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High-Altitude Pressure Measurement in
the Orbital Re-Entry Experiment (OREX)*

Takashi Matsuzaki*' and Yasutoshi inove*!

ABSTRACT

The first Japanese Orbital Re-entry Experiment (OREX) that successfully flew was
launched by the first flight of an H-Irocket on February 4, 1994, and was inserted into a circu-
lar orbit at about 450km. The OREX acquired experimental data during its orbital flight and re
-entry. The OREX project was conducted as a joint effort between the National Aerospace
Laboratory (NAL) and the National Space Development Agency of Japan (NASDA).

Pressure data along the flight trajectory is among the most important and fundamental of
the aerodynamic data. NAL took charge of the pressure measurement, as one of various meas-
urement missions, from vacuum at high altitude down to an altitude of about 75km with a
four-decade precision capacitive-type pressure transducer. These data can be used to predict
the surface pressure and the ambieni pressure in similar flights in the future. The data verified
the real gas Computational Fluid Dynamics (CFD) codes through comparison with aerody-
namic calculation results.

This paper outlines the design, fabrication, performance tests, environmental tests, flight

operation, flight data and their evaluation of high altitude pressure measurement systems.
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1. Introduction

Japan’s orbital experiment
(OREX) was started when an OREX vehicle was
projected onto a circular orbit at an altitude of
450km by a prototype No.1 of H-II rocket in
February 4, 1994. Break-off from the orbit was
made after an orbital flight was finalized as sched-

first re-entry

uled, and flight data during re-entry into the at-
mosphere were obtained. The OREX plan is one of
series of the flight experiments forming the HOPE
research and development program promoted
jointly by National Aerospace Laboratory (NAL)
and National Space Development Agency of Japan
(NASDA).

NAL is in charge of an aerothermodynamic
measurement mission which is one of the purposes
of OREX, and is engaged in equipping devices
such as sensors, probes, etc. upon the body. With
the aid of these devices, aerothermodynamic envi-
ronmental data at the re-entry into the atmosphere
are to be obtained. Furthermore characteristic data
of the high temperature ionized,dissociated gases
generated at the re-entry are obtained. Thus it is
intended that flight validation including codes of
CFD (large-scale numerical simulation of fluid dy-
namics by super computer) will be made.

High-altitude pressure measurement at the re-
entry of OREX into the atmosphere is made with
the body wall surface pressure in the merged
layer region by means of a diaphragm electrostatic

capacitance pressure gauge equipped upon the sur-

Vehicle
SECO1 seperation
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face structure of the OREX vehicle ranging to 4
decades. The high-altitude pressure measurement
was made in order to evaluate the rarefied-gas
aerothermodynamic environment prediction method
and to estimate an amount of gas properties of
uniform flow. On the other hand, the measurement
is also offered for verification of rarefied-gas CFD
codes.

2. Experimental project

A schematic diagram of the flight plan of
OREX is shown in Fig. 1. OREX is to be launched
from Tanegashima Space Center by means of the
prototype No. 1 of H-II rocket, and is to be thrown
into a circle orbit at an altitude of approximately
450km. OREX having finished an orbital flight of
its own is to break off fromits orbit by making
retro-jetting, and is to re-enter the atmosphere by
gradually lowering its altitude. During and after
the re-entry, measurement is made with the factors
affecting the state of the gas by means of the sen-
sors attached to the individual portions on the ve-
hicle. The data covering the duration of time of
approximately 210sec corresponding to the flight
path ranging from the altitude approximately
120km to the altitude 38km are to be recorded, as
well as telemetered, in the data memory equipped
onto the vehicle. With the data taken out from
these sensors via a signal conditioner, not only
sampling is to be made at 1.25Hz in the telemeter

package but also digital conversion is to be made
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Fig. 1 Sketch of OREX flight profile
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Fig. 2 Schematic diagram of OREX vehicle

with an 8-bit analog~digital convertor, and {rans-
mission is made at real time by a VHF transmit-
ter. In addition to the above, the data obtained
during the term of the blackout (a phenomenon of
communication being disrupted) and those re-
corded during an invisible region from the ground-
based stations are to be reproduced and re-
transmitted at three times faster than when
recorded at an appropriated period after the black-
out is over. A schematic diagramof OREX is
shown in Fig. 2. The vehicle in question is of the
blunted-cone shape with a spherical head, and a
carbon-carbon material, ceramic tiles, etc. as heat-
resistant and heat protective materials which are
to be used also for HOPE are used for the front
part of the vehicle to be exposed to aerodynamic
heating at the re-entry. Ensuring performance of
such materials is included in OREX’'s purpose.
Each of electronic equipment is protected from
heat or temperature by being placed in an exclu-
sive part in the inside of the vehicle.

The re-entry into the atmosphere driven by
such orbital speed is the first attempt in Japanese
space development program. Space Shuttle and
Brun have already been operated by the Unites
States and Russia, but information concerning
these designs including detailed data is seldom
publicized. However pressure measurement along
the re-entry orbit with shuttles is already in publi-

cizedV 2, and results of the measurement are re-

ferred for our experiment. Results of similar
experiments for pressure measurement in rarefied-
gas regions have been offered for reference®. High-
altitude surface pressure measurement is the con-
secutive measurement of the body wall pressure in
the aerodynamic environment ranging from a
rarefied-gas region to an almost continuum flow
region to the extent between the altitude of more
than 120km and the altitude of 75km by means of
a high-altitude pressure sensor. A pressure inlet of
the high-altitude pressure sensor is placed on a
surface position of the 4th row of the ceramic tiles
at the conical portion of the vehicle, and is intro-
duced to the pressure gauge attached to the sur-
face of the inside aluminum main structure. The
high-altitude pressure sensor is located on a posi-
tion shown in Fig. 2.

In this configuration, any disturbances to
measured pressures due to gaps and steps between
tiles (typically 0.5~1mm) can be neglected be-
cause the boundary layer is sufficiently thick
(10~30cm) along the surface as shown by many
experiments in the supersonic flow around M=2.

Details of the design and making of the
whole of OREX are summarized in a report of
"Completion of Experimental Development of
Orbital Re-entry?” or in "Study of HOPE (No. 15),
the Orbital Re-entry Experiment (OREX)" edited
by NAL,/NASDA.
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3. Development of measurement

system

With equipment and apparatus such as sen-
sors and signal conditioners aboard OREX, design
for which reliability is secured as far as possible
has been intended. Also with circuit systems of
electric design and parts and components to be
used, location of parts and components of which
environment resistivity is taken account as far as
possible is established with such ones enjoying
reputation for use in space as kernel materials.
With mechanical design, the sensor and compo-
nents are provided with sufficient margin for
given vibration and shock environment, and the
structure with which weight and thermal, ~electro-
magnetic compatibility are in consideration is
adopted. With thermal design, structure allowing
the internal heat to be as homogeneously as possi-
ble dispersed and permitting heat to effectively

transfer through the case surface is adopted.

3. 1 Pressure gauges

With a flight path ranging from the altitude
of approximately 120km to the altitude 75km after
re-entry into the atmosphere, vehicle wall surface
pressure prediction was made in accordance with
CFD based on the standard atmospheric model be-
fore flight. Analysis was made at the altitude of
higher than 95kmin accordance with DSMC (di-
rect simulation Monte Carlo method) and at the
altitude of lower than 95km in accordance with
Navier Stokes Code. A relation between the high-
altitude wall surface pressure and the altitude is
shown in Fig. 3. The C marks indicate the analyti-
cal values, whereas (0 marks denote the extrapola-
tion values. From the result of CFD, it is predicted
that the measurable range is extended from ap-
proximately 0.533Pa (0.004 Torr) to 1.333kPa (10
Torr). Although pressure gauges were intended to
be developed anew for OREX, shortage of the term
was expected to prevent the development from
being accomplished and compelled the conven-
tional gauges to be employed with some remodel-
ing.

To choose the pressure gauges equipped
upon OREX, performance survey is made with

Pirani gauges, ionization vacuum gauges, and

H (km)
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Fig. 3 High-altitude wall surface pressure

versus altitude

mass spectrometers that have been used for meas-
uring the pressure during the flight of rockets and
artificial satellites together with spinning rotor
vacuum gauges, diaphragm pressure gauges, etc. In
consideration of the fact that the test is a flight
experiment, especially of the fact of it being to be
conducted under severe environment accompanied
with the flight within the atmosphere at the speed
of more than T7km, “sec, diaphragm pressure
gauges are chosen. Diaphragm pressure gauges are
of the high-speed responsive type, and have, at the
same time, excellent performance especially of
high resolution, high accuracy, endurance, etc.
After the investigation, it is determined that
Edwards Co.'s Barocell-590 type that can be used
for a standard gauge for rectification is to be used
as the gauges to be equipped upon the prototype.
Major performance of the gauge is listed in Table
1.

Remodeling was made with the gauge in ques-
tion for the purpose of equipping it on OREX.
However the electric circuits were excluded from
the process of remodeling, because the circuits are
concerned with guarantee of the performance of
the pressure gauge. Major points of the remodel-

ing are as described below.

1) Electric remodeling

a) IC, whose socket is removed, is directly sol-

This document is provided by JAXA.
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Table 1 Performance of pressure gauge
Type diaphragm capacitance type, absolute pres. type
Pres. range 0~1.333kPa (10Torr)
Accuracy +0.15% of reading value, +0.001% of full scale
Diaphragm material : Inconel, O.D.:40¢, thickness: 10y«
Pres. -responsive time 8msec
Resolution 0.0133Pa (0.0001Torr)
Used temperature range | 5C~70°C
Weight 1kg

dered onto a printed circuit board.

b) The electrolytic capacitors of the power
source are exchanged for the ones to be
used in space, ie. for a tantalum-foil dry
electrolytic capacitors.

¢) To secure isolation of the ground on the pri-
mary side of the power source, the box
grounding circuit is removed.

d) On the pressure gauge cover and on its
back side, bonding treatment is made.

e) The input out connectors, which are de-
signed for the use on the earth, is changed
for being usable in the space.

f) Variable resistors are fixed with a bonding
agent in an adjusted configuration at the
final stage of equipment.

Performance tests after remodeling will be

referred to later.

2) Mechanical remodeling

a) Parts surrounding sensitive portions and
parts surrounding electric elements are pot-
ted (fixed with epoxy bond).

b) The external panels are anew made.

¢) Reinforcement of the connecting part be-
tween the pressure inlet and the vehicle is
made. Also a rigidity strengthening counter-

measure is taken.

3. 2 Pressure measurement system
3. 2. 1 Orifice and inlet tube

In the vicinity of the altitude 120km, a
rarefied-gas region with Knudsen Number Kn =1
based on the wall surface pressure values pre-
dicted by CFD and the representative length of
OREX should be found. A transition flow region

continues as far as the vehicle descends to the
position around the altitude 95km, and either of
the regions shows behaviors never appearing as if
it were a continuous fluid. For pressure measure-
ment of the rarefied-gas, a shape consisting of an
orifice and cavity is used especially for free mole-
cule flows® © The wall surface pressure never be-
comes equal to the cavity pressure in the orifice
until the ratio of the orifice thickness to the cali-
ber is made small enough (in case of a free mole-
cule flow and at an isothermal temperature). The
orifice to be equipped onto OREX is of the type of
the lid (0.lmm thick) whose peripheral edge is ex-
tremely sharpened around drilled ¢ 3mm hole.
When an inlet pipe is used for measuring rarefied-
gas pressure, the shape of the inletting portion or
pipe and furthermore even internal wall tempera-
ture exerts influence on the pressure. Therefore
there is a possibility that the pressure values ex-
hibited are different from each other. To avoid
such trouble, consideration was given to a method
to attach a diaphragm of the pressure gauge di-
rectly onto the cavity by remodeling the conven-
tionally-procurable pressure gauge. However such
remodeling was after all found to be out of practi-
cality because of the apprehension that perform-
ance of the pressure gauge is influenced.
Circumstances compelled the inlet tube to be
shortened as far as possible, and use of the cavity
was out of consideration. However it is expected
that an ¢ 8mm inlet pipe will concurrently play a
role of the cavity complying with the orifice hav-
ing a sharp ¢ 3mmlid. From this it can be said
that the rarefied-gas molecules, which once rush
into the inside, never rush out until they are

adapted by colliding with the wall surface of the
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inside time after time.

On the other hand in a region where the flow
can be believed to be almost continuous at the al-
titude of less than 90km, the measured pressure
values can be regarded as the ones of the pressure
inlet regardless of whether an orifice is available
or not.

Since the temperature of the pressure inlet
tube becomes concerned directly with the pressure
in a rarefied-gas region, measurement of the inside
wall surface temperature is conducted by attach-

ing a thermocouple onto the vicinity of the tube
surface on a position at the depth of 40mm in the
pressure inlet. The pressure inlet is made of stain-
less steel, and its external surface is covered with

0.15mm-thick zirconia by means of plasma spray-

ing. Thanks to this treatment, the recombination

temp. meas. pt.
\Ceramic tile

reaction of the dissociated atoms is also inhibited.
Photographs of the front of the pressure inlet to-
gether with the pressure sensor and a schematic
diagram of the pressure sensor are shown in Figs.

4, 5, and 6, respectively.

3. 2. 2 Pressure-responsive characteristics
1) Test unit

When pressure measurement is conducted on
the OREX vehicle flying at high speed, the wall
surface pressure is so rapidly and very widely var-
ied as time lapses. In case of such a kind of pres-
sure metrology, responsive time of the measuring
system becomes to be an important factor. Espe-
cially in a rarefied-gas region, there might be a
possibility that response is delayed. From this rea-

son, it is intended that experimental assurance is

Fig. 5 Pressure sensor

Pressure inlet
(orifice¢3d)

L T

M

' _If22.5mm
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\STs

Pressure gauge

Fig. 6 Outline of pressure sensor system
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Fig. 7 Pressure-response test unit

made by building up a test unit like the experi-
mental apparatus used in Literature 7. A photo-
graph of the test unit is shown in Fig. 7, and a
schematic diagram is illustrated in Fig. 8. The
unit is comprised of a pressure reservoir, pressure
inlet system (orifice, cavity, and inlet path), pres-
sure gauge, exhaust device, leak valve, electric
magnet, and valve. Stainless steel is .the material
for the unit. The pressure in the pressure reser-
voir and pressure inlet (=pressure measure-
ment system) is reduced to the extent of the inlet-
set pressure with the valves opened by simul-
taneously exhausting the gas by means of an
exhaust device. At the next stage, the pressure in
the inside of the reservoir is set to an arbitrary
higher value with a valve and conduit orifice
closed and with a leak valve gradually opened.
After that, the valve is quickly opened and the
pressure thus produced is instantaneously applied
onto the pressure measurement system. The valve
is opened and closed with an electric magnet.
Metrology of the elevating speed of the valve with
the electric magnet is made using a photo-
transistor sensor. As a result, the speed is shown
to be 1.bmm,msec. The pressure gauge the same
type as the one equipped onto OREX is applied to
the test. The set pressure range is approximately
0.0266Pa~60Pa, and air is used as the gas at room

temperature.

Pressre gauge j

Electric magnet

lonizing
n n vacuum meter

Leak valve

i i
ik to the
Pressure 7 il T T exhaust
reservoir f—— | device
P2 Valve '
e gjm i
o A [
R e s w——|L_ inlet path
!
L |

pressure gauge
N

=2 L

Fig. 8 Details of pressure-response test unit

2) Response time

The pressure gauge system responsive test
was conducted with combination of the orifice
caliber on the pressure inlet as 3mm, bmm, cavity
diameter as 20mm, 10mm, and depth 10mm as
20mm, and pressure inlet tube inner diameter as
6mm, 8mm. The length between the orifice and the
pressure gauge is 214mm. To get the pressure re-

sponse time, metrology is made with the process

Orifice :¢ 3
P P/Po=5 Cavity :¢10x10
(Pa) Po=@.133Pa Tube I.D.:¢8
Tube L. :214
-8 T ]
- Pressure gauge output
.B ke T9(0
4 Valve § ~-
| close, o

!

I
.2 :/

'lValve open Valve signal

] .2 .4 .6 .8 1
TIME (SEC)
Fig. 9 Time-dependent change of pressure

gauge output
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of the measurement system pressure reaching the
pressure arbitrarily set in the pressure reservoir.
The measurement of the data is made using a
data logger measurement device having the per-
formance of A/D convertor with 12 bits, resolu-

tion 1 ¢V, and sampling 5,000 times,sec. Time-

T T T
T (a) Po:1.33Pa
(sec)
0.3+ sign|orifice| cavity
' (mm¢)| (mmg¢xmm)| (mmg)
0 5 20% 20 8
$r 3 20% 20 8
\ O 3 10x 10 8
02+ \ A 3 10x 10 6 1
O,
0.1+ ]
[
|
0 1\ + + 4
10° 10! 102 103 10
P/Po
T T T
T (b) Po:0.133Pa
(sec)
0.3+ |
0.2t B
0.1+ 4
0 4 | 4
10° 10! 107 10 104

T ! (¢) Po:0.0133Pa

(sec),

0.3; 1
' K—;—Aﬁ_—::"ﬂ

0.2+ \\\; 4

0+ } } |
10° 10! 10? 103 10¢
P/Po

Fig. 10 Set pressure (90%) and response time

dependent change of the pressure gauge output in
the rarefied-gas region is shown in Fig. 9. It is nec-
essary for the response time required of the pres-
sure measurement system to be given by duration
of the period fromopening of the valve in the
pressure reservoir to the measurement chamber
pressure reaching more than 999% of the difference
of the pressures. However it is impossible to show
the value with accuracy in an experimental man-
ner, and therefore the value of 90% is given here.
The required time for the measurement system
pressure Po to reach 909% of the settled pressure P
is shown in Fig. 10 (a, b, ¢).

From the correspondence between the high-
altitude wall surface pressure by analysis shown
in Fig. 3 and the time of seconds after launching,
the pressure change ratio at the re-entry into the
atmosphere is expected to be approximately 1.1
times per second. Such being the case, a pressure-
responsive test was conducted by setting the pres-
sure 1.1 times higher than the high-altitude wall
surface pressure. The pressure piping systemis of
the same condition for equipping onto OREX of
the orifice ¢ 3mm and inlet tube inner diameter
¢ 8mm. The time-dependent change obtained from
the above is depicted in Fig. 11. Here, the required
time for the measurement system pressure Po to
reach 95% of the set pressure P is obtained as the

0 fo i e L0 g
150 r I I
L Pressure gauge output
L 4195
145 - T90
149 [Yalve %f o

B
LR} '10
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[¢)
\\

I
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Fig. 11 Time-dependent change of pressure gauge

output for step input
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Fig. 12 High-altitude wall surface pressure

and response time

pressure-response time in order to infer the instan-
taneous pressure values from flight data as accu-
rately as possible. A relation between the result of
the said required time and the high-altitude wall
surface pressure complying with the altitude
120km~75km is shown in Fig. 12. The O marks
indicate the required time for 95% of the set pres-
sure. From this, 0.34~0.014sec is obtained as the
pressure-response time (P95%) equivalent to 1.1
times of the high-altitude wall surface
0.01~13.3Pa.

In the high-altitude region on the expected

pressure

re-entry orbit, the altitude changes linearly with
time. It is widely known that atmospheric pressure
changes almost exponentially with the altitude.
From this it is comprehended that the pressure-
response time of the cavity takes not longer than
0.34sec. Thus it is permissible to state that the
pressure measured at the time retrospectively
prior to 0.34sec is to be the instantaneous value of
the applied pressure being time-dependently con-
stant. However during the flight of OREX, the ap-
plied pressure is estimated to be increased by 2%
after 0.34sec. This means that intermediate pres-
sure between the pressure (estimated to be re-
duced 2%) at the time retrospectively prior to
0.34sec and the pressure at present is measured.
The slippage (deviation) between 2 %~ 0 % can

be regarded as measurement error.

3. 3 Signal conditioner

The signal conditioner (hereafter abbreviated
as S,/C) was anew designed and constructed for
equipping it onto OREX.

The S,/C for pressure sensing has a function
to allow measurement signals of the pressure sen-
sor to be signal-rectified and to be low-pass fil-
tered. Thus the signals are outputted onto
telemeter package of an OREX measurement mis-
sion system. With the pressure measurement sys-
tem, the sensor output is the voltage and is
provided onto a normal voltage amplifying circuit.
However since the signals of the pressure sensor is
grounded to a casing in the inside, it is necessary
for the grounding to be separated from the OREX
system ground. Therefore as the primary step of
the SC device, an insulated amplifier was
adopted.

With the telemeter package, the voltage with
inputted voltage 0~5.1V is digitally converted by
an analog,“digital,convertor (A, /D./C) to 8 bits.
With the output of the high-altitude pressure sen-
sor, the minimum resolution becomes 5.23Pa,~
count fromthe conversion factor 0.02V,count
when output is made onto the telemeter package
using a linear amplifier. With the high-altitude
pressure measurement, measurement of 0.53Pa is
predicted at the altitude of 120km. To extract sig-
nificant pressure values from digital information
of the telemeter package, improvement of the reso-
lution was intended using a 3-decade logarithmic
amplifier.

An ideal relation of the voltage output Vout
to the voltage input Vin of S,/C using a 3-decade

logarithmic amplifier is given as shown below.
B .
Vout= 57 {log (Vin) +2} m

If the input .voltage range of S,/C using a 3-
decade logarithmic amplifier is adjusted to
0.01~10V and the output value is adjusted to the
input voltage of the telemeter package, then the
minimum resolution of the high-altitude pressure
measurement is 0.0366Pa. Thus it is noticed that
the said resolution is heightened 142 times com-

pared with the case of a linear amplifier. The S,/C
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used for resolution improvement of the high-
altitude pressure measurement changes its resolu-
tion by an off-set value Eq of the pressure sensor
at the pressure P = 0 With the characteristics of
the S,/C shown in Fig. 13, the resolution is en-
hanced as Eof becomes smaller or the value ap-
In the

meantime, the resolution is deteriorated as Eof is

proaches the input voltage of S/C.
made greater. Regarding the off-set value of the
pressure sensor, it is necessary to determine the
optimum value by ensuring the possible variation
width in an environment test.

With a low-pass filter as a countermeasure of
the electric noise, its cut-off frequency was deter-

mined to be 0.32Hz also out of necessity by an in-

Pressure sensor
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formation theory corresponding to the fact that a
sample rate on the telemeter package of OREX is
1.25Hz.

With the power source of the pressure sensor,
care has been taken not to allow any trouble of
the pressure sensor to be propagated to the OREX
system by installing a DC/DC convertor and an
overcurrent limitation circuit in the side of this
unit, taking account of the fact that no safety de-
sign for the installed equipment has been evalu-
ated.

With the S,C for the temperature sensor,
the pressure inlet temperature sensor and the
other temperature sensors are alternately switched
with a multiplexer. Output obtained from the
above is fed via an amplifier by performing tem-
perature rectification with a cold-junction tempera-
ture to the telemeter package. As a temperature
sensor to measure the temperature of the pressure
inlet, a sheathed R-type thermocouple was em-
ployed.

A functional block diagramis illustrated in
Fig. 14, whereas main specifications are listed in
Table 2.

3. 4 Measurement accuracy

Measurement accuracy was estimated for the
requirement concerning a measurement altitude
range covering approximately 120~75km of the
high-altitude pressure sensor. The results obtained
from the above are listed in Table 3. The overall

Signal conditioner

High Altitude ¢ S/C for pressure semsing _E
pressure gauge | ,
(output:0. 05~ 1 Insulated Level Low-pass |
10.05v) | amplifier shifter  filter !
H | | |
| ¢ DD ——to telemeter
c . : Loga%mic L I package
! amplifier :
' S/C for temperature |
- : 1(0~5.1V)
Pressure inlet Q___—__Z\} sensing s
(0~1. 33kPa) | :
\_? :
| ) |
Cold junction i DC/DC converter i
temperatur Lo 3
! :
[ |

e ———— e — e

Fig. 14 Functional block diagram of signal conditioner
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Table 2

Specifications of S,”/C

Input range
Excessive input
Output level

Filter characteristics
Output impedance
Power source voltage

Consumed current

0.01~+10V

maximum 15V (at atmosphere)
0~51 =01V F.S.

cut-off frequency 0.31Hz, 0~3db
less than 1kQ

18~34VDC

Maximum 110mA

Table 3 Measurement requirement and measurement accuracy of measurement system

Measurement requirement Measurement accuracy (%F.S.)
Measurement telemeter sensor S,/C telemeter total
range output accuracy package
Pressure 0.533~1333Pa +25% +16% *1.1 *1.2 +22
Temperature 0~T750°C +3.0% +04% *£089 =*1.2 +15

measurement accuracy of the pressure sensor
equipped onto the vehicle is within *25% stipu-
lated in the measurement requirement sheet, and
the measurement requirement is satisfied. For as-
sessment of the overall accuracy (At), the equation

shown below was used.

At = Y(As)'+(As/c)*+ (Atp)* )
, where

As : sensor accuracy

As/c : S,/C accuracy

Atp : telemeter package accuracy

4. Ground tests

As environment condition during the flight
of OREX launched by H-II rocket, that for condi-
tion of H-1I rocket was applied both on a level of
the acceptance test (A7) and on a level of the
qualification test (7). The pressure sensor and
signal conditioner are exposed to all the environ-
ments not only in case of launching by H-II rocket
but also in case of separation from the rocket,
deorbiting, and re-entry into the atmosphere. To
accomplish the design adequate enough to enable
these devices to endure the environments, environ-
ment condition each sensor vehicle should be es-
tablished and avoidance of trouble should be
confirmed by tests (or by analysis depending on

circumstances).

In environment tests of the pressure sensor,
fundamental-performance-confirming tests and
temperature test of the pressure sensor were re-
peated whenever each test of vibration, shock,
heat, vacuum, etc. was made. Tests were further-
more promoted with comparison of the test results
with the initial fundamental data, checking to see
if the functions of the pressure sensor was normal
enough. In the vibration,/shock tests, a test of the
pressure sensing systemin the triaxial direction
was conducted. The triaxial direction, i.e. the direc-
tion of the X, Y, and Z axes in the environment
test is given in Fig. 15. In the fundamental per-
formance confirmation test, acquisition was made
with drift characteristic data, compared data with
the values shown in the calibrated standard pres-

sure gauge, responsive characteristic data for the

Sensing element

Z (+)

Y (+

Fig. 15 Definition of triaxial direction
in vibration“shock test
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vibration or shock while the pressure gauge is in
action, etc., and it is confirmed that functions are

all in normality.

4. 1 Environment test

In the technology test for environmental per-
formance confirmation with a set of the pressure
gauge, responses for temperature and random vi-
bration were examined. In the temperature test,
characteristics under atmospheric pressure at room
temperature and temperature characteristics in
both the inside and the outside of the pressure
gauge in a vacuum chamber together with pres-
sure gauge output temperature characteristics
were examined. Tests of the pressure gauge tem-
perature distribution characteristics,/drift charac-
teristics under the vacuum environment (0.00133Pa
in the vacuum chamber) were conducted for
approximately 65 minutes after the pressure sensor
power was supplied. The result obtained in the
above is shown in Fig. 16. The power LC. whose
temperature was elevated to the highest reached a
stationary value of 60°C 40 min after the power
was supplied. It is confirmed that drift of the pres-
sure gauge output is stabilized 25 min after the
power was supplied.

The pressure gauge temperature cycle test
under vacuum environment (the pressure value in
the vacuum chamber is 1.33Pa) was conducted at
temperature cycle of 24°C, 54°C, —8°C, and 54°C in
the vacuum chamber. The result of this test is

shown in Fig. 17. Measurement was carried out

80 T T T T T T T

= 60

40

(Pa)

l)

Temperature of diaphram

Drift of pressure output

st l

0 1 | 1 1 i 1 ) 0
0 20 40 60 80
T {(min)

Fig. 16 Pressure sensor temperature distribution

characteristics,/drift characteristics

100 ——— —
© | Temperature in the vacuum chamber 4
: r Temperature of the 1

T ]

- i

L ]

- ]
0 =
N B
’50 - 1 4 1 n i i ]
0 2 4 6 8

T (h)

Fig. 17 Pressure gauge temperature cycle test

Table 4 Random vibration test condition

Test level Condition
20~ 180Hz:6db,oct
AT 100 180~ 400Hz:0.085G2, Hz

400~2000Hz : —6db,oct
3 axis, 30sec/axis

20~ 180Hz:6db, oct
AT 180~ 400Hz:0.85G2,Hz
400~2000Hz : —6db,~oct
3 axis, 60secaxis

20~ 180Hz:6db, oct
QT 180~ 400Hz:34G2Hz
400~2000Hz : —6db,~oct
3 axis, 120secaxis

during the test with the temperature, power and
output voltage of the pressure gauge to find that
nothing abnormal occurred.

In the random vibration test, a triaxial, 3
direction test was conducted at frequency 20~2kHz,
test level AT, 100, and AT and Q7. The random
vibration test condition is listed in Table 4. From
the random vibration test, resonance frequencies
were observed at approximately 500~2000Hz with
respect to the individual axes. The result of the
random vibration test in the pressure gauge X-axis
"+” direction at the level AT, 100 is shown in
Fig. 18.

The temperature test and random vibration
test as an acceptance level test was cleared. In ad-
dition to the above, an electromagnetic compatibil-
ity test was executed to examine the adaptability
for electromagnetic interference. Thus it is con-
firmed that the functions before and after the test
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Fig. 18 Pressure gauge,random vibration test
(X axis "+")
are normal.

In the technology test for environment per-
formance confirmation of the pressure sensor to be
equipped onto OREX, random frequency and
Charpy impact response were examined. The test
was conducted under the same condition as that
of the pressure gauge single-set test in case of the
random vibration test. In case of the Charpy im-
pact test, a test was conducted in triaxial 6 direc-
tions at frequency 100~400Hz, the maximum
acceleration 500G, test level AT, 710, AT, and QT.
The Charpy impact test condition is listed in
Table 5. The results of the acceleration of the pres-
sure sensor for Charpy impact test (Y axis "+")
complying with time and the acceleration comply-
ing with the frequency are shown in Figs. 19 and
20, respectively. During this impact test, measure-
ment of the consumed current of the pressure sen-
sor and output voltage was carried out. The result

of the above measurement is shown in Fig. 21.

Orbital Re-entry Experiment (OREX) 13
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o
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Fig. 19 Acceleration in an impact test
(Y axis "+"™) with time
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Fig. 20 Acceleration in an impact test

(Y axis "+7") with frequency

With the pressure sensor when impact is applied,
none variation in the consumed current and out-
put voltage was noticed. From this it is confirmed
that everything is free from abnormality. From the
random vibration test and Charpy impact test, the

approved level was cleared. Thus it is understood

Table 5 Charpy impact test condition

Test level Condition

AT/10 1500~4000Hz

100~1500Hz :
150G
3 axis 6 directions, lturn, axis, Q=10

6db, oct

100~1500Hz:
AT 1500~4000Hz :
3 axis 6 directions, lturnaxis, Q=10

6db, oct
500G

100~1500Hz :
QT 1500~4000Hz .
3 axis 6 directions, Ilturn,~axis, Q=10

6db,oct
500G
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Pressure sensor consuming current

Pressure sensor output voltage

0 20 40 60
T (msec)

Fig. 21 Pressure sensor consuming current,”
output voltage records at the impact test
(Y axis "+")

that the functions of the sensor is normal.

In addition to the above, a modal survey test
for application of vibration was conducted, and
resonance frequency data of the 3 axes of the
pressure gauge and sensor diaphragm were ob-
tained by filling up the pressure of approximately
65Pa into the pressure gauge. From the data, it is
revealed that the individual resonance frequency
is 500~1000Hz. As a result, it is confirmed that
great deviation of those frequencies are made from
the resonance frequency 45Hz of the OREX vehi-
cle, and that everything is free from resonance
problems. On the other hand, it is concluded from
analysis that the strength margin value is suffi-
ciently large positive for either of the elements. As
a result, it is confirmed that pressure measurement
during the flight of OREX is possible thanks to
the environment test after remodeling. It is also
confirmed that the pressure gauge is robust
enough to endure the vibration, shock, etc. in

launching H-II rocket.

4. 2 Fundamental performance confirma-
tion test

In the fundamental performance confirmation

test, span confirmation and calibration were exam-

ined with respect to the pressure sensor to be

equipped onto OREX by using rectified standard

fundamental pressure gauges at National Research

Laboratory of Metrology, Ministry of International

Trade and Industry (MITI). Concurrently with
this, acquisition of the characteristic data was
made with the sub-standard pressure sensor to be
used for the function tests henceforth. Baraton
Co.’s 398H type whose pressure range is 0~1.33kPa
was used as the standard pressure gauge PS, and
the pressure gauge P1~P3 to be calibrated are all
Barocell type manufactured by Edwards Co.

4. 2. 1 Span confirmation test
Elevation and reduction of pressure ranging
from the 0 point to the rated full scale of the indi-
vidual pressure sensors were made to confirm the
span and hysteresis of the individual sensors.
The span accuracy test results are listed in
Table 6.

Table 6 Pressure gauge and span accuracy

Pressure gauge Span accuracy

P1 : 590AB type 0~133Pa +0.1%
P2 : 600 type 0~1.33kPa -0.1%
P3 : 590 type 0~1.33kPa +0.5%

P1 and P2 of the pressure gauge to be recti-
fied are available as sub-standard, whereas P3 is a

pressure gauge to be equipped onto OREX.

4. 2. 2 Pressure gauge rectification test

The pressure gauge rectification was made
with the pressure sensor P1~P3 rectified in a pres-
sure range from 0.13Pa (0.001Torr) to 1.33kPa
(10Torr). Rectification results of the pressure sen-
sor to be equipped onto OREX are shown in Fig.
22. With the pressure gauge P3 to be equipped
onto OREX, the reading accuracy complying with
the one of the standard pressure gauge was within
approximately +0.5% in the individual pressure
values.

From the above test results, confirmation
was made as shown below.

1) A characteristic test result reveals that drift
variation of the pressure gauge becomes stabilized
approximately 30 min after power is supplied.
Based on this fact, it is arranged that supply of
power onto the pressure gauge will be made 2800

sec before starting measurement at an altitude
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Fig. 22 Calibration result of pressure gauge
for flight

120km.

2) Shock test or the vibration test resuit of the
environment test reveals that a shift range of the
off-set is in the maximum *50mv. Owing to the
above fact, measurement is possible within the
characteristic range of the pressure sensor S,/C.
Furthermore to allow the measurement resolution
to be heightened as far as possible, the variable re-
sistor for adjustment of the off-set of the pressure
gauge was set to the off-set value Eon= 50mV at
the pressure value nearly equal to 0.0 After that,
the resistor was fixed by a bonding agent.

4. 2. 3 Tests after instaliation and launching site
function confirmation

The function confirmation tests of the pres-
sure sensor system was conducted after installa-
tion using a pressure confirmation test unit in
Mitsubishi Heavy Industry’s Nagoya Factory. In
the meanwhile, the final test was conducted before
launching of H-1I rocket in the launching site in
Tanegashima Space Center. The pressure confirma-
tion unit is comprised of a vacuum pump, pressure
gauges, pressure adjustment valves, flanges, etc. A
schematic diagram of the arrangement of these
devices is illustrated in Fig. 23. An absorption
pump was employed in order to obtain clean and
pure vacuum where none of oil vapor is allowed to

be produced with an aimof preventing wvarious

Pressure
adjustment
valve

Pressure
inlet

Vacuum pump
(Sorption pump)

Fig. 23 Schematic diagram of pressure

confirmation test unit

types of control equipment and apparatus, a vari-
ety of measurement instruments, etc. equipped
onto OREX from being contaminated. The absorp-
tion pump, which is devoid of portions to be
driven into mechanical motion and is free from oil,
mercury, etc. in usage, can give vacuum as clean
and pure as 0.1~0.01Pa starting froman atmos-
pheric state under a vibration-free and noiseless
condition. Adsorption of the gas in the inside of
the pump is made by filling an adsorpting agent
into the body of the pump on the exhaust unit
and by making cooling with liquid nitrogen (-
196°C) from the outside, by which exhausting is
completed. The amount of the gas to be adsorbed

by the absorption pump is a restricted one, and

105' T T T T T T T T T

104 F -

P (Pa)

103 | .
1024 .
10!

100

107!
0 2 4 6 8 10
T (min)

Fig. 24 Diagram of exhaust characteristics of

pressure confirmation test unit
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the maximum volume of the exhaust of the pump
used is 40 £. A schematic diagramof the exhaust
characteristics in a state where the flanges of the
pressure confirmation unit is made blind is shown
in Fig. 24.

Confirmation was made with the functions of
the pressure sensor system through with the out-
put value of the telemeter corresponding to the
applied pressure value by pressing the flanges of
the pressure confirmation unit onto the pressure
inlet surface of the pressure sensor via an O-ring
and by applying the pressure in a pressure sensor
action range. The result of the function confirma-
tion test in the launching site is depicted by O
marks in Fig. 25. At the pressure whose applied
pressure value is higher than approximately 30Pa,
the applied pressure and the telemeter output
value coincide with each other. However in the re-
gion where the applied pressure value is lower
than approximately 30Pa, the telemeter pressure
value is higher than the applied pressure value.
This is because of the fact that leakage is made
between the flanges and the surface of the OREX
pressure inlet, which is coated with zirconia so
that the device can endure aerodynamic heating at
the reentry into the atmosphere. Roughness of the
zirconia surface, i.e. the pressure inlet surface com-
ing into contact with the O-ring of the flange, in-
duced the leakage.

From these test results, it was confirmed
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Fig. 25 Result of function confirmation test at the
launching site

that the functions of the pressure system after the
installation and in the launching site was normal
enough.

5. Flight test results

OREX splashed down on the scheduled wa-
ters after completing the flight on the planned
orbit after being separated from H-II rocket. It is
found from the telemetered data of IMU that the
angle of attack of the vehicle was 2°~3° around
120km high, and hereafter remained less than 1°
until 75km, the ailtitude limit of high-altitude pres-
sure measurement. In this while, the planned ex-
perimental data were accepted with satisfaction,
and the orbital re-entry experiment was finished.
Reports concerning OREX's mission are available
for reference in Literature 8. Supplying power to
settle the drift of the pressure gauge amplifier
from the gained flight data was made 46 min be-
fore reaching the altitude 120km where measure-
ment was started, and thus the scheduled pressure
measurement requirement condition was satisfied.
The data acquisition of the off-set value of the
pressure gauge electric system to be a criterion of
the pressure measurement data was made in the
vicinity of a point at the altitude of approximately
352km which can be regarded as vacuum after the
lapse of more than 30 min after power was sup-
plied. At the altitude around 350km, the pressure
value is about 3 orders of magnitude lower than
at the altitude less than 120km. Therefore if the
off-set value (Eo) obtained at the altitude 352km
is determined to be the pressure value P=0, then
the data at the altitude less than 120kmcan be
measured on the assumption that the error is less
than 0.1%6. The telemeter output value of the pres-
sure gauge off-set value obtained at the altitude
400~352km was 68 counts. From the pressure
gauge rectification result and characteristics of
S/C, it is comprehended that a relational equation
of S,/C output Sout for the pressure value P is
given as shown below.

Sout=1671Xlog (PXK+Eu) +3418 3
where K=1,71333 (V,/Pa). From the voltage con-
version coefficient 0.02V,/count and from Eq. (3),
it is concluded that E¢¢ =58.7mV. The value is al-
most the same as the one obtained by being set
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before launching OREX by H-II rocket. It follows
from this that the minimum resolution of the pres-
sure sensor systemis 0.2185Pa. This allowed the 35
orders of magnitude measurement which had al-
most been expected to be performed. The high-
altitude pressure data complying with the flight
time of seconds that was telemeter-transmitted to
the station on the Christmas Island are shown by
count values in Fig. 26. It is confirmed that the
said high-altitude pressure data are quite distinct
ones even entirely free from electric noise. For the
obtained data of the flight time of seconds, adjust-
ment to allow the flight-mode-on time of seconds
of an inertia measurement system (IMU), delay
time by a low-pass filter of S,/C, response delay
by the pressure piping system, and the time differ-
ence in the frame of the telemeter package are re-
quired. These adjusted values are listed in Table 7.
When a signal causing more rapid time change is
inputted with the low-pass fiiter, deformation of
the waveform is generally accompanied. However
it is elucidated that inverse-filter analysis allows
the said deformation to be represented as group
delay characteristics®. As a result, signal reproduc-

tion was made with great ease and with high ac-

256
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5
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Fig. 26 Telemeter output of high-altitude pressure

for flight time of seconds

curacy.
With the data of the time of seconds, repro-
duction was individually made from the flight
data. In the meanwhile with the high-altitude pres-
sure data, calculation of the pressure values was
made from the telemeter output in accordance
with Eq. (3). A result of the temperature record
on the pressure inlet for the obtained altitude is
shown in Fig. 27. With the temperature data of the
thermocouple attached onto the pressure inlet, it is
noticed that the temperature remains 18° constant
at the altitude ranging from 120km to 82km. At
the altitude 82km, the temperature was started to
be gradually elevated and reached 25°C at the alti-
tude 75km. From this result, it is considered that
no influence by the temperature in a rarefied gas
region will be exercised on the transducer. These
data were fed into the rarefied gas calculation.
Results of the ground speedi® with the alti-
tude that are obtained by NASDA are shown in
Fig. 28. In the meantime, the high-altitude data!®

expressed at the time frame of seconds after-
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Fig. 27 Temperature of pressure inlet with
altitude

Table 7 Rectification of time data

1) Rectification between time after IMU flight mode-on and lift-off

2) Delay time of S,”C by low-pass filter

—39.725 sec
—22 sec

3) Response delay by pressure piping system (altitude 120~75km) —0.34~—0.014 sec

4) Access time difference of telemeter package in a frame

0.508 sec
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launching are shown in Fig. 29. From the aiti-
tude data for the after-launching time of seconds
and the measured data of the high-altitude pres-
sure for the data of the time of seconds, a relation
between the altitude pressure data and the high-
altitude data was obtained. This is shown in Fig.
30. The solid line indicates the result of the flight-
pressure history. At the altitude 100km, the pres-
sure values of the flight data are shown in a style
of a belt. This denotes the resolution of the pres-
sure measurement. In this connection, the data
obtained at the altitude 120~115km give 2
counts. From the measurement resolution, it is
perceived that the pressure values in question are
between 0.33Pa and 0.5578Pa. The values shown by
a broken line for the sake of comparison with the
flight data are derived from CFD analytical re-
sults by the Navier-Stokes (N-S) code'’, and by

x N-S SOL.
O DSMC SOL. (SURFACE PRESSURE)
A DSMC SOL. (NUMBER FLUX)

120 4

SRS —— FLIGHT
_ N | e CFD
e 110 -
T 100 S
\A .
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¢
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Fig. 30 High-altitude pressure for altitude

the direct simulation Monte Carlo (DSMC) code'®,
Prediction (the Xmarks in Fig. 30) of N-S is almost
close to the measurement at the altitude less than
95km, but the analytical results provide slight dif-
ference in the tendency of the change with the al-
titude. It is shown that the result of the DSMC
wall surface pressure (the O marks in Fig. 30) at
the altitude more than 95kmis deviated from the
measured data. DSMC analytical values are the
predicted values of the wall surface pressure, not
in the tube. At the altitude more than approxi-
mately 96km where rarefied-gas effect is remark-
able, the wall surface pressure is different from the
pressure obtained on an ending terminal of the
inlet cold wall, i.e. the output value of this
measurement. Composition of the pressure inlet
system and both the pipe wall temperature and
the gas temperature become effective. The fact re-
ferred to above is well known in the rarefied-gas
field. The pressure in the pressure sensor inlet cal-
culated from DSMC molecule flowing flux!'® is
shown in A marks in Fig. 30. The pressure in
question coincides with the flight data at the alti-
tude 100~110km. However at the altitude 95km,
deviation is noted because rarefied-gas effect can-
not be applied.

NASDA performed wall surface pressure
measurement in the middle-altitude region (the al-

titude approximately 80~50km) where aerody-
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A middle-altitude

pressure sensor was equipped onto the Ist row of

namic heating is very severe.

the ceramic tile. The place where the sensor was
equipped is shown in Fig. 2. The middle-altitude
pressure sensor is of the capacitance-diaphragm
type, and its measurement pressure range is
0~30.39 kPa. In the meantime, the measurement ac-
curacy of the device is 1.114kPa. The wall-surface
middle-altitude pressure measurement data!® with
the altitude obtained by NASDA are shown in a
dotted line in Fig. 31. The solid line indicates the

“high-altitude pressure. In Fig. 32, OREX wall-
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----Middle-altitude pressurc
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Fig. 31 Middle-altitude pressure high-altitude

pressure for altitude

surface pressure distribution obtained by Newtonian
Flow Theory is shown in a single-point chain line.
NAL'’s hypersonic wind tunnel data!® ¥ are shown
in O marks in the same figure. Also shown by a
broken line is a real-gas CFD prediction at 90km
altitude. The flight data from high altitude pres-
sure sensor at the same altitude is indicated by a
solid mark normalized by CFD pressure value at
stagnation point. Very good agreement between
the measured and the predicted value is noted.
The
dimensioned by stagnation-point pressure is like-
the Although the

experimental values are higher than the ones of

wall-surface pressure distribution non-

wise shown in figure.
Newtonian Flow Theory with the wall-surface
pressure in the skirt part, almost the same values
are shown with the wall-surface pressure on the
positions of the high-altitude pressure hole (0 =
73°) and the middle-altitude pressure hole (8 =
55°).

and middle-altitude pressure sensor obtained from

Also with the high-altitude pressure sensor

the flight data, the wall-surface pressure measure-
ment values in the vicinity of the altitude 80km
coincide with each other. From these facts, the re-
sults of the high-altitude pressure measurement
performed as NAL mission and the middle-altitude
pressure measurement carried out as NASDA mis-

sion are believed to be excellent ones.
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Fig. 32 OREX wall surface pressure distribution
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6. Conclusions

The first re-entry experiment in our country
was conducted with OREX, and the scheduled
high-altitude wall surface pressure data were ob-
tained with considerable satisfaction. The high-
altitude pressure data obtained were almost in
agreement with the results of both N-S and DSMC,
and the relation with the middle-altitude pressure
sensor data obtained by NASDA was also excel-
lent.

For a new space transportation system be-
lieved to be the one of infrastructures of Japan’s
space development in future, winged space planes
that are usable repeatedly are in consideration.
Researches and development plans for such places
have already been started. For the optimum design
to accomplish the operations of the space vehicles
under the flight environment full of variety and
severity ranging from being launched into space
to landing an airfield, acquisition of the re-entry
environment data and establishment of prediction
methods with reliability in aerothermodynamic
characteristics are indispensable. Pressure is one of
the most fundamental quantities in such data and
methods, and the high-altitude pressure measure-
ment conducted as a measurement mission of
OREX realizing the acquisition of the high-altitude
pressure data as the fundamentals of the aerody-
namic environment was very much of significance.
The technology and knowledge concerning the
measurement of the pressure in a region of rare-
fied real gas at the re-entry are the ones with
which application to other fields of technology can
be expected.
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