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D
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R = Resistance
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F :

M.
[

-* mass fraction
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1, INTRODUCTION

L d

Since World War II, the shock tunnel has been developed as a
versatile and inexpensive means of investigating high speed gaé flows.

A very large part of the work in this field has been concerned with bodies
moving in air and, specifically, with vehicles re-entering the Earth's
atmosphere after flights in spé.ceo Figure 1 is a velocity-altitude chart
showing a Variety of direct-entry flight cérridors. Almost all work has

concentrated on the menned re-entry corridor at speeds below 8 km/sec.

If the speed is given by/ 2 x stagnation enthalpy , this corresponds to
a stagnation enthalpy of 3.2 x 10" erg/gm.
This value (3.2 x 10'" exg/em) is, by a combination of techmical -

aﬁd incentive limits, about the highest obtainable in conventionally

-driven shock tunnels, Figure 2 is a summary of current techniques for
iabora,tory siﬁzulation of re—entry' type flows., Techniques which give ﬂ
stagnation enthalpies in air in excess of 3.2 x 10' erg/gn are the arc-heated
'driver,‘ma,ghetokwdrodynamic augmentation of the flow energy of a conventional
shock tunnel and the free piston driver. The test gas produced by the first
two of these techniques is often contaminated with metallic ﬁaterial through
erosion_ of the energy-supplying electrodes, making it unsuitable _for studies
of flow in "atmospheric" gases. The free-piston driver, on which the work
" in this study is based, is a relatively new technique which has been ‘
‘devel'oped to yield tota.l t'é'st flow énthalpies' as high .a,s those ehc'o‘unt‘e‘i:ed'..
during entry to planetary atmospheres after deep space or inter-planetary
The uniqxie. :a.biil‘ify‘ of the fiée'piston shock tumnel to produce
clean btest gas at very high enthalpy leveis is particularly important
| in studies of entry to atmospheres consisting of gases other than air,
Direct entry speeds on inter-planetary missions are high (see figure 1)
'becan.se the vehicle must escape the Earth's gravitational field; the
compositions of such atmospheres 1limit the usefulness of itrials in air;

and actual missions are sufficiently expensive that any theoretical or

experimental simulation is of value. Hence, efforts were made in this

/2

€y



2.

st&dy to include test gases of similé,r composition to the atmospheres of
Mars and Venus, the Earth's cloéest neighbours.

- Also included on figure 2 are perfommance 1evéls vsed in g variety
of individual experimental studies (the numbers correspond to references/
listed on the page following the figure). V‘Bzése are representative of an

extensive literature survey and indicate that any work done with tunnel

reservoir temperatures above 8000°K will Ee’a useful addition to present

<

knovledge. | | - |
The most interesting feature of very high speed re-eﬁtry type

flows is that the kinetic energy of the gas molecules péssing over the

body is comparable to the formation éhergy of chemical bonds.. Figure 3

, sh&ws the kinetic energy per molé_cule of ambient zir as a function of the.,
" flight velocity. Also shown on the energy scale are reaction energies

(nét to be confused with reaction activation energy, the reaction energy

is the’.net" enerér yield for the reaction) for a variety of reéctions which |
“occur in the "atmospheric" gases. (Note that reaction energies are additive,
so that it takes 32.35 eV to fom two ot ions frbm one 0, molecule.) As the
molecules have a Maxwell-Boltzman velocity distribution in most of the
Earth's re-entry flight corridor, the energy of some molecules is much
higher than the mean value shown :m flgu.re 3, S0 that some 1on:.sat10n oécurs
‘below 8 km/sec fl:.ght veloc:Lty (as ev:.denced by the connnunlcatlons blackout

during re-entry), but dissociation accounts for most of the internal energy

2

-1ncrease in- the gas as 11; is heated by the pessage of the bOdJo Above

8 km/sec, iomsatlon has a s:.gm.flcan’c effect on the energy balance,
Although a reaction may be energetically feasible, the formation

df pro‘duots is a function of the fiequency with which reactant particles

collide and the probgbility of a collision yielding the reaction products.

The former is a function of the number of particles and their velocity

_ distribution and the latter is a function of the energy of the collision,

- ‘, B o /3
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whith is also a function of the veloéity distribution. The number of
product particles depends upon the time the gas spends in the environment,
which is a function of the gas velocity and the dimensions of the region,

From these considerstions, it is apparent that, for laboratory

simulation of the chemical changés which occur in re-entry flows, the free

strean velocity and density of the gas, as well as the body size should

- be reproduced. The last of these is often impractical, but useful results

-

may be obtained using smaller sized modelso i
Other flow properties such as Mach number and total pressure,
"~ which are impértant if the aerodynamic forces on the body are to be

simulated, need not be reproduced if only the chemical properties are to

be examined, provided that the Mach number is high enough for the flow to

“be considered hypersonic.,

As described above, the free stream velocity is directly related
to the stagnation enthalpfo The density is related less directly to the
- stagnation or nozzle reservoir pressure, The free piston shqck tunnel, es
~ shown in figure 2, has the capability of producing high values of both of
these}properties. ‘

In a new facility, such es the free piston shock tunnel, it is
’pssentlal to obtaan e thorough understano~no of the experimental
performance and 1f p0331b1e, to develop a theoretlcal model before_b
simulation experiments are made on vehicle models. ’

Three types of" callbratvon can be con51dered for a vexry hlgh
"enthalpy shock tunnel: "Wlnd tunnel", "shook bumel" and "chemical,

- Wind tunnel calibrations are those conducted in continuous, . "blow-dowm"

or other facilities in which the reservoir properties may be regarded as
steady or only slowly and predictably varying, They concentrate on flow
in the. nozzle and the determination of such properties as pitot pressure

and heat transfer at many positions in the nozzle flow, Their aim is to

. | - /4



4.

determine the uniformity of the flow and the effects of the viscous
boundary layer on the nozzle walls, as.well aé to find accurate, absolute
values-for the flow properties at the nozzle exit., Shock twmel calibrations
are made to assess the effects on flow at the nozzle exit of the large
amplitude, short duration transients (shock Waves),‘which generate high
enthalpy gas in the nozzle reservoir. They require time-resolving
heasurements of, for example, the pressure_aqd luminosiiy of the gas as it
forms the nozzle reservoir and of wind tunnel type measurements in the
A nozzle.flow. They have as their primary function the determination of a
"useful" test time during which the flow is steady and the propertiés of the
test flow are known. A high enthalpy shock tuwmel has an added complication
in that the test gas changes its nature and hence its wind- and shock-tunnel
‘properties as.a result of reactions among its chemical consfituents. Such
_changesfin_the nature of the test gas should be accounted for in a chemical
calibration as they play an important part in the simulation of re-entry model
flows., | ‘

A number of wind- and shock-tumel calibration neasurenents had
been made on the Australian National University (A,N;U.) free piston shock

. tunnels prior to the commencement of this study. A review is given in

chapter 3. The firstlaim of this study was to extend those calibratioﬁé and .

to chémically calibrate the tunnels. Many techniques commonly used to

, calibrate shock tunnels for aerodynamlc studles glve little or no 1nformaulon
:lon the chemlcal propertles of the test gas° Hence, the develooment of new |
techniques, the adaptation of old techniques to the high enthalpy

* environment, and the development of an adequate theoretical model were

all required.

To assist in the calibrations and as a first step to the invesvigaticz

of flows over models of re-entry venicles, & number of simple model flows
" were examined., The combination of low free stream density and small model

Size was such-that there were no observable effects of chemical reactions

/5
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in the.model flows and the test gas could be considered, for practical
purposes, as a perfect gas. The nozzle reservoir properties shown in
figure 2 indicate that the freé piston shock tunnels a.ré the most likely
to produce model flows with chemical nonequilibrium. Tunnels with lower
enthalpy levéls than the free piston machines ha&e been used to investiga.té
vibrational relaxation over models, but the author has seen no feference
to a hypersonic tunnel capable of producing chemicslly reacting model flows.
Early in 1970 a new, ia.rge, free piston shook;b tunnel known as .
T.3 becane opérative at the A.N.U. Calibrating experiments a.ﬂd calculations
- indicated that model flows with chemical nonequilibriuwan could be effectively
studied in this tunnel. The results of a preliminary étudy of chemical
nonequilibrium in very high enthalpy model flows form the final c‘hapter Of‘,

+this thesis and they are believed to be the first of their kind.

/6
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2, * THEORETICAL MODELS

2.1 Chemical Properties of Gases

- As indicated in chapter 1, investigations of ﬁigh enthalpy gas
flows should consider the effects of 6hemical reactions within the flowing
test gas., These aie expected to occur aé the gas is heated by the rapid
conversion of large quantities of kinetic energy to thermal energy during

compression, for example, on & body nose. The reverse process occurs

o~

_duiing expansion, for example, in a body wakieq _

| For the conditions experienced in the flight corridors of figure
1, and unless extremes of density are encountered, a gas may be considered
as a mixture of reacting chemical -species, each of which behaves és a
- perfect gas (refs. 18,44), A description of the chemical properties of
a gas requiresAthe sPecification of two sets of properties: namely, of
the equlllbrlum thermodynanic properties of each of the constituent chemical
~species “and of the kinetics of the reactlons among the spe01es.
2.,1.1 Thermodynamic Properties

| Thé thermodynamic ﬁrdperties of chemical species are determined

experimentally frﬁm sPectroscépic observations of the characteristic
‘ frequencies of electromagnetic radiation emitted aﬁ@/or absorbed by particles
‘x(axoms or molecules) of the sPecles. From the observed frequencies, the ‘
| energy level structure of the partlcle can be deduced (refs. 1,2). Two sets

of tables of energy levels were used in this study (refs. 2,3) and they were

z

. found to be adequate for the species andf¢9nditions>encountered‘in the frée:‘fﬂ”"

-

piéton shock twnels.
The energy level structuré of a particle can be used to calculate

its th;rmodynamic propertiés in several ways: (i) Simple models of the

behaviour of the particle such as the "rigid rotator" and the "harmbnic

oscillator" use the energy levels directly (refs. 4,5,52). They are limited

/1
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in accuracy by the number of energy levels included in each calculation
(the time taken for a caloulation is proportional to the number of
energy levels considered) more often than by inadequacies of the models,
Since the number of enersy levels required for an accurate numerical descrip-
tion increases with increasing teznperature, such models are usually used at
low temperatures only (below 5000°K in this work), (ii) A guantum mechanical
descriiation of the particle can be obtained by using tge energy 1&e1 structure
-and a suitable electronic potential enerér i:unction with the Schrgdinger
Wave Equation (ref. 4), but the time taken for such celculations prevents
their ﬁse in calculations of complex gas flows. (iii) ﬁle energy levels
can be used to determine the equilibriwn partitioning of energy within the
particle, which is described mathematically by "pa&tition functions" (refs.
5,18). This method is also tod involved to be included in complex gas f’loﬁ*
calculations, However, it can be used to give themodynamic pmperties
with b:x.jgh 'a,ccuracy and several sebts of tabulated properties so derived we‘re
used in tilis study (refs. 6 to 10). Economic use of the tabulated data
required that they first be fitted with polynonﬁ.a.l functions of temperature;
then each subsequent calculation of thermodynamic properties required. only
the evaluation of the polynomials. Two polynomial forms are in common use;
one evolved at the Cornell Aeronautlcal Laboratorles (refs. 44,54) and ’che other‘
brecommended by JANAF (ref. 9) Both give errors of approx:lma.tely 5/0..

During the course of this study, energy level data and polynomi:al
T ‘coefficients from "lea,étf“squéres" fits to tabulated data were collected f-i"or:--“"
26 species: C0,, ,, 02, co, N0, CN, C, O, N, 4, He, N3, 0}, co*, mo*, c¥,
Nt, A+‘, Be*, ¢, o™, Y, &7, Be™, €7, C, |

Thermodynemic properties for e@ch of the above species were
determined using methods (i) and (iii) deécribed shove, and using tabulated
thermodynamic data from at least two sources. Agreement between results
_ using the different methods and data sources was within 5% over the temperature

ranges specified by the data sources.

/8
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To check the accuracy of the above specifications of thermodynamio

properties of species further, gross equilibrium thermodynamic properties

(enthalpy, entropy and density as functions of temperature and pressure)

were calculated for a number of common gases and gas mixtures. Comparison with

published tables (refs. 11 to 16) gave agreement within 5.

2.1.2 Reaction Kinetics

At the high temperatures used in this study, reactions among the

.

chemical species formed in a gas are comnionl'y investigaged by monitoring

the appearance or disappearance of species following a rapid "switching"

of the gas from an initial non-reacting state to areacting state (refs. 17,110).

Switching may be achieved by a shock wave (ref. 21} or a flash of electromagnetic

radiation (flash-photolysis) (ref. 19). A less trensient situation is possible

in a flow-discharge system (ref. 20). A high-to-lo¥ temperature "switch"

mey be obtained by a sudden expansion of the gas. Optical and mass spectrometers

are the most commonly used monitoring systems.

27,52):
(1)
(2)

,,,(3)‘
(4)

()

©)

(n

In heated air below 8000°K, the dominant reactions are (ref. 23 to

N, +M = N+

o +M = 20 + 1 ‘ ,
NO+M = N+O04+M  whereM = a third body
, +N == TN0+0 -,

Npeop = a0

N+0 ;...* .1.\70“4';9;

Above BOOOOK, ions such as N2+, 0;, N zmd oF appear in significant

quantities and their formation reactions

e.ge N+M =N +e +H

and ion exchange reactions

ege N ro=Nn4+0"

become significant. At still higher temperatures of approximately

/9
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15(;OO°K, _and for the densities typical of this study, doubly charged species,
N and 0%, are formed and the small quantity of argon in the air becomes
partially ionised.

Rate constants for these reactions", have been determined by many
workers and the worik has beeri reviewed on vmany occasions, Several review
papers were used in this study (refs. 23 to 30). It was noted that a.lmés_t
all woﬂc has been done at temperatures below 6000%K and extrapolation to
.15000°K ﬁas wsed for this study. For each réaction, tI;e resu'l.té in the
»review papers were compared to ensure 'rthe best possible accuracy.

For reactions (1) to (7) above, the rate consténts were found
to have an accuracy of + 10%. For some of the ion exchange reactions,
errors in the rate consfants of 2 orders of mégnitude were pro'ba.ble.
However, the effects of such errors in the ionization reaction rates on
the flow properties were small because the species involved only appeared |
in a.ppx":eciable concentrations in the hot, high density nozzle reservoi:;
and at the very beginning of the nozzle expansion, where they were vexy
close to equilibrium., Before conditions in thé nozzle expansion became
favourable for nonequilibrium, their numbers had become negligible,

Recombination reactions are more complicated tha.n dissociatior;
and ionization reg,ctions because the SPQGies need not recomhinev to fom'_ ‘
hdlecﬁles or atoms in fﬁe éround state, but mgy form sl)ec'ies in excited

states, This is most important where the excited level is metastable and

' decay to the ground state is very slow (LASER action has been achieved in

carbon dioxide in a shock tunnel by this process), or for vibrational lévels
in disgtomic gnd triatomic molecules where the relaxation time is comparable
to the chara,cteristic flow time (e.g., the time for the gas to flow over a
body or through a shock heated slug of gas). In most applications,
recombination t0 states other than the ground state is ignoxred and the

~ recombination rate is taken to be an average value computed through the

forward rate and theequilibrium constant (which includes contributions

/10
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frc;m vibrational and other levéls because it is calculated from the
equilibrium thermodynamic propeﬁ:ies of the species involved in the
reaction). |
The reaction system for air described sbove (no excited states
- are considered in the rea;ctioh rates) has given good agreement with
~experiments here (described in subsequent chapters) and elsewhere. This_

may be due to the rates being determined from experiments similar vto'those

o

used to verify them, ragther than to the insignificance of recombination
. to excited states,

Some workers have included excited states in their calculations,.
For example, reference 25 lists reactions in{rolving a single vibrational
1ejel each for NZ and NO and réfe;:ence 52 _inciudes a crﬁd_e model for
coupling *Ehe dissociation rate of diatomic molecules to the calculated
state of vibrational excitation. Consideration of excited states is common .
in chen'l;.cal shock tube studies such as those reviewed in references 20,
21 and 110, Generally thesé were made at #ery much lower temperatures
than were achieved in the free piston shock tunnels, and used gases other
thari the "atmospheric" constituents considered here. The techniqties were
used in the determination of the carbon dioxide reaction system described
later in this section, | -
| | Reference 1 39‘ gi\}es a.n experimentally defeminéd reaction fa’ce

for the "dissociative~recombination" reaction:

-~ ot e'gf‘_N +0
As -can be seen from figﬁ:r;'e 2‘ (where *9 corresponds to reference 139), 'the
nozzle reservoir conditions used in this determination are different from the
conditions in the free piston shock tunnels. They are, however, the closest

used in a recombination rate determination and indicate the extrapolation

required in this study for all reaction rate data.

/11
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The reaction rate constants for air, determinéd from the review
papers above, were also used foi the kinetics of the pure gases, oxygen and
nitrogen, where applicable. The dominant ibnization reactions occurring
in oxygen and nitrogen were found to be:

0+M = o0t we” +H

N+M == N8t ee +x
respecfively. The estimated error in the rate constants for these reactions
is + 20%, |
' Reactions in all "air-type" gases (nitrogen and oxygen_mixtures
with an inert diluent)‘can be described using the reaction rates for air
above, but reactions in the other major compdnent of "atmospheric" gases,
carbon dioxide, are not well understood at present. A number of workers have
measured dissociation rates of co, (refs. 29,30,33,34,35) but the estinated
errors are large (typically 2 orders of magnitude).r Estimates of reaction
rates for the dissociation of Co, to C and O via CO aiso have been made from
collision theory (refs. 31,32) and found to lie within the limits determined
experimentally..
A reasonable system for carbon dioxide dissociation includes:
CO, + M = CO+0+M
€O+ M ;t'C+o+M
o, + O .;:P-CO + O

2

co, + C == 200

0040 =>10,+C

of these, reaction (a) is the fastest by up to a factor of 100,

2

In a recent paper (ref. 35), the presence of the Swann bands of the
diatomic carbon molecule, Cz, during CO dissociation gave rise to a suggested
reaction system involving 02 regctions, which behaved in & similar fashion

to the MO "shuffle" reactions in air {(reactions 4 and 5 above) in that the

intermedigte product (C2 in carbon monoxide, NO in air) concentration was

/12
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low, but its reactions were rapid producers of other species. The proposed

system was:

CO+M & C+0+M

C+C0 = C,+0

2
0 +CO -:2024-0
02+M = 2C +M

02 +M <= 20 +M .

If cor;recf, this mechanism would be incl’ude(i implicitly in the earlier

rate determinations, It should be nofed that C2 is a very strong radiator
so that it could be observed, but be in too smaell a concentration to affect
the hneticsA of the gas.

| Because of the complexities of the reaction kinetics in e real gas,

the "Freeman" idea.l dissociating gas (ref. 38) is often used to obtain an
insight into the influence of a reaction on a flow system. It uses a single
»ibdealis'ed reaction and an idea.j.ised. specification of the thermodynamic
-properties of species (ref. 37). Its méin advantage is that solutions

to flow problems are often obtainable in an analytical or semi-eznalytical
(requiring very little numerical computation) form. It is mentioned here

because it was used as a first approximation in the initial steges of this
 study.

2,2 TFlow Calculstions

| Figure 4 is a time-distance diagram showing'the waves used to
_‘generate .the nozzle reservoir in & freepa.ston shock tunnel (note the
diécontinuity in the distance scale)‘. For the purposes of this study, the
free pfi.ston driver technique was regarded as merely e means of producing
hot, high pressure helium to drive an otherwise conventional reflected
shock tunnel, (The free piston technique is an adaptation of the gun
tunnel (ref. 119) and the motions of the piston and driver gas are

. sufficiently complicated to require study in their own right. TFor the

purposes of this study, the piston compression ratio was kept low and the
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pis.ton velocity subsonic to avoid most such complications.) Then the flow
was ‘divided into three distinct bregions for the purposes of numerical
calculations: the processes forming the nozzle reservoir, the nozzle
exapnsibn and the flow over models. In all three regions the effects
of chemical nonequilibrium upon the gas were considered,

The nozzle reservoir was formed by reflection from the end wall

of the shock tube of the normal, incident shock wave generated 1n the shock

o

.tu’be by the rupture of the diaphragm by high pressure driver gas (refs.
110,114). Gas processed by the incident and reflected shock waves had

high values of temperature and pressure and was stationa.ry in the »la.’boratozy
frame of reference. | |

As- the incident shock wave propagated into the undisturbed gas

in the shock fube, the interface between the teét gas and the driver gas
(called the contact surface) followed it. When the shock wave was reflected,
it move'c.l_ into the gas processed by the incident shock wave and eventually’
met the contact surface. Depefxding on the impedance mis-match at ther interface,
either & shock wave or a rarefaction wave was reflected from the interface
into the test gas, and a shock wave was transmitted into the driver gas
(100,113,116,117). When the reflected wave from the contact surface reached
- the end wall, the.steady nozzle reservoir conditions were disrupted and the

.' ﬁsrelful "reflected shock" test tmé ended.;' -

At one (sometimes no) set of initisl shock tube conditions for a

‘g:.ven set of driver condltlons, the dnver and test gases were ‘matched
across the interface and no wave was reﬂected from the interaction of the
reflected shock wave with the contact surface, This is referred to as
"tailored interface" operation (refs. 113,115,118) and it increased the useful
tést time until a decay in the driver gas pressure reached the shock tube
end wall, The decay originated from the propagation of an expansion wave

~into the driver gas when the diaphragm rupfured.



14,

It has been found elsewhere that, although the wave reflected
from the contact surface upset the flow, its influence, and that of the
su'bseqlient diﬁninishing reflections from the end wall and the interface,
 died out, and that the resulting steady reservoir could be used until

: the influences of driver pressurevdecay were felt (refs. 44,115). This

is called "equilibrium interface" operation. It wes shown that the
processes after the initial shock reflection were teak,cyes;pecia.lly if a
rarefaction wave was reflected from the inteéface. If chemical
nonequilibrium was negligible énd the gas could be considered either as
non-reacting or in chemical equilibrium, (at the high nozzle reservoir
temperatures and pressures found in most shock tummels and, as will be
shovh later, e.t the conditions in this study, tbe gas was very close to
equilibrium) the weakness of the interactions allowed them to be approximated
by an is‘entropic expension or compression. ‘This epproximation required that
’ohe of Vthe steady state reservoir prdperties (after the effects of the
contact surface interactiohs died out and before the driver deca;} inﬂuénces
"were felt) be known experimentally to set a final stat»e for the expansion
or compression. Usually the pressure.is measured.,

Hénce, to éalcula,te properties in the nozzle resexrvoir, two shock
= gqmpressions and dn isentropic expangiqn:qp‘compression.of the test gas
were calculated. | .

To meke estimates and to setb upper and lower limits, a cbmpute;
ngram was written to meke the nozzlereservo:.r caleulations assuming either
& non-reacting (perfect) gas or a gas in chemical equilibrium (ref. 39).

‘ Pfograms performing a similar range of calculations were available (refs.
40,41) but they use methods of specifying the chemical properties of the gas
which are not as resdily adapted to unusual gas mixtures (particularly those

proposed as planetary atmospheres).
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Historically, calculation of flow across a normal shock wave with
chemical nonequilib:ium was one of the first problems considered in the
field"or reacting gas flows. A number of references survey the techniques
and their results (e.g., refs. 43,52). The method used in this study
(refs. 52,53) was selected because it gave a wide choice in the specification
of the thermodynamlc and klnetlc models used to describe the test gas.

It used & modified fourth order Runge-Kutta lntegratlon scheme (ref. 45),
iwhlch %h% author claamed would glve convergence and g numerical solution

in & relatively small number of steps (see sectlon 3.4.5 for comments

on this aspect of the program). Calculations were made of the effects of

- chemical nonequilibrium behind the incident shock wave. The program wés '
modified to make similar calculations for the :eflected shock wave., A
commonly usedAalternative to calguiating chemical nonequilibriuﬁ effects
-across both shock waves is to assume that the gas is non-reactive across

- the initial shock wave and that it reacts in tﬁe nozzlé reservoir region
after the passage of the reflected shock wave (refs. 42;43)° As is shown in
' section»3.3.3, the assumption of a non-reacting gas behind the incident shock
wave is invalid at the conditions of this Study.

Flow in a hyperSOnlc nozzle is also a well studied problem (e.g.
rirefs. 44 46 to 50). The computer prqgramA(ref. 44) used in this study was
chosen because of the flexibility in its épeCifiCaxions of nozzle shape
and test gas properties (once agaln w1th the alm of u51ng gas m1xturesglm11ar
-ito planetary atmosPheres) It calculated a qua81-cne-d1men51onal expan31on of b
a reacting gas through an area distribution, The srea distribution could be
gpecified by up to seven polynomials. 'Foi.simple conical nozzles exhausting
at medium Reynolds numbers into an evacuated dump tank, as in this study, the
one-dimensional assumption is a reasonable approxima,tiqno To by-pass the
saddle point singularity about the nozzle throat, the program assumed chemical

equilibrium at the throat and began the nonequilibrium solution as & lineax
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pex.-turba,‘cion° The nonequilibrium solution could be started upstream or
domstream of the nozzle throatlby this method. The numerical integration
was perfommed by a modified Runge-Kutta technique (ref. 45).
| Calculations of floﬁ over bbdies moving al supersonic speeds are
basic to hypersonics and a wide range of-techniques have been developed for
a variety of shgpes. Because a great deal of information on the chemistry
and ﬁhysics of hypersonic flow can be derived by testing simple models
subh as wedges, cones and hemispheres (see dhapter 4),#§nly techniques
for calculating such flows are discussed here,
As first approximations and to‘give limiting conditions, non-
reacting (perfect gas) and equilibrium conditions were assumed, Fox
flow over a‘wedge under eithér of these condifions, the shock wave is
streight, providing that the angle it preseats bo the flow is less bhen
the detachment angle (as the angle of a wedze increases, it appears to
‘the £16w to be more like a blunt body, until, at the detachment angle,
the shock wave separétes from the body hose). PrOpérties of wedge flows
were calculated by modifying the nomrmal shock wave equations in the computer
program.of ref. 39 to include momentum conservation normal and transverse
to the shock, This provided an extra equation to accommodate the extra
i variable of shock .angle,
o Flow over a cone also gives a stralght shock wave and permits of
>read11y determined flow field properties (refs. 62 63) A»computer program
(vef. 62) was used to calculate directional derivatives to give a first l
’épproximation to a cone at é émall angle;;f attack,bas well as axisymmetric
flow properties. Also, it could be used in combination with a method of
charac;eristics program (ref. 54).
The cone flow program was one of three programs (cone; blunt body
and method of characterlstlcs) develooed at the NASA Ames Laboratories forx

non-reacting (perfect gas) and chemlcal equilibrium calculations of flow

| /11
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‘over vehicles with complex after-bodies. Flow near the body nose could be
calculated using the blunt body'or cone program, depending whether the nose
wvas blunt or sharp, and continued downstream using the method of
characteristics program. Ehuilibrium‘thermodynamic properties of 13 gas
mixtures for use with these programs were stored as tables of spline-fitted
polynomials, which were derived originally using the method of reference 52,
Modifiéations to allow more general specifications could.be made simply,

kbui were unnecessary for this study as properties of aii of the mixtures used

were included in the tables.

The Ames blunt body program (réfs. 54,55) used the inverse method
to solve for the body shape, given the shock shape. It allowed specification
of the shock and body shapes by polynomials aﬁd had an iterative scheme which

modified the shock shape coefficients until the calculated body shape accurately

matched the specified shape,

The method of characteristicskprogram allowed cglculation of -
~embedded shock waves (compression comer or flare), expansion waves and
-coalesced shock waves. It was found to be inaccurate when flare and bow
shock waves intersected but otherwise adequate for all the shapes used in
this study.,

| Model flows with chemical nqngquilibrium have been studied by many
wdikers, but; he;ause of the difficﬁitieénbf éoubling a multi-comppnent,
multi-reaction chemical system to an already complicated set of flow
equations, and the»very:long‘timesérgquixéﬁ,on a high speed computer to !
'sélve the equations, few eaiculaiions h§§é 5een madé. It is under thesé
conditions that the "Freeman" gas mentionedbin section 2.1.2 becomes such

LY

a valuable method of approximation.

Nonequilibrium blunt body calculations have been made.by a number
of methods (refs. 52,56 to 59). The main method used in this study (ref. 52)
Cis an inverse one with the "Cornell" method of specifying the chemical

properties of the gas (see section 2.1.1).
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Such flow fields have been carefully studied and several
approximate "scaling" techﬁiquee have evolved (refs., 60,61,77,79). One
of these was incorporated into a computer program (ref, 60) and was
available for use in this study. It relied on a vroperty common to the
relaxation zones along a s’c.reanﬂ.ine and behind a normal shock: the
enthalpy remains nearly constant., An analogy was established by transforming
and mé.pping the nomal shock solution onto the blunt body streamlines.
An acouracy of 2% in the shock stand-off distance compared with a full
nonequilibrimn calculation is claimed by its authors,

Nonequilibrium relaxation along a stream tube could be calculated
from specifications of the conditions at a point in the flow and the area
or pressure distribution along the stream tube using a version of the nozzle
flow computer program (ref. 44). The area or pressure distrihution. co;ﬂ.d
be obtained experimentally, or from equilibrium or perfect gas caleculations =
using the methods described above. |

Nonequilibrium flow over coﬁes, wedges, and otherrsharp—nosed‘
~bodies have also been studied extensively (refs. 64 to 69), The difficulties -
in programming any of these téohniques prevented their inclusion in this
work and the method of stream line relaxation was used.

The computer programs llsted a.'bove are desc:m.bed 1n detail
(techm.ques, :mput and oubput formats a.nd sample :anu’c decks and output |

listings) in reference 72, Detailed results from the programs for the shock

tunnels T.1 and T.2 are presented in’ graphlcal fom in references 84 and 83, ORE

resPectJ.vely.
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3. SHOCK TUNNEL CALIBRATIONS

As described in chapter 1, Qalibraxion of the free piston shock
tunnelshis an essential preliminary to testing vehicle models. A summary
of the shock tunnels and a review of previous work precedes descriptions
of the calibrations conducted in this study. A description of the
experimgntal techniques is given in appendix B.

3.1 The A.N.U. Free Piston Shock Tunnels

 Three free piston shock tunnelq were used in this study. Their
phys1cal dimensions and typloal operating conditions are given in tables 1
and 2, The tunnels T.1 and T.2 were operable before this study commenced,
but T.3 was first available'for.use early in 1970o

"The distinguishing feature of the free piston shock tunnel is.that
it uses the momentum of an unconstrained piston to generate high temperature,
“high pre?suré driver gas (refs. 119, 120), rather than the more direct-and
conventional methods of electrical or chemical heating (ref.,114). Briefly,
it achieves this as follows. The driver end of the tunnel (upstream of the
high pressure diaphragm) consists of a reservoir and a compression tube
separated by a free-sliding piston, which is initially held on a launcher
~at the upstream end of the coméression tube. The compression ﬁﬁbe is eveacuated
> and then filled with helium drive: gas-(preSSure = 16 psia, typically). The
reservoir is filled with high pressure air.(700 psi, typicelly). The piston
is then released and it is accelerated down the compression tube by the dlfference
in the pressures on its two exposed‘faces.;_At the point where the pressureS".
on both sides of the piston are the same, the pistoh haé quite a high velocity
(300 ft/sec, typically) and it continues down the compreésion tube wntil its
momentum has been lost in further compression of the helium., The preséure
at this stage (7000 psi, typically) is just sufficient to burst the diaphragm
and cushion the piston to a geﬁtle halt at the end of the compression tube,

~while the compression~-heated helium acts as driver gas for the shock tube.
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Each tunnel was equipped with p-ressure gaugés attached to the
reservolr and the compression tu‘ées, which were used to set the firing
conditions for a given diaphragm material and thicimess, Pressures could
be set with an accuracy of 1%; This was for shot-to-shot reproducibility,
the value of the aboslute pressure being unimportant once correct firing
conditions had been estgblished. Static bursting pressures were tested with

an hydr.aulic punp for a random sample of diaphragms. They were reproducible

-

within 5% when different batches of mat_em“.al‘were involved and 1% for material
from the same batch,
The shock tube was evacuated using a rotary pump to less than
0,05 torr and then filleé. with test gas uSim; a m_émury colwm as a pressure
gauge. vAccura,oy was typically 0.02 in Hg in 14 to 10 in Hg, or better than
é%. Thé'lea,k rate was such that no observable change in pressure occurred
in 15 minutes, (the longest checked in this stud&), which compared favourably
with thé‘ 3 minutes or thereé.bouts required to fire the tube after isolating
the shock tube. |
The initial shock speed was measured by recording the time, or
~ times, between the arrival of the shock wave pressure rise at two or more
piezoelectric pressure transducers separated by knom distances. The transducers
were made from 0,125 in dj.ameter, PZT-5A cera:nic; cylinders and were mountgﬁd‘ st S
| flusb,hbwith the shockl tube si&e wailo Each ﬂuﬁe ihad -a,tb least three positioﬁs
at which the transducers could he mouﬁtedo The time was recorded directly on

z
»

" an oscilloscope (calibrated with a Tektronix Type 181 Time-Hark Generator),

on a Marconi Counter/Frequenéy Meter Type TF‘:IM TA, or after pulse shaping,

on a Racal Microsecond Chronometer Type 5A45.
‘ Experiments showed that the shot-to-shot reproducibility of the
initial shock speed was better than 2%, |
Pressure behind the reflected shock wave was measured with g SLM

Type H:PZ214 transducer on T.1 and T.2 and a Kistler Type 6201 tra,nsducer on

T.3. The device was mounted flush with the side wall of the shock tube,
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approximately 0.75 in from the nozzle throat in T.1 and T.2 and 1.5 in from
the thr?at in To3. For accurate and absolute measurements of the pressure

in this region, the transducer was connected to a SE PV 16 No., 16050
electrometer and the result recorded on an-oscilloscope. Accuraey in
determining a value from the oscilloscope trazces was sbout S%. For monitoxring
purposes only, the traﬁsducer was shunted by a condenser (0.1/uF).

The nozzles listed in table 1 had conical profiies and, with the
exception of the nozzle used on T.1, used fhxoax inserts constructed from
commercially available, tungsten-carbide wire dies, The nozzle throat
insert on T.1 was made of stainless_steelg A nozzle with a parabolic profile
.~ was_also _available for use on T.1. The nozzle exit-to-throat afea ratios
used in this study were 560 on T.1; 155 or 560 or 1300 or 5000 on T.2; and
720 on T.3. | .

P The test sections of the tunnels T.1 and T.2 were equipped with
high quality Schlieren windows and vacuum-tight electrical connections and
could be used with either the shock tube or with one of the nozzles.

The teét section and dump tank of esach tube (for shock tunnel work
this region extended to thg nozzle throaf where a thin "Mylar" diaphragm

. separated it from the shock tube) were evacuated with a rotary type pump to a

pressure of the order of 0.1 torr. In addition, T.2 and T.3 had oil diffusion

pumps installed, which evacuated the test sections to a pressure of approximately

z .
Ch -

0,001 torr. | 7
A  ;1Thé fééfﬁgé;;é;rﬁi£ﬁ.fﬁe éxééﬁtiohvgfnai;,rwﬁi;hrﬁésvobfained
direct from the Canberra atmosphere, were supplied by Commonwealth Industrial
‘Gases Etd,, who specified 99.,99% purity for helium and argon, 99.995% for
nitrogen, 99.5% for oxygen and "better than 99.0%" for carbon dioxide.

No special care beyond an occasional washing out with hexane was

taken to keep the tunnels clean,
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3.2 Previous Work on the A.N,U. Shock Tunnels

When this study commenced, the following tests had been carried
out in the shock tumnels T.1 and T.2,
The free piston driver technique had been carefully examiﬁed°
Measured shock speeds were compared with results from an approximate theory
with good agreement (refs. 119, 120), the effects of the driver compression
ratio on the nozzle reservoir pressure were evaluated (;efo 120) and
performance levels with and without an area ehange at the diaphragm position
were plotted (refs, 120, 130).. These ﬁeasurements were repeated for T.3 as
soon as that tube was commissioned (ref. 147).
- In the free stream of the tunnels, a ﬁaxiety of properties had
been evaluated. The pitot pressure was measured on the nozzle axis (refs.
120, 135, 136) and axial and radial surveys of the pitot pressure were made,
- Stagnation point heat transfer rétes were measured with a platinum calorimeter
" ‘heat trensfer gauge on a model with a hemispherical nose, and reasonable
agreement was obtained with theory (eefe. 120, 136). These results, while belng
of llmlted accuracy and too slow to show many of the transient features of the
flow, do indicate that the stagnation enthalpies calculated from shock tube
.measurements'are realised in the test sectioﬁ and that the flow is
- aerodynamically useful. :
| In T.1, some measurements had been made of the free stream velocity
using a spark tracer tochnlque (ref, 136) (See Appendix B). Theselresuits
were confined to a narrow perlod of tlme, Just after the completlon of the
nozzle starting processes (see section 3.4.3), and gave no information on the
‘effects of contamination of the flow by helium driver gas.
| Measurements had been made in T.2 of the effect of the initial
pressure in the dump tank, test sectioﬁ and nozzle on the nozzle starting
processes (ref, 134). A slit was set up parallel to the nozzle axis and
. the luminosity of the flow emerging from the nozzle was recorded on an image

converter camera operated in the streak mode., A starting shoék wave and
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other phenomena observed in conventional tunnels (refs. 102, 103) were
obsexrved and their behaviour witn variations of the initial pressure correlated
with theory with reasonable agreement. 'Under nonuzl operating conditions,
such processes were observed to be of approximately 30 microsec duration, }
The level of contamination of the test flow by helium driver gas

had been monitored in T.2 using‘an ingenious but fairly insensitive technique
with a felatively long response time (ref. 120),

' Considerable work had been done on-optioal spectra (in the range %
2000 to 10000 Angstroms) of gas emerging from the rozzle exit in T.2 (ref.
137). Time resolution was achieved uSing a rotating slit device or an image
converter camera. The main result from these experiments was that the
SPectrum>of the flow was dominated by radiation from iron atoms, This was a
nesult of the high radiant efficiency of_iron, and did not imply high iron
concentrations. Estimates gave iron concentrations of less than 0001%0

) The possible effects of iron contamination on flow properties
at the nozzle exit were extremely difficult to estimate. Thermodynamic
properties of iron and of oxides of iron are given in reference 9, but no
~information could be found by the author on possible reactions between such
species, particularly at the very high temperatures used in this study.
jThe very low concentratlons and medium formatlon enthalples (99 kcal/hole

: for Fe gas and 60 kcal/hole for FeO gas) 1ndlcated that the iron species

would follow the temperature and density changes of the test gas and would

rs

e{fnthaVe only a very small effect on" the enthalpy ‘and veloclty of the gas at the ’myka

bbnozzle ex1t°> Conflrmatlon that the iron had a negilglble effect on the |
aerodynamic properties of the flow was obtained from the agreement between
exPerimental values and valnes caleulated assuming that iron was sbsent described
in the subsequent chepters of this thesis.

During the early stages of this study, a parallel project was

proceeding to develop a Quadrupole llass Spectrometer with a sufficiently

short response time for measurement of species concentrations at the nozzle
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exit (ref. 138). It was used mainly to detect the level of contamination
by helium driver gas, but some measurements were made of the concentrations
of other species. The results are compared with results from this study
in section 4.2, |

Also, two parallel studies were in progress to determine radiation :
and ionisation properties of argon in T.2., In one a time-resolved channelled-
sPectruﬁ technique was used to determine species conceq}rations behind the A

incident shock wave (ref. 131). ’Inciden£ shock Mach numbers up to 25 in

10 torr initial shock tube pressure were used. In the other a Mach Zehnder f
interferometer and thin film resistanée heat transfer gauges on a flat plate

were used in an attempt to determine propérties at the nozzle exit (ref. 142),

The resuits of this study indicate that the contact surface is unstable when |
argon ié'used in the free piston shock tumels (see section 3.4.6). It is

possible that the studies mentioned above will provide additional evidence

of the ﬁechanism involved,

3.3 Fommation of the Nozzle Regservoir

The processes forming the nozzle reservoir in a free piston shock

.. tunnel are outlined in section 2.2 and illustrated in the wave diagram in

figure 4, which is to scale. The purpose of this section is to compare the
 experimental values of’gas,properties in the r?sex?oir'with results galculatgdé:;;i
b.using thé éomputer programs’and gas properties described in chapter 2,
Incident shock wave velocities were dete:mined'in the three sho?k

“f'funhélé“fcr a widé‘rangevéfabbnditibné: 'Figuiéé75; 6>and 7>Summari3e thé?fZ;

résults for T.1, T.2 and’T.3 respectively.
. Three processes may complicaie the linear one-dimensional equations
used to calculate properties behind the shock waves. These are (ref. 110):
radiative energy transfer out of the shock heated gas, the formation of
viscous bound ary layérs on the tube walls, and chemical nonequilibrium,

_The influence of each of these phenomena is described separately in the

following sections.
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3.3.1 Radiative Fnergy Dissipation

The problem of detemirﬁng the radiation from a reacting mixture
of molécules, atoms, ions and electrons is beyond the sco;;e of this study
and has yet to be solved fully (refs. 85 to 92 consitute a useful summary ).
As a first step towards more complicated systems, mumerous investigations
_hé.ve been made of radigtion from shock-heated samplés of the nob‘le gaées,_

with particular emphasis on argon. A computer program (ref, 87) for

-

calculating properties behind a nomal shock wave in argon was available
| for use in fhis study. It was used to set limits o the radiative iosses
. from the complicated air and carbon dioxide - nitrogen sjstemso
This computer program allowed for the effects of ionisation‘ and
three-body recombination, collisional excita;tion and de-excitatidn,
photo-ionisation and radiative recombination, spontanéous emission and
stimulated emission and absoiption. The plasma was considered optically
thin to'.continuum radiation, but could be optically thick to radiation from
some energy level transitions, » | |
Results from two calculationé of flow of argon through a noﬁﬁa.l
shock wave at conditions typical of T.2 are given in figure 8. These show
that chemical equilibrium is reached rapidly behind the shock front, buf‘ that
radiation causes a serious decrease lin therionisation and tempei‘a,ture -and an
increése in th>e dven.s‘iﬁy. Tﬁe sr;1ali incréases inr tanp’era.tﬁre,' density"a..nd‘:

ionisation ahead of the shock front which can be seen in figure 8 are caused

2

-+ by radiation from the shock heated gas heating ‘the undisturbed gas A-(pa:bt_ficdlarl;f

exciting eleétroné) a.head ofi the shock wave, This phenomenon has been. obsexved
experimentally in luminosity photographs such as thase .in figui'e 560 Preliminar;r
results‘ from experiments at these conditions by others,(ref.» 131) give electron
concentrations less than those of figure 8. They indicate some neglected
phenomena and perhaps even greater energy losses,

The losses are expected to be more imporiant in the hotter (although
more optically dense) gas behind the reflected shock and to seriously affect |

the stagnation enthalpy.
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To set upper linits lor the radiation losses from other than argon

gases, the initial shock tube pressure and initial shock wave liach number

inputs -to the program were varied uatil the equilibrium density and temperature

behind the argon shock wave agreed with the equilibrium conditions in the
other gas, which were calculabted as described in chapter 2, TFor any gas
in thermodynemic equilibrium, the radiation losses depend on the radiation

constants (energy level structure, Einstein coefficients, etc. (see refs.

e

1, 2 and 4)) of the gas and the'density and temperature only. Hence, the
comparison gbove could be applied to conditions behind the reflected shock
wave and elsewhere,

Figure 9 shows results from two calculations which give conditions
similar to those behind reflected shoékAwéves>in 7.2, The region ahead of
the shock wave is, of course, irrelevaﬁt in this applicaxion. Up to 10 ch :
behind the shock front, the temperature loss can be seen to be less than
0. 5%. ﬁﬁ gir radiates less than argon at the same temperature and density,
‘this may be taken as evidence that radiation loéses from air may be neglected
in the shock tunnels. As stagnation temperatures in gas mixtures of carbon
dioxide and nitrogen are less than in ailr at the same initial shock tube
pressure, such mixtures may also be assumed to have negligible radiation
. losses, |

3.3.2- Viscous Effects" 7

The effects of viscosity on the formation of the nozzle reservoir

. 2z
v omay be considered in-tWo_parts:-.the'formation»of a boundary layer behind - -~

fhé incident shock wéye'ahd‘the‘subéequent interaction of the boundary'

layer with the reflected shock wave. Both problems have been Stﬁdied by
many W;rkers because of their fundamental interest and their imporﬁance in
limiting the duration of useful test flow. Figure 10 shows the effects in
7,2 (the diagram is approximately to scale). References 93 to 100 constitute

a useful summary of work in this field.
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The formation of a boundary iayer behind the incident shock wave
is a fundamental aspect of any shock tube or tunnel. Its effects are removal
of gas-and kinetic energy from the slug of shock-heated gas (ref. 110).

The quantity of gas lost from the slug of test gas behind the
incident shock wagve was estimated by photographing the luminosity of the
gas behind the shock wave (see-appendix B.). At a typical condition in T.2,

the shoék heated slug length was 10 cm at the end of the shock tube, One-

o

dimensional mass conservation calculations showed that, if no gas was lost
to the boundary layer, the length would have been 30 cm. This loss would
have the effect of decreasing the useful test time by 66% if all other
effects (such as reflected shock-boundary layer interaction, contéct
surface instability and driver pressure decay) were negligible.
| . To estimate the kinetic.eneréy 1§st from the gas, the attenuafion
of the velocity of the incident shock wave as it moved along the shock tube
was meaéhred. At typical conditions, the incident shock ?elocity decreased
by a,pproximately T% over 3 £t in T.1, 5% ovér 4 £t in T.2 and 17% over 12
£t in T.3. As theAenergy in the system is proportional to the square of the
incident shock wave velocity, these were equivalent to energy losses of 5,
2.5 and 2,7% per foot, respectively. This effect was incorporated into the
calculations only by extrapolatlng to obtain the 1ncldent shock wave veloc1ty};;‘
at the end of the shock tubeof AR

Calculations using the method of reference 95 with Sutherland's

}n»-;i.lam for the v1scOS1ty of the gas gave ‘a boundaxy 1<yer thlckness of

approx1mately 0. 03 cm at a dlstance of 10 cm behind the shock front, ax
typical conditions. It was impossible to check such a small thickness
'experiéentallyo ‘

When thé incident shock wave reflects from the end wall of a shock
tube, the reflected wave presents an increase in pressure to the boundary
layer formed behind the incident shock wave. This causes the boundary
layer to separate from the shock tube wéll and a bifurcated foot to form

at the extremities of the reflected shock wave (see figure 10).
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Refe;ences 97 and 99 consider the reflected shock-boundary layer
interaction in low enthalpy shock tubes. Using their résults, a height

of approximately 1 cm was estimated for fhe bifurcated foot when fhe
reflected shock wave was 1 cm from the shock tube end wall, at typical
conditions in the free piston shock tunnels, This was expected to have a
significant effect on the flow duration in T.1 and T.2, where the shock

tube diameters are smail, but negligibie effect in §.3. Results discussed
in section 3.4.6 indicate the existence of large scale;%ufbulence and driver-
test gas mixing at the contact surface, which'could be due, in part, to this
phenomenon, |

3¢3+3 Chemical Nonequilibrium

" "Reaction profiles behind the incident shock waves were calculaied
for air and nitrogen as descrihbed in section 2.2. Figure 11 shows g t&?icai
result for air. . |

.* From the results in figure 11, it can be seen that air was very
close to equilibrium at distances greafer than 0.01 cm behind the shock
front., This distance was. very much léss than the length of the slug of
shock-heated gas and the assumption of equilibrium was a good approximation
for calculations of the gas properties, |

The fastest reaction was the bimolecularrexchangé :eactiono
, ‘ e . : , :

2

which was followed by N, +0 < N0 +¥

. That these reactions dominate the dissociation of air has been. observed by .

‘+N$‘NO+.O-" .

othér woikers (é.g.; réfé; 23 toz27). It is 6f intéresﬁ.thatAthe higher
temperatures and corresponding lower NO concentrations obtained in this study -
.do notfalter the dominance of these nitric oxide shuffle reactions{

A similar calculation behind the reflected shock wave, showed
that the distance for equilibrium to-be reached was 0.001 cm. The slug
of test gas processed by the reflected shock was over 1 cm in léngth,

making the assumption of equilibrium valid here also,
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Distances required to reach équilibrium in nitrogen were similar
to those in air, despite the lack of oxygen excluding the bimolecular shuffle
reactions, because the gas was almost 15% hotter behind the incident shock
than air at the same initial shock fube conditions. This was because less
energy was absorbed in dissociation. In almosf all of the cases considered
in this study (the exceptions were very low enthalpy shots in T.1), the
total fiow enthalpy was sufficient to dissociate the oxygen in air fully.

Equilibrium lengths in carbon dioxide, estim;¥ed from experimental
and theoretical results of others (refs. 31, 32), appeaied to be similar
to those found in air, |

Hence, the assumption of chemicél equilibrivm in the processes
forming fhe nozzle reservolir was valid.
3.3.4 Results

Two techniques were used to investigate properties of the gas in
the noz%ie reservoir: pressure measurement near the end of the shock tube
(see section 3.1) and stréék photography of the luminosity of the initial
and reflected shock waves, 7

The interesting feature of the measurements of pressure in the

nozzle reservoir was that the value relaxed (after the reflected shock-contact

. surface interactiqns describedﬁin section 2.2)»#9 a constant value for givgn,}_f
driver conditions, which was wiaffected by either the type or initial shook |

tube pressure of the test gas. Figure 12 shows caleulated results behind the

z .

2% deviation was obtained for the experimental points in o#er 800 shots.,
Features of the variation of reservoir pressure with driver conditions have
been discussed elsewhere (ref., 120), The response times of the piezoelectric
transducers were insﬁfficient to record the passage of the incident and

reflected shock waves and only noted the disturbances before an equilibrium
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interface was established (see section 2.A2) as lasting less than 100 microsec
in To1 and T.2 and 200 microsec :an T.3. Decay of the reservoir pressure
occurréd after approximately 300 microsec in T.2 and 600 microsec in T.3. .
Figure 56 shows a typical streak photograph of luminosity from the _ !7
incident and reflected shock waves. The most iinportant result from this
photograph is that the reflected shock is straight‘for a distance of '
approxiﬁately 1 cm from the end wéll.' If this indicates the extent of ‘
uniform test gas, (until the contact surface-is reache:.’;) it should Be compared
with approximately 3 cm, which is predicted from one-dimensional mass
conservation across the shock waves. That is, over 60% of the gas is lost
to boundary layers or other sinks (e.g. diffusion of test gas through the
contact éurface}). Similarly, if the length of the slug of gas behind the
initia.l‘ shock at the end of the shock tul_)e is given by the length of thé
~wnifom luminosity, approximately 500 of the gas is lost after only the -
initial'.shpck wave. These figures agree with current theory (refs. 95, 96)
withih the large experimental errors. ' |
Comparison of the slope of the reflected shock wave on figure 56
_ with the calculated velo.city gives agreement m.thm the 20% experimental
errors, |
Figure_ 13 shows calc}ulated values of‘ temperature in the nozzle
reservoir, Figures 14 ‘to:1v7‘ show species cénéehffé‘tioﬁs Vin air, Sb% N2 -

50% CO,, carbon dioxide and argon, respectively.
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3.

3.4 Nozzle Flow

The nozzle is the most' important part of any flow simulation
facility., It determines the frée stream conditions and the accuracy of the
simulation. As stated in chapter 1‘, it is essential to calibrate the flow
from the nozzle as accurately as possible. This is difficult in a very
high enthalpy shock tunnel as. there are few techniq:;es which mesgsure

properties of direct interest such as gas caaposition, density and velocity

o~

(see chapter 1), and the deduction of such properties from readily measured
properties involves assumptions which may be difficult to justify.

For example, pitot pressure is relatively easy to measure;
velocity is somewhat more difficult; and densi‘ty is extremely difficult
to determine accurately. However, if the flow is hypersonic, the assertion
fhat | | A

pitot pressure =Qu2

is apprb‘xj.mately true, so that the dénsity nay be derived from the two
simplér measurénlentso This depends on the Mach number being greater than
5. Mach number is extremely hard to measure, so that this assumption is
difficult to justify. Indeed, calculations for the 0,125 in throat, 7050 ‘
half-angle nozzle on T.2 at 2 in Hg initial shock tube pressure of air, showed tha
the free stream I.Iaoh number vaned between 10 ‘12 1f no reactlons occurred 1n
the nozzle flow, 5e 85, if flnite reactlon rates were assumed and 4.76, 1f

the flow was in chemical equilibrium. That is, the assumption may or may

I'4

As a result of the dlfflcultles of dlrect expemmental callbratlon,
‘considerable reliance has been placed by workers in the field on cox_nputer
calcula‘tions such as those discussed in section 2.2, backéd’up by
investigations of model flows, Similarly, in this study, the effects of
chemical nonequilibrium and viscosity in the nozzle flows were determined

theoretically and confirmed by a limited number of experiments. Simple

model flows were also considered as part of the calibrations (see chapter 4).
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304e1 Chemical Nonequilibrium

As the test gas expands in the nozzles on the free piston shock L
tunnels, ionised and dissociated species recombine at rates which are limited,
in the main, by the rates of collisions between reaction partners (see chapter o
1). That is, the resction rates decrease wiﬁh increasing area ratio until
a point is reached where all recombinations are neg1igible.and the gas.may
be considered as non-reactive and as obeying the perfeé? gas laws, At the
nozzle exit, energy, which would bevreleased-to the flow in an equilibrium
expansion, is retained as formation energy of species fommed at high
rtempératureso As a result, the velocity, pressure and temperature are less
and denéity, ratio of specific heats and Madh number are greater ih the
free stréam than would be the case if the reactions were infinitely fast.
| | Figure 18 éhows species concentrations in a typical nozzle
expension in T.2, calculated as described in chapter 2, The nozzle reservoir
enthalp&fwas‘considérably higher than values used elsewhere (see chapter 1). .
Oxygen, which ﬁas'almost completely dissocigted in the reservoir, remained
dissociated and nitrogen remained significantly dissociated at the nozzle
exit. One cause of this was that the high enthalpy caused low concentrations
of nitric oxide (a factor of 10 less than the example in reference 44) and

hence a lessening of the effectiveness of the ghuffle reaCtions} At areaij"‘

ratios greater than 10, the atom transfer (shuffle) reaction

N + No= N2 + 0

. .was the fastest reection, followed by

N4+0+M == NO+N
and 3N — N, + §
In some cases examined here and elsewhere (ref., 76), reactions were
found to overshoot equilibrium and to reverse direction. TFor example, in the
expansion shown in figure 18, the reactions
NO + NO == N, + 0,

and  NT+0 = N +oOF
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change direction at area ratios of 5 and 6 respectively., "Overshoot

equilibrium" does not convey fully the mechanism of this phenomenon, which | E
results from the efficiency of some reactions in depleting concentrations

of one or more species preferentially, and the subsequent decrezse in k
temperature in the expansion making conditiohs favourable for an increase
in those species. |

Figure 19 shows species concentrations in a typical nozzle _ !

o

expansion in nitrogen. The fastest reaction-was.foand to be: : - ’
3N == N2 + N

- followed by: 2N + N2 pom— 9

Recombination of ionised species occurred-through the resctions:
N+ N, == N," +X |
N2+ +3 == oN

or through the single step:

3 N" +28 = N+38

As Wéuld be expected from the single step atomic recombination of
N to Nz, no equilibxium overshoot was observed for non-ionised species.
The reactions for recombination of W' and Né+ ions listed above have the
potential for such an overshoot, but noné~was found to occur at the conditions
f of this study. -
R The effeéts bf chémical nOnequilibri&m iﬁ fléw pr0perties at
the nozzle exit have been studied by many workers (e.g. refs. 44, T6 and

e

z

Referencé.fé déécribés one early éxtempt.to correlate concentfafiéns
of non-ionised species in terms of nogzle reservoir entropy. (Entropy is a
N .
logical parameter for a correlatibn of nonequilibrium nozzle properties. Both
frozen and equilibriﬁm expansions are isentropic, so the entropy increase in
a nozzle expansion may be considered as a measure of the magnitude of the

nonequilibriwn.) The value of such correlations is, in the author's opinion,

strictly’limited, They are useful for "rule of thumb" estimates, but give no
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inf;rmation on fundamental mechanisms and are not sufficiently accurate or
versatile to include the effectsvof variations in, for example, noszzle
geometry, TFor example, the correlation of reference 78 implies that, if

the reservoir temperatures and pressures are the same, species concentrations
at the exits of the nozzles on T.2 and T.3 will be the same (the nozzles have
the same half angle and can be given the same area ?atio by increasing the

exit diameter of the nozzle on 7.2). In fact, calcwlations using the

-

computer program of reference 44 show fhax_tﬁe slower rate of change of
area ratio with distance in the large nozzle on T.3 (see table 1 for
dimensions) gives greater recombination of N to N,. The concentration of
N2 in T.3 was found to exceed that in T.2 at 2 in Bz of air initiél shock
tube pressure by approximately 50%. o

| A Also, the need for such-correlaxions has largely been removed;
by the enormous advances, both in speed and avaiiability, of modern high
speed d{gital computers, in the years between the publication of reference
- T8 and the pubiication of this thesis. The techniques described in section
2,2 are, thanks to the generosity of their authors, readily’available; as
are programs in almost all fields. The additionél information and accuracy
which can be achieved by obtaining and running a prcgram'fqr a specific

appllcatlon now oujwelgh the costs and 1nconven1ence of such an exercise.

Reference 46 describes a "sudden free21ng" model for recomblnatlon

of atoms in an expansion nozzle. This model considers species to be in
greater than the 5pe01f1ed value. Although this- model has been 1moroved
on by the reaction rate calculations described above, the concept is of
practical use in specifying a point in the nozzle expansion, beyond which
the gas may be considered to obey the perfect gas laws. At the conditions

of this study, subsequent changes in species concentrations were less than

1 part in 106 for area ratios greater than 150 in air and 70 in nitrogen.
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The effect of nonequilibriwn among the vibrational states of
molecular'species formed in the nozzle expansion must be considered here,
) Reference 114 gives estimates of the fraction of the enthalpy of
equilibrium air contained in specified energy modes up to temperatures of

8000°K, The fraction contained in vibrational states of Nz, 0, and NO

2
decressed with increasing temperature and'was, by extrapolation, less than
5% at nozzle reservoir conditions typical of this study# If this energy was
withheld from the flow during the nozzle expénsion, fhen, for example, the
free stream velocity would be decreased by approximately 2,5%. The authors
of reference 114 considered that, above stagnation témperatures of 4OQOQK,
the total’chemicai energy becomes so large that chemical nonequilibrium.is
of far greater significénce than vibrational nonequilibrium, although the
coupled effects of vibrational lag on the chemical rate prOCesses involved
could be of significance, | | v
' Reference 148 gives a detailed analysis of the couplihg'of
vibrational and dissociational nonequilibrium in a divergent nozzle,aqd
describes calculations of flow propertiés for oxygen at stagnation temﬁeraxhres
and pressures of 4000 to S900°K and 10 tb 80 atm respectively, Thése conditions
_ were very much lower than those used in this study (12000°K and 240 atm‘aie
typical values). The author of reference 148 noted pa,rﬁicularly‘tha_t, _‘eyeg
in cases where the fraction of enérgy in vibration was loﬁ, the couplihg of
vibration and dissociation could give values of, for exgmple, the free ’st;‘eam
" Mach number;bwhi¢h diffeiédrfj'uﬁ to'ZO%:from values calculated assumingf ’?”
vihrational equilibrium,
. For ﬁost of the conditions of this study, the oxygen componeﬁt

of air is fully dissociated, so that only N2 need be considered as
contributing to vibrational nonequilibrium,

Reference 149 reports results of a study of nitrogen dissociation

- behind a normal shock wave at temperatures of 8000 to 150000K., The authors

indicate that vibrational relaxation is approximately 100 times as fast as
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dissociational relaxation, but speculate on a dissociation mechanism for
N2 through its vibrational states based on their measured reaction activation
energy. The reverse of such a mechanism would be of great importance in
a recomﬁining gas. It would, however, be included implicitly in experimental
reagction rate determinations,

To sum up, the results of references 148 and 149 indicate that
vibrational relexation is considerably faéter than cheg?cal recombination,
so that the assumption of vibrational equiliﬁrium is a reasonsble approximation.
This view is reinforced by the extrapolated results of references 114 and 148,
which indicate that even if vibration was frozen, the free stream properties
would differ from those calculated assuming equilibrium by amounts too small
to be detected in any of the experiments described in this study. Lastly,
of the teehniqﬁes‘for specifying the thermodynamic properties of species
(section 2,1.1), only the_harmonie oscillatér.modei could be used to include
frozen gibration in the calculations used»in this study and that model is
inaccurate at temperaturee above approxiﬁately 50009K. |

- 3.4.2 Viscous Effects

As the gas expands in the nozzle, it forms a boundary layer on the
nozzle wall., This is true for nozzles on all types of facilities and the
resultlng effects on the flow prooertles at the nozzle ex1t have been studled
by many workers (e.g., refs. 101, 121, 122)

In this study,'boundaxy layer thicknesses were calculated using
Sutherland‘s law for the v130081ty of the gas together with the results in
reference 93 to account for the effect of free stream Mach, number.
Calculetions for a multi-element, multi-species gas in chemical nonequilibrium
with heat transfer to the nozzle wall and possible transition from laﬁinar to
turbulent flow were beyond the scope of this study and have yet to be done
fully anywhere, Reference 101 contains polynomial expressions for mass and
_momentum boundary layer thicknesses obtained by fitting experimental results

from a wide variety of facilities. The boundary layer calculations above were
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compared with results using the polyhomiais of reference 101 and agrecment
was within 10%. Typical values for the displacement thickness at the nozzle
exit, 13.8 cn from the nozzle throat, uéing air in T.2 with the 7°5° half
angle nozzle were 0.3 cm with the 0,125 in throat and 0.6 cm with the 0.0625
in throat, |
The main effect of the boundary layer oh the nozzle wall was to
reduce -the effective cross-sectional area of the nozzle, It was assumed
that, at any point on the nozzle axis, the ei‘fective radius of the nozzle
was equal to the true radius minus the boundary layer displacement thickmess
at the point. |
As a first approximation, the bbgnda:ry larexr disPIacemeﬁt thickness
was assumed to be a linear function of distance from the nozzle throat. Thus
the effe'ct of the boundary layer was to reduce the cone angle of the nozzie.
Conditions at the nozzle exit were calculated by two methods:
(i) th'e; free strean conditions were taken as those calculated at an area
ratio equal to the effective area ratio of the nozzle exit using the unaffected
nozzle profile calculation, and (ii) a second calculation was made using a
cone angle which gave the effective area ratio at the nozzle exit, Method
(ii) was more accurate, but it was found that method (i) gave close agreement
w:.th method (ii), particularly becanse the effective area ratio was greater =
thén 106, which waé thé‘area ratio found for freezing of reactions, and bé&ondﬁr
which the best gas 'obreyed the perfeet.gas laws. (See section 3.4.1). Me:chod
" (i) required no extra c‘bmbdtihg*andi} was preferred in those cases where theeffec—
tive area iatio was large. H |
| . Properties most affected by the nozzle boundary layer were pressure .
and density, followed by temperat’ure and velocity. Neithef the free stream
static pressure nor density could be measured directly. Pitot pressure was
the most easily determined property which could be used to detect the effects‘

. of the nozzle boundary layer.
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Axial and transverse pitot presAsure profiles were measured by
Stalker (ref. 135) using a relatively large, slow vrobe. Typical results
are shéown in figures 22 and 23 which are for the shock tunnel T,1, Method
(ii) above gave an effective nozzle cone of approximately 5°2° half angle,
which can be seen from figure 22 to give good agreenent with the experimental
results, Similar results are claimed by Stalker far T.2. (Ref. 135).

A small probe of fast responee was placed in the nozzle boundary
layer in T.2 as show in figure 69. The output of this probe in the free
stream is shown in figure 67, The boundary layer displacement thickness was
smaller during the nozzle starting processes and aiso when the flow was
contaminated with cool, helium driver gas than during flow of pure test gas; .
Hence, during those periods, the probe measured pitot pressure val.ues
approxime,‘cing the free streanm valuesg, end these were larger than values-
at positions within the boundary layei'o Accurate pressure profiles could
not be measured using this technique because the pmbe was almost as mde

as the boundary layer,

3.4.3 Useful Test Time

| The duration of useful test flow ("aseful®™ is defined in -section 2,2)
is extremely important in shock tunnel experiments, in that it detexmines the

..‘clme at which measurements mu.st be ta,ken, the reSpcmse time reqa:v.red of '

:.nstrwnentatlon and the value of the tunnel for the study of tlme dependent

phenomena, such as the aerodynannc heating of models, The following technlques

e were used to determlne the useful test tlme in the free piston shock tunnel T 2,

Lumlnosn. of Gas at the Nozzle Exit

Becaus_e of its high temperature, the test gas at the nozzle exit
was luminous to the image converter camera. A 0,0625 in slit, parallel to
the nozzle axis, was used for spatial resolution and the image converter

camera was used in the streak mode, as described in Appendix B. A typical

 result is showm in figure 57.
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The features on the photographs were an initial bright line due
to a fast, starting shock wave (refs. 102, 103), fellowed by a small dark
space ;ntil gas processed by the reflected shock wave emerged from the
nozzle at a lover velocity than the starting shock wave. Values of the
two velocities, measured from streak photographs such as figure 57, agreed
with calculated values within the 20% experimental error. Steady flow then
;ersisted until approximately 80 microsec af?er the start of the pulse from thé
reservoir pressure transducer, and was followed by gas with a slightly lower
velocity and decreased luminosity, which continued mntil approximately 200
microsec (up to 3QO microsec at 6 in Hg initial shock tube pressure), and
whose velocity agreed with the value calculated from the measured nozzle
reservoir pressure, T | : : ' | RS

As.fhe tube was oéerated for most of this stﬁdy ai ldwer shock
speeds than were required to tailor the coﬁtact suxface (tailoring was
calculéked to take place in air at 1 ih Hg initial shock tube pressure,
0.658 cm/microsec incident shock velocity), the dura.tion of the bright,
reflected-shock—processed region was_uséd to calculate the length of the
reservoir region by assuming that an expansion wave travelled acToss it
. twice before it reéched matched conditions, as in the "equilibrium interface"
operation (see éee%ion'ZOZ)o' The lengthlso derived, apprqximately,1.0m;.agreed

with that found from the reflected shock streak photography (see section 3e3e4).

: Gas Velocity at the Nozzle Exit .
'..‘wa tééﬁni@ﬁesiﬁér;Tuéed téidééermine'the free strean gas veiééif?g
a spark tracer method, in which a short duration spark was injected into the
"flow and its path followed with the image converter camera, and a
magnetohydrodynamic method, which measured the voltage generated when the
ionised and conducting test gas passed through a megnetic field (:ef. 128).

The M.H.D. technique was particularly suited for time resolubion of the flow,
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Figure 64 shows typica; oscilloscope traces of the output from the
magnetohydrodynanic velocity measurement experiment. The starting processes
‘show clearly up to 60 microsec, and a platean follows to 200 microsec, The
sudden drop in the trace after the platean was caused by contamination of the
flow by helium driver gas, which was relatively cold and non-conducting. Tests
with the spark tracer technique indicaﬁed that the drop was not due to a

f

reduction in the flow velocity.

Pitot Pressure a@;@g{}k&yﬂe Bxit

Figure 67 shows osoillosqopevtraces of fhe output of the pitot
pressure probe, which was positioned on the nozzle axis at the exit. Traces
for the same initial shock'tubebconditions éhow that, while the starting
processes varied with undetermined variables such as the initial vacuum in
the test secti&n and aump tank, the plateau pressure stayed constant. The
time-dependent features of the traces correéponded vith those found with the
magnetoﬁydrodynagic velocity probe. ‘ThecélQulated results predicted a
higher pitot pressure froﬁ the reflected;shock-processed gas thah from the
"equilibrium interface" gas for shots with lower incident shock velocities
than that required for tailored interface operation,

Figure 69 shows an oscilloscope trace with the probe close to the
nozzle wall, During the starting processes, the Reynolds number was high;
wﬁiéh mede the boundary layer thiﬁ and tHe ﬁeasuied pitot pressure nearer to
the free stream value, The same effect occurred when helium contaminatedl
thé flow, but in the plateaun regioﬂ5étﬁéﬁ§f%as a:cogsiderable'drop:inlﬁheiu “
'pifot pressure due to the probe being in the boundary layer.

Shock Viave Shapes on Simple iModels

Some simple models (a wedge, a cone and a hemisphere) were élaced
in the flow (see chapter 4 for details) and the shanes of the shock waves
formed on them were examined using the Image Converter Camera on the
framing mode, a single pass Schlieren system, and a Mach-Zehnder interferometer,

(See Appendix B),
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Figure 58 shows a typical framing photograph of the luminosity of
the gas flow over a 35°half angle wedge. Such photographs showed variations
in the luminosity from the shock heated gas with time, which were similar

to those of the free stream luminosity,

The value of the shock to wedge angle increased in an erratic fashion
during the first 80 microsec following shock reflecfion, while the starting

processes established the nozzle flow., Then followed over 100 microsec duiing

Rl

which the shock angle was constant. Contamination of the flow after 300
nicrosec was obse;ved as an increase in the shock %o Qedge angle, which was
caused by an increase in the ratio of specific heats of ﬁhe test gas. At the
conditions of this study, an increase of 15% by mass of helium oausedb an
increase in the shock angle of 1°, |

The increase in the shock wave angle on a wedge caused by an
increase in the ratio of specific heats of the test gas was also used as a
mothod of driver gas detection in T.1. Schlieren photographs were taken as
described in Appendix B, with the results shom in figure 34,

Useful Test Time Results

‘Figures 32 and 33 show the times of occurrence of important features
in the flow with 0,125 and 0,0625 in nozzle throét diameters resPectively‘in
‘ the To 5 half angle nozzle on T.2. ’ _ ‘ )
Consider the tlme to the start of the pla.ﬁeau° The magnéfohydroéyﬁomic

probe was sensitive to velocity. Its output had large variations during the

I3

7o nogzle startlng orocesses, but was nearly constant during the contact surface

interactions, Hence, its results gave the duration of the nozzle startlng
processes, The pitot probe output had large variations during both the nozzle
starting processes and the contact surface interactions and so measured the
duretion of the latter. Both phenomena were visible on the luminosity
photographs and the times agreed with those from the two probes;  The similarity

between figures 32 and 33 shows that the duration of the contact surface
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interactions was almost unaffected by the nozzle throat diameter, This is
to be expected because the throat diameter was very much smaller than the
» shock éube diameter, so that the nozzle orifice had very little effect on
the reflection of waves from the shock tube end wall, The nozzle starting
processes lasted longer with the smaller diameter throat.~ This is to be
expected if the function of the starting processes is considered tq.be
"sweeping" residual gas from the nozzle. To move a fixéd mass of stationary
gas from fhe nozzle requires a related quanﬁity of momentum from the gas
flowing into the nozzle. As the flow of momentum‘is less from the small
nozzle throat, it takes longer to supply the required momentum and to
establish a steady flow,

With the magnetohydrodynamicvprobe output, the éndvof the plateaun
could be takeh as either the startvof fall-off or as the‘zero vol%age point
(see fig. 64). The former was caused by a decrease in the velocity and
con&ucfivity of the gas as heliuwm contamination started, and the 1axter.
occurred when the conductivify had fallen to zero. These two times sebt limits
on the mixing process causing oontamihation. The oscilloscope trace with the
large nozzle throat shows fluctgations after the zero-voltage point, which
. were caused by-pockets of ionization in the gas. The fluctuations and
decrease in voltage to;zerolwere much less apparent with the smailer noﬁzlg“
throat, The fall-off in pitot pressure was also‘due to contaminagtion by
helium. (When helium contamination starts, there is no corresponding L
1  fédu§tioh>iﬁ fhe:ﬁoézie.iééé;ébif preésﬁfé‘because a conditién»for a Sfééd§”’
| contact surface is that the pressure is constant., The helium is much colder
than the test gas (3500°K, typically) so that, while its density may be very
similar to that of the test gas, its enthalpy is very much lower, Hence,
the velocity at the nozzle exdt, and therefore the pitot pressure, are lower
forvthe heliuﬁ driver gas.) It was less sensitive than the nagnetohydrodynanic

* probe and did not fluctuate after contamination started. Pitot pressure

measurements in the nozzle boundary layer were more sensitive to helium
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contamination than measurements mede on the nozzle axis. Helium caused the
boundary layer thickness to decréaSe and the probe measured more of the free
stream-value, Thus, when contamination started, the probe output increased
until the contamination level was sufficient to decrease the free stream

- value,

Comparison of the results in figures 32 and 33 shows that the
contamihation started earlier when thé larger nozzle throat diameter was
gsed° This implies that there existed a "slug" of unc&Ztaminated test gas,
which exhausted at a rate determined by the thréat size, rather than a
contamination-causing event which occurred at a fixed time, That is,
following the pure test gas was a region of mixed test and driver gases,
which was caﬁsed by large scale processes rather than by diffusion of atomic
particules (heﬁce, the pockets described above), The degree of small scale
mixing increased with time as shown in the magnetohydrodynamic traces with
the two' throat sizes. The time before contamination occurred with the small
nozzle throat was much less than four times as long as with the large throat,
although the ratio of their areas was four, showing that the mixed region |
diffused into the‘pure gas slug,
3c4.4 Results

Figures 22 and 23 show the results of pitot pressure surveys in T.1.
'The& indicate the.validity of the.bbuhdéx& iayef‘mode1 outliﬁed in section
3.4.2, Figure 24 shows pitot pressure measured on the axis, at the exit
of nozzle on T.3. Accurate results er’Q,gswere obtained by Stalkerr»r‘iﬂ'

(refs, 120, 135).
Figures 25 to 27 show measured and calculated values of the free

*

stream gas velocity. (The diagnostic wedge technique is discussed in section
4.2). |

Standard deviations'were calculated for the large number of
~ determinations of pitot pressuré and velécity made in this study. It was

found that the pitot pressure could be measured to an accuracy of 15% and
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the velocity to 10%. Assuming that the flow was hypersonic (see section 3.4),

the density could then be calculated to an éccuracy of 35%°

Also the diagnostic wedge technique (see section 402)/vgave

concentfations of the major chemical éonstituen’cs of the free stream in
air and nitrogen to an accuracy of 15% (weighted calculations were made
according to the concentrations) and the ratio of s;recificr heats to an
a,ccuragy of 10%, |
| In all of these cases , the expermental resulp:ts agreed with the

calculated results m.thln the experimental errors.,

3+4,5 Flows in Carbon Dioxide and Nitrogen Mixtures

The atmospheres of Mars and Venus are thought to contain significant
quahtities of carbon dioxide and nitrogeno ngeral theoretical evaluations

of the a,erodynémic parameters for high speed entry into sﬁch atmospheres

have been made (refs. 13 to 15, 31, 32, 80, '81), but few experimental results
.are available because few simulation facilities are capable of producing clezn }
test gas at the high enthalpy levels reqﬁired, One paper (ref. 81) reports
stagnation point heat transfer measurements on a hemisphere and truncated
cylinders in a mixture of 90% co,,, 10% N, in a free piston shock tube;‘ the shock

wave moved into a 0.25mm Hg of the gas at speeds up to 9 km/sec and the shock
- heated gas flowed directly over the model. Chemical equilibrium was assumed

for the gas, which is reasonable for the condltlons studied, but does not

apply over the full planetary entxry corridor., The purpose of the work described
‘in this section was to investigate Znor.ie:qq;iglfihrium'effects'in mixtures of ca:coon o
disxide and nitrogen, particulérly ih noézlé and mociel flows, |

Attempts were made to calculate nozzle fiow properties assuming

chemical nonequilibrium with reaction rates obtained from review pa.pei‘s as
described in chapter 2, Theintegration tecl'mique‘used wvas edequate for air

and nitrogen, but was found unsuitable for the wide variation in the eigen-

~values of the solution metrix for gas mixtures containing more than 50% of

carbon dioxide, This problem has been noted elsevhere and the suggestion
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made that the implicit modified Runge-Kutta technique (ref. 45) be replaced
by an explicit scheme (ref. 49). Results of such a modification using
nitrogen test gas have been published (ref, 50). Preliminary results. using
the explicit scheme with single precision on an IBi 360/50 computef indicated
that the wide spread of reaction rates in the carbon dioxide system allowed
~the numerical errors to swamp the eigen-#alues (ref. 51).' Also, reactions
in carbon dioxide are not well understood, as explalned in sectlon 2.1.2,

Figure 20 shows species concentratlons in typical nozzle expansions
of 50% Nitrogen, 50% Carbon Dioxide,

Figure 28 shows measured values of the free stream velocity (see
Appendix B) at the exit of a conical nozzle (0.125 in throat diameter, 7.5°
half angle) on T.2. Also shown on the‘graph are values calculated assuming
that all the stagnation enthalpy is converted to gas velocity and valuee
for nltrogen calculated assuming nonequilibrium. The agreement between the
experlmental and nonequlllbrlum results u1th nitrogen is w1th1n the
. experimental errors,

‘The differences between the experimental points and the cufves of
theoretical maximum velocity are indicative of the energy fequired‘to fom
) species in the high temperature nozzle reservoir, and which was»not recovered
by recombination in the nozzle‘expansion. The fraction of the etagnatien.
enthalpy which had been frozen is similar in the pure gases and in the mixture,

suggesting that, vhile there may have been an extremely fast reactlon in carbon

&77:d10x1de which affected the "stlffness" of the numerical solution, 1t had

little effect on the release of energyo Calculations with mixtures containing

up to 50% of carbon dioxide indicated that the fast reaction was:

O+ 0 =—= co

2
(actually:CO + 0 — co2

* ,‘ '
Co,” + M —= CO, + M, vherel = X, 002)
. This is apparent in the curves in figure 20. (The concentration of carbon

dioxide is increasing repidly when all other species concentrations are

‘decreasing or constant.)
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The nozzle flow program (ref, 44) was not designed to include recombinations
to different energy levels within a species and the reaction :ate was taken tc
be an_average value, as described in section 2.1.2.

It was noted that this recombinaxion was limited by the rate at
which CO was formed from C and O.

Figure 40 shows angles formgd,dh vedges of 25 and 350 placed at
the nozzle exit, Also 'shown are values calculated for;nitrogen assuming that
the gas did not react behind the shock waQe; Figure 41 shows experimental
angles on a 350 wedge using a nozzle throat of 0,0625 in:diameter, as weil
as 0,125 in as used for the rest of these experiments. (ﬂodel flows are
discussed in chapfer 4.)

Four factors affect the shock angle: the free stream Mach number,
the free stream ratio of specific heats, the boundary layef on the wedge
surface and reactionstaking place béhind'the shock wgve on the wedge.

it is shown in chapter 4 that nitrogen does not react behind the
oblique shock wave at the conditions of figure 40. The difference betweén
the calculated and experimental points for nitrogen shown in figure 40 was
due to the wedge boundary layer, which decreased in thickness with increasing

initial shock tubeipressure and increased with decreasing nozzle throat size.
As the Mach number was almost constant (6.0 with the 0.125 in throat, 8,0.
with the 0,0625 in throst), the decrease in the shock angie for an increase
in initial shock tube pressure was caused, in the main, by a decrease in the
:'?étio of sﬁédific'héaxs;77':?wThe,de¢reéée in the free streanm was re1é£ed:“
to the decrease in nozzie ieservoir dissociation through the nozzle expansion.

Carbon dioxide can be expected to behave like nitrogen in that the”???éi,
of specific heats and boundary layer thickness decréase.with increasing shock

tube pressure, Calculations with 5055 N2, 50%4 CO,. showed that the llach nﬁmber

2
remained almost constant (approximstely 5.0 with the 0,125 in throat, 6.0 witk

 the 0.,0625 in throat). Chemical nonequilibrium was expected to cause a

decrease in t@e shock angle as C02, some of which was formedbby recombinagtion
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during the nozzle expanéion, refdissociation behind the shock waves. Other
reactions were found to be too slow to react significantly. (See sections
4.1 andd 5.2)

Consider figure 40. Reactions ‘Were more probsble in the hotfer,
blgher density gas benlnd the shock wave on the large angle wedge. With the
25 wedve, the shock angles for carbon dioxide were greater than,vand followed
the trend of, the nitrogen results up to 4 in Hg initial shock tube pressureQ
At hlgher initial pressures, the shock angle; for carbon dioxide were
éignificantly less than for nitrogen, With the 35 wedge, the decrease in
shock angle for carbon dioxide occurred at a lower 1n1t1;l shock tube pressure¢

For an increase in the 1n1tlal shock tube bressure, the temperature
behind the obllque shock wave decreases end the density increases, It was
found that, at the conditions of this study, the increszse in reaction rates
caused by the increase in density was greater than fhe decrease caused by
the decééase in temperature (see chapter 1) That is, the rate of reaction
was found to increase with increasing initial shock tube pressure., (See
also section 502)

Consider figure 41, The small nozzle throat led to higher free
stream Mach numbers and smaller shock angleso For carbon dlox1de, the
freactlons with the-large throat were sufflclent to decrease the angle velow

that with the small throat, The angles with carbon dioxide with the snall
throat showed no decrease, which may have been because the gas d1d not
lreact behind the shock wave au the loaer dens1ty levels, |

Flvure 44 shows the snock vave stand-off distance on a hemis sphere-
cylindéro The curve for carbon dioxide decreases with increasing vnltlal
shock tube bressure until 4 in Hz, For pressures greater than this, it
remains almost oons%antu 4s the temperature and density behind the detaché&
bow Shock on this modelrﬁere greater than on a wedge, it is thought thet thls
phenomenon was due to equilibrium of one or more reactions being reached at

initial shock tube Dressures -greater than 4 in Hg,
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In celeulations with mixtures condaining up to 50% of carbon dioxide,
it was notioe‘d that interactions between elenents were limited to reactions
‘oet‘,‘ree;l nitrogen and oxygén or carbon and oxygen. The carbon-oxygen reactions
were independent of the nitrogen-oxygen reactions as relatively little oxyzen !
was lost to nitric oxide and there was always a large concentration of atomic |
oxygen. The concentration of CN was low at all times and reactibns involving -
CN madek a negligible contribution to the flow kinetics, The CN molecule was
included as it is believed to radiate very strongly and so to be detectable,
even though its concentration was low., Thus, flows in carbon dioxide-nitrogen
mixtures were of limited interest in a study of chemical kinetics as they
could be related to flows in niti*ogen-oxyg-eﬁ and earbon-oxygen mixtures, which

are easier to investigate,

3.4.6 Fﬂ.ows in Argon

. As a first approx:.maulon and to find limiting values, it was
assumed that radiation losses in argon could be neglected (see section 3.3.1).
Nozzle reservoir conditions were calculated using the method described in
seotiion 2.2 and nozzle e@msions were béalcula,ted with the assumption that
the gas was in thermod,ynamic equilibrium. A& typical plot of species
concentratlons in a nozzle is given in figure 21.,

Flows in a.rp-on differ from flows in- the other atmosPherlc gases

(oxygen, nitrogen and carbon dioxide) in two aspects. Firstly , being

monatomic, argon 1oses no energy to dissmlat:.on and is venerally much

-hotter (flgure 13) and has thhF‘I.‘ levels of 1on1"at:1.on than the o‘ther ga,ses:,;_“,,
_For example, in the nozzle reservoir, the calculalions indicate that a
significant quantiy of energy is absorbed by secornd ioniza.fion of the argon
atom (figure 17). Secondly, the very rapid recombination reactions
(approximated here by the assumption of equilibrim) maintain the high
texﬁperatures a_nd ionization levels in the nozzle expansion by releasing

- the formation energy of the ions. This process is limited by the number

of ions in the reservoir; and when recombination is complete, the temperature

drops rapidly as the expansion continues with the argon behaving as a
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mongtomic perfect gas.

Experimental tests witﬁ argon test gas indicated that his
simple” description is inadequate.

The magnetohydrodynamic velocity measurement technigue output
(figure 64) gave a positive (or negative, depending on the magnetic field
direction) voltage during the first 70 microsec after shock reflection

only, énd then dropped to zero in a manner exactly similar to that of air

o

after the onset of helium driver gas contamination. The first 80 microsec ,
is shown in section 3.4.3 to be approximately the duration of the contact
surface interactions. In this case, the 70 microsec may be considered as
the time for the reflected shock to reach the contact surface and for an
expansion wa&e to return to the end wall,

The épark tracer technique showed high velocities to 250 microsec,
which indicated that the decrease in the magnetohydrodynemic probe output

was not due to a decrease in velocity, but to a decrease in the conduotivify
of the.gaso | _ »,

-The pitot pfobe gave results similar to the MHD probe, except
that the duration of the period before the decrease was shorter (50
microsec, typically). Also the 6utput ihcreased after 150 microsec and
then decreased slawly. The level after 150 microsec was comparable to that
of ?ure driver gas flow, - | | v

Schlieren photography of the shock wave on a two-dimensional
‘
wedge of 35° half angle (see sections 4,1.1 and 4:2 for techniques ) gave
shbck-to-wedge angles which varied iﬁ anﬁépﬁarently random fashion during
~the firét 200 microsec.

‘ Radiaﬁion losses as described in section 3.3.1 are not sufficient

to QXplaiﬁ these phenomena. A possible explanation is that the contact
surface is unstable, particularly when interacting with the reflected shock

wave., A model for contact surface instability of the Rayleigh type is given

in reference 98, and flows in argon in the shock tunnels at the conditi.ons
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in this study fitted the conditions required for the instability to Be
present,

- The effect of the instability is ‘that the contact surface becomes
a zone of mixed pockets of heliwm and argon, which become mixed into all the
test gas following the passage of the reflected shock wave through the zone,
To detect such non-uniformity requires instruments with very short response
.i.times, such as the magnetohydfodynamic and pitot pressure probes.r Previoﬁs
experiments using the stagnation pressure transducer, éfstagnation poiﬁt
heat transfer model and a pitot pressure'probe (ref. 120) involved‘response
times sufficient only to record average values for the gas; which were
reasonably close to values expected from pure gas. With the pitot probe,
low values due to helium contamination could be accounted for by ignoring

the nozzle boundary layer correction.
The magnetohydrodynamic velocity probe oubput for argon, measured

between ‘60 and 80 microsec after shock reflection, was compared with similér
results for air measufed on the plateau (159 microsec) (see figure 64).
Calculations predicted velocities for argon between 10 and 20% greater than
for air, The results showed velociﬁies in argon approximately qual to
those in air., This indicated a significant energy loss, which may have

" been due to radiat?én, as explained in section 3.3.1. At the conditions

of this study, a reduction of 10% in the test section velocity in argon "

is equivalent to a reduction of 12% in the nozzle reservqir,temperature,

.which is not incompatible with radiation losses, !
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4o STMPLE MODEL FLOWS

In chapter 3, various techniques designed to calibrate the flow
emergihg from the nozzle are described. As a final calibration, flows
over simple models, for which the free stream conditions mgy be related
to the experimental results, were examined._

The simplest model would appear at first sight to be a two-
dinensional wedge of sufficiently‘sméll angle for the éhock wave it forms
in the flow to be attached to the body nose.- For such a flow, if the gas
is non-reacting or in chemical equilibrium, the shock wave is straight,
conditions behind the shock are spatially uniform and the conservation
equations may be made quasi-one-dimensional. Two effects destroy this
simplicity. Firstly, the gas forms a #iscous boundary layer on the wedge -
surface of a thickness approximately proportional to the sQuare root of.
distanc? from the body nose. This éppears to the free stream gas as a
curved'surface and curvature of the shock wave may result. Secondly, the
nozzle flow is axisymmetric and the wedge is two-dimensional. The effects
of nozzle flow divergence have been shom elsewhere (ref, 70) to include
curvature of the shock wave both parallel and transverse to the flow,
(However, reference 70 showed that curvature of the shock wave transverse
to the flow was a.second order‘effect., It was calcuiated to be negligible;
at conditions typical of this study, Whiéh implied that Schlieren ?hotography
would give an accurate picture of the location of the shock wave.) ,

I The SéC6nd'ofvfheSé:prdblemé.ééﬁ be avoided'by using a cohicél}n i
>mode1° A cone at zero angle of attack has a coniecal shock wave if its
angle is less than the detaclment angle, if the gaé is non-reacting or in
equilibrium and if the viscous boundary layer thickness is negligible,
At the conditions in this study, the last of these conditionsdid not hold,
| A model on which the boundary layer displacement fhickﬁess is

- negligible at the conditions of this study is a blunt body, which has the

shock wave standing off from the body nose and a gas velocity of zero at
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the stagnation point. The separated shock wave gives rise to a region
of subsonic flow about the body nose ahd supersonic flow elsewhere., Such
flows éﬁe difficult to calculate and consequently free stream conditions
~are hard to derive from experimental results., A sphere is the simplest
axisymmetric blunt body, but because flow upstream of the sonic line
(the lacus of transition from subsonic to supersonic flow) is unaffected
by flow downstream, a hemisPhere - c&linder model was uged for the tests
reported here, | -
In all of these model flows, the effects of vibrational and
chemical nonequilibrium must be established, The latter will be dealt
with in subsequent sections, The former posgd problems similar to those
encountered.in.the nozzle flow (see section 3.4.1). Particularly, the
rprograms used for calculating flow over wedges, cones and hemispheres
(see section 2.2) did not sllow estimates of vibrational relaxation.
'(See se;tion 2.2,1 for a sumﬁary of the techniques uéed for specifying

t‘he thermodynamic properties of the test ges.) Estimates of relaxation
rates for N, and 0, vibration (referencés 148 and 149) indicated that,

for conditions typical of this study, there was considerable vibrational
. nonequilibrium and that, in none of the model flows described in the

4 subsequent sections of this chapter, could either equilibrium or frozen
vibration be assumed as an accurate approximationo Howevef, the very high
stagnatlon enthalpy produoed in the free plston shock uunnels greatly ,
decreased the pos51ble effects of v1brat10nal nonequilibrium on the flow :
proPertles. For example, across the oblique shock wave formed on a 35
'wedgebat typical conditions in T.2, the increase in enthalpy, assuming

the gas to be non-reactive, was 1 x 10 erg/gm. At these conditions, the
enthalpy in vibration was estimated to be less than 1 x 1O1O,erg/gm.
Hence, the effects of vibratioﬁal nonequilibrium on the model flows was

" neglected,
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4.1 Vedge Flow
As described above and in section 2,2, if the effecfs of chemical
nonequilibrium, viscosity and free sitream divergence can be neglected, flow

over a wedge may be characterised entirely by the angle of the shock wave

formed on it by the flow,

>

Experimental determinations of the shock angle formed on wedges
of angles between 15 and 50o were made using Schlieren;énd Hach Zehnder
interferometry, Figures 71 and T2 show typi;aliexamples of these techniques
in T.2, Within the accuracy of measureient from such phétographs (approximaxely
5%), the shock waves on wedges of 35° half angle or less were straight for all
cases in T.1 and T.2. Figure T1 also shovs a Schlieren photograph of the
shock wave on a 450 half angle wedge. The curvature of the shock>suggests
that‘it was near the point of detachment. (Because the free stream was
axisymmetrically- divergent, there was not g sharp transition.from an attacﬁed |
to a détached shock wave as the wedge angle was increased, Instead, there |
existed a range of angles within which the shock wave curved like a detached
wave, but remained attached to the body nose.) This is in agreement with
perfect gas equations (ref. 74), which predict a detachment angle of 43?
' at these conditioné, To ensure attachment, angles less than 350 were used
for this study. |

Figures 35 to 37 show the agreement between experimental shock
angles and those calculated assuming no reaction behind the wedge shock. |

‘,2‘»,The method of streamline relaxa£ion was used to invéstigaté‘#hé.

effects of chemical nonequilibrium on the wedge flow. Highest density and
temper@ture behind the wedge shock were obtained with the 0.125 in throat with
the 7.5o half angle nozzle on T.2., At these conditions, réactions behind the
We&ge.shook were most nrobable., Reaction lengths.were found to be of the
order of 100 cm in air and 1000 cm in nitrogen at these conditions on a
. 35° wedge. As these lengths were very much greater than the model length

of 1 cn, non-;eactive flow over the wedges Was a reasonable assumption
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*
(see scotion 5.2 for a further discussion of reactions behind a wedge

shock),

. Using the flow properties calculated behind the obligue shock
_(ref. 39), the effects of the wedge boundary layer were estimated using
“simple theory (ref. 93) with Sutherland's‘law for the viscosity of the gas.
- At a distance of 1 cm from the model nose, the boundary layer displacement
thickness was typically 0.01 cm for a 350 wedge with the 0,125 in throat
in the 7°5° half angle nozzle on T.2.

The slope of the oblique shock wave on a wedge may be defined as

a function of the effective slope of the wedge, which may be obtained from

__the profilé.ofAfheAbounda:y‘layer displapement thickness on the wedge surface,
Because flow behind an oblique shock wave is supersonic, the shock wave-
shape at any point is influenced only by that part of the flow which is

- upstream of a Mach line from the wedge surfa;e through the point, That is,

' fhe effective wedge slope is approximétely equal to an average slope of the
bbundaxy layer displacement thickness up to the origin of the lach line
described gbove, A less subtle approxiﬁaxion to the effective wedge slope
is the slope of a straight line through the wedge tip and the boundary

. layer displacement thickness at the required distance up the wedge. At the
‘conditions of this'étudy, it was found that these spproximations gave ‘
appfoximately the same value for the effective wedge slope,

Then, assuming that the boundary layer displacement thickness
céuid be considered simply as causiﬁgiéyéﬁéll increase ih the wedge angle
(of between 0,5 and 20), the calculated cuxves in figures 35 to 37 were

'coriectedo The resulting curves show improved agreement with the
experimental values. |
| A second effect of viscosity occurred at the nose of the body
ﬁhere the shock layer and bounﬁary layexr were of comparable thickness. The
“interaction of shock waves and boundary layers has been studied by many

workers (e.g.'refs. 94, 99, 104, 109 and 114). Interactions on a body nose
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are generally characterised by the viscous interaction paremeter X, , where:

‘ % = M?’/\E
’)z can be considered as a measure of the size of the strong interaction region
- compared with the body length., At conditions typical of this study (¥ in
 throat ’ 7.50 half angle nozzle), the Reynolds number behind the shock
wave on a 3,5o wedge was approximately 1 x 1O4/cm. For a leading edgeﬁ
thickness of 0,001 cm (the wedge was manufactured by gﬁriding tool steel),
this géve a leading edge Reynolds number of 10, The value of')-/: 1 ém up
the wedge was approximately 1.8, The resulis of reference 114 indicate
that, at these conditions, the interaction is weak. The results of reference |

109 confim fhat, for this value of;I—c-' = 0,09, the interaction is not strong.
The effect of the conical nozzle flow divergence on the two- A
_ dimensional wedge shock wave was estimated using the théory of reference
70. At‘conditions typical of this study, the distance of the shock wave from‘
.1';he wedge wa,é decreased by less than 5% at the rear of the wedge face.
| Severgl determinations of pitot pressure behind the oblique shock '
wave on a wedge were made using the probe described in appendix B. A typical
;'esult is shown in figure 68. Agreement between the e@eMmtd values and
* values calculated assuming no reactions and no nozzle flow divergence was |
within the errors in reading from the cscilloséope traces. The probe was
damaged before a full study could be made of the effects of varying wedge angles
and free stream conditions., L eidl , - 2
4,2 Cone Flow
Flows over cones at zero angle of attack were examined in much 1';he
sgne vfey as were the two-dimensional wedges. Figure 71 shows a Schlieren
photograph of flow over a cone and figure 42 compares calculated and

experimental shock angles., The effects of the boundary layer are apparent

al though the thickness was less than on the wedges. Both the shock leiyer

and boundary layer are thinner on a cone than on a wedge because the cross
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sectional area of the cone stream tubes increases with increasing distance
from the body nose. For the same reason, a cone has a larger shock wave
detachmént angle than a wedge at the same free streszm conditions,

Flow over g cone at an éngle df attack to the free stream has
been studied by many workers (e.g. ref.‘63) because of its application to
real flight of sharp-nosed bodies and because it is a relatively simple
model on which to study the generation of vorticies by bodies at yaw.
Figure 71 shows-a Schlieren photograph of a 360 half angle cone at 10° yaw. -
Measurements showed that the sﬁock wave followed the cone rather than the
free stream at these conditions (that is, the angle the shock wave made
with the upper and lower parts of the cone remained almost constant).

Thié agrees with the predictions df the perturbed cone flow computer
programol As the gas was not reacting on the cone, it was thought that
increasi?g the angle of attack out of the raﬁge of ascuracy of the
>pérturbétion calculation would achieve 1ittle to advance this study and
no further work was done with cones.

4.3 Hemisphere-Cylinder Flow

Flows over simple blunt bodies have been studied by many workers
_because of their direét applicability to shapes used in flight (e.g. refs.
79, 82, 144). The property mostAcomenly:used to characterise such flows
is the shock stand-off distance; - that is,itﬁe distance between the shock
k,v and the body along a line nomrmal to the quy and passing’through the
'ééégﬁation point., (This definitibn{iéiéﬁéaaéte énd4unambiguéus for the
axisymetric blunt bodies at zero incidence used in this study.)

« . Shock wave shapes on a hemisPhére;cylinder were determined using
Schlieren and Mach Zehnder interferometry., Figure 72 shows a typical
interférometer photograph. The shock stand-off distance was measured as
a fiaction of the body radius directly frém the photogiaphs with an exrror

- of less than 5%. Figure 43 shows shock sténd-off distances in T.2, The

agreement is excellent and is a‘good indication. of the accuracy of the
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complex, numerical calculations used to obtain the theoretical points,

In particular, it is an indication either that the assumption of vibrational .
equilibrium in the calculationé was §alid or that the effects of vibrational
~ nonequilibrium on the shock shape (see also section 5.1 for the full shock

~ shape) were negligible (see sections 3.4.1 and 4e1)o

4.4 The Diagnostic VWedge

In the model flow calculations discussed in -the breceding sections-
of this chapter, the starting point has been the free stream conditions as
calculated and confirmed, where possible, by expériment. The results of
the calculations have been compared with experimentally determined shock
wave shapes and the agreement or ofherwise used to deduce the accuracy
of the assumed free stream conditions. During fhe de%elopmént of the wedge
fiow program (ref. 39) it wés noticed that deductions could be made in the
oppositg direction for this simple model,

| The equations for the conservation of mass, momentum and energy

across the oblique shock wave may be written:

P, = Py + Q1 (u sin &) (- %—;— | (1)
h, = h, + L (u1 sin e~)2 (1 - (%)2) | (2)
rme = Qme -9

If the gas does not react across the shock wave, it may be considered

perfeqt and: X | “ L

Substituting in (2), for h using (4) and p using (1), gives:

.gl=x_1 K1+ h, - h, 'X
Qz ¥ + 1 %—(u1sin 6)2

- t—a—n—i_e—-:—_ﬁl . from (3)

tan ©
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that is,

\ i tan © E1+ hy - hy 1
X— 1 tan Ze— 5) _'12 (u1Sin 9)2

X - sins £ ie(f.})yf) . S

(5)

‘(1 _ sin (29._25) Y/ (1 + %u% sin € sin g
sin © (hy - hg)cos(® - 2)

where 8

Assuming that the flow is hypersonic implies:

4. }(u,sin 8)2
and S = O

Then the shock angle on the wedge gives a direct measure of the ratio of

Spelelc heats of the test gas.

At conditions typical of this study ( / 16 in throat, 7 5 half angle

nozzle on T.2), the error introduced in \ghy assuming g = 0 was approximately

“Also \( . =T o - (6)
where cp and ¢, are assuned to be

constants for each species,

2
the conservation of elements with equation (6) allows solution for the -

For nitrogen, the species considered are K. and N and coupling

mass fract:.ons XN and XN Similarly for oxygen. For aii', the molecular -

species N2 and O2 are lumped together as are the atomic spec:Les N and O.

z

‘e The concentration of NO_;S considered sufficiently small for that species

to be disregarded. This haé béen shown to be reasanable at the very high
enthalpy levels obtained in the free piston shock tunnels in section 3.4.1.
It is ;nlikely to be accurate in lower enthalpy machines., Then, if it is
assumed that all 02 dissociates before any N is formed, conservaﬁion
equations may be set up and solved for XNZ, 002, X and X,. Thé'difference
_ between the dissociation energies of N, end O, 9.76 eV and 5.12 eV

respectively makes this assumption plausible., Air, containing only N, and

_ 2
0, has | = 1.465. /59
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Using the species concentrations derived above, the enthalpy

frozen into the flow equals the enthalpy required to form the species,
That is, hf = :Z_ Xi hfi
Then, if the stagnation enthalpy is known, the free stream velocity may be

evaluated from:

w = Sz (hg - hf)'

Consider the results for a 35° half angle wedge in T,1véhown in figure 35.
As disbuséed in section 3.4.3, a period of approximately 76 microsec afterA
shock reflection is required for the nozzle starting processeé to decay
and for steady flow to be established. After 100 to 300 microsec of unifomrm.
flow, during which the shock angle remains constant, driver gas (helium)
begins to contaminate the flow and, beiqg a monatomic gas, it increaseé
thebratio of specific heats of the gas and,.therefore, the shock angle,
For typical conditions in figure 35, a 15% increase by mass of helium increases
Athe shock wave angle by approximately 1°. Hence, the first use of this |
-technique is as a detector of contaﬁination by driver gas, 7

Figures 25, 26 and 27 show values of the free stream velocity
aerived using this technique from the shock angle shown in figures 35, 38
* and 39, Figures 29 to 31 show values of species concentrations., In éll
cases, the results agree with calculated results within bhe experimental
errors. TFigures 30 and 31 also show resulis obtained with a Quadrupole
Mass Spectrometer (ref, 138). The voltage outputs from the Spectrcmetei,{:
;ﬁere related to 3p§cies‘condeﬁtratioﬁé‘tﬁféﬁgh ionizatioﬂ crosgs-sections
obtained from reference 36, (These differ from the cross-sections used in
reference 138, especially since no experimental values were quoted there for
atomic species.) The agreement with the éalculated results is within the

experimental errors,
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There are a number of limitatiéns to the diagnostic wedge technique.
The flow enthalpy and density must be within certain limits so that the :
éssumptions of no reactions in the flow and the presence of certain species

only are valid. The flow enthalpy must be very high so that there is a

large variation in the fraction of molecules dissociated and a corresponding §
large variation in.x'° if this is not so, then the accuracy with which the {
shock éngle must be measured becomes excessive. Also,aﬁhe boundary leyer

thickness must either be measurable or readily estimated, and the flow

must be hypersonic. The low hypersonic Mach number with the % in throat,
7050 half angle nozzle on T.2 prevented the use of the technique with that
nozzle, |

A1l these limitations may be removed by suitable correction
factoré in the equations above, Hoﬁever, the assessment of the correctioh
factors requires prior knowledge of the flow properties, and this causes
the tedgnique to degenerate from an independent determination tobone which
depends on, for example, the nozzle flow calculations to verify the nozzle
flow calculations,

In its present form, it provides é nmeans (albeit rather rudimentary)
. of completing the célibration of the free stream properties (see section 3.4.4);
pa:ticulaxly until such devices as ﬂherMass Spectrnmeyer of reference 138‘: ;L:l  f

are fﬁlly developed.
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5. " MODEL FLOUS WITH CHEIICAL NONZIULLIBRIUM

The close agreement between experiment and perfect gas calculations
reported in chapter 4, the results of the diagnostic wedge technique (section
4.4), and estimates of relaxation lengths using nonequilibrium model flow
programs, all show that only non-reacting gas flows were produced for
flight similation in the shock tunnéls T.f and T.2., If this is the case for all
thetwnels, then fhe free piston technique loses a lot of its appeal and o
becomes & simple extension of éxisting techniquss. Be;éuse of the considerable
‘importance of nonequilibrium mo@el flows{.the following technique was evolved
from the diagnostic wedge as a means of detecting the presence of chemical

reactions,

5.1 The Flared Hemisphere—Cyliﬁder

| Caiculations showed that flow over g bluﬁt,body in T.2 with tﬁe

% in throat, 7050 half angle nozzle was closest to exhibiting nonequilibfium
effects‘on the shock wéve shape. (This nozzle has the smallest area ratio
and the highest free stream density, and a Blunt body gives the strongest
possible shock wave.) It was proposed that sny change in the ratio of
specific heats of the gas caused by reactions in the stagnation region of
éuch a body (the temperature, density and, therefore, reaction rates are
greatest at the stagnation point) could be observed by the_change in fhe :
shbck angle on a %edgé.plabedrdownstream'in égelmédélﬂflow; ﬁopefully, the‘ﬁ' ﬂxl

gas would react in the stagnation region, freeze again as it flowed around the

P4

.- body through the sonic line and give perfect gas flow over a diagnostic wedgeifgﬁi

To breser#e the symmetry of the fldw,‘the wedge was, ih fact, a flare‘ﬁlased -
domstream of the nose of a hémisphere—cylinﬂero
" Perfect gas calculations were verfomed for the final model (several
models were tried.ih an effort to give maximum density gradienﬁs for the
Schlieren system while retaining the features above and remaining in the

core of the nozzle flow) using the inverse blunt body method followed by the

method of characteristics (see section 2.2), To calculate the effects of
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chemical reactions, a nonequilibrium bow-shock caleulation was made to a
line past the sonic¢ line, the average :a.tio of specific heats was taken
acToss the line, small changes were nade to the Mach number to compensate
for the changes in the ratio of specific heats required to give the constant
average value, and the calculgtion was continued with the pexrfect gas method
of cha_.racteristics progran., The ‘flare shock shape obtained by this method
could then be compared with experinent, | -
‘The compensating changes in Mach number across the output line
weré maﬁe 80 as to keep the ratio of static to totzl pressure constant,
That is, p/p_ = (1 + X—'z'—i 2y (= A constant
-For example, if the averagé value of  across the cutput line wﬁs 1.40, then
e point with ¥= 1,41 and M = 1.2 vould have Y changed o 1,40 and M changed
to 1.198. | |
: The calcoulated results could not'l.ne compared with experimental
results because boundary layer separation was induced by the ﬁressure rise
ccross the shock wave on the flare. A Schlieren photograph of such a flow
is shown in fipgure 52 and an interpretive diagram is showm in figure 53.
To eliminate the separation, a bleed was introduced at the base
~ of the flare which vented the boundary layer to the weke, = A drawing of the
- model is given in Tigure 54, With a 1/64 inch gap between the lip of the
ﬂaxe and the cylinder, it wasl féund that separation was completely removed,
Figure 55 shows a Schlieren photogra.ph wvith po:l.nts, calculated with
kthe assumption of no reactions behn.nd the model shock que, superimposed. :
The agreement is within 2%, which indicates that the effects of reactions
‘in the stagnation region are negligible.

These results are also reported in reference 145,

5,2 lodel Flows in T,3
Early in 1970, the Free Piston Shock Tunnel T.3 was at a stage
- where useful experiments could be done at reasonably high perfomarice

levels, Calculations showed that, with the high demsities available and
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a, factor of 8 increase in model dimensions, chemically reacting model flows
were possible, There was just sufficient overlap between the completion of
T.3 aﬁd of this project for some elementary tests to be made,

To this time, there appear to have been no results reported in the
literature at sufficiently high temperatures and densities for nitrogen to
>react_gs it passes over models, a phenomenon which occurs on missiles
re;entering the Barth's étmosphere after space voyages, (Compare figures 1A
and 3.-) .

| Properties selecﬁed for oomparisonwﬁith,tﬁe nonequilibrium theory
were shock wave shapes on a 5 cm diameter hemisphere and on a wedge consisting
of a flat plate inclined af 25°'fo the nozzle axis. Measurements of the shockv
wave shapes were made with a Mach Zehnder Interferometer and a single pass
Schlieren system (see Appendix B). The flow consisted of approximately 0.4
msec of nozzle starting processes followgd by 0.5 msec of steady flow before‘

’éontamination by helium driver gas. The photographs were taken between
'005 and 0.7 msec,

 Blunt Body Results

Figures 45 and 46 show the vafiation of species concentrations

calculated along the stagnation streamline on a blunt body for air and
 nitrogen respectively. A4n important feature is the shorter relaxation
length in air caused by the well-studied nitric oxide shuffle reactions,
For both of these results, 1t is apparent that the relaraulon length is
"comparable to the shock stand-off dlstance, Wnlch is the only condition for
the approximate method (ref. 60) is valid, At conditions near equilibrium or -
for non-reacting gas behaviour, the method showed narked disagreement. with
results from the full inverse methods (refs. 52,54). (For this reason and
beqause the free strean conditions differed (see section 3.4.1), these results
should not be related to wedge flows in T.1 or T.2.)

Figure 47 shows experimental and calculated stand-off distances

on a hemisphere in air. From the agreement between the experimental points
b4
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and the nonequilibrium calculatigns, it is apparent that the gas is reacting
as it passes over the model, but that it is not rapid enough to reach
equilibrium, |

Since the free stream lMach number is almost constant, thevvariation
of stand-off distance in figure 47 is due to the variation of free stream

dissociation (only for the perfect gas Qalculations) and the reaction .rates

" on the model,

R s

Wedoe Results

A first spproximation to relaxation behind the oblique shock wave
- on the wedge was calculated assuming a coﬁstant pressure along each stream-
tube, TFigure 48 shows the change in cross-segtional area of the stream-t@bes}
so calculated. |
The results and the theoretical shock angles in figure 50 show thét

the nitrogen test gas was recombining rather than dissociating as it paésed
over thé wédge, thus adding energy to the.flowo‘ This was caused by fhe
species "fréezing" in the nozzle at a higher temperature than was reached
behind the oblique shock wave. The function of the shock wave was thefefore
to increase the density sufficiently to allow reactions to proceed; Al though
' these results are in accord with exothermic nitrogen relaxation, the reaofion
length was too large for any effects to be detectablé in this study.‘ The‘:
exberimental results in figure 50 agree with this prediction as the trend |
of the experimental angles follows that of the frozen shock angle calculaﬁions
“[tclosely; The constant diffefénce'betweenlﬁhese two curves is prohably‘dﬁe :
to inaccuracies in the boundary layer estimates.

. The results in figure 48 show that air was reacting significéntly

in 10 cm. The magnitude of the change in stream-tube area showm in figure

45 is-a function of the difference between the frozen and equilibrium shock

wave angles and is considerably in error because of the assumption of constant

. pressure along the stream tubes. The point at which the rate of change of
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area ratio with distance begins to decreése (points of inflection in the
curves of fizure 48) is relatively independent of this assumption and is a
reasonable measure o relaxation length.

Using this criterion for the reaction length, only thé flow with
4 in Hg initial shock tube pressure should give an cbservable relaxation
effect (the difference between the frozen and equilibrium angles is too
small ét 8 in Hg) and this is confimmed by the experimental data in figure
9. | '

Figure 51 shows a Schlieren photograph of the shock wave at 4 in Hg.
initial shock tube pressure. There appears to be some curvature of the shock

as predicted elsewhere (refs. 64,65).

M ared-Hemisphere-Cylindex

The next step in this tunnel was to use the flafed—hemisphere—
cylinder in the method outlined in section 5.1, Calculations indicated that
a body';ith a nose radius of 1.0 in would give a reasonabie nonequilibriun
effect in the stagnation region and that the gas would freeze before it
reached the sonic line and remain frozen across the flare shock. The absence
of Schlieren quality windows for this tunnel prevented exgerimental'
verification of these calculations. (The wedge flow photographs described
above Werebtaken ﬁhrough discs of commercial plaie glass, _The.striations”::
in the glass were aligned perpendicular to fhe exbected line of fhe wedge

shock and the Schlieren slits (see appendix B) were aligned perpendicular

" to the striations. Thus the slits were approximately parallel to the wed'gé'_i

shock wave, which gave maximum sensitivity. iEven with these precautions,
striat?ons and perpendicular "rolling" marks were visible in the originals
of photographs such as the one shown in figure 51. The shock wave formed

on aﬂ axisymmetric body such as tﬁe flare gives a;very much smaller path
length for the Schlieren system than a two dimensional ﬁedge. Both in

_ Schlieren andlinterferometry the flare shock could be seen, but it was
sufficiently blurred and distorted by the windows to be useless for accurate

measurements, )
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Summary

The results described above for simple model flows in the shock
tunnel T.3, particulaxly the experimental results from the blunt body model,
indicate that chemical nonequilibrium is affecting the shock wave shapes.
This has been confirmed since the conclusion of this study by a series of

experiments which measured fringe shifts on a llach Zehnder interferometer

(ref. 150).

. >
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L d

CONCLUSIONS

The woxrk described.in this thesis contributes to current knowledge
in the-field of laboratory simulation of hypersonie flow in the following

ways: |

The existence of unifqrm test gas flow in g free piston shock
tuﬁnel_yith a stagnation enthalpy up to 6 x 1011 erg/gm and its suitability
for hypersonic‘testing have been demonstrated. Experiments with air and
nitroged test gases have been performed in tge very high enthalpy gas flow -
and good agreement with>resulfs of calculations using currently available
techniques and chemical data was found,

- The same techniqﬁes and’data héve been showmn to be inadequate for
a descfiption of carbon dioxide at theseAconditions.

Flows with argon as the test gas h$ve been shown to have short
test tiqés, compatible with the formatioﬁ 6£;a driver-test gas contact
'surfacé instebility.

A technique referred to as the "Diggnostic Yedge'" has been
develoPed,.which, for the conditions peculiar to this stﬁdy, derived the
ratio of specific heats, the atomic and molecular species concentrations,

. the frozen enthalpy and the velocity of the test gas from measurements of
- one property - the angle fommed by the oblique shock wave on a wedge.

| The existence of model flows with cehmical nonequilibrium has
been demonstrated and measurements of the shock wave shépes agréed“
”é@érbﬁimately with‘computed-#alﬁesgﬂ -

In more general terms, several observations may be made from this
" study.. Firstly, the free piston shock tunnel has been shown to be a qseful
extension to the range of devices for laboratory simulation of very high
speed flighto Secondly, fhe facility has been shown to produce clean gas
at}very high temperature and dénsity levels, suitable for studies of

- fundamental thermodynamic, kinetic and radiation properties, Thirdly, the
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»

comparison of experiment and theory (both here and elsewhere) has shown
that many of the problens Which plagued shock tunnel development a
decadéhago are now understood and, in most cases, have been overcone.
Finally, it is the author's opinion that, for many probiems in high
enthalpy gas flows, modern computer techhiques provide a powerful and

general method of solution which has yet to be exploited fuliy.

o
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APPENDIX B Expgrlmental Techniques

From an experimental p01nt of view, two prOpertles of the flow combined
to 1limit the techniques which could be used in the free piston shock tunnel: the :
short times during which measurements had to be made, and the high flow enthalpy.:
The latter had two main effects - it caused the gas to be highly luminous e'
(making Schlieren and interferometxy difficult) and it gave rise to considerable :

ioni?zation of the gas flow (making interpretation of electrical measuring

techniques such as piezoelectric pressure transducers, hot wire aenemometers, !

o

’ Langmulr probes and thin film resmstance heat transfer gauges, dlffloult) The
techniques used in this study are described below. They concentrated on resolv-

ing problems associated with chemical nonequilibrium rgther than aerodynamics,

‘a8 described in chapter 1.

Image Converter Photography of Gas Luminosity
A STL Model 1D Image Converter Camera was used to time resolve the
luminosity from the incident and reflected shock waves by "streaking” the light

from a 1/16 in slit cut parallel to the tube axis. Figure 56 shows typicel
photographs.

The camera was used with a 'Fast Sweep! Plug-In-Uhit, which gave sweep
times from 20 to 200 microsec. Calibration.withbreSpect to the time axis was

made by photographlng the output of a Tektronix ﬂype 181 Time-Mark Generator as

' l‘1t appeared on an oscllloscope screen,

.The same technique was used to observe the luminous gas emerging from
. the nozzle eiit.. A% in slit was taped to the test section window and the

camera aperture set to a minimum for spatlal resolution, A typical photograph

is shown in figure 57.

L]

A series 6f photographs of the 1uminosity from the shock ﬁave on a
model were taken using a high speed framing unit., This allowed three exposures
to be made at present times relative to a triggering pulse (usually from the
stagnation pressure transducer) and at preset exposures (usually 5 microsec).

Figure 58 shows a typical. result using a wedge model.
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" Spaxk Tracef.Velocity Measureﬁent

Free stream flow velocity is a particularly important parameter as
explained in chapter 1. There have been very few techniques which measure veloc- :
ity directly; that is, without making assumptions about other flow properties,
which may not be true in the high enthalpy, free piston, shock tunnels. 1Re:t‘erer.;:
ces 126 and 127 record measurements at veloc:.tles approximately half those found
in this study. The spark tracer and magnetohydrodynamic (described next)

techm.ques used in this study are also descrlbed in reference 128.

o

A short duration spark (apprexixw;ately 0.1 microsec half width) wes
injected into the test section flow, 0.25 in from the'nozzle exit, by two fine
tungsten wire electrodes appro:umately 1 énm apa;rt The 12nF condenser bank
supplying the power for the spark was charged to 15kV typically (20kV ma.x:.mum) _
and was triggerable through an auxiliary gap with a tickler electrode. It was
. noted'thaemost of the 'e,Va.ilable power went into this gap rather than into the

spark. ,
‘ The Image Converter Camera in the streak mode was aligned to look along
the spark and thus used to track the resultant point of luminosity as it was

swept downstream by the test flow, at what has been assumed to be the velocity

of the gas.

Figure 5§ shows a schematic diagram of the configuration and figuref{o
Shows examples-of the image converter photographs. It wae assumed th'at‘th'.e oy
si;ark exiaanded cylindricelly as it was swept downstream by the flow and that its
lumlnos:.ty decreased as 11: expanded. The bow shock on the thln elect r-odes was
| tho%ht to ha.ve a negllwlble effect on the flow.

Magnetohydrodynamic Veloéity ileasurement

L3

‘This techziique neasured the voltage generated ‘by a plasma moving
through a ma,grletic field. Figure 61 shows g scheme,tic diagram of the configur-
‘ation. The properties of the magnetic field used with the probes are shown in
figure 62 and a photograph of the gas flow over the electrodes is given in
figure g3. |
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. The assumptions and equations used in the analysis of the probe output -

are as follows:

(1) The gas velocity u, the magnetic field B, and the axis of the voltage
- probes are mutually at right angles. o
(ii) The inter-probe distance is sufficiently small compared with the nozzle

exit diameter that the nozzle boundary layer may be neglected.
(iii) The magnetic field is uniform over the width of the probe faces, bub .
need not be over the inter-probeidi'st"ailce‘. o |
(vi) The gas flow between the electrodes may be divided into discrete regions .
‘ of free stream, oblique shock wave and boundarj layer, and further, only
the velocify component parallel to the nozzle axis need be considered in
» each (see figure 53). The origin of this flow structure isA explained later.
(v)  Currents flowing in the plasma as a result of the generated voltage are
| sufficiently small as not to alter the properties of the flow signifi-
cantly; that is, j x B forces and Ohmic heating may be neglected. |
(vi) Current loops which ciose within the gas due to field inhomogeneities or .
other causes may be neglected. |
Then, for a chafged particle in the megnetic field

F=a(E+uxB) (in vector form)
But F = O from assumption (v), and thus, from assumption (i)
E = u¥ B (now in scalaxr form)
Then for a small element of gas between the probes, the voltage drop
is given by e it e e T T ’ ey
dvV = u(x) ‘*. d.x
which gives the total voltage drop across the inter-probe space as

B df u(x) * B(x) * ax
q | ,
m 2 % f u(x) * B(x) * dx from symmetry
a .

where 4 = half the inter-probe spacing
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If the méa.gnetic field can be represented by a power series in =
B(x) = > c. 3
i
1L =0

and the velocity in each region of assumption (v) is given by

ir(x)

i11 in the free stream o<&x<(d - s)

u, behind the shock wave (d - s) Lx Z(a -S) |

u(x) in the boundary layer (d -3) ¢ x<&d

where s = distance from shock to pi'obe face

=

S - boundary layer thickness
and if the boundary layer velocity profile may also be represented as a power
series in x,

m

u(x) = 3. a, 89

je=o 9
with the conditions u(x) = o at x = d
=W, st x=4d - s
then the tetal voltage can bé separated into three integrals over the three velocity

regions. Each integral is the integral of a sum of powers of x, which can be made a

sum of integrals of powers of x. These integra.ls are readily evaluated. The final-:

»result is
' \n + 1
v n c. (d - 8)
_— u, * Z 1
] 1 iTo Zn+15
' n ( n+ 1 n+1
d - s) - (a-8)
ot ¥ 2 g ¥ |
1l =0 ¢
m n '
: m+n + 1 m+n+ 1
2 2 gty & - (a-9)
i J o L= 0

(m+n+1)

Similarly, if the current is assumed to be carried by a cylinder whose
~ cross-sectional area is the same as that of the probe faces, then the plasma

resistance, Rplasma’ may be calculated in terms of the gas conductivity.
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Assunption (v) will be satisfied if R is much smaller than the

plasma
load resistance, Rload’ which includes the oscilloscope input impedance,

By using two values of the load resistance, the plasma resistance mzay

be deduced from . o,
. 1

v * Rload :
rﬁload'+ Rplasma) , *

Measured Voltage

It was found that the plasma resistance was much less than the 2
megohm input resistance of the oscilloscope used and that load resistances of |

- 10 K Ohms or less had to be used to reduce the signafbappreciably.

Then, if two values of the probe separation are used, the effects of

the oblique shock and the boundary layer should cancel out to a first approii—

mation, and the free stream velocity can be obtained directly.

. In some cases, the predicted test section conditions were used to

calculate the MHD voltage, which was then compared to the experimental value.
For this comparison, the oblique shock wa&e was calculated by assuming the'prcbe‘
faces were acting as flat plates inclined at the local flow divergence angle to
a parallel free stream. Agreement was obtained to within 15% with the angles
(neglecting shock curvature) obtained from photographs like that in figure 53;
AThe boundary layer velocity profile was assumed to be parabolic and its ealcu-

lated thickness was compared with the luminosity photographs (figure 63).

For typical conditions (2 in Hg of air in T.2 with the 7;50 half
angle nozzle with the & in diameter throat), comparison with the voltage

. expected for a uniform magnetic fleld and free stream flow only showed a 6% loss

=SS

due to the pressure of the obllque shock ‘and the boundary layer, and a further

loss of less than O. 5% due to the magnetlc field 1nhomogenfety (2<mm probe
8eparation.’

L

Output traces from the technique are shown in figure 64.

"Pitot Pressure Measurements

The object of this.device was not merely to measure pitot pressures iz.
the shock tube.g tunnel, but to make the probe as small as possible so that press-
ures could be measured behind wedge and blunt body shocks and, hopefully,in

boundary l;yers. Reference 123 describes the principle used for the probe ead

| ’ , /7
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reference 124fgives an independent record of the use of a MOS FEI. This probe

is also described in reference 125,

Consequently the cylindrical piezoelect‘ric element used was small
(0.7Smm in diasmeter and 1.0mm in length) and was built into a bar gange as shown
in figure 65. Initially the bars were to be of zinc as this material gave best.f
matching of acoustical impedance with the PZT-5A ceramic, but a prototype built ..

with copper bars performed so successfully that this was abandoned.

" To avoid the integrating and differentiating problems associated wWith
--_‘thé‘résistance-capacitance_time constant of thé piobe, the output of the crystal
was fed directly into a MOS Field Effect transistor which gave an effective
Aiﬁput resistance of 1012 Ohms and an output resistance of 10 K Ohms, which was

| suitable for direct diSpiay on én oscilloscope. The circuit is shown in figﬁre,
6?. Analysis of the transistof's characteristics showed that an appliéd'drain—
source voltage of -15 volts would have given a more linear response.

Traces of the free stream pitot pressure are given in figure 67.
Figure 623shows pitot pressure behind the oblique shock wave on g wedge and

figure 69 shows the probe in the nozzle boundary layer.

The sensitivity of the pitot probe was calculated usiﬁg the PZT-5A
characteristics suﬁplied by the manufacturers (Brush Cievite Co.y U.K.), tﬁe
probe dimensions.and the MOS FE transistor characteristics (Fairchild, U.S.A.).
KA Vaiue of 58 f;s;i./%olt was obtainéd; Estimates were made for the capacitancé
of the cryetal, the probe assembly and the connections to the MOSFET circuite.

' The final sensitivity was directly proportional to the crystal oapaciﬁance, and:
errors of 30% may have oécurred iﬁ thié.éstimate. Serious deterioration of the
MOSFET occurred before accurate calibration measurements could be made. The

[}

'damage was caused by overheating which resulted from the lack of convective

vcooling in the evacuated test section.

" Schlieren Photography

The Schlieren system.builé for this study was designed, after study ox
a prototype, to allow for either'single oxr double pass operation, as shown in

Figure 0. A general outline of Schlieren systems is given in reference 129.
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. The main mirrors used were purchased'from Optical Vorks Ltd. of the U.Kﬂ)
but have since been re-zluminised at the Mount Stromlo workshops of the A.N.U.
Astronomy Department. Their surfaces are accurate to 0.1 of a wavelength at the

mercury green line., The small beam-folding mirrors were constructed at Mount
Stromlo to a similar standard.

To time-resolve within the period of the flow, a variety of short duration
light sources were used. These included an Optical Viorks Argon Jet Source of 0'2,
microsec duration, a Hadland Microflash Unit of 20 microsec half width and an
exploding wire unit (400 microF‘condenser charged to»éka maximum and discharged
through 3 in of 30 gauge copper wire) of 20 to 100 microseé duration,depending én
the external inductance. Each was triggerablerto emit i%s flash at any desired
time relative to the start of»the stégnation pressure transducer output. |
| | In all cases, difficulty ﬁas experienced in getting sufficient light from
the source to swamp the natural luminosity present in most shock tube and tunnel
flows, To overcome this problem, a variety of.filters were introduced into the
systemn - ﬁratten Types 47 and 35 proving most generally effectivé in the shock
tunhel - and a masking slit was placed at the sgcond knife edgékposition to utilise
thé focussing of the Schlieren light over fhe non-focussing of the flow 1uminoéity.

‘ A Fiber optic light guide with a.round-to-slit end configuration vas
purchased from the American Optical Company, U.S.A., for use in the double pass
system. Light from the source was focussed on the round end and transmitted ffom the
slit end, which served as the source slit for the system. The narrow width of this

;;end allowed close coincidence of source and image slits. Altérnative methods used

a mirror or a prism té turn the sourcé offiﬁége rays into a new path, | |

A dispersive but non:deviating,(for the mercury green line) composite prisz

was purchased from John Unexrtl Optics of the U.S.A. and was used to construct a

. colour Schlieren system in which optical path gradients were shown as colour

~ variations rather than the usual light density variations.
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A long focal length camera was deéignéd and built for the system. Some

L d

photographs of model flows are given in figure 11.

B,6 Mach-Zehnder Interferometry

A Carl Zeiss Interferometer (No. 2388) was used extensively on T.2 to
augment the Schlieren photography. Using the light sources previously described,
finite and infinite fringe interferograms were made of a variety of model flows,

some of which are showm in figure 722 Shock shapes only were derived from these

photographs. o - » -
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Figure 2. Hypersonic Flight Simulation Facility Summary
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Figure No. 26. Free Stream Velocity in Air in T.2
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Figure No., 51

Schlieren Photograph of Wedge Flow in T.3
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Figure No. 56 Streak Photographs of Incident and Reflected Shock Wavés




Initial Shock Tube Pressure = 2 in Hg of Air
Shock Tunnel T.2 Nozzle: % in Throat

Length Swept = 8.8 cm 7.5° Half fngle

_ Sweep Duration = 200 microsec

Figure No. 57 Streak Photographs of Free Stream Gas Flow
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Figure No. 60 Streak Photographs of Spark Tracer
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Figure No. 64 Oscilloscope Traces from the Magnetohydrodynamic

Technique



Initial Shock Tube Pressure = 5 in Hg of Carbon Dioxide

Iﬁitiai Shock Tu‘be Pressﬁie = 2 1n Hg of Argon

Shock Tunnel: T.2 ‘ Nozzle: § in Throat ,
7.5 Half Angle i

Upper Tré,ce: Nozzie Reservoir i’ressu.re Transducer |

Lower Trace: Magnetohydrodynamic Probe; 5 volts/cm, 50 microsec/cm

Figure No. 64 (continued)
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Figure No. 66 Pressure Transducer Converter Circuit
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‘Lower Trace: Pitor Pressure Probe, 1 volt/cm, 50 microsec/cm

Figure No. 67 Free Stream Pitot Pressure Traces



Initial Shock Tube Pressure = 2 in Hg of Argon

Shock Tunnel: T,2 . Tozzle: 3§ in Throat
- ST T 7050 Half mngle

Upper Trace:  Nozzle Reservoir Pressure Transducer

Lower Trace: Pitot Pressure Probe, 1 volt/cm, 50 microsec/cm

Figure 6] (continued)
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Figure 69 Pitot Pressure in the Nozzle Boundary Layer
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Figure No. 71 Schlieren Photographs in T.2
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Nozzle: 18 in Throat
15% Half Angle
Model: us” Hélf Angle Wedge

PN AT

Figure No., 71 (Contd)



Test Gas: Carbon Dioxide

Initial Shock Tube Pressure = 3 in Hg
Nozzles (1/8 in Throat

2.5° Half Angle
Model: 35° Half Angle Wedge

0
Pilster s U330 A

Time = 130 usec

Test Gas: | Carbon Dioside

1]
(op]

Initial Shock Tube Pressure

Nozzle: -31/16.im Thrcat
i858 Half Anpgle

Model: Hemisphere Cylinder (Rp

in Hg

1
O
(6

in)

Figure No., 72 Mach Zehnder Interferograms in Tl



Eixlter: 4330 A

Time 75 1usec

e

Carbon Dioxide

+ et s

Test Gas:

Initial Shock Tube Pressure = 6 in Hg
Nozzle® 1/8 in Throat ;
2.5° Half Angle
Model: Wedge (20° Angle to Flow) with Pitot Probe

Infinite(Vertical> Fringes
Filter: None

Tames . 75 01see

Test Gas: rgon
Initial Shock Tube Pressure = 4 in Hg
Nozzle: 1/8 in Throat
7+0% Half Angie
Model: 25° Half Angle Wedge

Figure No. 72 (Contd)



Infisite (Vert LG al) Fringes
No Filter
Xenon Flashtube Light Source
o Lime 5 150 pgwec
. Test Gas: Air
Initial Shock Tube Pressure = 5 in Hg
Nozele: 1/B in dhroas
7.5° Half Angle
Model: 25° Half Angle Wedge

Figure Fo. 72 (Contd)




