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Abstract

A pitot pressure survey of the contoured nozzle of the T5 shock tunnel was performed
over a wide range of reservoir conditions and in the region of the exit plane of the noz-
zle. A rake of thirteen pitot probes was used for this purpose. The survey includes an
investigation of the repeatability of the facility and an analysis of the accuracy of the
measurements. The features of the pitot pressure distribution across the exit plane are
a pronounced minimum near but not exactly on the centerline, and a prondunced drop
near the nozzle wall. The concave profile may be quantified in terms of the curvature
of the pitot pressure distribution, which increases markedly as the enthalpy is decreased
and as the area ratio is increased. The normalized value of the minimum pitot pressure
is found to be independent of the reservoir enthalpy, in contrast to the behavior obtained
by numerical computation of inviscid flows. The results of this survey show clearly, that
the use of a contoured nozzle should be restricted to conditions very close to the design
condition. Since flexibility in the reservoir enthalpy and pressure, as well as area ratio, is
an important feature of a shock tunnel, the results of this survey strongly suggest the use

of a conical nozzle.
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Introduction

The free-piston shock tunnel is one of the facility types used for ground simulation of
hypervelocity flows. One such shock tunnel, known as T5, was recently built at GALCIT.
T5 is the last improvement in the series of Australian free-piston shock tunnels, known as
Stalker’s tubes, starting with the very small facility T1. T5 was brought into operation
in December 1990. The transition from shake-down to routine operation took place in
September 1991.

The state of the gas in the reservoir region of the nozzle in such a facility is typically
at a pressure of 60 MPa and a specific enthalpy of 20 MJ /kg. In this state, the molecular
species in air are partially dissociated, and they recombine partially during the cooling
that accompanies the expansion in the nozzle. In other words, T5 allows to experimentally
study flows up to orbital speed, involving real gas effects.

The nozzle currently in use on the T5 shock tunnel has the same shape as the nozzle
designed for T4, with air as test gas, at a specific reservoir enthalpy of 25 MJ/kg. The
design is based on the scheme that the upstream part, in which significant recombina-
tion occurs, is conical. Some distance downstream of the place where the recombination
freezes, the mixture may be treated as a perfect gas to good accuracy, and the method
of characteristics may be used without the complication of chemical reactions in order to
design the contour for optimum exit-plane uniformity of the flow.

The nozzle was designed for a nominal area ratio around 100, with a throat diameter
around 30 mm and an exit diameter of 314 mm. For a number of reasons, it is occasionally
desirable to operate this nozzle off-design. This may be done by running the facility either
at a different reservoir enthalpy, with a different test gas, or with a different nozzle throat
diameter. The latter becomes necessary when the desired density is so low that it can
not easily be achieved by lowering the reservoir pressure. This was the case, for example,
in the recent experiments on the Electre model of ESTEC, most of which were run with
a 20 mm diameter throat [Adam and Rousset, 1993].

A first calibration was performed by Rocketdyne at the beginning of the tunnel’s
routine operation. However, a more detailed calibration of the nozzle exit and a study
of the shock tube proved to be necessary. Furthermore, the design of a second contoured
nozzle was being considered. For these reasons, a careful pitot pressure calibration of
the existing nozzle was conducted, to be compared with the calculations of the program
SURF (SUpersonic Reacting Flow) written by Rein [1989], the program which was going
to be used for the new design.

In fact, the present work was more than a pitot pressure calibration. It was a general
study of the dependence of the pitot pressure distribution in the nozzle exit plane, on
various shock tube parameters, for different test gases, and with two nozzle area ratios.
Special emphasis was placed on the calibration in the off-design conditions of the T5 con-
toured nozzle with the 20 mm diameter throat with air and nitrogen as test gas. However,
the flow with other test gases (carbon dioxide and hydrogen), and with the design throat
diameter (30 mm) were also examined. The measured pitot pressure distribution was
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compared with that obtained by numerical computation based on the measured initial
shock tube conditions, shock speed, and reservoir pressure.

The layout of the thesis follows the sequence of the tests performed, because the
findings of each test series influenced decisions about the next steps.

After getting familiar with the facility and the type of conditions occurring in the
test section, a pitot rake was specially designed and instrumented for this project (Sec-
tion 1). Then, an extensive study was made of different methods of data reduction of the
general test parameters from the raw traces (Section 2). Before the calibration study, the
repeatability was checked at a particular tunnel condition (Section 3). The calibration
of the T5 nozzle was investigated, first with the 20mm throat (Section 4), then with the
30mm throat, with air as the test gas (Section 5). Flows with other test gases, N,, CO,
and H,, were also investigated, both with the 20mm and the 30mm throats (Section 6).
Finally, some of the experimental results were compared with computations using the
reacting nozzle flow program SURF (Section 7).



SECTION 1 :
Experimental Facility

and Apparatus






1.1. The T5 Hypervelocity Shock Tunnel Facility

The T5 Hypervelocity Shock Tunnel

The term “hypervelocity” is more restrictive than the general “hypersonic” notion.
The latter means only that the velocity of the flow relative to a body is several times higher
than the speed of sound - conventionally a Mach number M higher than 5. However,
hypervelocity implies not only that this ratio M is large, but also that the velocity itself
and therefore the stagnation enthalpy is high enough to generate deviations from perfect-
gas behavior, such as vibrational excitation and dissociation of gas molecules.

Free-piston shock tunnels, such as T5, are capable of generating these very high
enthalpy flows at high densities (Figure 1.1). These facilities are therefore well suited to
simulating the chemical nonequilibrium effects that occur during the reentry of vehicles
through planetary atmospheres, such as the Space Shuttle (USA), and conceptual vehicles
like NASP (USA), HERMES (Europe) or HOPE (Japan).

0.1000 Performance Envelopes of some Hypervelocity Facilities
. T T T l T T T l T T T [ T T T ‘ T T
HERM eentry

T

T 1T TTTT
IS WO B I B I

NASP ascent

T

0.0100

IVIIIIII

0.0010

Binary Scaling, rho.L [kg/m?]

lT‘lIIIII
H Illllll

T

0.0001 N

Figure 1.1. Performance Envelopes of some Hypervelocity Facilities, and some Vehicles
Trajectories.



A Typical T5 Run

A typical T5 shot reflects the general free-piston technique (Hornung, 1992).

High pressure compressed air (typically 8 MPa) is released from a secondary reser-
voir (2R), thus pushing a reusable 120 kg piston down the compression tube (CT). The
monatomic driver gas - usually a He/Ar mixture - in front of the accelerating piston, is
compressed to about 1/50 of its original volume, reaching a temperature of about 4000 K,
a speed of sound of 3700 m/s (for pure Helium), and a desired pressure p, determined by
the diaphragm burst pressure (typically 90 MPa). When the diaphragm bursts, a shock
wave is created in the test gas contained in the shock tube (ST), and travels at about
vs = 4 km/s. Once the shock reaches the end of the ST, it is reflected and stops the flow.
In that region, the test gas reaches the “stagnation” conditions, namely a temperature
of about 8000 K and a pressure po (60 MPa) (called “nozzle reservoir pressure”) somewhat
lower than the burst pressure. The gas is then expanded through a contoured nozzle with
an usual area ratio of 100 into the test section.

As the piston accelerates along the CT, there is a shift in center of mass which
is compensated by a recoil of the CT, shock tube (ST), and the attached nozzle. The
secondary air reservoir (2R) recoils in the opposite direction under the action of the thrust
of the outflowing air which drives the piston down the CT. The test section and dump
tank (DT) remain stationary.

A sketch of T5 detailing these major parts is shown in Figure 1.2 .

primary diaphragm-\ secondary diaphragm-\
o
| / throat region
—

\CT—ST junction

\ZR—CT junction

\-S'I‘—nozzle junction
/' compression tube (CT) /secondary air reservoir (2R)

- /-shock tube (ST)
P

e p—

L 7 e r 4

Figure 1.2. Sketch of the T5 Hypervelocity Shock Tunnel



T5 Performance Envelope

In typical T5 shots, the burst pressure (ps) ranges from 30 MPa to 120 MPa depending
on the diaphragm and its indentation. The nozzle reservoir pressure (po) can be made to
vary from 13 MPa to 80 MPa, and the enthalpy (ko) from 3 MJ/kg to 25 MJ/kg, depending
on the conditions. The CT-ST-Nozzle recoil is about 8 cm.

Throats of different diameters (14 mm,20 mm, 30 mm) are available for operation with
different area ratios (450, 225, 100), in order to match other parameters such as the density.
They are made of molybdenum, in order to sustain a heat flux of about 1 GW/m? without
melting. The standard throat, for which the contoured nozzle is designed, is 30 mm in
diameter. The exact nozzle exit diameter is 314 mm.

While the typical recording time (for the test section) is of the order of 20 ms, the
useful “steady” window is about 1 ms, depending strongly on the specific enthalpy.

One can use many different test gases, such as Air, N;, CO,, and even H; or Ar.

Further information on T5 can be found in Hornung [1990, 1992], Bélanger [1993],
Germain [1994]
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1.2. The R13 Pitot Pressure Rake

The R13 Pitot Rake [ General Requirements ]

A pitot pressure rake has been designed specifically for the present calibration tests
(Figure 1.3.). Among the requirements were many conflicts, such as adjustability and
strength, maximum coverage of the exit and cost, sensitivity of the transducers and ro-
bustness to sustain the severe test section conditions. It happened that the best configu-
ration (over cost) required 13 pitot pressure transducers, hence the name “R13”. Three
view drawings of R13 are shown in appendix 1. ‘

Figure 1.3.
Photo of the
R13 Pitot Rake.

The rake can translate along the 3 principal axes: along the nozzle axis, laterally in
the exit plane (horizontally), and along the vertical diameter. While the lateral axis is
adjusted only once (per series) to position the rake in the vertical diameter plane, the two
other degrees of motion were used, one to calibrate the nozzle upstream and downstream
of the exact exit plane (adjustment along the nozzle axis), and the other one to obtain
more densely spaced measurements with intermediate points with the help of spacers.
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Positioning in the Test Section

The reference and axes orientation are shown on figure 1.4.

The 13 pitot pressure transducers are equally spaced by 3/4 in (1.905 cm), and the
actual vertical resolution (using different shots and spacers) is 3/8 in(0.9525¢m).

A careful measurement of the geometric center of the nozzle (at the exit plane) with
respect to the rake, has been conducted several times, before and after the series of shots.
A correction (vertical) distance was therefore introduced in the plotting programs. This
distance, which is the difference between the theoretical center (expected to locate on one
specific tip) and the measured one, appears to be 0.25 in(0.635 cm).

The longitudinal positioning is adjusted by fixing the rake onto the two rails at the
bottom of the test section, and blocking the final position of the DT with respect to
the ST, and thus the nozzle. In general, the rake was placed at the level of the optical
windows, similarly to the other models. The final DT position was then set every 2 cm.

The horizontal positioning is made possible by a transverse support plate. The align-
ment associated with the center was adjusted only using rulers.

2, axlal pds,

AAAAAA

Figure 1.4. Axes Convention associated with the R13 Rake
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Instrumentation

All 13 transducers are from PCB Piezotronics. They are low impedance piezoelectric
quartz dynamic pressure transducers. Model 113A26 was chosen in the 113A20 series
with built-in amplifier, because of its specifications such as range, maximum pressure,
resolution, rise time, and maximum temperature (see appendix 1).

The calibration values used in the data reduction programs, are the ones given directly
by the manufacturer. The consistency of these calibrations was tested by interchanging
transducers in repeat shots. This does not provide an absolute calibration, of course, but
it is easy to note when a calibration is not valid any more for a given transducer.

1.3 The DAS : Data Acquisition System

The data acquisition system consists of several CAMAC Analog/Digital converter
channels (by DSP Technology), digitizers, PCB power supplies for pressure transducers,
and amplifiers for thermocouples, all controlled by software run on a Sun SPARCstation
computer. Data are first stored during the test in transient recorders before being down-
loaded to the computer’s hard drive. Trigger generators, threshold detectors and counters
are also used to determine the beginning of the sampling time, the speed of the shock
down the ST and to synchronize the flow visualization equipment.

All the channels are triggered at the exact same time. While different sampling rates
and pre-trigger lengths are applied to record the different traces, it is important to note
that the nozzle reservoir pressure and the pitot pressure traces are recorded on the same
box set, each channel having a 4k bytes length, 1/8 pre-trigger, and sampling rate of 200 kHz.

Photographs can be taken with a 4in x 5in camera on black and white film. The test
section is illuminated by a pulsed laser and the image focused by a series of filters, lenses
and mirrors on the photographic plate. Finite and infinite fringe differential interferometry
is usually the technique of choice to visualize the flow.



SECTION 2 :
Test Parameter Traces

and Data Reduction,

“from Traces to Data”
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2. Test Parameter Traces and Data Reduction

The principal parameters measured in TS are the burst pressure p4, the nozzle reservoir
pressure po, the shock speed v,, and the CT-ST-nozzle recoil. A good first approximation
of the reservoir enthalpy ko is given by the square of the shock speed v,.

2.1. The Burst Pressure p,

The burst pressure py4 is derived from the two ps traces, North and South, taken by
two PCB transducers, sampling every 32 ps (Figure 2.1.1).

It is estimated that the diaphragm takes around 0.2 ms to open completely [Broull—
lette, 1991]. Thus, in order to get a reasonable value, and to remove the high frequency
noise, the traces are smoothed out over 15 points, i.e. every point is averaged with the 7
previous ones and the 7 next ones. This is equivalent to a time window of 0.480 ms.

The maxima of these two smoothed traces are then taken and averaged together to
get paaug (Figure 2.1.2).

Run T5y_639 P4 Chgnnel 1

Pressure (MPa)
(o
[«

IIIIIIIlIIIllII[III

H
=]
IlllT!illlI]lll'i!l

-10 -5 0 5 10
Time (ms)

—
W

Run T5'__639 P4 Chgnnel 2

Pressure (MPa)

]Ill_Lllllll‘Illllll

-10 -5 0 5 10
Time (ms)

—
h

Figure 2.1.1. Example of ps Traces (Long Time Range).
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Run T5_639 P4 Channel North, South, and Smoothed Curves
T T T T T T T T T T T ] I T 1 T T T T

100 IIIII T T F T ‘ T T T T T I T T T T
-  ——— Traces, North & South ~
- ——- Smoothed North
| = Smoothed South
80—
G L
)
> -
2
5] L
=»
60—
P: 10} SEVE 2 A T W S S E WU T S T S T VN0 WU S ST SR S S S T S W S 1 L
-5 -4 -3 -2 -1

Figure 2.1.2. Example of Determination of ps (Short Time Range around the Burst).

2.2. The Nozzle Reservoir Pressure p,

The nozzle reservoir pressure po is also evaluated from two traces, North and South,
taken by PCB transducers, but this time sampled at 200 kHz (same sampling rate as the
test section data) (Figure 2.2.1).

The traces are smoothed out over 19 points to remove the high frequency noise - the
time window is 0.090 ms. Then, time windows for the overshoot, the steady period, and
the decreasing period, are visually established for a given condition and remain the same
for all runs of a given enthalpy.

Averages are then taken over the entire steady period (Figure 2.2.2). Usually, this
period lasts around 1 ms for low enthalpy runs, to 0.5 ms for high enthalpy ones. Once
again, the two averages (North and South) are averaged together to get po gu,-

Note that the “0” trigger time is at shock reflection.
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Figure 2.2.1. Example of p, Traces.

_Run T5_639 Channel 1 Nozzlg Reservoir North
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, Run T5_639 Channel 2 Nozzle'Reservoir South .
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Figure 2.2.2. Example of Determination of p,.
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2.3. The Shock Speed v,

The shock speed v, is derived from four traces, given by three PCBs placed along the
ST, and one nozzle reservoir pressure trace.

The shock is caught by the sudden rise in the pressure and the time is recorded. Note
that the trigger is exactly the same for all the traces because it is given by the same box.
Knowing the exact distance between the transducers, three speeds are derived.

Only the middle one is used as a parameter, corresponding to the averaged shock speed
along the ST. The slowing down of the shock is mainly due to friction [see Bélanger, 1994].

The specific reservoir enthalpy hq is then approximated by the square of that shock
speed (for Air and N, shots). That approximation matches the ESTC (Equilibrium Shock
Tube Calculation) results within a few percents.

Run TS_639 Channel2

60[” -
§: 40— -~
g 20{— e
£ F s =
oF J
2 0 2 4 6 [3
Time (ms) / Shock Speed between sta.2 and sts.3 in km/s : 4.91
P Run T5_639 Channel 3
§ 40— -
§, 20— i
& F -
[ E | -
2 0 2 4 6 8
Time (ms) / Shock Spoed between sta.3 and sts.4 in ks : 4.41
P Run TS_639 Channel 4
§ 40— -
g = =
& - -
[ i
2 0 2 4 6 3
Time (ms) / Shock Speed between sta 4 and nozzle in km/s : 4,12
" Run T5_639 Channel 1 Nozzle Reservoir Pressure Notth
- 60 =
% a0— "E
£ 2E- =
oE 3
2 [ 2 4 6 3

Time (ms)

Figure 2.3. Example of Traces used for the Shock Speed.
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2.4. The CT - ST - Nozzle Recoil

The CT recoil (which is also the ST and Nozzle recoil) is given by an LVDT. The
value is read directly on the trace, just after 0 ms. Knowing the recoil is important as it
gives the position of the nozzle exit with respect to the stationary test section during the
actual shot.

Also the 2R recoil is obtained from the CT and differential recoil. The latter is
recorded in order to evaluate the stress held by the launch manifold, where the compressed
air is transferred from the 2R to the back of the CT in order to accelerate the piston.

Run TS5 _639 Compression tube recoil

10F =
s —
s —
§ E =
1 E
2 —
of= =
2F . . 3
200 0 200 400
Tire (ms)
10 Run T5_639 Secondary reservoir absolute recoil
8 E
'k =
-
- -
200 ° 200 400
Time (ne)
1 Run T5_639 Differential recoil
- 3 — ]
g —
¢ [ -
if E
5 - -
200 0 700 400
Time (ms)

Figure 2.4. Example of Recoil Traces.
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2.5. The Pitot Pressure Distribution

In order to calibrate the present T5 contoured nozzle, the pitot pressure distribution
along the vertical diameter was measured with the R13 rake in the test section, at the
exit plane to compare with SURF calculations, and also further downstream where the
models are usually tested. The techniques to extract averages from the original traces,
and then calibration parameters from these averages are described in the present chapter.

2.5.1. Visualizing the Traces

Several ways have been investigated in order to visualize and extract data - and then
meaningful parameters - from the 13 simultaneous traces recorded on the R13 rake. These
different attempts respond to the quest for a pitot pressure “plateau”, i.e. a region of
constant pressure. In this region, the flow is approximately steady along the radius and
during a certain time. 3D plots, contour plots, and movies, not only give spectacular.
visualizations, but also help in localizing this steady plateau, the arriving shock, the
pressure decrease period, and the variation along the radius down to the boundary layer.
Some examples of these visualizations are shown in appendix 2.

The most useful method remains the “traditional” one, i.e. getting an average on that
steady period for every trace (figure 2.5.1).

Run T5_640 Presgure Troce : Th 1 Run T5_640 Pressure Trace : Ch_ 2 Run 73640 Pressure Troce : Ch_ 3
T 04t o
3
§ 02p -
4
0.0 0.0 4
0.0 [X) 1.5 2.0 25 0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 1.5 20 25
Time {me) Time (ms) T (ma)
Runy T5_540 Pressure Troce : Ch 4 Run 15,840 Pressure Trace : Ch 3 Run 15.640 Pressure Trace : Ch 6
B 04l -1 5 o4 B T 04 ~
§ [ 1
E oaf- 1 i aaf 4 z ozf-
0.0 b 0.0 - 0.0 -
00 [X) 1.0 1.5 2.0 25 00 [ 10 1.5 20 25 00 [X) 1.0 1.5 20 25
Time (me) Time (ms) Tiere (ma)
Run T5_640 Pressure Troce : Ch 7 Run 15.840 Pressure Troce : Ch_ 8 Run T5.640 Pressure Troce : Ch 9
T 04 B oAl 4 G oal <
H [ £
E o2r é c2f ; o2k i
£
0.0 b 0.0 - 0.0] R
0.0 08 1.0 15 20 25 0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 20 25
Time (me) Time (ms) Time (me)

Run T5.640 Pressuse Trace : Ch 10 Run T5_640 Pressure Trace : Ch 11 Run T5_640 Pressure Trace : Ch 12

0.0 058 10 [ 20 29 o0 a8 10 15 20 28 00 0.5 10 15 20 25
Tima (me) Tims {me) Time (me)
Run T5._640 Pressure Trece : Ch 13 Run 840  Offsets Run 640 Averages on_[ 073 ; 1.25 ] ms
B e 0.50
L 3 5 DasE b3 3
3 ook ¥ * * E
WE SO0 Qo0 Coo ©0oQ oA % *

o o.38F 3

et 3 E ‘o.so—. *******

2 4

L] 8 10 12 14 o 5 10
Tranaducsr § Transducer §

Figure 2.5.1. Example of Pitot Pressure Traces.
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2.5.2. Extraction of Data from 13 Traces

The technique used to extract the averages from the traces is similar to the one for
the burst pressure and the nozzle reservoir pressure. On one hand, it is simpler here since
there is only one trace giving the averaged value. But on the other hand, 13 traces have
to be taken into account at the same time.

In general, the time range for taking the average is determined by the steady period
defined as for the nozzle reservoir pressure. In fact the traces look very similar to the
nozzle reservoir pressure traces, with some more fluctuations. This range usually lasts
the same time for both types of traces. Usually, the range for the pitot pressures starts
0.1 ms to 0.2 ms after the nozzle reservoir pressure ones, depending on the enthalpy. At
high enthalpy, there is almost no delay. Note that the sampling frequency is the same,
i.e. 200 kHz, and the trigger is still zero.

Concerning the error made on one pitot pressure value, it is due essentially to two
factors : the high frequency and electric noise, and the fluctuations during the steady
period. The noise is of the order of (the equivalent of) 0.02 MPa, but can be easily
removed by smoothing the trace. Then there remains an error margin during the steady
period, ranging on the average from 0.02 to 0.05 MPa, due to oscillations since there is
no true “steady period” and due to the uncertainty on the time range too.

The high frequency and electric noise is therefore removed by smoothing the traces
on 15 points (equivalent to 0.07 ms). The offsets are corrected for each trace, every shot.

2.5.3. Correction and Parabola Fit

The position of each transducer is derived carefully, taking into account the number
and size of spacers, and the geometric center correction. Then these 13 averages are
plotted versus their position along the vertical diameter of the exit plane -or a plane
similar to that one downstream or upstream. Obviously (see figure 2.5.2) the distribution
along the radius is not as uniform as expected; instead, it has the shape of a parabola in
the core region.

So, when a point is thought to be “wrong” -usually really low and noisy compared to
its neighbors-, it is replaced by the average of these two neighbors. When two successive
points are thought to be “wrong”, the substitution is made by a weighted average of the
two surrounding points (linear correction). A point is considered to be “wrong”, when its
trace shows some electrical problems, but also, for some points near the centerline, when
the flow perturbations are too important - this was the case for some 20mm runs. One
must not forget that these “replaced” points have no physical meaning but are just useful
in order to get a consistent parabola fit (equally spaced points everytime, same balance
for a given distribution).

The experimental points and these “corrected” ones (in fact, only the points within
the core) are then fitted by a parabola (second order polynomial), with the 3 coefficients
free. This kind of fit was used instead of the general [average & standard deviation)
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derivation, because of several considerations.

The [average & standard deviation] derivation assumes that the curve is relatively
flat and centered around a constant value. Obviously here, it gives the average pressure
across the exit diameter, and the deviation with respect to that average. Actually, these
are not parameters of first interest because a model does not occupy the whole exit disk,
but only the region near the centerline. On the other hand, the parabola fit gives the
minimum pressure on the centerline, and a better understanding of the deviation of that
value along the diameter, by its second derivative, called hereafter “curvature”*. This
latter technique also brings out information on the symmetry of the flow.

In fact, the parabola fit appears to be the simplest technique, giving 3 essential flow
parameters (value at the center, deviation from this value, and symmetry), from 3 free
coeflicients.

Run T5_640 ; Polynomial Fits of Averaged Pitot Pressures
T oy T T

K —— Deg=2 -

0.50— —

g L :
2 - .
b5 C ]
§ - 7
8 040 -
-9 n ]
B C ]
i C ]
g - .
= 030+ —
& - q
8 - .
o F =
o C N
'?; - .
@ 020 % Experimental points -
E C < Replaced point .
0.10 - SIS S KT S YU I RS R VO S (U S U RS T S S N A S 1

-0.15 0.10 -0.05 0.00 0.05 0.10 0.15

Top Radius (meter) Bottom

Figure 2.5.2. Example of Parabola Fit.

* This is not the mathematical definition of the curvature of a function, but it can be
easily derived that the curvature of a parabola, for x near the symmetry axis, in that
new translated coordinates (X =o on that axis), is in a first approximation the second
derivative.



-23-

SECTION 3 :
Repeatability of Test Conditions,

Based on One Given Condition :

High_Enthalpy - Medium Pressure,

20mm Throat - Area Ratio of 225
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3.1. Description of the Repeated Shots

During the fall of 1993, a series of 19 shots was conducted in T5, focusing on one
specific condition, to be then compared with SURF* calculations.

The main concerns in this calibration have been, on one hand, to check T5 repeata-
bility, especially as far as the SURF parameters are concerned, and on the other hand, to
develop a new method to get a good estimate (value and error) of the center pressure at
the exit plane, and a good measure of the variation of that pressure along a radius.

The chosen condition is one of the most commonly used ones in T5, called “High
Enthalpy - Medium Pressure”, namely hy =21 MJ/kg and po =55 MPa. Originally, the
condition was to be tested only with air and an area ratio of 225 (nozzle with the 20mm
throat). Note : this is an off-design condition for the contoured nozzle. The design area
ratio 1s 100.

First, 4 runs (627 to 630) were made to find the optimum tailored-interface condition,
but are not taken into account in this study, since they are slightly off the repeated
condition. Furthermore, the ST copper sleeve (just upstream of the throat) had to be
replaced after its melting during the shot 629.

Next, 13 runs (631 to 643) were fired at this specific condition, 10 times with air, and
3 times with N,, giving enough data to check the T35 repeatability and to run both the
. ESTC and SURF programs. These repeated shots also gave a good range of the calibration
parameters, such as the center pressure at the nozzle exit plane, the deviation of that
pressure along the radius, the quality of the axisymmetry, and even the thickness of the
boundary layer.

Finally, 2 runs (644 and 646) were fired with the 30mm diameter throat, for the sake of
comparison. Both air and N, were used as test gases.

In this following section, only the 13 repeated shots (631 to 643) are presented. How-
ever, some references to the first 4 preliminary shots (627 to 630), and the 2 last ones
with the 30mm throat (644 and 646) may appear for the sake of comparison. First are
presented the parameters related to T5 as well as the study of the repeatability of the
condition. Then follows the study of the parameters related to the calibration of the
nozzle.

The detailed log of this whole series of shots is given in appendix 3.

* SURF : SUpersonic Reacting Flow, [Rein, 1989]
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'3.2. T5 Repeatability

Repeatability of an experiment is obviously always a main concern. This series of
shots made it possible to check the repeatability of the T5 facility. It was even more
important for this calibration, since one needs a quite good estimate (value and error
range) for the basic T5 parameters, such as the nozzle reservoir pressure and the shock
speed, in order to make non-dimensional ratios meaningful and to get reliable inputs for
ESTC and SURF programs.

3.2.1. T5 Measurements, Data and Parameters

All the T5 parameters, for shots 631 to 643, are given in table 3.1. Explanations on
the derivations and notations can be found in section 2.

Burst Pressure (MPa) Nozzle Res. Pres. (MPa) (km/s) (MJ/kg) Test
Shot Pisn Pas Paag % Pon Pos Poag % v, ho - Gas
631 91.6 89.3 90.5 1.2 51.6 48.7 50.2 2.9 4.44 19.8 Air
632 914 89.9 90.7 0.9 53.9 51.2 52.5 2.5 4.44 19.8 Air
633 94.2 919 93.0 1.2 54.2 519 53.0 2.1 4.47 20.1 Air
634 89.8 89.8 89.8 -0.0 54.3 519 53.1 2.3 4.35 18.9 Air
635 88.2 86.4 87.3 1.0 49.7 469 48.3 29 4.29 18.4 Air
636 84.5 82.8 83.7 1.0 53.4 52.0 52.7 1.3 4.48 20.1 Air
637 90.8 90.8 90.8 -0.0 54.8 54.3 54.6 0.5 4.44 19.8 Air
638 88.6 87.6 88.1 0.6 54.5 54.6 54.6 -0.1 4.38 19.2 Air
639 90.5 90.2 90.4 0.2 54.0 56.7 55.3 -2.4 4.41 19.5 Air
640 922 90.3 91.3 1.1 52.5 524 52.5 0.1 4.51 204 N,
641 89.7 87.9 88.8 1.0 50.1 51.3 50.7 -1.2 4.48 20.1 Air
642 924 912 918 0.6 53.3 (48.6) 525 (46) 458 210 N,
643 838 824 831 0.9 555 (29.6) 55.5 (304) 4.65 216 N,

Table 3.1 - T5 Parameters (Shots 631-643)

: . 407 . Pan—Pas .3
Notation : “%” = piiipt2 4100, for Py; idem for Po.

Recall : hy is taken in a first appoximation as v2.

A study of each of these T5 parameters was conducted for this series of repeat shots,
deriving averages and standard deviations for the burst pressure, nozzle reservoir pressure,
total enthalpy and shock speed.
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3.2.2. The Burst Pressure

The averaged burst pressure ps .., (hereafter abbreviated p,) is plotted for every shot
on Figure 3.1. These values depend a lot on the diaphragm, and the cross indentation in
it. However, thanks to a careful calibration of these diaphragms, the standard deviation
is quite low : less than 5% for the whole series. By omitting the last shot (643), whose
diaphragm was from a new batch and not yet calibrated, the deviation is less than 3%.

The error made on the averaged burst pressure py 405 0n a given shot is mainly due to
the high frequency noise and oscillations due to expansion-compression reflected shocks
into the CT. But once corrected by smoothing the North and South traces, there remains
only a small difference between the two channels on the order of 1% (example in section
2). The noise and oscillations around the burst pressure are of the order of 10%. On
figure 3.1, the error bars go between the north and south values.

Burst Pressures

l(x) —T T T T T

95— —

90—

P4 [MPa]
T
H—K—
K
K
*
M
*
1
[
I
|
P
|
!
I
L

85— . —

80 . . ) ; | L L ) ) |
630 635

Run #

Figure 3.1. Burst Pressures p; vs Runs.

Following are the main results of that study :

Note that all the shots can be used for that parameter with no distinction, since the

Shots Range P4 Average Standard Dev.
[631 : 642 89.7 MPa + 2.5 MPa # 2.7%
[631: 643 ] 89.2 MPa + 3.0 MPa # 3.3%

burst pressure should depend only on the diaphragm.
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3.2.3. The Nozzle Reservoir Pressure

The same procedure was followed for the nozzle reservoir pressure, even more care-
fully, studying also both po nertn and po seutn (See Figure 3.2). A systematic error appears
between North and the South of 2% on the average, reaching sometimes 3%. Each channel
has a standard deviation around 5%, implying a 5% deviation on po s.. Again, noise and
oscillations imply an error around 10%, but after smoothing, that error drops down to 1%,
due essentially to the lack of precision on the time range of the steady period (example
in section 2).
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Figure 3.2. Nozzle Reservoir Pressures p, vs Runs.

Following are the main results ; averages and standard deviations are in MPa :

Shots Range Pg North ave, dev, %  Posouth ave, dev, % Pg ave ave, dev, %

[631:641] 53.0 1.8 # 3.5% 52.0 £2.7 # 5.2%  52.5 £2.1 # 4.0%

[631 : 641] are all the shots where both north and south traces are available. For the
last shots (642, 643), only the north trace is used. Shot 635 remains low with no apparent
explanation. Note also that there is no significant difference between air and N, tests, nor
between 20mm and 30mm throat tests, even considering shots 644 and 646 (not shown).

Therefore, despite these non-negligible errors, but thanks to an adequate method,
good repeatability is shown, and a good evaluation of pg 4. for this series of calibration
shots appears to be 52.5 MPa &+ 5%, i.e. roughly between 50 and 55 MPa.
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3.2.4. Ratio of P,/P,

A first non-dimensional ratio, the “recovery factor” p,/ps, was studied, since the eval-
uation of the burst pressure p4 is usually better than that of p,. Having a good evaluation
of that ratio would therefore allow a better evaluation of the nozzle reservoir pressure po.

Unfortunately, it appears that there is no direct correlation between these two pa-
rameters, since the standard deviation on the repeated shots increases to more than 4%
(even 5.5% considering the whole series).

Po /P4
0.70 A T T T T ’ T T ¥ T j T T H
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I * ]
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- x o
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- r_ ————————————————————————————— >SSV n
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- X * ¥ * .
0ss- * ]
- 4
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0.50 A 5 X L L i . J. i l il ek 1
630 635 640
Run #

Figure 3.3. Ratios po/ps vs Runs.

The main results are presented in the following table :
Shots Range po/ps ave, dev, %

[631:641] 0.587 +0.026 # 4.4 %
[631:642] 0.586 £0.025 # 4.3 %

Note that this ratio is nevertheless a good way to point out when the piston is leaking,
as in shot 643 - p, has a standard value, while the ratio is quite high - or when the nozzle
reservoir transducers are not working correctly - p, now has a standard value, while the
ratio is quite low (shot 630, not shown here, is a good example).
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3.2.5. The Shock Speed and Specific Total Enthalpy

The same study was then conducted for the total enthalpy ho, which is taken in a first
approximation as the square of the speed of the shock traveling in the ST denoted v,. As
said previously, the speed v, is taken only between stations 3 and 4 (which corresponds
approximately to the end of the second third of the ST). This value is measured quite
accurately (error of less than 1%). However, the deviation of the shock speed along the
shock tube (ST) is quite important, decreasing by around 20% between station 2 and the
end of the ST.

Enthalpies by Vs? and by ES];C
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Figure 3.4. Enthalpies hy vs Runs.

The air shots have to be studied separately from the N, shots, since for the same
filling ST pressure (30 kPa), the shock speed is higher for the lighter gas. Both 20mm and
30mm throat shots can be studied together, since they are both small enough to have no
influence on py. These two statements are well confirmed by the data.

More accurate calculations have also been performed with ESTC. The results are
always slightly higher by around 2% than the approximated »2. Therefore, the approx-
imation of hy by simply v? is considered satisfactory. The main question that stays, is
when to take v,, or how to derive a representative average (along the ST), in order to
evaluate hy in the nozzle.
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The main results (based on v? as usually used on T5) are presented in the following
table ; averages and standard deviations are in [MJ/kg] :

Shots Range ho ave, dev, % Comments
[ 631 : 641 ] 19.5 £0.6 # 2.9 % Air only
640/642/643 21.0 206 # 2.9 % The 3 N, shots

Therefore, despite an important uncertainty on where to estimate the shock speed,
the repeatability was again shown less than 3%. One can evaluate roughly h, between
19 and 20 MJ /kg for air, and between 20.5 and 21.5 MJ/kg for N,. This corresponds almost
exactly to the expected change in shock speed according to the molecular weight.

3.2.6. Conclusion on the Repeatability of T5

Even if the accuracy for one specific shot is not so good, especially for the nozzle
reservoir pressure, it can be concluded from the preceding studies that the repeatability
of T5 is quite good. Deviations on the parameters for this series of 13 shots are of the order
of 3 to 4 %. All basic theoretical statements can be clearly visualized when comparing
shots.
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3.3. Nozzle Calibration

The other main purpose of this series of shots was to calibrate the present T5 nozzle,
especially at the exit plane to compare with SURF calculations, and further downstream
where models are usually tested. The techniques used to visualize and extract averages
from traces, and then the ones used to compute calibration parameters from these averages
by means of parabola fits, are described in section 2. In the present section, the results
of this calibration are presented in terms of minimum pressure around the centerline,
deviation of this value along the radius, position of the centerline, and thickness of the
boundary layer.

3.3.1. Calibration Coefficients and Parameters

The coeflicients, given by the parabola fit, are listed in table 3.2.

It should be noted that :

p(z) = a. 22 + bz + ¢, a in [MPa/m?] , bin [MPa/m], ¢ in [MPad]

pi(x — center) = ppin + a. z?, ps in [M Pa] , z and center in [m)]

A “C” following the shot number means that one point has been replaced ; a “C!”
that 2 points have been replaced, and/or the transducer range has been restricted.

‘The “Data used” column shows the transducer number range used for the fit.

Ave3 is the average between the theoretical center -projection of the true geometric
nozzle center on the rake- and the 2 adjacent points ; Ave5 is the same with the 4 adjacent
points (2 right, 2 left) ; and Dev% is the standard deviation of the previous 5 points with
respect to Aveb.
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Shot Data c b a Center Puin Ave3 Aved Dev Test
# used MPa MPa/m MPa/m? m MPa MPa  MPa % Gas
631C! 1-11 0.3504 0.5683 5.7820 - 0.049 0.336 0.354 0.358 6.97 Air
632 1-11 0.3613 0.3334 5.2822 - 0.032 0.356 0.368 0.369 5.90 Air
632C! 1-11 0.3557 0.3217 5.8920 - 0.027 0.351 0.359 0.362 4.58 . Air
633 1-12 0.3404 0.3680 7.0505 - 0.026 0.336 0.344 0.348 6.04 Air
634 1-13 0.3483 0.0556 2.9219 - 0.010 0.348 0.354 0.353 1.86  Air
635 1-11 0.3170 0.1723 4.2486 - 0.020 0.315 0.319 0.321 2.72 Air
636 1-11 0.3480 0.1671 3.7446 - 0.022 0.346 0.350 0.352 2.95 Air
637 1-12 0.3553 0.1188 3.6974 - 0.016 0.354 0.361 0.360 2.34  Air
637C! 1-12 0.3487 0.1188 44810 -0.013 0.348 0.352 0.354 146  Air
638 1-12 0.3504 - 0.1939 4.6124 - 0.021 0.348 0.354 0.356 2.65  Air
639 1-12 0.3420 0.0958 5.9084 - 0.008 0.342 0.347 0.349 1.67 Air
641 1-13 0.3072 0.1410 8.8122 - 0.008 0.307 0.313 0.316 2.81 Air
640 1-12 0.3069 0.2082 11.153 - 0.009 0.306 0.314 0.319 428 N
640C 1-12 0.3049 0.2132 11.388 -0.009 0.304 0.311 0.317 453 N,
642 1-13 0.2670 0.0929 14.074 - 0.003 0.267 0.264 0.273 6.17 N,
643 1-12 0.29047 0.2211 15.378 - 0.007 0.294 0.296 0.303 797 N,

Table 3.2 - Parabola Fit Coef. and Parameters & [ave+dev] Results (Shots 631 to 643)
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3.3.2. Center Pitot Pressure

3.3.2.a. Minimum Pressure punin

For every shot, the minimum value of the parabola was recorded as the “Center Pitot
Pressure” or pp,». Actually, it is better to speak in terms of minimum, since it does not
correspond exactly to the geometric center of the nozzle, as will be shown later. These
values were compared with all shots on Figure 3.5. The error on pn;, made with the
parabola fit, by the software package PV-Wave, using the least-squares method, is hard
to quantify.

Pmin [MPa]
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Figure 3.5. Minimum Pitot Pressures p,;, vs Runs.

Initial remarks can be made at first glance : the 30mm throat (last 2 shots, not shown
here), equivalent to an area ratio of 100, gives higher pn;, than the 20mm throat (area
ratio of 225) as expected ; and the N, shots give a lower pyi, than the air shots.

The main results are presented in the following table (averages and deviations in

[MPa)) :
Shots Range Pmin ave, dev, % Comments
[ 631 : 643 ] 0.326 +0.026 # 8.1 % All 20mm, just for comparison
[631:630]  0.341 20011 #33%  Air

640/642/643 0.288 £0.019 # 6.6 % The 3 N, shots
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It is thought that shot 641 was contaminated by the previous N, shot, and was
therefore not taken into account. The results confirm the first observations. The standard
deviation around the values, when the shots are chosen carefully, are fairly good.

3.3.2.b. Non-dimensionalized pmin / Po

The ratio Ppis / Po (minimum pitot pressure at the exit over nozzle reservoir pressure)
was studied, in order to non-dimensionalize Pp,. All the ratios are plotted in Figure 3.6.
Note that the same derivations on the first 4 shots (627 to 630), with non-tailored-interface
condition, give points out of range (not shown for convenience).
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Figure 3.6. Ratios pmin/po vs Runs.

The main results are :
Shots Range Pmin / Po ave, dev, % Comments

[ 631 : 639 ] 6.48 E-03 £0.17E - 03 # 2.6 % Air
640/642/643 5.39 E-03 £0.36E — 03 # 6.7 % The 3 N, shots

The fact that the standard deviation becomes so low -less than 3% for air-, shows
that there is a quite good correlation between the 2 parameters, as well as very good
repeatability of the condition in the test section. For the N, shots, one has to note that
the standard deviation is based on only 3 points, and furthermore, values of P, are based
on only one transducer.
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Good correlation is also clearly shown by the shot 635 : while p, is lower than for the
other shots, and while p, 1s also on the lower edge of the standard deviation range, the
ratio is one of the closest to the averaged ratio value.

Unfortunately, the error bar on one point, in figure 3.6, is of the order of 10%. This is
too large with respect to the standard deviation of the mean value, to be able to conclude
anything about the variation of the pressure versus the axial position. In fact, it seems
that pm, 1s almost constant at the different axial positions ranging from -3.5 cm inside

the nozzle to +7.5 cm outside.

3.3.3. “Curvature”

3.3.3.a. “a”, coeflicient of X? in a Parabola

A study similar to the previous ones was conducted for the second derivative of the
parabola fit, hereafter referred to as “curvature” (Figure 3.7). In fact, the study is on the
coefficient of X2, called “a”, which is half the second derivative. The error made on that
coefficient with the parabola fit, using PV-Wave least-squares method, is again unknown.
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Figure 3.7. Curvatures “a” vs Runs.

As for the pnin plot, initial remarks of the same type can be easily made. The 30mm
throat shots exhibit a higher curvature than the 20mm ones. The N, shots have a higher
curvature than air shots. Shot 641, with air, seems again to have been contaminated by
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the previous N, shot, as its curvature is abnormally high. Shots 633 and 634 are far from
the average of all other 20mm throat air shots, for no apparent reason, and have a large
standard deviation.

The main results are, with the averages and deviations of “a” in [MPa/m?| :

Shots Range “a” ave, dev, % Comments

[ 631 : 639 ] 4.96 £1.29 # 26. % All Air, 20mm, except 641
[ 631 * 639 ] 4.97 £0.76 # 15. % As above, less 634 and 635

640/642/643 13.6 £2.03 # 15. % The 3 N, shots, 20mm

Again, it is impossible to make any statement regarding the variation of the curvature
versus the axial position, despite the high standard deviation. However, the different
conditions (air/N,, 20/30mm throat) can be really easily identified.

3.3.3.b. Scaled Ratio “a”/po

When p..i, is scaled by pg, so is the coeflicient “a”. Figure 3.8 shows this ratio for
various runs. Unlike pmin/po, there is no improvement here in the standard deviation
when the curvature is scaled. Note nevertheless that p, varies by up to 5% on [631, 639],
and since the deviations do not add up, this implies some correlation between the two
parameters.
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Figure 3.8. Ratios “a” /py vs Runs.
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The main results for the scaled curvature “a” /po, in [(m?)~!], are :

Shots Range “a” [Py ave, dev, % Comments

[ 631 : 639 ] 0.094 +0.024 # 26. % All Air, 20mm, except 641
[ 631 * 639 ] 0.095 +0.014 # 15. % As above, less 634 and 635

640/642/643 0.254 +0.032 # 13. % The 3 N, shots, 20mm

3.3.4. Symmetry and Center Axis

With this parabola fit, one can easily find the vertical symmetry axis location, which
should correspond with the geometric center, i.e. r =0. However, as can be seen on Figure
3.9, results show quite a few differences. The error made on this location is thought to
be at least half the distance between two transducers, i.e. around 1 cm.
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Figure 3.9. Symmetry Axis Locations X, vs Runs.

Shots Range xs = —b/2a : ave, dev, % Comments
All -1.7 em £1.2em # 71. % All parabola fits

The exact reasons for such a shift, and such a large deviation around the averaged value,
are still unknown. It does not seem to depend on the test gas nor the throat. It should
be noted that the average shift is around 3/4 of an inch, which is the space between two
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transducers, and also the “unit” of the spacers (3/4” thick or half of it). But until now, all
the checks, as far as the elevation of the rake is concerned, as far as the geometric center
position is taken into account, were in vain. Checks are also possible with the contour
plots, giving approximately the same values, while looking for a symmetry axis.

3.3.5. Boundary Layer

Estimates of the boundary layer thickness were also conducted. In fact, it would
be better to speak in terms of “flow layer radius”, since some of the data were taken
outside the nozzle. This radius was taken as the distance between the symmetry axis (as
determined in the previous paragraph) and at first, the location of the maximum pitot
pressure (location of one transducer in the lower part of the rake). However, the error on
that distance was on the order of 2cm, and again was too large to be able to study the
variation of that flow layer versus the axial position. Contour plots were therefore used
to determine the maximum pressure radius (at the bottom of the nozzle) with a general
error around 0.5 cm.

Figure 3.10 shows the values obtained by the two methods for all the shots. The exit
nozzle radius is 15.7 cm, and a top line is drawn as a reference.
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Figure 3.10. Boundary/ Flow Layers vs Runs.
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The main results are summarized below :

Shots Range Flow Layer ave, dev, % Comments
All 12.1 cm £09cm # 7.6 % By top transducer
All 13.0 cm #0.6cm # 4.8 % By contour plot

Using contour plots, the values seem to be accurate enough to be used to study the
variation of the flow layer versus the axial position. Following are the averaged flow layer
radii per axial position for each condition. All these values have to be taken into account
very carefully, because of the error made on each value and the small number of shots
available for each case. The “Exit - 0.5 cm” one may be more useful in order to compare
with computations.

Gas Throat Axial Pos. By top transd. By contour plot Number of shots

Air 20mm - 0.5cm 12.8 cm 12.4 cm 4 shots
+3.0 cm 12.3 cm 12.7 cm 4 shots
+6.5 cm 124 cm 13.4 cm 4 shots
N; 20mm -0.5cm 12.4 cm 13.1 cm Only 2 shots
+6.5 cm 10.3 cm 12.3 cm Only shot 643
Air 30mm - 0.5 cm 10.7 cm 12.7 cm Only shot 645

N, 30mm -0.5cm 11.6 cm 13.6 cm Only shot 646
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3.4. Conclusion on repeated shots

This series of 13 shots has lead to a successful calibration of the T5 facility, and
in particular the contoured nozzle with the 20mm throat, for the “High_Enthalpy -
Medium Pressure” (off-design) condition with air and N, as test gases.

On one hand, the T5 parameters such as the nozzle reservoir pressure py, and the
enthalpy ho, are known for that condition, within 3 to 4%. A summary, useful as inputs
for ESTC and SURF programs is given at the end of Ch.3.3 .

On the other hand, the present contoured nozzle -with an area ratio of 225- has been
calibrated, by means of parabola fits, yielding the minimum pressure on the symmetry
axis, pmin, and the curvature of the distribution along the radius, “a”. Differences between
air and N, can be easily identified. The value for pmin is within 3% (Air) to 7% (N.),
while the one for “a” is of the order of 15%.

Finally, a study of the symmetry and center of the airflow was conducted, but with
no definitive conclusions, implying an uncertain conclusion on the flow layer.
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SECTION 4 :
Calibration of the T5 Nozzle

with the 20mm Throat

(Area Ratio of 225)

for Common Conditions, with Air
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4.0. Calibration with the 20mm Throat, Introduction

When lower densities are required in the test section for simulating flights at higher
altitudes (like reentry in the atmosphere), one way to reach the condition is to increase
the area ratio of the nozzle. Since the exit is fixed, it is done by changing the throat.
Instead of the conventional 30mm diameter one (corresponding to the design condition of
the contoured nozzle with an area ratio around 100-110), a 20mm (area ratio around 225-
250) or even a 14mm (area ratio around 450-500) one can provide the required conditions.
While the 14mm throat has never been used for testing a model, the 20mm one was used
with a ESA model. This made calibrating for the common T5 conditions using this throat
necessary.

The different conditions have been investigated during the second calibration series
(shots 581 to 605) during the summer of 1993 (mid July to mid August), before the ESA
tests [Adam & Rousset, 1993]. The entire T5 envelope was covered. Air was the only
test gas considered. Different axial positions, and height (along the exit diameter) of the
pitot rake R13, were investigated.

Furthermore, results from the repeat series, found in the previous section, are included
in the present section, under a box (called R1). They give a good idea of the error bars
related to the repeatability.

The procedure followed in the calibration study, especially as far as the parameters
and the scaling are concerned, was first developed during the present study. The resulting
scheme was then applied for the 30mm throat calibration, with air and other test gases
(presented in the next sections).

After locating the shots on the common ps; vs ho and po vs ho plots, the (discrete)
conditions are defined and the calibrated envelope visualized. The scheme goes then to
test section results. The parabola fit technique provides three major pieces of information
about the pitot pressure distribution : the minimum, the curvature, and the location of
the flow symmetry axis. The minimum pitot pressure, located on the symmetry axis close
to the nozzle centerline, is first plotted versus ko to confirm the condition classification.
Then, the plot versus the other reservoir parameter 