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Fig. 4 Schlieren pictures of dummy (no electronics) drag probes
(Mach 2).

Fig. 5 Laser shadowgraphs of drag probe (Mach 2).

probe and the freestream velocity head. In fact, the results from the
two sets of tests demonstrate that it is not necessary to calibrate the
drag probe in a supersonic flow; subsonic calibration is sufficient.
To test whether the extrapolation of the subsonic calibration into
the supersonic regime derived before was valid, we tested the probe
in a small jet facility that was capable of both subsonic and super-
sonic flows. The velocity head calculated from the other sensors'
data (room and line pressures and room temperature), was plotted.
Equation (2) was also plotted and is seen to be very accurate, show-
ing that the subsonic calibration of the drag probe is adequate. The
standard deviation between the two calibrations is 0.5813.

Dummy drag probes were also tested in the 5 x 5 in. (12.7 x
12.7 cm) tsupersonic facility to obtain schlieren images of the shock
structure around the drag probe. The image shown in Fig. 4 seems
to support the assumption that the shock in front of the drag probe is
indeed a normal shock. The laser shadowgraphs from the combined
subsonic and supersonic tests confirm a normal shock as well.

The differences between Figs. 4 and 5 with respect to the shock
shape located away from the center of the probe element (the beam)
as seen in the laser shadowgraphs and in the schlieren photographs
are largely due to the jet from the small 1-in. nozzle vs the core flow
in the larger 5 x 5 in. (12.7 x 12.7 cm) test section. The velocity
profile of the jet was still tracing out a parabolic shape with the
small nozzle, whereas the velocity profile in the larger test section
was largely flat in the core where the probes were placed. This dif-
ference does not affect the results because the small probe element
is mostly covered by the normal shock, as Figs. 4 and 5 show.

V. Conclusions
The drag-force anemometer, or drag probe, can be most useful

in supersonic- as well as subsonic-flow regimes. Furthermore, a

normal-shock relation between the subsonic and supersonic drag-
probe results has been established. This relation indicates that a sub-
sonically calibrated drag probe is supersonically calibrated as well.
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Mass Spectrometer
Measurements of Test Gas

Composition in a Shock Tunnel
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Introduction

SHOCK tunnels afford a means of generating hypersonic flow
at high stagnation enthalpies, but they have the disadvantage

that thermochemical effects make the composition of the test flow
different to that of ambient air. The composition can be predicted
by numerical calculations of the nozzle flow expansion, using sim-
plified thermochemical models, and in the absence of experimental
measurements, it has been necessary to accept the results given by
these calculations.

This Note reports measurements of test gas composition, at stag-
nation enthalpies up to 12.5 MJkg"1, taken with a time-of-flight
mass spectrometer. Limited results have been obtained in previous
measurements.1 These were taken at higher stagnation enthalpies
and used a quadruple mass spectrometer. The time-of-flight method
was preferred here because it enabled a number of complete mass
spectra to be obtained in each test, and because it gives good mass
resolution over the range of interest with air (up to 50 amu).

Experiments
The experiments were conducted in the free piston shock tunnel

T4 at the University of Queensland,2 using a helium-argon mixture
as driver gas. The shock tube, of 10-m length and 75-mm diam, was
operated in the shock-reflected mode and supplied shock-heated air
to a contoured hypersonic nozzle with a throat diameter of 25.4 mm
and an exit diameter of 261 mm. As shown in Fig. la, the mass
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Fig. 1 Mass spectrometer: a) experimental arrangement, b) typical
mass spectrum, and c) improved resolution mass spectrum.

spectrometer sampled the flow from a point on the nozzle centerline,
well within the test cone of the nozzle flowfield.

The stagnation enthalpy was calculated for equilibrium air from
the shock speed and initial shock tube filling pressure, with an isen-
tropic expansion to the measured nozzle reservoir pressure of 14.0
±2.5 MPa. The estimated accuracy of the stagnation enthalpy was
from +4 to —8%. To avoid problems with driver gas contamination
of the test flow, the test time was confined to a period from 0.5 to
1.0 ms after initiation of flow in the test section, and the stagnation
enthalpy was limited to 12.5 MJkg"1.

The mass spectrometer is described in Ref. 3. Essentially, it sam-
pled the flow through a series of three conical skimmers to form a
molecular beam. This was bombarded by a 250-eV electron beam
for 200 ns every 55 jits, and each time a pulse of ions was produced
that passed into the 1-m-long drift tube, and hence to an electron
multiplier detector at the end of the tube. Since the time of arrival of
the ions depended on their mass, a mass spectrum of the type shown
in Figs. Ib and Ic was obtained every 55 /zs and was recorded by a
50-MHz digital oscilloscope.

Peaks of N2, O2, N, and O are evident in the spectrum of Fig. Ib,
as well as some residual H2O. The area under each peak is propor-
tional to the number of particles of that particular mass to reach the
detector. There is clearly a problem with overlap of the peaks of
N2, NO, and O2, and this particularly affects measurement of the
NO peaks. Therefore some tests were made in which fewer spectra
were taken, but the sampling rate of the oscilloscope was increased.
The resolution was therefore improved, as shown in Fig. Ic, and
these spectra were used for measurements of the NO peak.

Results and Discussion
The ratio of the measurements of peak sizes is presented in Fig. 2

for O2 /N2, NO/N2, and O/O2. Each of the points plotted is the mean
of a number of readings during a test and therefore may be regarded
as the mean of a statistical sample. The error bars indicate the stan-
dard deviation of that mean.

The measurements are compared with theoretical curves for
the relative peak sizes. These were obtained by first performing
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Fig. 2 Relative size of mass peaks: a) molecular oxygen vs molecular
nitrogen, b) nitric oxide vs molecular nitrogen, and c) atomic oxygen vs
molecular oxygen.

numerical calculations4 of the inviscid nonequilibrium steady ex-
pansion through the shock tunnel nozzle to yield the freestream
species concentrations. These were then used to obtain values for
the relative size of the mass spectra peaks. The effect of mass sep-
aration in the molecular beam was assessed by testing in the shock
tunnel with known mixtures of nitrogen and helium, and nitrogen
and argon. This indicated that the relative enhancement of the molec-
ular species considered was less than 10%. The relative number of
ions produced was determined from the ionization cross sections
given in Table 1, and the relative efficiency with which ions were
collected was taken as unity. This was checked by operating the
instrument ex tunnel (i.e., outside the shock tunnel), with the first of
the three skimmers replaced by a solenoid valve, which delivered
a short pulse of room air to the mass spectrometer. The measured
ratio of the O2 peak area to N2 peak area was 0.30 ±0.02, which,
allowing for the uncertainty in ionization cross sections, compared
satisfactorily with the expected value of 0.25.

To calculate theoretical values for the peaks of atomic oxygen,
the combined effect of mass separation and ion collection efficiency
was obtained from the helium/nitrogen and nitrogen/argon results
by assuming that these effects varied linearly with the mass ratio of
the two species, yielding a factor of 2.0 ±0.4 for enhancement of
O with respect to O2. This was applied to the predicted numerical
values for relative concentrations of O and O2, and taking into ac-
count the ionization cross sections, the theoretical curve in Fig. 2c
was obtained. Because of uncertainties in mass separation and ion
collection efficiencies, as well as in ionization cross sections, a pos-
sible error attaches to all of the theoretical curves. The limits of this
are indicated by the broken lines on either side of each curve.

Note that the effect of dissociative ionization of the O2 molecule
in the mass spectrometer, with production of ionized O atoms, has
not been taken into account in obtaining the theoretical curve of
Fig. 2c. This is because the experimental results in the tunnel show
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the ratio of peak sizes increasing with enthalpy from a value near
zero, and this is not consistent with the presence of a substantial
number of O ions due to dissociative ionization. On the other hand,
it must be observed that results of the ex tunnel tests shown in Fig. 2c
demonstrate that substantial dissociative ionization does indeed take
place in air that is supplied from a room temperature source. It may
be speculated that this difference is due to thermal excitation of the
O2 molecules in the tunnel flow, leading to an increased velocity
spread and consequent lowered collection efficiency of the O ions
resulting from dissociative ionization. However, until this apparent
anomaly is resolved, some doubt must be attached to the experimen-
tal results of Fig. 2c. Therefore, notwithstanding the remark made
later concerning their validity, their worth is mainly in indicating
the stagnation enthalpy at which the rise in O atom concentration
due to freestream dissociation takes place.

The overall ratio of the number of atoms of oxygen in any form
to nitrogen in any form can be obtained from the results in Fig. 2. If
the ex tunnel result in Fig. 2a is used to generate a calibration factor
for the O2/N2 ratio, values of 0.33 ±0.04, 0.27 ±0.03, and 0.30
±0.04 are obtained for the overall ratio at stagnation enthalpies of
8.3,10, and 12.5 MJ kg"1, respectively. The expected value is 0.27
±0.05, the quoted error limits resulting from residual uncertainties
in the ionization cross sections, together with the mass separation
and ion collection efficiencies, after the calibration for the O2/N2
ratio has been taken into account. Thus, the values for the over-
all oxygen/nitrogen ratio fall within the quoted limits of error and
provide confirmation of the experimental measurements.

It is worth remarking that, at 12.5 MJkg"1, the measured O/O2
value in Fig. 2c contributes a substantial 0.08 of the total oxy-
gen/nitrogen ratio of 0.30, thereby providing an indirect confirma-
tion of the O/O2 measurement.

It can be seen that the experimental measurements in Fig. 2 gener-
ally fall outside the theoretical limits indicated by the broken lines.
In Fig. 2a the proportion of molecular oxygen exceeds theoretical
limits as the stagnation enthalpy is increased. This is consistent with
the results in Fig. 2c, which shows the proportion of atomic oxygen
remaining at low levels for much higher enthalpies than predicted.
The proportion of nitric oxide is shown in Fig. 2b and is seen to
be in excess of predicted values, at least for the range of stagnation
enthalpies covered by the results. The numerical model4 on which
the theoretical curves are based gives freestream compositions that
are consistent with those given by other numerical models.9 There-
fore, even when allowance is made for the experimental uncertain-
ties, there are clear discrepancies between the theory of nonequi-
librium nozzle flow and the results of these experiments, indicat-
ing a need for further experimental and theoretical work. Until
these discrepancies are resolved, predictions of the composition of
test section flows in high enthalpy facilities should be treated with
caution.
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Introduction

IN this Note, a simple equation is provided that relates Preston
tube pressure output and wall shear stress. The Preston tube

technique1"6 probably is the most convenient method to measure
turbulent skin friction. The classical arrangement consists of a
pitot tube mounted onto a wall surface. In addition, a hole in the wall
in the vicinity is required to measure the static pressure; see Fig. 1.
The pressure difference between pitot tube and static pressure hole
represents the output A/? of the probe. In some applications,3 the
static pressure is collected by a second tube with one or more holes
on its side. This arrangement permits the dual probe to move easily
on a given surface. Albeit inferior in its precision to, e.g., floating
element balances, a Preston tube produces an accuracy of about 5%
or better,5 which is perfectly satisfactory in many applications. One
such application is the determination of the surface shear stress on
a wind-tunnel model to select the proper riblet spacing of a drag-
reducing riblet film.

Calibration
A general calibration curve relating the output Ap to the wall

shear stress r has been compiled by Rechenberg3'4; see Fig. 1. The
quantities in this plot are nondimensionalized as follows:

r+ = rd2/pv2
(D

where d is the diameter of the probe, and p and v are density and
kinematic viscosity of the fluid. The only disadvantage of the data in
Fig. 1 is that they are not available in the form of a simple equation
being valid over the whole parameter range. Asymptotic equations
have been derived for the upper parameter regime, assuming either
a logarithmic or a | power law for the mean flow distribution. For
the latter, the result turns out to be very simple:

r+ =
19.72 (2)

Close to the wall, at low Ap+ and r+, however, the probe is im-
mersed in the Couette-type flow regime of the viscous sublayer, and
there Eq. (2) is not valid anymore. With the same momentum consid-
erations as the ones used by Rechenberg4 to derive Eq. (2), we find
for a Couette flow impinging on the probe with circular cross section

r+ = 47A/7+/3 (3)

Besides fitting the data at low Ap+ in Fig. 1, this equation also
permits the use of Preston tubes in laminar flows. As in turbulent
flows, however, the probe size must be significantly smaller than the
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