maining to be tested. These results are compared with three mod-
els from the nozzle flowcharts, equilibrium, nonequilibrium, and
frozen-flow assumptions. The interpolating data were the reservoir
pressure, the 30-mm probe enthalpy (same as the one computed
from the model heat-flux distribution and very close to the 15-
mm probe, i.e., within 10%), and the pitot pressure (to get rid of
the boundary-layerdisplacement-thicknes influence on the nozzle-
flow expansionrate'®). The uncertainty on the yielded velocities is
about £10% (half the enthalpy uncertainty). Taking into account
the uncertainties, all results are in good agreement and it is difficult
to determine which is the best thermochemicalmodel. The velocity
is a parameter weakly sensitive to the thermochemistry. Generally,
DLAS data seem to be closest to the frozen or nonequilibrium as-
sumptions, and the pseudospark velocity is about the same as, or
slightly larger than, the DLAS velocity. Nevertheless, such good
velocity comparisons add to the problem of the reservoir enthalpy
determination, which can be considered now as solved: When us-
ing the carbon arc chamber, all of the determination techniques of
reservoir enthalpy—{reestream velocity are in agreement.

Freestream Translational Temperature

The freestream translational temperature is much more sensitive
to flow thermochemistry than the velocity, as shown by Fig. 16.
Here, the thermochemical assumption that is closest to DLAS data
is undoubtedly the equilibrium flow, also if taking into account the
uncertainties (same as for the enthalpy for thermochemicalmodels,
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Fig. 17 Carbon-chamber run 842: NO concentration vs time from
DLAS and different flow models.

i.e.,£20%). The DLAS techniquegives even translational tempera-
tures that are larger than equilibrium temperatures. This is a general
trend for the carbon-chamberruns. (For copper, it is the same trend
when considering the overestimation of spherical-probe enthalpy
due to flow contamination.)

Freestream NO Concentration

Time evolutions of NO concentration(in molecules/cm?) are dis-
played in Fig. 17. DLAS results are much closer to frozen and
nonequilibrium assumptions than to the equilibrium assumption.
The uncertaintylevel on flow models is difficult to estimate because
the variation of NO concentration with the reservoir enthalpy is
strongly nonlinear regardless of the assumptions 22

Thermochemical Model

Let us summarize the availableinformationabout the nozzle-flow
thermochemistry.

1) The nozzle wall-pressure distributions are close to the values
given by the equilibrium model at high enthalpy.

2) The Electre sphere-cone pressure distributions indicate also
that the freestream Mach number is close to equilibriumand then the
pressure and the translational temperature are close to equilibrium
values, too. (Also, the pressure and the translational temperature
must vary similarly because of the mass-flow conservationand the
equation of state.)

3) The DLAS technique gives translational temperature values
close to equilibrium values and even larger.

4) The DLAS technique gives NO concentrationsmuch closer to
frozen-nonequilibriim than to equilibrium values.

5) It is difficult to draw conclusions about the DLAS and pseu-
dospark techniques for obtaining freestream velocity because of the
low sensitivityof this parameter to the thermochemistry with regard
to the uncertainties, although DLAS results seem to be generally
close to frozen and nonequilibrium models.

6) All of these observationsare fully repeatable, regardless of the
arc-chamber option (copper or carbon).

7) It has been not discussed here, but the comparisons of Navier—
Stokes shock layers with schlierenimages tend to demonstrate that
the flows around models are driven by conventionalnonequilibrium
kinetics 2 12:25:41

The apparent relaxation to equilibrium of the nozzle flow that
could be indicated by static pressure and translational temperature
behavioris in contradictionto conventionalassumptionsabout high-
enthalpy flows in large-area-ratio nozzles, i.e., the freezing of the
thermochemistry beyond the throat. We have not found in the lit-
erature abundant experimental results for a high-enthalpy nozzle at
conditions close to the present ones. It is clear that conclusions on
the thermochemistry are not possible when only pitot pressure and
enthalpy measurements are available. Reference 42 consists prob-
ably of the most exhaustive study concerning high-enthalpy nozzle
expansions. Arc-jet nozzle flows are studied, some of them with
numerous spectroscopic data, but for low reservoir pressures com-
pared to F4 and/or low area ratios, so that it is difficult to transpose
the results to F4.

We see two possible reasons for the F4 nozzle-2 apparent relax-
ation of translationaltemperature and pressure to equilibrium. First,

it can be due to the quenching effect of some flow contaminant,
efficient at a very small amount (because of the full repeatability).
A way to check this point could be to reproduce F4 experiments
in other high-enthalpy facilities, working with a different principle
from thatin the F4, e.g., shock tunnels, unless this contaminantalso
is presentin the other facility. The second reason can be that what is
observedin the F4 nozzle proceeds directly from the physics of flow
expansion. In this case, what could be the relevant thermochemical
model? The following principleis proposed: Vibration-dissociation
couplingshave been proposedlargely for flow behind shock waves; a
molecule vibrating at a high level dissociates easier than a molecule
vibrating at a low level. A higher vibrational level means a smaller
energy to be broughtby the collision partner and a larger collisional
cross section, all of this resulting in a faster dissociation rate. In
flows dominated by recombinationreactions such as nozzle expan-
sions, the recombination of two atoms to a molecule vibrating at a
high level seems easier than the recombinationto a molecule vibrat-
ing at a low level because the collision partner will have to evacuate
a smaller energy, making the recombination more likely to occur
and resulting in a faster recombinationrate. This accelerationof re-
combination rates by vibrational effect usually is not accounted for
in nozzle computations because the recombination rates are com-
puted only with the translational temperature. This effect has been
introduced in the one-dimensional Euler code in thermochemical
nonequilibriun?® as follows. For a dissociation reaction, the for-
ward rate k ; depends on an averaged temperature T, as

kf = kf(Ta) (3)
T,=TiT!~? @)

where ¢ is a coefficient between 0 and 1. Equations (3) and (4) rep-
resent the vibration-dissociation coupling as formulated by Park.*®
To take into account the vibrational influence on the recombination
(backward) rate k;, the following relationshipis proposed, accord-
ing to the principle of microscopic reversibility**:

ky = k¢ (To)! Ko(T) )

where K,(T) is the equilibrium constant computed at the transla-
tional temperature. For convenience, this vibration—-dissociation—
recombination coupling is denoted VDR.

In the following preliminary analysis, g is a constantequal to 0.5
(g also can be expressed as a function of translational~ibrational
temperature ratio**). VDR was activated on N, and O, recombi-
nation reactions. No VDR was set on NO in this first approach
because the NO amountis generally small at the nozzle exit and NO
formation proceeds also from exchange reactions. NO is assumed
at vibrational equilibrium. An Euler computation was performed
with the one-dimensionalcode. The computational case is the same
as in Fig. 11, i.e., run 842 at 40 ms, P; =404 bar, H;/ RT, =170.
The one-dimensional Euler calculation results are compared with
results calculated from corresponding equilibrium and nonequilib-
rium conditions without VDR and with experimental results when
possible (Figs. 18-24).
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1E+1

0 1 2 3 x(m) 4

Fig.18 Nozzle-pressure distributionsfrom experimental runs and one-
dimensional Euler computations at equilibrium and at nonequilibrium
with and without VDR (P; =404 bar, H;/RT, = 170).



SAGNIER AND VERANT 529

1E+7
P(Pa)
1E+6
1E+5

1E+4

1E+3

1E+2 — Equilibrium
— — Noneg-coupling_g=0.5
- = = -Nonequilibrium

1E+1
1 10 100 1000 10000
Fig. 19 Nozzle-pressure distributions vs area ratio from one-dimen-

sional Euler computations at equilibrium and at nonequilibrium with
and without VDR (P; = 404 bar, H;/RT, = 170).
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Fig. 20 Nozzle translational-temperature distributions from experi-
mental runs and one-dimensional Euler computations at equilibrium
and at nonequilibrium with and without VDR (P; =404 bar, H;/RT, =
170).
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Fig.21 Nozzle velocity distributions from experimental runs and one-
dimensional Euler computations at equilibrium and at nonequilibrium
with and without VDR (P; = 404 bar, H;/RT, =170).

Pressure

Pressure distributions are given in Fig. 18 as a function of axis
coordinate and in Fig. 19 as a function of the area ratio. In Fig. 18,
the nonequilibrium-with-VDR result is found close to the equilib-
rium curve and close to the experimental data (with respect to the
boundary-layerabsence). Figure 19 shows that the equilibriumdis-
tribution diverges from the others for area ratio smaller than 10,
whereas the deviation between the nonequilibriumdistribution and
nonequilibrium-with-VDR distribution occurs for an area ratio of
the order of 100 because some length is needed for the difference
between vibrational and translational temperatures to become sig-
nificant.

1E+20 ¢
NO (cm-3)

Equilibrium

1E+18 — — Noneg-coupling_g=0.5

= = = -Nonequilibrium
N DLAS

~
~ -

1E+17

1E+16
1E+15 T ——
1E+14
1E+13
1E+12

1E+11

3 x(m 4

1E+10

0 1 2

Fig. 22 Nozzle NO concentration distributions from experimental
runs and one-dimensional Euler computations at equilibrium and at
nonequilibrium with and without VDR (P; =404 bar, H;/RT, =170).
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Fig. 23 Nozzle O, concentration distributions from one-dimensional
Euler computations at equilibrium and at nonequilibrium with and
without VDR (P; =404 bar, H;/RT, =170).
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Fig.24 Nozzle O, and N, vibrational temperature distributions from
one-dimensional Euler computations at equilibrium and at nonequilib-
rium with and without VDR (P; =404 bar, H;/RT, =170).

Freestream Translational Temperature

Translational-temperature distributions for the three computa-
tions and the DLAS results are comparedin Fig. 20. As for pressure,
the nonequilibrium-with-VDRcase is the closest to equilibrium and
experimental values.

Freestream Velocity

The velocity comparison is displayed in Fig. 21. The nonequi-
librium distribution is the closest to experimental values and to the
nonequilibrium-with-VDR distribution.
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Freestream NO Concentration

NO concentrations, in molecules/cm?, are given in Fig. 22. Be-
cause NO was assumed to be at vibrational equilibrium and, there-
fore, no VDR was present on NO chemical reactions, nonequilib-
rium NO concentrations with and without VDR are very similar. In
the test section (x > 342 cm), nonequilibriumand DLAS NO con-
centrations correspond to 5 and 2% in mole fraction, respectively.

Freestream Oxygen Concentration

Computed molecularoxygen concentrationsare showninFig. 23.
The VDR distributionis located between nonequilibriumand equi-
librium results.

Freestream Vibrational Temperatures

Finally, computed vibrational temperatures at nonequilibrium
with and without VDR are given in Fig. 24. It appears that T, N, is
weakly affected by VDR because the chemistry on N, is not very
active in the expansion. 7, O, shows more sensitivity to VDR, al-
though at the nozzle exit, T, O, stays significantly higher than the
corresponding translational temperature in Fig. 20.

These modeling and comparison works yield three remarks.

1) The statement “close-to-equilibrium” that has been attached
to some F4 nozzle flow data appears actually to be a question of
definition. In effect, the static enthalpies at nozzle exit computed ac-
cording to the three models—from equilibrium and nonequilibrium
with and without VDR—represent 7, 14, and 17%, respectively, of
the reservoir enthalpy. Then the model with VDR is much closer
to the nonequilibrium model without VDR than to the equilibrium
model in terms of energy storage in nonequilibrated modes.

2) Further measurements of vibrational temperatures could con-
stitute a final validationof the VDR model. If the apparentrelaxation
to equilibrium of the nozzle flow is caused by some flow contami-
nation, it is likely that this relaxation also will affect the vibrational
temperatures. Conversely, if further measurements give high values
of vibrational temperatures compared with the translational temper-
ature, it will be an important step in the model validation process. In
fact, the basic problem for model validation is to know when there
are enough experimental data to be sure that the theoretical inter-
pretation can be unique. It will involve additional sensitivity stud-
ies. Measurements of N, vibrational temperatures with the coherent
anti-StokesRaman scatteringtechnique® and EBF spectroscopyare
planned within one year. It is not clear which techniques could be
applied to measure oxygen concentration and vibrational tempera-
ture.

3) The VDR model discussed here must be considered as pre-
liminary. Theoretical refinements will be performed once more ex-
perimental data are available, in particular concerning vibrational
temperatures, and once the VDR relevance is demonstrated.

Conclusion

The analysis of experimental results obtained in the F4 wind
tunnel has contributed to the addressing of problems of first impor-
tance of for this type of wind tunnel and for high-enthalpy testing
in general, i.e., the determination of the reservoir enthalpy and the
thermochemical nature of the nozzle flow in the test section.

The problem of the reservoir enthalpy determination can be con-
sidered now as solved. Several techniques are available, based on
heat-transfer-ratemeasurements (spherical probes of differentdiam-
etersand conical probe) or advancedoptical measurements(Doppler
effect with DLAS and time-of-flight with EBF). Measurements of
reservoirenthalpy (or freestream velocity) with these techniquesare
in very good agreement in the case of low flow contamination,i.e.,
when using the new carbonarc chamberin place of the conventional
copper arc chamber.

Concerning the thermochemical nature of the nozzle flow, the
analysis of several types of experimental results (nozzle wall pres-
sure, sphere—cone model pressure distributions, DLAS translational
temperature, and NO concentration) yields the undoubted conclu-
sion that freestream data as translational temperature and pressure
are close to equilibrium at high-enthalpy conditions. However, the
DLAS NO concentrationsare the closest to nonequilibriumvalues.
Thanks to the full repeatability of the experimental measurements,
regardless of the arc chamber option, it is very likely that such

nozzle flow behavioris caused by the physics of flow expansionand
not by the quenching of some contaminant. The cross checking of
F4 experiments with experiments in other high-enthalpy facilities,
working with a principle different from that of F4, such as shock
tunnels, at conditions and nozzle area ratio close to those of the F4,
would help to verify this assumption and would be very welcome.
A thermochemical nonequilibrium model, involving a coupling be-
tween vibration, dissociation, and recombination, is demonstrated
as capable of reproducingavailable experimental data. Further mea-
surements of vibrational temperatures, linked to additional sensitiv-
ity studies, would demonstrate the model relevance and then allow
model refinement studies.
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