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SUMMARY

April, 1964

A shock tube study has been made of the bow shock establishment
process in air and the pressure time profiles at the stagnation point of a
blunt-nosed body in alr, oxygen and argon during the establishment of
The incident shock Mach number
range was Mg = 2 » 8 giving a flow Mach number range behind the primary
shock of M, = 1 - 2+'0G8. A simple theoretical description of the

supersonic flew condations over the body.

2

establishment process 1s seen to agree closely with the experimental
neasurements of the bow shock position along the stagnation streamline during

bow shock formation.
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Nomenclature
a velocity of sound
H enthalpy
M Mach number
Plj pressure ratio = pi/bj
T Tressure
r body diameter
8 distance measured along the stagnation streamline
from the stagnation point
t time
¥ bow shock establishment time
u stream velocity
w shock velocity
Yy o+ 1
a
y =1
Y specific heat ratio
5 bow shock detachment distance
g density

Subscripts

anitial conditions in the channel of the shock tube
conditions between the primary shock and the contact surface
stagnation conditions

reflected shock

refers to primary shock Mach number

1./



1. Introducticn

A knowledge of the flow conditions over a body in supersonic
flight 1s important in the design of high-speed aircraft. The pitet tube
is a well-establashed instrument for the ueasurement of stagnation pressure
of the freestream from which, by substituting the pressure %?or supersonic
flow) in the Rayleigh supersonic pitot formula, the flow Mach number may be
computed.

As the flow establishes over a blunt-nosed body in a shock tube,
immediztely subseguent to the passage of the primary shock wave, the flow
parareters at the stagnation point vary in times which are very short
compared with thg response time of the prtot tube (~ 1 ms) but acceptable
to the bar gauge’ {response time ~ 3 microseconds),

Measurement of the pressurc variation during the establishment
of the bow shock wave in supersonic flow will gid the theoretical
investigetion of the establishment process, whilst the quasi-equilabraum
stagnation pressure measurements will add tc the data on the hot flow
behind the primary shock, and the stagnation point conditions of a body an
supersonic flaght.

In view of the fast rcsponse of the bar gauge and 1ts accuracy
under fast loading rates, 11 was considered that 1f suwatably mounted,
useful measurenents of the quasi~steady-state stagnation pressure, and the
time takern to achieve this value, could be made using this gauge. A
riezo-electric element has been used in a stagnation~point pressure probe
by Faller (1960) whilst studying the pressures arising from the passage of
spherically expandirg blast waves. However, the gauge design is completely
dafferent and the carcumstances diczaimilar to those in the present
anvestigation.

In conjunction with the pressure measurcments a photographic
investigation of the formation of the bow shock wave shows that the concept
of a constantly decelerating shock wave closely predicts the position of the
bow shock wave along the stagnation streamline during the bow-sheock

establishment process.

2 Theory
The Rayloigh supersonic pitot fermula for an i1deal gas as
1

' - -1
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Stolleryz has found that large deviations from 1deal values are
obtained when real gas effects are considercd. He obtains the condations
behind the normal sheck by solving, graphically, the cquation

1 1
H - ﬁ = l(P - pA ) [—' + — ] LR ] (2)
2 i 2 2 a P2 Pi



4o  Analysis of Results

With regard to the higher than 1deal stagnation pressures deduced
from the level portion C - D an the records, Stollery has shown that real
gas effects (whlch included dissociation and 1onizatlon) have a strong influence
on the value of the stagnation pressure in the region behind the normal shock
wave, real gas effects are increasingly important for Mg > 3, and for My > 6
adeal-gas results are considered? of little value. The increase 1in stagnation
pressures is due to the fact that (1) more energy 1s needed to preduce a given
primary-shock Mach number in real air than in a perfect gas and (1i) a larger
density than 1deal is obtained in the real-gas case. The low pressures
obtained using argon are due %o the absence of, for example, vibration
relaxation and dassociation effects.

For the lower values of Mg the initaal 50 microseconds of the
pressure traces are occupied by the variation an stagnation pressure as the
bow shock wave establishes, With increasing Mg this pressure dip becomes
shallower disappearing at Mz = 6, At the same tame the duration of the dap
lessens. Calculations suggest that for Mg > € the flow condations

equilibrate in times which cannot be resolved using the bar gauge
(1e8ss € 3 microseconds).

A simple bow-shock development model is proposed (shown in Fig.6).
In Fig.6.1 the initial condition is shown where the primary shock wave
approaches the body. Fig.6.2 shows a simplified picture of the situation
immediately subsequent to pramary shock-wave ilmpingement where a small section
in the middle of the primary shock wave has reflected. The reflected shock
is decelerated, until 1t comes to rest in the bow shock wave detachment
distance (Fig.6.3). A uaiform deceleration is assumed for the purposes of a
simple calculation. This deceleration occurs as a result of the mass flow
out of the region between the rejected portion of the primary shock wave and the
nose of the body, around the shoulders of the body.

From the continuity equaticns, the reflected shock velocity is
given by

{2+ (g -1) By ]

W, = &
R 1 4 *
[(aa. + 1) P2 (ai + Pia)]2

If' the shock detachment distance in the flow btehind the primary
shock 1s & then from the sample eguations of motion assuming a constant
retarding f'orce, the time taken for the small reflected shock to stop in this
bow-shock detachment distance is

& [(ay + 1) Piplas + Pia)]%
¥ = 2 e .
aq [2 + (0{1 - ") Pm]

& 15 obtained for air from a graph drawn (using data supplied by Li and
Geiger, Hayes and Marsden and Moeckel) and disocussed by A. J. Vitale et al .
Reflected shock velocaties for real-gas cases are cobtained from data publashed
by Bernstein/. Using this data,caleulations for two cases in air at

Mg =3, 6 and p, = 10 e and 10 mm respectively yield the result that

t*/
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t* = 46 microseconds for Mg = 3 and +* = 3+3 microsecends for Mg = 6.

This 15 1n complete agreement with the experimentally obtained pressure ftame
profiiles from an examination of which 1t was considered that the bow shock
wave should be formed after the reflected shock has decelerated to rest
relative to the tube walls, the pressure decaying during this process. It was
also considered that the rest of the dip formaticn 1s a result of relaxation
phencmena. As far as the pressure-time profile is concerned, the effect of
relaxation phenomena on the pressure cceurs immediately subsequent to the
prigary shock impingement. The dominant factor 1s the deceleration of the
small reflected shock wave, Until this effect ceases the pressure will decay.
Thereafter the pressure will follow the relaxation phenomena assuming that the
relaxation time is greater than the bow-shock establishment time and no other
flow perturbstions exist. Duraing the whole of this time the flew will be
unsteady. The bow-shock detachment-distance will vary slightly after the
deceleration to rest ¢f the small reflected portion of the pramary shock, due
to these relaxation phenousna.

Comparison of the three profiles obtained in air, oxygen, and
argen (Fig.7) enphasises the dependence of the rise B~ on relaxation
effects. Whereas i1n the case of air and oxygen there 1s a definite A-B-C
profile, in the case of argon the pressure falls to and remains at the point
B level (see Pig.7).

Owing to the limitations of the apparatus, in order to increase the
Mach number of the primary shock wave the value of the initial pressure was
decreased, snd resulted in absclute values of stagnation pressure remaining at
spproximately the same magnitude (200 -~ 300 cms Hg)e This is very important
since 1t amplies that the results presented here are not dependent on the
absolule pressure, but deperd merely on the flow velocity.

5. Photographic Investigation

Schlieren photographs were taken in the N.P.L. 6 an. x 3% arn. shock
tube8 using an identical 4 in. blunt-nosed cylinder to that employed for the
pressure measurements, and also g 7/32 1in, diameter model., This tube has a
3 £+ long driver and 12 £t working sectaon. Single shots were taken at varying
delays after the initiation of bow-wave reflection at the same pramary shock
Mach number, Since the theory predicts, and 1t may alse be concluded
intuitively, that the bow shock establishment process takes longer at lower
primary shock Mach numbers a Mach number of 2*2% was chosen using nitregen
a5 driver and air as driven gas. The flow behind the primary shock wave 1s
then gust supcrsonic (M2 = 1+076), This gives & longer time interval in
which to examine the establishment process and shock profile,

Veasurements made from the series of photographs taken with the % in.
and 7/32 in, bars respectively are shown in Fig.8{a) and Fag.8(b) and a
compesite diagram of the bow shock at various times during the establishment
process shown 1n Fig.9. Using the equations of moticn the relation betwee?
the time taken for the bow shock to reach a distance 'S' along the stagnation
streamline assuming constant deceleratron {as in Section %) 18 gaven by

2603
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S\T
or t::t*o-<1~-> )-
5

Even though the deceleration may not be ccnstant the answer should be of the
same order of magnitude as the experimental value. Indeed the agreement
between this very simple theory and actual experiment 1s good, as 1s shown
in Fag.8 when using real-gas values for W o

Given the bow-shock detachment distance for a blunt-nosed body,
this simple theory closely predicts the bow shock position at any time during
the establishment process and the establishment tame,

Photographs of the bow shock establishing at the nose of the & an.
and 7/32 in. bodiss are shown in Figs.10(a) and {(b).

6. Conclusions

The variation of stagnation point pressure with Mach number for
the real gas case as predacted by Stollery has been shown to cccur in air
and oxygen, for Mg = 3 - 6, The argon results agrec more closely with
theory, the situation expected using a monatomic gas. Values above Mg = 6
in air and oxygen were not used since the pressure inercased continuously
over the first 100 microseconds of recording time. During the establishment
of the bow shock wave a dip in pressure occurs assoclated with the reflection
of a section in the middle of the primary shock wave as 1t encounters the
gauge, and relaxation phenomena behirnd the bow shock wave.

Photographic evidence agrees with the predictions from the pressure
measursments and shows that this simplified theoretical appreach can closely
predist the bow shock establishment time and the positaon of the bow shock
wave during the establishment process.
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