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The high speed flow of & monatoulc zes about a
cold flet plate has veen examined experimentally in the
interirediste regime between continuum snd free molecular
flows. JSurface pressure &nd flow fileld density, obtai-
ned from an'optical technique, ere compared witih direct
simulation Wonte-Cerlo cealculetiones of monsztomic {lows
about flat plates et zero incidénce. yezsurements were
aleo conducted with the plate =t positive and negative
incidernce, for which there ere at precgent no satisfact-
ory theoretiecel predictions in the intermediate region.

The use of proves for examining the stfucture of
the flow field is discussed, and they srs shown to be
unaatisfactory under the present conditions.

An arelysis of the diffusion of gpecies in a £lip
flow end = techniqﬁe for messurinz velocity in the free
stream of &n arc heated wind tunnel sres described in

appendicesn.,
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2 Conditions Behind & Renkine Hugonlset Shock



LTITITHAN VY noT
lc Iu a‘.,.LUAaJ\wTI()u

“he sdvent of space [lignt hes generated extensive
interest in the flow of rerefied gsees nbout bodies ot
nypersonic speeds, particulerly in the "iransition reg-
ime" tetwecn free molecular flow and continuun Tlow.

To date, the main practicsl requirement in spsce venicle
design haé been for relisble drsg and heet trarnsfer dszts.
fowever, if re-ussble vehicles are to {1y down to earth,
g5 is proposed in the curreast "space shuttle”, & much
better understanding of the {flow processes will ve nec-
esosry 1in order to accurately predict the aerodynanic
forces operating on the vehicle.

Fert of the {light path of such & venicle would De
in the transition regime, and the problex is likely tlo
ce couplicated by non~equilibriun real gas effects. It
iq most unlikely thzat an experimental siauletion of all
these factore will be echieved sisulteneously and so it
will be necessary to deduce coaditions at the veaicle
surfece {rom celculetions of tne flow field ebout the
vehnicle.

Thie transition regime is also af scademic interest,
es a solution of Bultzman's trensport equsetion is
required for a co:wplete description of the regime. Thise
ie & perticulerly challenging proclen &s nelther swall
nor large inudsen number azswiptions mey ve ewployed,
ard tine hypersonic nsture of the flow precludes tine use
of linesrisstion techniques.

& detailed survey of currest rnowledge nbout truie

sltionel Zlows is preseated iu the next chapter, and the
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need for sn experimentel study of the transitionsl flow
of a monetonic gas about & body is indicated. In sub-
sequent chapters, cxperiments in which & flat plate
model was set at both positive and negative angles of
incidence, whilst in an ergon stream, sre discussed,

For the sake of clerity, much of the detailed descript-
ion of apparstus and experimental technique is relegated
to & series of appendlices, Two related but sepereste

studies are also presented as appendices.



2. SURVEY OF RAREFIED #LOW STULIES

2e1. Eorly Developments.

The use of rockets for military and epace resesrch
purposes has motivated much research in high speed rare-
fied flows curing the last twenty years. Initially,
interest was concentrated on obtaining informetion of
direct merodynsnic utility, suc: ss drag, rather t{han
developing & detailed understanding of the flow field.
Thie early work, and indeed most of that wihich hes fol~
lowed, way be claeslfied &8 blunt body or slender body
orientated, the relative emnphasis on these two espects
being influenced by current fashions in rocket nose geo-
metry. ?atters conducted an extenazive review ol the
work performed up to the date of his paper and iancluded
& discussion of experimental techniques mae well aa flow
sbout bodies.

Within the slender Lody woerk, interest has been
mainly concentrated on flow over a sharp flat plate
pearallel to the strean, Uith this geometry, the sub-
stantial flow disturtance caused by the viscous inter-
action of the plate with the flow way De studied separ-
ately from those effects erising directly from the dio-
placement of the stream by the body surface. Ideally
the work on flet pletes should have beer supplemented
with studies of flows about very slender needles to
aegess the effects of three~dimensionslity, but coneld-
eretion of the experimental difficulties seems to heve
prevented this.

Studies of free molecular flow and inviscid snd
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viscous continuum flows were well advanced before serious
thought was given to the transition regime 1ln between.
Indeed ecrly efforts in this regiame were mainly concerned
with fitting smoothed curves to properties between the
free molecular end inviscid limits.

Interest in rarefied ges flows was evident &t least
one hundred years sgo, since in 1875 Kundt8 noted ean
anomaly in the rete of discharge from tubee st low den-
sities, and this led %aiwallg to consider conditions at
the interface between a gas and a solid. Knudsen;o COf-
ducted extensive theoretical and experimental investig-
stione of low speed free molecular flows which have been
extended to high speed flows by several suthors, includ-
ing Tsienll. There now exists & complete theory for
frée molecular flows and this is described in & number
of standard texts, such as that by ?atersonlz. who also
provides an exhaustive list of references. |

The easénfial assumptions of free ﬁolecular flow
theory sre that, i) the velocity distribution of the
nolecules is iaxwellian, ii) the incident and emergent
meleculsr fluxes at surfaces do not interagt and, iii)
all physicel dimencions are small compared to the :een
free path. 7This last polint is emphasized since it is
often assuned that free molecular conditions must exist
aft the leading edge of & flet plate, =lthough down
gtreaxn influences may in fact preclude this.

iith the assumptions listed above it is possible to
calculate the flux of molecules to a surface. Hence with

suitavle upsumptions about interaction processes occur-



ring at the surfece, serodynamic quentities such as
rressure and heat transfer may be calculated. It is
interenting to note that iNewton also employed the last
two assuuptions listed, in the theory that Lears his
name., However the [irst assumption was replaced with
that of zero teaperature. This precludes lateral motion
80 the theory fails to predict the interaction of & sur-
face with a perallel stream of molecules.

I{ hypersonic flow over a flat plate 1s considered
far down stream, the flow model consists of a Mach line
emanating from the leeding edge and & very thin voundary
leyer at the wall, the intervening region being inviscid.
Advancing towards the leading edge, the boundary leyer
thicknesc becomes significant compared with the dietanceé
from the plate surface to the lMach line, co the inviscid
flow is deflected. This generates & thin shock wave of
finite strength in lieu of the Kach line.

LeeslB distinguished two distinct regions, weak
interection and astrong interaction, where the ccupling
between the shock wave and boundary lsyer are weak a&nd
strong; respectively. A simple considerstion of ever-
ege propertles in the boundery layer, shows that in both
regions, the appropriate sealing quentity is the inter-~
ection parameterf%, given byi%: ME,G%,/ Réi&

14 and Dorrancel5

Hayes and Probstein provide ext-
ensive discuesions of wesk and strong interaction in
which the eerly theories sre related and combined to
give 8 comprehensive theory covering different values of

wall temperature and specific heat ratio. The:e authors



note that 1in limited resnges the two intersction theories
have been successfully compared with measured velues of
surfece quantities, such &s heat transfer and pressure,

- but as the lesding edge is approached, the theories are
in error since they predlct infinite pressure and heat
transfer,

Upstrean of the strong interaction region there is
‘& rarefied flow region in which the surface pressure
rises to & plateau end then descends towsrds ite free
molecular value et the leading edge. Deperture from
strong interaction was observed experizentally by
SchaaflG and has been widely confirmed,

Talbot17 considered the Knudsen number behind the
'shock in the sirong interaction region and noted that
this was closely relzsted to the :arefaction parameter ,
given 'oy\z,z Heo Cm / Reiwé Tnis wes used to correlate
the departure of surfece pressure data from that pred-
icted by atrong interaction.

It has bveen noted that t:is departure occurs at

ikb@.lﬁ. jowever, stron: interaction theory does not
epply unless X210, so it is inapplicable unless M8,
fience if MZ 8 , the flow changes directly from weak
interaction to merging. ’

As the {low becomes more rerefied, slip occurs i.e.
the veiocity of the gas &t the surface is no longer

18

zero. Aroesty  , extended the strong interaction theory

to include the effects of slip. Experiments by Wallace

4

and Burke” suggest that this extends the useful renge of
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the theory for the czlculatlion of heat transfer and
skin friction. Taere was little iaprovement 1la the case
of surfece pressure, proovavly because thie is more critic-
ally dependent on flow structure.

The rarefled flow region upstream of the strong
interactlion resion was subdivided into several regimes
by Hsyes and Probstein14. but as they were considering
general body shapes, some of the regimes sre indlsting-
uishsble or irrelevant to the flat plate cases. llowever
it is sppsrent that at léast two msjor regimes exist,
namely the merged layer and kinetic regiues.

2e2s The merced lsyer regzine.

Initial experiaental investigations of the merged
layer regime consisted msinly of measurements of condit-
ione at the surfece. An attempt wes made by hegamatsu
and sheer!? to determine shock shepe from Schlieren
photographe, although the resultc outained hsve subseg-
uently been shown to be ilucorrect.

Congiderable dispsrity exists betweean the values of
surfaece pressure obtalned, even between experiments con-
ducted under &pparently similer conditions. This may
now be explained in terms of the neglect, or incomplete
application, of correctionsc for the staztic pressure tep-
ping orifice effect, as will be discussed in section 2.4.
However the early experinents provided qualitative iafor-
nation for comperleon with theoretical wmodels. Huch of

this work wes reported at a series of symposial'7

5

up to
that containing Potterts’ review paper which slso refer-

encec tlie major contributions eppeering in other



publications.

Various approaches heve been sdopted in theoretical
studies of the merged layer, masinly baesed on the Havier-
Stokes equations. This may be criticised as the Navier-
Stokes equations are only valid if the gas is in
Maxwellian equilibrium, which may not be the case in the
shock region. - Non~equilibrium is likely to be dominant
at the upstream end of the merged layer regime, as the
flow conseists nainly of particles from the free stream
and those emitted by the body which have quite different
properties.  However the Navier-Stokes equations provide
some understanding of the flow processes, and may be
taken ac a frame-work for a more vigorous kinetic theory
ag this becomes feasible. -

One approach to the problem, conteined in & series

12'3’20 and Probstein21’22,

of separate papers by Oguch
has been to separate the flow field into a boundary layer
like region and shock region; conditions elong the inter-
face of these regions being matched.

20 employed shock

In hie most recent paper, Oguchi
layer equations derived from Navier-Stokes equations, in
conjunction with the compressible boundery leyer equat-
ions, to obtain results which are in qualitative but not
quantitative agreement with experimental results,

22 extended this to include the effects of slip

Probstein
and shock curvature which produced much better eagree-~
ment with experiment.

Chow23 also obtained & solution by matciaing & boun-

dary layer region to a shock region. He employed a



cublc-parabolic velocity profile in the boundary layer
end so included slip directly in the anslysis. Saock
curvaeture wss not considered tut the results were agein
found to be in reaéonable agreement with experiment.

is en alternctive approach to the werged layer pro-
blem, various attempts have been mmde to solve the full
Ravier-Stokes equations for flow over & flat plate.

Butler24 80lved the time dependent Navier-Stokes
equations numericelly for & {let plate started impuls-
ively fron rest. The sﬁe&dy flow properties were obt-
eined from the long time solution. Significant differ-
ences exiet between these resultcs and the available exp-
erimental resulte, which ls proovebly due to the large
mesh size employed. An improvement may be anticipated
as computers having much greater capacity become avail-
able,

In separate studies Cheng et 816. aend Rudmean and
‘ Rubinzs. obtained numerical solutions tc the steady
state Javier-Stokes egquetions. This greatly reduces
the amount of computetion necessery. However, the equet-
ions sre parabolic so the initiel conditions have to be
specified. It is slso necessary to assume thet the die-
turbved region is smell, i.e. §£<< 1, but the chock angle,

& = 0(0.4), so the assumption is not well founded.

However, the results obtained are in fair agreement
with experiment; slthough, as in the case of the solut-~
iorns obtsined by matchlng, the compariéon;remaina
inconclusive.

The extension of the esrly theoretical models to
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include a shock region of finite extent was suggested

by several experimental studies in which the flow was
examined with hot wire and pitot probes. Experiments
reported by Becker et al5 and McCroékey et a126, clearly
demonstrated the exlistence of a finite shock region and
showed that it merged with the boundary layer.

A technique proposed by Munt227, in which & beam of
electrons locally excites fluorescence, has been widely
used556'7’28’29 to measure density and temperature with-
in the flow field. Most of these studies also include
measurements in the kinetic regime.

Lillicrap29 conducted a detailed comparison of the
theories discussed above with measurements he made using
the electron beam technique. He found that even the
more complete theories given in references 22 and 25
gave an inaccurate prediction of flow properties in the
shock region, although the trends are qualitatively cor-
rect to within 0(10N,) from the leading edge.

In view of this, the suitability of Havier-Stokes
equatidns in the ahock layer needs to be considered fur-
ther. It is well known that Navier-Stokes equations do
not provide a satisfactory description of the structure
 of normal shocks if M>»1.5, as discussed, for example, |
be Guirauds. This is because at higher Mach numbers,
the shock thickness ceases to be large compared with the
mean free path and so non-equilibrium occurs. The limit-
ation is not likely to be so drestic for oblique shocks,
as the path length within the shock is greater, and so

the number of moleculer collisions is increassed. Even
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s0, 1f it is assumed that the flow is approximately par-
allel to the surface, and thet the maxzimum ach number is
proportional to path length in the shock, then Navier-
Stokes equations are only likely to be setisfactory if
MZ4, for a shock angle, 05=0.4. It is therefore unlike-~
ly that theories based on Nevier-Stokes equations will
accurately predict the shock region structure at high
 Mech numbers, and so a kinetic theory description is req-
uired. |

2.3 Kinetic Regime- |

| The region vetween the merged layer regime and the
1eadihg edge is generally known as the kinetic regime.
The down stream limit{ is reached when the. continuum equ-
ations used}to describe. the merged layer regime become
applicable.

At the leading edge, free molecular flow is likely
to occur and this led Charnat? to consider the effect of
the coilision of molecules emerging from the body, on
the distribution of the incoming stream. Anelytic res-
ults were obtained by restricting the discussion to the
effect of the first collision. Clearly the method is
not likely to be accurate, but it does predict the main
trends of the transition region, such as a plateau in
the surface pressure distribution.

In order to obtain an eccurate description of the
kinetic regime, it 1s necessary to obitain a solution to
the Boltzman transport equstion. Since this is an
integro~differential equation, containing up to seven

independent variables, with a complicsted non linear
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integral, the prospect of obteining a complete solution
is remcte.

The classical Chapmen~Enskog and moment methods
heve not proved useful in degling with =zerodynamiczlly
interesting provlems og they do aot yleld solutions for
high ach number flow. liethode of obteining sclutions
to Boltzmann'®s eguation over & wide range of particular
conditions cre discussed in an extensive review by
Guirauds, who also dlscusses the e?idence for the unique
validity of the cquation and the mathemstical techniques
employed in its solution.

A technique which hes been successfully spplied to
a wide range of low speed probleas consistis of replac~
ing the complicated collision integral with a more sin-
ple function. The rnost elementary of these model equa-
tions is the B.G.K, model, in wuich the collision iateg-
ral is replaced by & teram proportional to disturbance
from Mexwellisn equiliovrium.

30 employed the B.G.k. :wodel to

Hueng and Hartley
compute the flow over a flat plate atM=1,5, using fla-
ite difference methods. Tihne results they obtained were
in good agreement with experimentsl data, but when the
calculstions were repeated forM=5, the agreement with
experinent was poor. This feilure was thought to be due
to the inasvility of the linesr D.0.K. model to accommo=-
date the non-linear situations arising in high speed

flow, :lowever Giddens el 31.31

nave since successfully
uged the metiaocd to predict the structure of a‘ normnal

shock atM=10, so the reason for the failure of the flat
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plate calculations remsins uncertain.

An alternative method of obtaining informetion
sbout the kinetic regime,'by computstional means, is to
perform & numerical experiment in which the moleculer
interactions are‘prescribad." There are two distianct:
variations of this, B0 caslled, HKonte~Carlo method. 1In
the firet, e test particle is followed through a ¢loud
of particles whose distribution functions are presumed
to be known frouw & previoua iteration, the process being
repeated maeny tines until conditions uecowme stable.. The
difficulty with the method is that the distrivution
functions for sll the perticles have to be stored, so
the cupacity of existing computers limite the application
of the method to very siuple problems.

The difficulty of storing distribution functions
is avoided by followlng the motion of s large nusver of
molecules, simultanecusly, in the direct simulation met-
hod suggested by Birde. Thie increasee the complexity
of the calculations, but 2s machine speed has incressed
much more rapidly than storage capacity, the direct sime
ulation technique has proved to be ﬁuch wore successful.
Bird”3 has slso demonstrated that the direct simulation
method is based on the same sssumpitions as Boltzuen's
equation, 80 the results obtained from the method cons-
titute solutions tc Boltznan's equation.

34“37, tae results of direct

In & series of pspers
einuletion computations have been presented for eimple
shepes, {lat plates, and cones. These resulte show good

qualitaetive mgreement with experimental date, including
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- that obtained from the electron beam surveye discussed
at the end of the last section. Uafortunately, a2t pre-
gsent, it ie only possible to conduct the celculeations
for monatomic gases. As the flow fileld surveys were
made in & diatomnic gas, accurate queontitative comperison
is not meaningTul. Calculastions have been extended as
far as x/Ng=50, 80 thet conditinns in the kinetic reg-
ime and merged lsyer regime were cazlculsted simultan~
eously.

Another developnrent that has clerified understand-
- ing of the transition region was reported oy Hamel and
Coaperg. They demxonstrated that tae mean free pathe
relevant in the leading edge region are'kf and )B, where
the subscripts indicete the distance trevelled by a
free stream or body doainsted molecule before collision
with one of the other kind. It was noted that the plat-
eaus of surface quantities occur at x/%+=0(1), which
indicates that )y i the appropricte stresussise seszling
peraneter. Tnis also explains wny large values of x/ N
are reacned sefore continuuzn beaaviour is observed,
gince >\m<'<>\,c « As night be espected, coatinuun benav-
iour sterts et X/X420(5)5'i.e. after a few relevant col
ligions nave occurred.

In 8 recent paper Ll-Arsar snd Chiow~ > attempted to
eolve tne Boltzaan‘equatidn for tne flat plate proolen
vy specifying s pi-modal dietrivbution function neving
components charascteristic of tne wall zad Iree stresa.
The zunslysis neceasssrily conteins mahy rectrictive, and

sometliines questionable sssuunptions, such 2s tae use of
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linxwellien molecules, which su gests that it is at a
preliminery stoge. However, the results presented for
some surface guentities are in reesonndle qualitative

agreement with existing date snd 1t would be interest-

~ ing to see the flow field structure arising from fthis

snglysis.

2.4. Surfece presgsure corrections.
In the preceding sections, coupsarisons of measured

a:nd celculeted surface pressure have frequently been
mentioned, and indeed many surf{ace pressure uzeasurements
nave veen performed. Ideally surfasce pressure should be
measured by 8 pressure transducer forming an integral
part of the model surface, but &s practicel difficulties
preclude this, pressure is ususlly mezsured by & ftrans-
ducer connected to the surfece vie 8 tubve.

Clearly the hole in the inodel surface may interfere
with the flow by changing the local accommodation coef-
ficients. However, more serious errofs are likely to
arise because of thermal transpiration.effects, as the
model ie not normally at the same temperatfure as the
ges.

It is well known that if there is & temperature
gradient slong 8 tube conteining gas at low density,
then in the absence of & net mess flux, & pressure grad—
ient elso eslsts. A pressure difference will also occur
at an orifice separatln; two regions of gas at diiferent
temperatures, as an orifice is essentially a short tube.

‘Two distinct semi-empiric met.ods have b.en devels

oped to predict the corrections necessary to convert
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measured pressure into surfzce pressure. Potter et al.4
propoeed & semi-~empiric correction scheine based on sim=-
ulteaneous measurcments of surface and czvity pressures
obteined in a stotic test rig. The resulis were pres-
ented in torms of locsl heat transfer and Knoudsen number.
Following & theoreticeal examinstion of the free molecu~

7 presented & new correl-

lar orifice, Kinelow and Fotter
ation. This was based ou & reflference gue tempersture
a% the wsll and included the eifects of shear stress.

Bertz and Viﬁals

al80 measured surfece pressgure
directly snd compsred it with cavity pressure, out in
this csce the experimente were conducted on @ flat plate
in & hypersonic flow, Thesse results sre slco presented
in terms of Knudeen number and ges temperszture at the
welle Additionzl dete, sucih 28 hest tranefer rstes,

are required when applying thece correctlon echeumes.

Yoth the Potter snd Bertz schemes predict large
‘corrections st the leading edge so the corrected suriace
pressures are much greater tiuan tnat predicted by free
molecular toeory.

Lillicra939 recongidered both schemes end cuggested
that sssunptions about the sppropriste transfer rate and
neglect of slip, respectively, mignt ve incorrect., Sur-
fece pressure detoc was corrected under azlternstive ass-
unpbions and was found to behave more reasgonadly, 2lth-
ough the two scnemes yielded significantly different
results. Tae results of a direct debtermination of sur-
face pressure with sn electron vesa were glso included,

but as these messurements were conducted for valucs of
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V;SCLZ where corrections were small, this wes inconc-
lusive.

Hughes and de Leeuw4 developed a theory for s near
free molecular pitot tube at verious angles of incidence,
including the case of & probe normel to the flow.
%etcalf40 nes shown that this theory correlates flat
plate detes obtained from holes with a2 wide range of dep-
the and diameters.

The basic source of difficulty in the various core
rection schemes is probaebly the fact that a complex flow
structure occurs at tihe mouth of the mezsuring tube
which is not amenable to snelysis in transitional f{low,

This problem may be avoided by adopting 8 more
specific geometry. The equilibrium numver flux denslty
of particlee in & cavity is given by'ﬁc“Fc/(BnRTc)%.

If such a cavity 1s connected to the model surface by &
saell sherp edged hole, then the number flux leaving

the cavity will be the seme as thet incident on the
model surface. Hence the nusber flux hitting the model
surfece may be obtained directly by measuring model
temperature and cavity pressure. The hole must be emell
compared with the cavity, so that the number of incoming
molecules is insufficient to disturb equilibrium. It
must also have & diameter tnat is mucn less than the
locel mean free path, so thet collisions between incom-
ing and outgoinz molecules are negligible.

Harstm&nn7

reported numter flux measurements obt-
ained in this way on & flat plate and wedze, in both

monatomic and diatomic gases. e noted that in the case
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of the flat plete, these fluxes were different and they
were not in good agreement with the results of direct
ginulation Monte~Carlo calculstions near the leading
edge.

Lewis and Smith7 report similer number flux meas-
urementz in nitrogen and also'péedicted suriace pressure
from electron bean measuremente of density at the cev-
ity entrance, These surface pressure measurexnents were
compared with tuove measurements made under the same con-
ditiona and corrected with the techniques described above.

- It was found that in the merged layer regime there
wes general ajreement amongst the results. In the kin-
etic regime, tuve data corrected using the Zarty end
Potter schemes indiceted much higher pressures then the
free molecular orifice measurements. Howéver. tuve data
corrected by using the Hughes and de Leeuw theory was in
agreemnent with the free moleculer orifice measurements
in both regimes, whicih sBuggests that the method may ve
widely applied. |
2+5. Slender Bodies.

Ag stazted esrller, much effort has been expended

in attempts to understand rarefied flqw over & flat plete
and relativeiy little in understanding {low sbout slender
bodies, although the latter &re of more direct aerodyn-
emic interest.

- The cese of strong viscous interaction on & wedge
has been examined theoretically by several authors inc-
luding Cheng4l. Kemgéz showed tihat; provided a slight

modificetion wes added in Cheng's theory, auch
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experimental data obtained at high Mach numnber could be
brought into sgreement with the theory.

445,6

Several sets of measurements * of surface gquen-

tities snowed the failure of the strong interaction the~
ory for wedges near the leading edge and Vas et 01.8
conducted flow fleld surveys to demonstrste that thie
fallure is due to merging. Taey found that incresse of
incidence moved the point of merging forwerd, ovut were
unable to correlate the departure from strong intersc-
tion with the normal rarefaction paresmeters. All of

. these meapurements were conducted with >3, so 1t is not
poapible to tell if 138 is the necessasry condltion:for
strong interaction theory to apply, us it is for'ihe
flat plate.

At present there sre no satisfactory theoretical
predictions for tne tronsition regime on a8 wedge.
Rudman and Rubin®? claim to have coneidered the effect
of enzle of incidence on & flat plate. Unfortunately
they do not give any quantitative information, but state
that their calculations show that tne distance from the
surface to the shock decreeses with incereasing incid-
ence., Vogenit234 et al. used the Nonte~Carlo method to
compute the density {ield sround a 40° wedge, out es
this was only 3\, long, the information is of limited
utility.

The Yonte=Carlo methed hes been applied to long
coned>’ and is substantially in agreement with the ava-
ilable experimental data. At a given distance from the

leeding edge, the flow field disturbvance caused by &
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slender cone is small compared with that on a flat plete
because of the three-dimenslonality of the flow. Zalskey
and V&57 conducted an experimentel survey of flow about
slender cones which confirmed thet the disturvsnce is
smell, in asgreement with the Monte~Cearlo calculations.
2.6. Conclusgions.

There have been many experlimental investigations
of the flow sbout a flat plete in & diatomlic gas. Tuesce
measurements suggest that the merged layer reglue ey be
approximately represented by solutions to Havier-3tokes
equations. It is not possible to distinguish whether
the remaining disparities are due to 1) inaccurécies in
the, admittedly, difficult measurements ii) invelid ess~
unptions used in obteining solutions to the equations
or iii) insdequscies of the Navier-Stokes equations
when applied to rerefied gases.

Heasurements aleo show that the kinetic rezgion is
qualitatively predicted by the direct simuletion loate-
Carls amethod. Unfortunately this method is st present
only cepevle of dealing with monatomic geses, so that
direct comparison 1s not possible. The limited experi-
mental results at present avellable for monstomic geses
consist only of measurementz of conditicons st the sur-
Tace and these show slighit differences from the lionte-
Carlo cslculatlons.

There hegs been little theoreticel considerstion of
wedge flows In the rerefied flow regine although the
results of several experimental investigations zre

available,
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The Honte-Carlo method appesrs to ofier tue pros-
pect of predicting flow about slender vodies from the
leadling edge, beck to the claseicel wviscous intersction
regimne, slthough only for monatomic gases. Conversely,
the vast majority of experimentel information hass been
obteined from diatoaic gas [lows. |

Clensrly there is = need for furtier experimentel
investigation of monctouwic flows about slender bodies,
of which [lat platee und wed es lorm representative
exenples. It is for this resson that the wmeapurcments

described in the next two chapters were undertaken.
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3el. The wind tunnel

The experiments described in the next chapter were
conducted in an arc heated blow down wind tunnel whicn
ie shown schematically in figure 1.

Argon ges is hested by veing pessed through an-
electric arc in a "plesnedyne” AY-4 plasma jet head ass-
exnbly end this raises the tempersture of the gas to
0(700¢°K), at a typical mass flow rate of 1 gr/sec.

The g&s comes to equilivrium in a settling chanver where
it has 8 pressure of 0(2x104ﬁ/m2). 4 contoured nozzle
ha&ing an exit diameter of 75m.m. is then used to pro-
duce & Mach 7 flow, at & pressure of 0(10ﬁ/m2), with &
corresponding mesn free peth of O(lm.m.).

After traversing the model, the gas is collectec
by & diffuser and exhasusted to a dump tenk at a pressure
0(51102R/m2). #uch of the pressure recovery occurs in
the nozzle shock snd model flow field as the retio of
the pressure et the diffuser exit to that in the working
section is 0(6). The dump tenk is exheusted to the
etmosphere with & "Roots"™ pump becked by a8 "vane" pump.

A1l components in contact with the flow were water
cooled, as woe the wprking gection, since convective
and redistive hecting were severe.

When originelly constructed, the wind tunnel had a
nozzle with an exdit liameter of 20xm.m. The performance
of the fecillty in this donfiguration ie descrived in
references 43-47. The developuent of the fzcility for

e

- uge in the present low density studies is descrived in
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Appendix 3.

3.2, Recslibration of the plzsza jet

Followling the incresse in lisch number, it was nec~
essary to recalibrate the plasna jet. Conditions in
the frese stream were extensively investigested at kach

2.7. es discuesed in Appendix 4 snd these measurements
suggest that the free stream conditions wmay ve acequat-
ely calculated-from the reservoir conditions. In order
to do thie, the free stream ach numbter must be measured.
It is also necessary to verify that the flow is frozen
end hes an inviscid core. Pitot and Langmuir prove
measurements were conducted to establish the condltions
in the free strean.

2:2:1. Pitot pressure messurements
A 20m.m. outside diameter, water cooled probe was

used to scen the Ilow at the nozule exit. It was verif-
ied that voth the Reynold's number correction, discussed
by Potter5 and the thermal trenspiration correction
neasured by Bartzg, were negliglble for {the probe used.
The flow contelned an inviscld core of about 40m.:a. dia-
meter at the nozzle exit, and was vounded by & nozzle lip
siock which reached the axis about 50m.i. down stream
of the nozzle exit. Within the inviscid core, tie Hach
number was constant to 17 voth radially end sxielly.
Thie was calculated from the ratio of pitot pressure to
reservoir pressure ucing & suitably modified value of

¥ « The nozzle exit centre line iach number was also
messured over & range of power levels and wa: Iound to

vary between 6.1. 2nd 6.7.
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o2 el LBngmuir FProbe messurements

The poeltive ion flux in the free streem, was mea~

sured with a negatively bilased cyliniricsl probe, pla-
ced transverse to the stream at the nozzle exit. The
probe consisted of O.lm.m. dismeter tungsten wire, with
sintered =2luminium oxide tubes to confine the current
collection region to the inviscid core. Wallst in use,
the probe was red hot which kept the tungsten surface
clean, so avoiding the surface contaminstion problems
that commonly zrise with Lengmuir probe measurements.
A transverge probe was used, in preference to the conv-
entional sphericel or arxiael cylindriczl probe ss it is
- more robust, this being necesemry in fest flowling, rel-
atively dense plasma.

The ion current collected by the probe is,

I =eDLUnF.10)/4 . (3.1)
where F(:l) 18 & Hach number dependent term determined
by ﬂlayden48.

For tinls equation to be applicable, it is necessery
thet the probe be free molecular, and slso that the
probe collects only those ions which would have entered
the volume occupied by the probe. Under norael operat-
ing conditions the Knudsen number of the cylinder,

Kn =0(5), so that a free molecular flow aasunption is
valid.

When a body is pleced in & plasma 1t becowes sur
rounded by & region of charge non-neutrality, known asg
a8 plasms sheatn. Thiz results from the difference in

the mobility of ions snd electrons. It wae verified
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thet the Deocye length was negligible compered with the
probe dismeter. As the Debye length is approximately
the some zg the sheasth thickness, the prove sres was
not increessed by the sheath.

Another possible reason for collecting more ions
than those enterinz the probe volume, is that they wmay
be sttracted from some distance sway from the probe by
the i:h negetive potentiel necessary to repel elecirons.
Thie effect was eliminated by extending the high volt-
age glope into the zerc voltage region.

The results of several measﬁrements are phown in
figure20 snd are compared with calculotions essuming
frozen isentropic flow. It will be seen that sgreement
is good, providing consiierable support for this method
of predicting free stream conditions. At low power lev-
els sisnificent ionlzation persists, indicating that
the gas does not come fully into equilibrium in the set-
tling chamber. The effect of tinis non-equilibrium oa
free stream properties should be slight, as it repres-
ents & very smell icnization fraction.

At the upper power levels, wiich were limited by
melting of the ceramie tubes, the [low zppears to have
& higher l‘ach number than that indicated by the pitot
measurements. This ney well have been the cage, 28 the
large pitot tube used may have caused some tunnel block-
age.
3+3. The model
3+3.1. Description

A water cooled copper model was constructed as
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shown by the continuous line in figure 2. Copper was
used 88 it has & relatively hign melting point and lerge
thermal conductivity. Cooling wster wss pumped througa
the model at d. Eh/mz.. It'waé necessary to provide .
cooling close to the leadlng edge to prevent.melting.

A set of surface pressure taps vwere provided slong
the model centre line. These taps were coniected to &
bank of pressure transducers outside the working zection.
Small thermo-couples were soldered into the model surf-
ace, tlong side the first three pressure taps fromw the le-~
ding edge.

The leading edge wedge engle wes 10°. This vwes &
compromise between the need to avoid under.surface inter-
ference and the practicel difficulties of very slender
models, as discussed in section 3.3.2.

The upper surface of the model was ground flet and
this produced a leading ed e thickness of, 0(0.0lumems).
Tarnish was removed with very {ine emery cloth before
_ waking measurements,

Side pletes were used to support the model in the
working section. These also prevented comuunlcation,
via the sides, of the upper end lower suriaces. The
upper surfece of the model was 6m.%e below the unozzle
centre line to minimiee the region of shock iwmpingement,
whilst retsining the model in the nozzle lnviscid core
flow. This errangement also helps to re&uce the eflfect
of any flow irregulérities produced Ly the nozzle, as
these are focussed on the centre line.

Before proceeding to use the model for detailed
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flow studies, preliminery measure:ents snd calculations
were conducted. Theese estaulish that, in & limited reg-
ion, the flow about the model corresponds to that about
& semi-infinite flat plate in & uniform flow.

3.2, Leading edge effects

Leading edge uLluntness is a8 possible source of die-
turbance to the flow. However, Josaf hes shown that
provided the leading edge thickness is less than Aw/4,
little disturbance occurs. Since for the present model
the leading édge thickness wac of order 0.02 Aw, DO
interference was anticipated,

Another possible source of difficulty i1s the neces-
earily finite under surface wedge angle. Surface pres-
sure 1s generally sensitive to flow conditions and so a
preliminery mocel was used to exemine the effect of
wedge angle on surface pressure.

The surface pressure was measursd at a station
1Z2m.m. from thellea&ing edge, with s licLeod geuge which
wag reeched vie s liquid nitrogen vapour trep. Triang~
ular section siime of different angles were attached to
the bottom surfece to vary the wedge an;le between 10°
and 50°. The veriotion of surface preseure with wedge
sngle is shown, circled, in figure 3. Free piream pres-
sure wag calculated assuming & laci number of 6.5.

A small pitot tube was sttached to the underside
of the model, 1lQic.;ts below the leading edge. The pitot
pressure was then used in conjunction with plenum cham=-
ber pressure, to obtain local free stream pressurs.

This wes to eliminate any effect of the wedzes on the
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fres gtream cohéitions, or any differences between runs.
leasurements were repeated, using the reference pitot
tube, with wedge engles of 10° and 20°. These are shown
as croeses in figure 5. It will be seen that the wall
pressure decreases wit: smaller angle. Even &t 109
there is no indication that this trend has ceesed, How-
ever, the minimum realistic wedge sngle appears to be
10?. gince 1t is necessary to provide weter cooling end
pressure taps near the leading edge. So this angle wes
neceassarlly edopted for the final model described above.
+3.3. Treili: eﬁ.e‘éffecte |

Initially the model had the dotted outline shown
in figure . Yeasurements of surface pressure indica-
ted that the nozzle 1ip shock was hitting the back of
the model ae the pressure rose rapidly at the last two
stetione. The back of the wmodel was relieved so that .
it had the continuous outline shown in figureZ . This
reduced the pressure at the last pressure tep. Howevér,
a8 the opereting conditions were varied, shock imzpinge-
ment sometimes recurred. This behaviour appeared to be
completely erratic.

Clearly there is some risk that the high pressure
generated by shock impingement might be propagated up
streem in a similser manner. So a model length of 65m.m.
was adopted as & compronise.

At 40m.m, from the leading edge, cutting back the
model produced no measursble effect. The intermittent
shock impingement was slso undetectable at this station,

Since the furthest from the lesding edge &t which there
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is & distinguishable re;ion of inviecid flow, external
to the model flow field, is about 25m.m., the limitet-
lon is quite acceptsble.

3e3s4. flow two-dimensionallty

In order to verify thet the model flow was two-
dimensional, pitot ﬁreasure profiles of the flow field
were determined, using the apparatus descrived in the
next sectlion., These profiles were measured at thne
centre line and 6u.m. from the centre line. The meag-
ureﬁénts were conducted at 2Qm.m. from the leeding edge.
The profiles were indistinguishable, indicating that the
flow was two-dimensional. ’
2e4. Probve dipping equipment

A simple device was built to enable probes to be

briefly dipped in the model flow field. At higher power

levels this is necessary as blunt bodies melt unless
they are water cooled. Provision of water cooling up
to the tip is not possible, as it would maeke the probes
too large for use in tine model flow field.

The device was constructed about a pélished steel
rod which passed through the bese of the ﬁorking section
via a double "O-ring"™ semal. Probes were mounted on top
of the rod. Guides within the working section constrai-
ned the rod to move vertically and prevented rotation.
The rod was hand driven by & lever external to the work=
ing section.

An adjustable stop controlled the depth to which
the probe entered the flow. The position of the rod was

monitored by 8 linear potentiomester. It was verified
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that thie potentiometer was lineer to 1% over a distence
of 20m.m. S

: Thié slrple dipping system proved to be entirely
satisfactory, provided the guides wers well lubricated.
It wag capsble of injecting a probe inte the flow and
removing it agein in about one second.

A weter cooled pitot probe was constructed from
thin walled stainleass steel tublng, having & cross sec-
tionsl srea of 12m.m.2 fecing into the flow. Thie wes
‘tipped with & 2m.a. outside dismeter thin welled alumins
“tube, which wes 40m.m. long.

Pressure was mensured with & Statham Pi7317C trans-
ducer. This was contained in & water cooled jacket and
mounted within the working section. The pitot tube was
connected to the transducer by a flexible stainless steel
tube.

3:5. Range of operating conditions

The two independently variable operating psrameters
of the plasma jet are mase flow and power level, which
in turn control free streanm conditiona such a8 mean free
path. Nase flow and power level were varied with the
model in the working section to find the limits of oper=~
ation.

At low mass flow rate the arc beceme unstable, &nd
at high flow rates the pumping system wes inadequate so
the nozzle flow stalled. As the normal scaling para-
meters varied little with mass flow, it was decided to
use only one flow rate of 1.1 gr/s.

At very low power the nozzle s sin stzlls es the
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nozzle exit pressure is too low for the diffuser. At
hizh power, the iaviecid core in the nozzle flow becomes
sxell. The tunnel wss opersted within these limite to
give non-dimensional enthalpies (H/RT') of 40,50 snd 90,
the corresponding meesn free paths being about O.4um.m.,
O0.7Tmem, &nd 1,0m.m., respectively.

- The thermncouples mentioned in section 3.3.1. were
uged to determine modei wall tempersture. The variation
of the ratio of wall temperature to free stream stagnat-
ion temperazture, along the model, is shown in Tigure 4.
For the operating conditions estaslished ebove, it will

be seen that the model is "cold ﬁélled."



4. HEASUREIUENTS
e o

4.1, Surface Pressure
4.1.1. Experimental Procedure

- The model described in the lest chapter was used to
measure surface pressure on 8 flet plate and on wedges.

The surfsce presgure tupe were connected to & set
of "Psce"™ type Pl variasble reluctance pressure trznge
ducers,'having a range of O=lp.s.l.d. These tranzducers
were buried in polystyrene beads to ninimise thermnal
drift. They were provided with by-pass vslves, capable
. of connecting the measuring and reference sides of the
transducer whilst isolating the trensducer froa the
model, so that the traneducer output could be set to
zero when the plaeia jet waé operating. The trzneducers
were driven by "Pace™ cerrier-demodulator units, tybe
P12, the outpute of these units being connected to a
diglital voltmeter, via a selector switch.

Calibration was performed with the trensducers con-
nected to the pressure taps on the model. Various pres-
surec were obtained in the working section by bleeding
gas into the dump tank at different rates, with the
Kinney pump running. Working section pressure éaa meas=-
ured with a McLeod gauge €0 the trensducers were calib-
reted directly ageinst this gruge, whilst in situ. This
eliminates errors erising from any smnall leaks on the
relativélyilang pipes connecting the transducers to the
‘pressure tsppings. |

The {transducers were calibrated before and after



33

each set of pressure meesuremeants. These callbration
points are linear and repeatable to about Z2% rt the
operating pressure of O(GON/ma). As s stralght line
wes drawn thfough about five calibration points, obtai-
ned both before and after making measurements, the cal-
ibration error is likely to be less than 1%.

Conditions in‘the free streem wers established
using the dippeble pitot probe described in section 3.4.
The tip Sf the probe wes nligned with the leading edge
of tue model znd was dipped to a distance of 12m.m.
gbove the model surface. As the model surface is 6m.u:.
below the nozzle exit centre line, any non-uniforaity
in the core flow would be coupensated for, provided the
flow is symmetric. Hence all measurements are effect-
ively based on conditions at the nodel lesding edge.
The output df the pitot probe transducer wss displayed
on &n oscilloscope to verify that the rise time of the
system was much less than the dwell time of the probe
in the flow. Normally the transducer output was dis-
pleyed on & digital volt meter,

The correction for thermal transpiration wes esgt-
imeted end found to be negligible. However the Reynold's

5

number correction discussed by Potter” proved to be sub~
stential. Potter showed that the ratio of real to mea-
sured pitot pressure wao correlated over a wide range

by the quantity RQZD(/%/AL)%'

The correction data compiled by Pollard6

was, in
fact, used as this has & greater range than that prev-

lously avallable. The naximum pitot pressure corrections
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were 0(15%), which produces corrections to the calcul=-
ated free stream pressure of 0(20%). iowever the dats
used for the corrections was obtsined under similaer con-
ditione to the present mecsuremente end waes well correls
ated, It is therefore estimated that the likely error
in free stresm pressure will be less than 0(2%).

surfsece pressure was measured only at the first
three holes as there were only three rellasble pressure
trensducers aveilable, znd the dats from the last hole
wes of doubtful value becsuse of treiling edge effects.

A consietent measuring procedure was adopted. The
transducers vere ihitially calibrated and the plasme jet
wés then run af one of the standsrd operating conditions
described 1n section 3.5. Vhen the plasmas jet was run-
ning stsbly, the pitot pressure was measured and the
surface pressure transducers were zerosd. Alter the
probe had veen removed, surface pressure wes noted when
the trensducer readings had become constant. Surface
pressure and pitot pressure measurexents were repeated
twice more. Conditionse in the plssme jet were usain-
tained &s nesr constent &8 possible, throughout, and
the resulting veristions in pitot were gernersally less
then 2%.

Variation in the observed surfeoce pregsure wss nor-
mally less then i%, probavly beceuse the length of pipe
between the model znd the tr&nadueér served to integ-
rate sihort term veristions in running conditions. As
en everage of three, slmost repeateble measurements wes

teken for voth the surface pressures and the pitot
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pressures, the error likely in these measurements is
negligible, apsrt from the possivle calibration errors
dimcussed above.

The precess was repeeted for the other two stand-
ard operating conditions and the transducers were then
recalibrated. 4 complete run took about two.hours,
excluding the time taken to calibrate the transducers.
This rather laborious approach is felt to be justifled
as much of the published deta is vadly scattered and
not sufficiently eccurate to provide 8 critical test of
the verious theories.

The poesivillty of operating the wodel at incidence
was investigated. It was found that st angles of 29,
the pbint of impinzement of the norzle shock wes moved
for&gzé. At‘lod incidence the nozzle shock reached the
leading edge of the model. In the case of positive
incidence, this failure ig thought to be due to the gen-
eration of high pressures on the upper surface that are
not contained by side plates. At negetive incidence
the diffueer is incepable of providing edequate recov-
ery from the low pressures occurring on the upper sur-
face o the model.

Urcorrected surface pressure is shown for incidence
of +5° and -5° in figure 5. Clearly the third pressure
tap in each case is strongly affected by shock impinge-
ment. In order to estimate the likely effect of this on
date from the s-cond hole, 2 comnparable shock was
induced on to the model when at zero incidsnce by bleed-
ing gas into the dump tank. It will be seen that the
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pressure rise et the third sole is similer to that et
incldence. leasurements were zlso made at zero incid-
ence without shock impingement and the results are shown
e8 so0lid symbols in figurs 5. These ere displaced
8lightly to the rignt in order to avoid confusion, but
were in fact obtained at the same distance from the
leading edge. .

It willl be seen that the detn obtzined from the
first two holes im little effected by the shock on the
flat plete and the same will be assused to be true for
the model at incidence, within the limits, -5%°% « % +5°.
4.1.2. Results

The flat plate surfece pressure data is replotted
in figure 6, The thermo-molecular pressure produced by
the tempersture difference between the model znd trens-
ducers was ectimated, using the data of Kinsglow =zad
ﬁrncys. and was found to be negligible. Ko correctlions
for orifice effects were spplied to the date in figure 6,
ee the egvsilable methods are not felt to Dbe sufficiently
reliavle. It wee estimsted thuat if the Bartz end Vidal
scheme hed been employed, theun the correction factor
would heve varied between 2C% end 50%.

For the purposes of coaperison, the uncorrected
date obtained by Xetcelfl et a1.6 in 8 nitrogen flow,
under otherwise similer conditions, is included. The
surface pressure observed in the present work is greater
than that observed by Metczlf, continuing the trend sug-
gested by viscous intersction theory. OQther than thise,

the mein Jeetures of tine pressure distribution sre
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similar to those otvtained before.
Strong interaction, calculated from the theory

15

given by Dorrence™, does not appear to have eny signif-

icent region of relevsnce. First order wezk intersction,

celeoulated from the theory given Hsyes and Probstein14,

fails at \7093 (0.2), as before.

In figure 7, the departure from weak Interesction
is shown for wedges, cs well =5 the flat plete. The
pressure on the wedges was caleulnted by linearly adde
ing the pressure produced on & flat plaie by weak inter-
aection, to that gencrcted by & wedge in the absence of

41 1.5 shown that this is &

vigcous intsrsction. Cheng
valid procedure Tor weak interaction. Inviscid wedge
pressurs was calculated from the tangent wedgze spprox-

imstion exprevsed as follows,

l)
Predge _ 1+2.§“o(2&’{¥+1 + [«xu)/mg .1 ]'/23

P 4 N

(-3
The =zlternnte pocitive or negative sign depends on
whether K ig gositive or negutive, regpectively.
Stollery49 has shown that the tongent wedge epproxin-
ztion ig spplicable to viscous interaction on 2 varlety
cf body shapes.

Since the surfece pressure ic independently related
to wedge sngle and viscous intercction, it is unlikely
that szny simple correlating parsxzeter exdsto. However
Raat ond ?asuikSU showed that departure from ctrong.
interaction on @ wadge and cone are 2pproximately cor-

related by Ve and so this parameter is agein used to

ohteln gqualitetive information.



38

It will be seen that the dete i3 rather scattered
by thie incomplete correlation and possibly also by the
neglect of orifice corrections. The main feature which
energes is that, as the wedze zngle increases, tae
effect of rarefaction is diminished end confined to a
region closer to the leading edge. Siwmilarly for nege=-
tive angles of incidence, the point of departure from
viecous interacticn is moved alt.

At positive incideunce the surfece presaure appears
to rise slightly =zbove that predicted by weak interact-
ion. This could occur because of inaccuracies in the
method of predicting weak intersction. Alternatively
it might be dues to & small region of strong intersction
occurring beczuse of the increased shnock strength on a'
wedge at positive incidence.

In:.order to avoid the use of unzsetisfactory orif-
ice corrections, the measured preesures were reduced to
number fluxes, as discussed in section 2.4. Iniltially
the pressures were converted to thoee in an equivalent
cevity ueing the theory of Hughes and Leeuw. This ass-
umes near f{ree moleculaer conditions, which do not ocecur
in the present cose uns the Knudsen number for tiae holes,
KnD=O(O.3). However tetczlf et 21.%0 found that even
lor smell Knudsen numbers the thneory wee quite satize
factory end so it should be'applicable in the present
cnge.

Speed ratio at the model surface irust be known to
apply the Hughes znd de Leeuw theory. Vidal and Bart26

showed that to {irszt order,
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end the suvseript, G, indicates conditions in the gas

at the model wall, If the ususl hypersonic epproxime

B au,? ~
ation, "o _® , is employed then equation 4.1 reduces
to, :

ST = (=) (4.2)
32

This equation wes uced in conjunction with the skin
friction date gquoted by Wallace aend Burke* to estinmate
the speed ratio st the wall. It is not suggested that
this method would give. &n sccurate prediction of speed
ratio, However the relationship between tube snd orif-
ice pressure 12 not strongly dependent on speed ratio.
Hence insccuracles in the speed ratio should not lead to -
gilgnificant errors in the predicted orifice pressure.

The orifice pressures (Pc) were used to calculate

rurber flux from, ., 1

N=R /(2mRT )7,
where Tc is the tewperature ian the orifice, asg determ=
ined {rom the therimo-couples embedded in the model.

The nuuber flux to a flat plete is shown in figure
8 and compéred with other measurementc snd csleculations.
)y &end ﬁyﬁ were used;as sczling puremeterc ag these are
thought to bve the most relevent gquantities in the kine

etic and merged layer reglies e discussed in szction 2.3.
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Hemel and cooper6 showed that,
-1
>\{3 = (ﬂ-{e. Ny ZC-':) 5
where is the c¢ollision cross section. If the mole=-
cules beheve ag hard spheres, then the ccllision cross
section is not velocity desendent. Froz simple kinetic
theory, ,\‘”:é'tﬂ » hence for hard spnere molecules,
7\+ =ﬁ-f:'ﬁ'->\w. The free moleculsr number flux to the
®

model surfsce was celceulsted fronm,

. L -(Ssmx)* _
N_.= Ng (%w)?— [6 + i (Ssana)(1+erf (5 5{1\0{))1

FM

This equation is demonstrated in the diecussion of Iree

molecular flows presented by Hayes and Provsteint?. In

the cese of a flat plated=0 snd the equation reduces to,

N Fels] <
e _ ne T, y

2%

The results of the lionte Carlo calculations quoted
in figure 8 appear in refsrences 36 and 37, and alsoc es
a private comumunication in the paper by Horstman7.

This peper &lso reporte experimentel results obtained
uging heliun, v

Unfortunately the scaling in {igure & is such that
it is difficult to relete the present results to those
ovtained previcusl;. The prescnt data was in the mere
ged layer regime, rather than the kinetic regime, &s
>\+>,5 . 48 Giocuceed previously, N, should be approp=-
riate in toth regimes, but tuis does not appear to be
the case. The dete was therefore replotted ag&inst%ém,
ag shown in figure Y. It will be geen that the previous

resultsc are qualitetively very siniler to thne current
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datae. Qusntitative comparison is less satisfactory as
the number Tlux measured at M=7 is similar to that cal-
culated at M=13. Hormually one would anticigate 8 smal-
lar nurber flux at the lower Mach number. However the
trend ip the ssme se that erhibited by Horstmen's data
which showa that at 2 given Mach numver, the experimen-
tally determined number fluxes are grecster than the cal-
culeted values.

The surface preacure detas on wedges has also been
reduced to nunber fluxes &g shown in figure 10. Agein,
there is no mimple correlating quantity availeble, so
the rumber flux dete is scattered, os the pressure dats
wis. The esolid lines are rether optimistice, particulQ
arly at negotive incidence, but they do reveal the main
feztures of the dsta.

At negztive incidence, the nuaber fluzlia substan=~
tially grester than that predicted by free mslecular
theory, presumebly beceusa the shock deflects molecules
down on to the model surface. Vhen positive incidence
ie applied, there ie 1ittle effect initislly. However
e the incidence is inereased, the relotive nurber flux
drops. This may be veceuse the prbportion of free
stream molecules which reach the surfsc: without colli-
sicn 18 increased snd hence conditions become similar
to these in 2 free moleculsr flow.

4,2, Flow field ctudy, using nrobes

Lengmuir probes and pitot probes were used in con-
Junction with well pressure measurements; 1n en attempt

to determine denelty ond velocity profiles within the
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model flow {isld.
4.2.1. Theory

Pitot pressure mey wve relsted to dynamic pressure

. 2 e mpas .
. Dy‘/au = Po'l(it‘x)u (4.1)
The equetion for pogitive ion curreat to o laaguuir

prove, i.e., equation (3.1}, sy £lso be re-srringed to

411 (4.2)

elIet (1)
Teken together, equetions (4.1) end (4.2) may ve used

yield pu=

to yield p and u sepsretely. Tae ionisetion fraction,,
ig frozen at itec free streem except very close to the
well, se discussed in eppendix 5.

In supersonic flows the Mech number depanéentvquan~
tities F(I) and (i) change slowly with lach number and
are very weskly dependent on kach number if i>2.

Within the viscous layer, ;i = G(1), so that the
locel Mech number mey be obteined epprovizately from
pitot pressure and wall pressure. Hech number in the
shock layer mey then be epproximetely obtzined by extr-
apoleting the viscous layer data through tc the free
gtreasm value,

Alfernstively the ¥rmeh number at come distence from
the wall may be obteined by sesuming that the free
stream totel enthalpy is conserved, The flow equations,

v’ CcT C.1 T. 1 4+y¥-1M°
5 + P o PO ang Tg = - )

may bhe manipulated to yield,

Y4 2 "'%‘ (403)
W o= u((#-l)(CpT0~§ ))

If total enthelpy is conserved then CpTozﬁw, and
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equation (4.3) may be ueed to celeculzte I,

Having estimated loeal Mach number, #(I) and £{)
mey be obtained and substituted in equetions (4.1) and
(4.2). The resulting dyaamic presscure gnuz) and nuanber
flux {(pu) are used to find p and u. Local tempsrature

* ’z), viscosity and Reynolds aumber aay now be obteli-
nedﬁgaccessively end uced to calculate the pltot press-
ure rerefection correction., The complete procece may
be lterated to obtain more rccurate wvalues oi A and u.

Rapid and sccurszte closure of thege iterstions
requires thet the quentities £(.i) .and (i) very slowly
with Msch nunber, as is the caze for ¥»l. The epeed
ratio at the wall wes calculsted, in section 4.1.2., to
determine mamber flux. Since S = (X/Z)dm, the Mach nume
ver wag nlso obtained., It was found that i = G(1) at
the model wall, so thet ¥>1 for most of the model flow

field,

£4.2.2. Experinents

Pliot probe and Langmuir :rove meazurements were
wade ueing the dipping apparstuas described in seetion
3+.5. The cylindrical pitot probe tip was replaced by a

rectonguler seetion ceramic tip heving a cross section
of 3m.m. x 1lm.m. Hence the probe still had sn accept-
‘zble risz tine, o3 befors, but the spacial resolution
weo Improved. The Lengmuir prote egaln consisted of e
fine tungsten wire withh 2 collection region defined by
cerzmic tubes. This collectlon region wee Tm.:me. long.
Tha probe wos mounted tronsversely o the lov and pere

ellel to the model surfece.
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Smooth motion of the probves througn the flow was
achleved by driving then with & screw thread, via the
potentiometer. The output of %the poteniiometer was app-
lied to the X plates of & storege oscilloscope and the
probe gignal was spplicd to the ¥ plates, zo that pro-
filez could be outalned directly. Fhotoyrapins of the
ozcilloscope cisplay were used to obtuls a percwnent
record of the results.

It wos noted wihen making pltot probve weasurements,
that there waz a zlight difference in tae traces ovtai-
ned when the pitot probe travelled frow the {ree strezm
down on to the model surface, rather tnan irom the model
surface oub to the free streciai. This hysteresis wes due
to lag in the messuring asyetem ané the two truces brace
‘ket the corrsct value.

A further investigetion was perforamed in which the
probe wag allowed to remain at a specific distance amovove
the model for se/cral seconds, so thst the correct value
of pitot pressure was obiained. It wae found that these
values were cloas to those oYtained when moving the
probe away fron the model. This is ressonable as vacuum
gystemns generally fill wors rapidly than they empty.

It wae possible thzt the response of the Lengmuir
probe wmlghnt ve affected by the model causing & distort-
ion of the electric fiecld zssociated with the probe. To
invegtigate this, the voltage~current characteristic was
identicel except when the probe wea less than 1.0m.m,.
ebove the model surfsce and the vieres was algo lese than

two voite. Hence the probe is virtuelly unsffected by



the model.

Az the slope of the cherscteristics is constent,
the ratio of ion current collected &t & given voltisge
to that collected &t zero veltege, is the seme in the

wodel flow field ag in the frees strecn i.e.,

Ii

F_(V=0) = §_(V=-T).

It is thererorc not necessary to plot the characteriet-
ics at each poiat in the flow. A vias of -7 volts wse
used ¢8 this ensures tha{ the probe is operstiag on the
slope rather then the "knee" of the cheracteristic.

In orcder to avold any effects crising from variat-
ions in free ctream counditions occurring vwiuilst & trav-
erse of fthe flow field wes mede, & fixed Langmuir prove

wos inetslled S5m.in. below the leading edge of the acdel.
The output of the fixed prove was uged with @ #oltage
multiplier, operating in the "divide" .ode, to normel-
ise the output {rom the moveble probe. dJnfortunately
ot the nigher powers, the fiied probe melted, =o tnis
systeﬁ could not be employed. ﬁawever at low power
there wes no detectuadle difference between the normel-
ised and non-norialised profiles, &0 fsilure to normel-
ise the probe output does not sppear to ve importent.

The result of é Langmuir probe and pitot prove tra-
verse i: shown reduced to velocity and density profiles
in figure!f . One iterastion wae performed to correct
for Reynolds number el{fects on the pitot pressure &nd
thercorrectian was found to be very susll, ilonte-Cerlo
calculation results from reference 52 sre included for

the purposes of comparisor.
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It will ve seen that profilec obtaimed experiment-
ally are not satisfactory. The incresse in the velec-
ity ebove thaet in the free stream, followed by o decre-
ese vhen moving further away Ifrom the model sre highly
improbeble.

These aweasurementa were conducted at 12m.m. from
the lecding edge. The Hach numcer obtained froxn the
well pregssure ond pitot pressure is shown as =z series
of ecircles in figure 13. A4s the shock region is wppro-
ached, the indicsted valuc of lsch number drope, sg the
procedure bLecomes invelid. lHence the measured lach num-
ber at the wall was phased to conditions in the free
strezmn uging the dotted line shown. 1t will be seen
that 1192 for wost of the {low Jield and hence #(l) and

(i) were virtuelly constont. The Hach nunber wes also
celeuleted ucing equation 4.3 ond the results sre skown
ap crogses in figure 13. The erratic behaviour of the
velocity caused toe calculated ifech number to very wile
dly and hence the mothod iz net useful,

¥urther probe moasurewents were conducted gt diff-
erent positions end urder different operating conditions.
The density =nd velcclity prefiles ovtazined agein exhibe
ited improveble behsviour includin., in sowe caces, an
overshivoot on the velocity profiles. There was no eppar=-
ent pattern in this behoviour =lthough the resulis obte
agined sV o given conditisn were reprcducable.

- ol

In view of %the crreful cousideration of the epplice

-

ablliity of the proben thest sorose distortions of the

profiies were surprising. However ihey Ouiﬂ not e
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accounted for by experizentel error s considerable ceare
was excercised in making the measurements..

It wes not apparent whether the combined techiique
failed because of the pitot probe measurements, Languulr
probe mescurements or both. Further tests were conducted
to try to establish the source of the errors.

Pitot pressure profiles were obteined using & tip
that was 60m.:. long, so that the probe support weas
beyond the end of the model.. As no difference was obDB-
erved, the probebility of interference between tiae probe
support and the flow field is eliminated. The pitot
probe was normanlly pitched 5° downward, with respect to
the model surface and free stream flow. [ieasurexents
were made with tae proue parallel to the flow, out again
there wes no discernasble difference in the profile obt-
ained.

I:i the cnse ¢of the Langmulir probe, en error might.
have been introduced by the ceramic tubes to locate
the collection region. These tubes presumably generete
iocsel shocks which strike the wire. Tuey might eglso
secome electrically conducting so extending the collect-.
ion region. The probe was used in the free stres=z with
collection lengths varying between Zm.n. 8nd 1Z2mn.m.,
the output being normalised sgeinst the [ixed probe.

It wes found that the current collected was directly
proportionsl to cdllection length, even at 2m.. Hence
the presence of end effecte induced by the cerszamic
tubes mey be eliminated.

A further possible source of difficulty in asking
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the Langmulr probe measurements wes considered. It is
well known in classicel electrostztic theory, that e
charged body induces & corresponding cinarge of opposite
sign on &n earthed conducting bdody.

Ls the Langmulr probe is negative, it could induce
a'positive cherge on the model which would tend to def-
lect lons away from the model. To eliminate this, the
model was electirically isolated from tihe working section
and different vol&agee were applied. It was found that
'Pne érofiles were unaffected by model voltage even when
this exceeded that of the probe, so it ie unlikely that
the induced chaﬁge would have sny effect.

As no other rezson could be found, 1t ies sugsested
that the erratic behaviour of the velocity and density
profiles may be due to the disturbance czused to the
flow by the probes themselves. This seems unlikely as
the probes are smsll compared with the extent of the
flow field, and also, most of the flow field iz super~
sonic, so that disturbances should not be prope _ated up
stresm.

Coneidered sepsrately, both the Langmuir probe and
pitot probe profiles sppear quite reasoneble. They are
smooth and comparable in shape to the previously repore-
ted flow field surveys discussed in section 2.3.

However it hes subsequently uveen estcblicned, by
performing additional independent measurements, that the
probes were interfering witia the flow, and this concluse

ion will be discussed later in section 4¢3¢4.

4.3. Opticel determination of density
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As the prove measurements proved to ve uns&tiaféc-
tory, «n slternative nethod of determining conditions
in the flow field without introducing prdbee was sought.
The applicmtion of the electron beam teciinique wee con-
sidered, but this would heve bzen difficult because of
the conslderanle self luminoscity of tae {low in’tne_
plassa jet., It was bnérefora decided to usce the self
luminosity of the flow to determine density.

Be3ele Heto-astable stons

The cause of the high luuninosity of the plasma jet
is the decay of atoms froa meta-stable states. These
mete-stable atome sre generasted in the arc region by the
highly energetic particles present in that region.
Brevwer’l has shown that under conditions similar to
thoee in tne plasaa jet, the precence of meta-ctable
atoms increeses the luminosity by somne five orders of
magnitude.

A&cock46 verified that slmost &ll the lurzinosity
in the plasta jet is due to tie presence of meta-stable
astons, by edding a trace of hydrogen to the flow. This
greatly reduced the intengity of light emitted, but did
not affect the ilonization fraction, so luminosity is
net due to iorlc recombination. The reduction in lumine
osity wust therefore be Jue to quenching of mete-steble
atoas,.

The resson for the decay of the meta-stable etoms
is not certain. Spectroscopic messurements of tempera-
ture using the relative line inte:sity method sppear to

Yield the electron temperature rather than the neutrsl
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particle temperasture, ss discussed by Adcoc&.’ This sug—“
geste that the decay of the meta-stable atoms is assoc-
ieted with electron impact.‘ However the helf-life of
the mete-cteble states may be compsrable to the trassit
time through the nozzle, so decsy mey be spontaneous.’

The amount of light'eﬁitted will depend on the den=-
sity of mete-stable atoms present‘and if the ratio of
these to a1l atoums is constant, it will also be propor=-
tional to gas density. Hence = messurement of l1light
intensity mey be used to deternine the deasity of the
E8B. | '

"When the plasma jet is cperating it may be ouserved
thet the luminosity in the inviscid core at the nozzle
exlt is constent and it has been coufirmed by the photo-
sraphic measurements described below that this iz so to
0(1%). Tac ges dencity in the core is slco constant to
0( 1%) 8o hes been verified by the probe measurements.
It is therefore appareant thet tae retio of wmeta-stable
atous to all atoms is constsnt. Gsince tae extent of the
model flow field iz less then taat of the core, the
frection of etous in nete-stable states should be essen-
tislly constant in tiae model flow field. Tais will not
be necessarily the cese if, eltiher, tae decey processes
ere different, or excitution occurs.

The tempersture in the flow field, sven behind the
shock, is less than 1000°K so that excitation will not
occur. As discusged in appéndix 6, the electron densiiy
is likely to be the s2me in the shock regiob as in the

free stream. Conditions generally sre similar in the
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two reglons go the decay processes are likely to be the
seme.

The 1ligsht intensity in the shock region should
therefore be proportionsl to local gas density.

Clbse to the model, the light inteunsity may cease
to be proportional to gas dersity, &s nany of the stoms
in thie region will heve undergone & collision with the
model wsll. Such a colllesion mey cesuse non-radistive
decay of & mete-ptavle atom, 8o the frmction of atomus
in metz~stable stetes is likely to be rsduced.

4.3.2, Photosraphic technigue

The intensity of the light exitted from the flow
field was meesured photogrephically. This method
enables the entire flow field to be viewed at one inst~
ant, which is useful és 1t is difficult to reprodﬁce
andéd meintain ¢onéit10ne exactly in the plasma jet. It
also erjoys the advaatage of _iaplicity.

A pléte cemera with & cmell depth of focus was used
to localise the observation to tae model centre line.
The canera was set up to give a magnification of cbout
one, and it asd an aperture of f£/1.1. Under these cone
ditions, the depth of focus was O(1lmeile).

Wiailst in the cemera, part of tiue filan wes masked.
Subsequently in the derk room, u set of differest expo-
sureg were applied to the masked area to provide & dir-
~ct celibration of the fil:. In order to svoid stray
light effects, ovservation wes rectricted to the olus
region of the spectrum, where mucavof the argon emisei§n

oceurs. Blue sensitive film wes used and ultre-violet



52

light was excluded by placing a zlass sheet vetween the
camere aend the working section window. The celibration
strip was produced with & cold cathode light source s

thla emits strongly in the blue region.

The plectures were recorded on Ilford H5-31 sheet
fila and this developed in ¥icrophen. This combinetion
produced reasonably fine grain pictures. Wnilst being
developed, the filin was éontinuously agitated to minim-
ise graln size and ensure a uniform developuent across
the film,

Since the plece of filw contzining the {low field
plcture is celibreted direcetly, the calibration should
be accursate.

The film wae scenned with & photo-densiometer, the
output belnz plotted on & chart.. As the densiometer hned
£ 51it of C.2mem. X O«05mens and the slit was aligned in
the flow direction in which the flow properties very
slowly, locel definiticn was very sherp. A calibretion
curve relating film transmittence to length of time exp-
osure (and hence smount of light received), wes construc~
ted rfor each film. Eight calihr&tibn times were used
end there was little cscatter in the results. FPlow field
scens were converted into dengity profiles using the
calibration curves,

As the locsl density was comparable to that in the
free stresm, it wasc possible to operate in e ressonsbly
lineer region of the rescponse of the film. These .ess-
urements should therefore be accurate to & few per cent.

Special accurecy was =1so ensured by including
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merkers in the photogrephs.

4+3+3, Dengity Profiles

The result of 5 set of ccone mede on one piece of
film is shown in Pigure 14, ionte-Czrlo calculations
from reference 52 are included for comparison.

It will be seen that the cslculated a2nd measured
proflles are similsr in shape erxcept close to the wall.
The resson for the apparently low volue of measured den-
sity at the wall may ve that the metz~ctable stons are
quenched by c¢ollision with the wsll. Hanel and Coopere
suggested that the extent of the reglon occujsied priere
ily by body dominnted atoms is O(A,). iowever, if gusn-
ching by collision with the model wall is the rsason for
the sppsrently low density at the wall, the extent of
the body dominnted atbms is greater than 0(h8). tvicy
from the wzll the sgreement betwesn the profiles 1is good.

It may alao be noted thest the shock sterts slighily
ahend and below taec model leeding edge, presuncbly bec-
euge of the presence of the under curface wedie. The
density ic slso s8lightly grester at tiile position than
it ia until well down stresm. As stuted esrlier, the
‘lending edge of the model should be cufficiently sharp
to preclude leading edge bluntness effects., The hirh
density ezneed of the model must, itherefore, crise from
upstream propagstion resulting from diffuse reflection
at the model,

The peak dengities obtained before sre plotted
with dete obtained under different operating conditions

in figure /5. The results of memsurements conducted in
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nitrogen using on electron beam under otherwise similar
conditions sre elso included. These resulte were taken
from reference 53,

It will be geen theat the shock in the present mesas-
urements using srgon ie slightly steeper and stronger than
that messured by Lillicrap53 in nitrogen. This contin-
ueg the trend predicted by viscous interaction theory
in which shoci angle and sirength increase withY . For
exanple, in the case of weak intersction on & cold wall,

ne slope of the boundary layer edge is proportional‘to
‘(X~19. One would anticipate that shock angle will be
releted to ¥ in o similar fashion,

The prescnt resulﬁa ara in reesonable agreement
with the mante-Carlevcalculations, eltiough the values
of density mexime are a)little higher. It is felt that
the close agreement previously obtained between
ILillicrap’s measurements and the lonte-Carlo calculations
mey heve been fortuitous in view of the fact fhat they
were conducted st differeut values of ¥.

Flow field density maps derived from results obt-
ained at difierent conditions ere shown in Tigure /6.

It eppears that at a given Knudgen number the shock is
slightly more rarefied when the mean free peth is greater,
elthough there is no obvious explanation for thie. The
shock constitutes an increasing progortion of the flow
field althougn the chock thickness decreases as the lea-
ding edge is approached.

Density ratio ocross the shock did not reach that

for a Rankin-iHugonlot shock within the rsnge of the
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prezent mezgurexente. or the observed shock angle and
Hach nuxber, £ /4 =2.7 for & RenkineHugoniot shock.

Density meps were constructed for tne flow about
the model when it wae set coi incidence o the flow, &s
saown in figure /7 . The crosses show the position of
the observed density pesk and sre included to izdicate
the amount of scetter cbtrined, wﬁich in fect wee
slight. It will be seen that with the limited range of
incidence cpplied, there was little difference in the
sbeerved structure. The maxiamum density of the shoeck
wep 8lightly higher when &t pocitive incidence but its
poeitlicn wee virtuelly unchahged. At negative incidence
the chock strength ie cgein very sinilar, but the shock
angle with respect to the model ls increased signific-
sntly. Tho shock engle with respect to the flow is,
however, similer to that at zero incidence.

4.3.3. The effect of proves cn the {low

In view of the difficulties encountered in section
4.2., photogrepiie were token whilst probes were present
in the flow. This wes to determine whether the probes
were ffecting the {low. Thess photographs were reduced
te densalty profilec os before. The nmeasurements were
conducted ot the lower power level, to prevent the probes
from melting while being photographed.

M™eo probe positions (A znd B), as shown in fizurelS,
were omployed, corresponding approximately with the cen-~
tres of the shock and viscous layers. Thz urobes were
thoge dencribed in geetion 4.2.2. 0Only one probe wusp

introduced into the Flow zt 2o tinme.
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It waz found that due to the presence of elther

1

probe in the flow, the dencity profiles were slightly

g

distorted but the values of deusiiy maxime were changed
substsntielly. This effect extended Tar upetreun of
the probes e.g. when the pitot tube was =t &, the den-
gity ot 2m.m. frowm the leading was 155 greater then when
the probe was abgent. Thas flow disturbance could not be
cttributed simply to the flow fielde of the probes since
theze would bve confined to ths bow shock :ztand-off dise
gnce. Por a wide range of physleal conditione thie is
Cld /2), which iz 0(0.5mwie) in the case of the largest
of the :»robes used.

1% wes difficult to druew any concluslions from the
niscellareously disturved profiles and so the position
of the density maxins were plotted ss in figure 18 .
Clesrly the pitot prove has o drastic effect on the flow
waich depends on the position of the,probe within the
flow. The Lzngmulr probe appo ently'has less effect on

he shiock poaition, althnough, as stated Lefore, it does

disturb the dencity profiles a long way up sirecm.

-

Ls 2 Zinel check, density profiles obtained Iron
photographs were considered separately with pitot probe
an Langmuir probe proliles to ovteln velocity profiles,
Thiz nccessiteted the assumptions that,/)ugtPo' for a
pitot tube, snd pusl for the lLeongmulr probe, which
ghiould be zetiazfectory oway from the wsll. In both
capes the resultant velocity profilee were distorted =nd
this agedln indicotews that voth ?rabes'intcrfere suhstan~-
tially with the flow.



5. pigeusgion

2:1. Flow svout a {let pleate

The present meesurements were confined essentiaelly
to the merged layer regime. The neasured pressure down
streem approaches that predlcted by weak interaction
theory, wut does rot quite resch this limit. The deuns=-
ity Juap across the shock is slso less than thet pred-
icted Ly the Henkin-iugoniot shock relations, at the
ouvserved shock angle. ZFurther, tie density profiles do
not contain & region of constent density bétween the
chock and the boundary lesyer. This again indicates
thet the boundary layer end shock were merged.

Lt the up stream end, the number Ilux date reach a
plutecu, vut do not sctuslly drop towerds the lesading
‘edge es would be expected if free molecular flow occurs
‘at the leading edge. measuraménts were tnerefore not
‘conducted in the new free moleculsr region which occurs
very close to the leading edge. However the peak of
tne platesu does appear to occur &t )f = 0(1l), &8s sug=
gested by tne anaslysis of Hamel end Coopers.

The trends in the surface aumber flux deata were
better correleted with those of the konte~larlo celcul-
ations aund the experiments performed by Horstman7, when
L/ replaced /N, as the length scele. It will be
seen frou figure 3 tnat tne shapes of the number flux
districutions eare very siunilar winen plotted wgjainst
X/Dps but =8 the experiments and calculations were pér-
Torised under different conditions, somne differences in

the wbuolute values of number flux were to be



58

anticipated. The succesciul use of /Mg a8 the length
scalie for the number {lux distribution is in contrast
with the resulis reported by Lewis znd Smith7, wao
found that experimental date ovtained 1n votbth the near
free moleculur region sad the merged luysr region were

53

correlated by A/);. However Lillicrap’” successiully

used the parusacter, ﬁC/Rexm, to corrolatc shoca streagtn

2o

data. Since EG(Hexw 2 (388787 + Ny/i and both C and ¥
are 0(1), the parzueter used by Lillicrup is approxin-
ately the inverse . o i/Ng. |

A8 the present comparison is between data covering
& wider range ol ‘wall teaperaturc and lMaca numver, it
imposes a greater task on the corrclating peraseter,

is probuoly why X/Ap zroved to be less satisfact-
ory. It tacrefore sppears thct A/ g it generally more
suiteble than X/D,, except in the nesr free molecular
‘reglon. Lowever, as Vogenit237 discuseed the verious
mean free paths mey be appromim&fely related by iLach
numver, wiich doeg not dractically cifect the {low
structure in the merged lsyer regime. 1t is ther:lore
unlikely that there will be & startling difference bet-
ween the two.

e structure of the flow field was gimilsr et dif-
ferent opersting conditions., This ig not surprising
since the wazll is very cold, and ziso bota the relevant
temperciure ratlos (Tw/To and Tw/qb) are virtually the
game in all the measurenmentz. Further, the Mach number
range was modercte,

Tiie general features of tae {low gre similer to
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thooe previously obeservel in nitroges. It coneists of
o reletively thich shoek in econtect with & viecous leyer
thet extends to the wall. The shock 1z nzarly strsizht,
but ﬂecr wses slowly in thicuness and strength ac the

leading

o
S

cdpe is approsached. However, it coustitutes an
nereaging wroportion of the flow gnd is dominent st
the lending edze.

Tiie deapity meximom emasnstes from & position &6 1lite
tle below and eshesd of the leading edze, because the
lewer surface of fthe wodel hes a finite sngle relative
to the free sitream. Unfortunstely the scale of the
pessurements wap guch &8 10 preclude sccurate measure-
ments, 2t the lesding edge. lHowever, no elgnificant
disturbence was spporent st distances grester thes 2 Ma
ap s8liream of the lestding edge, i.e. the disturbsuce was
less then 9(24).

The ghock wess steeper and stronger then that obser-

ved in nitrogen flovis under similer conditions. It pro=-

duced lerger surfnce pressures and number fluxes
Lo diseuseed in section 4.3.3., the theory for

wesk intcrection on a cold Jlat plate suggests thet the

-~

pe of the voundnry layer edge 1is progortioncl to

"
fd
D

3
(¥-1). 4%t high Zash nunber, the obligue shock relations
indicete thot the shock angle is relatsd to the wedge
angle ny o term proportionsl toc (¥+1). Hence, il visc-
ous inferuction produces & sihock supported vy the boun-
dary layer, thc sascck angle,egﬁ is proportionzl to
(3+1)(¥-1). The shock angle in srgon cen thersfore e

nearly twiece that in nitrogen.
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Similarly, the pressure ratio across the shock can
Py~z.
L2.gv-1)(s3).

be related to specific heat as follows,

P,
This suggests that the pressure Jjump in arggn will be
nearly four times higher than that in nitrogen.

These celculations are based on the extreme assump=-
tion that the wall is completely cold. Under the pres-
ent conditions, the shock is also substantielly weakened
by merging. Even so, some increase in shack snsle and
strength night be anticlpated, and this appesrs to be
the case.

When compsaring the present results with those obt-
ained from lonte-Carlo calculations performed under eim-
ilar conuditions, it is found that the shock positions
gre very eimilar, but the density rise ig slightly
higher in the present case. The number fluxz to the wall
is also Blightly higher, in agreement with the results
of the measurement: made by Horstman7 in 8 monatomic
g88.

when the lonte-Carlo calculations were performed,
some rather uncertein assumptions about physical proces-
ses, (such as surface reflection and mglecular intersc-
tion), were unavoidable. Small discrepancies are there~
fore likely to occur until sufficient experience hae
been geined to specify these quaztities precisely. .ow-
ever, tie agreeanent between the calculations and the
messurexents is certainly sufficiently close to indic-

ate that the lonte-Carlo technique is sound.

It will be noted that voth the calculations and
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experiments were conducted with monatomic gases. Thae
comperison is therefore more :eaningful taan those prev-
iously conducted between the calculations zand experim-
ente perforﬁed in diatomic nitrogen.
| The present measuresents have been diacussed end
compared to th: results of lonte-Czrlo calculstions
with the &id of density profiles, flow [ield den:zity
maps, end graphs showing the position and value of the
maximum density. These latter two quantities sre part-
icularly useful as they may be measured accurately and
unambiguously and dependent on the complete flow struc-
ture. Taken together, they give the best simple repres-
entation of the flow field and for this rezson many of
the resulte of the lonte~Carlo calculations are pres-
ented in this form.

Since the lonte-Carlo celculations were performed
for the complete flow Tield, simultsneously, there is
no obvious advantage in considering the interreleated
shock layer and viscous lsyer regions separately. How-
ever, in earlier studies the regions have been coneid-~
ered seperetely and this will be repeated for the suke
of completeness. Close to the wall, the present density
measurenents way be unrelliable becsuse of the quenching
of mete stable atoms by collision with the wall, and
hence only the shock leyer will be congidered.

The shock position can be defined =8 tiae position
of meximum slope, i.e. point of inflection, in the dens-
ity profiles as shown in figure 19. If a tangent to the

profile is drawn ot this point, the intersectiou of the
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tengent witii the values of freec stresm and peak density
may be used to define a shock thickness (As) also shown
in figzure 19.

It will be seen thet the shock position of the pre-
gsent detes is ressonably correlated by the parameter
Hzcw(Tw/To)%/Rewauggested by Shorenstein®c. A best fit
line drawn through dets obtained by Lillicrap®> in nit-
rogen, uader otherwise similar conditions 1o included.
The results of Monte;Carlo calculations sleo performed
under similar conditione and obtained from referenc352
are shown. Unfortunastely this information had to be
obteined from amzll reproductions of complete densit&
profiles and so arec not likely to be accurate.

Ag before, it will be seen that the shock in argon
is rather steeper than thet obgerved in nitrogén. The
argon shock also eppesrs to be slightly steeper than
that indicnted by the Honte~Carlo calculations, although
the likely errors in extrscting this information from
the referenced paper precludes any definite couclusions.

The shock layer thickness is slso shown in figure
19. It will be seen that the shock region in argon coa-
gstitutes &n increasing proportion of the flow field as
the leading edge is approached, but not to quite the
same extent sz in nitrogen. The same tren:i occurs when
the present mecsurements are compared wita the lonte-
Carlo calculations. This sligat disperity is not thought
to be significant es none of the measurements sre likely
to be eccurate very close to the leading ed.e, further,

V,may not be & satisfactory scaling parsneter at e dis-
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tance of & few mean free paths from the leading edge.

5.2. Plow sbout a wedge

The structure of the flow field is not greatly
chenged when the model is set at small angles of incid-
ence to the flow. At positive iﬁciaence the shock is
slightly curved but the position of the shock relative
to the model is little affected. The shock strength is
aleo very similer to that wiich dccurs at zero incid-
endé, although the dencity increzsed wmore rapidly near
the leading edge. This iévconaiatent with the surfece
pressure measurenent: which show that the departure from
weak viscoue interaction occurs nearer to tae leading
edge when the mocel is at positive incidence.

When the model is at negetive incidence, the snock
gtrength ie egain similar to thet on 2 flat plate, but
the deperture from weask interaction is moved back from
the 1eading edge. There was, nowever, a region of incr-
- asged density close to thavlaading edge es at positive
incidence. In the cmse of negative incidence, this was
-probably due to the enhanced under surface wedge sngle.
At positive incidence, under-surface effects vecome less
significant and venish when the incidence is half the
leading edge wedge angle.

At negative incidence the shock is straight, but
the shock angles relative to the model is greater than
et zero incidence. However, tae sngle of the shock rel-
ative to fhe free stream is virtuelly the csme as et
zerc incidence, &> the shock eppeesrs to exanate Irom

the leading edge, &nd tne flow fiéld expande to support
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it.

It was found thet as incidence was increased in
the positive sense, the number flux at the surface dec-
reesed towaiés that predicted by free molecular theory.
Thié appeers inconsistent, as it might be anticipated
that the flow would become less rarefied with increazsed
incidence, so the number flux would becone less like
that predicted by freé moleculer theory.

However, at positive incidence, the fraction of
atoms reachling the surfoce directly from the free streanm,
without suffering ecollisions increases with incidence,
80 tie surlace number flux becomes more like that in
free molecular flow.

'At negative incidence, the presence of the shock
serves to deflect many more stoms down on to the surfece
then would reesch it by the normel free molecular proces-
ges. The aumber flux ie therefore much greater than
that predicted by free molecular theory. This effect
is erhanced by the fact tiat the shock position relst-
ive to the free stresn is constant at negative incidenuce,
If the shock were to follow the body, with incressing
negative incidence the shock would become more masked
from the free stream by the body, and hence less able
to dellect free stream stoms down on tc the body.

In orief, the flow Tield structure was not grestly
effected by the esmall range of angles of incidence ava-
ilable. Thie is not surprising since these anglez ere
small comparec with relevant angles in the flow, such

es shock angle wnich ere 0(30°).
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As discussed previously, there are not, at present,
eny adequete theoretical predictionc of conditions in
merged layer wedge flows and so it was not possible to
make a comparison. 'The present results would be useful
for such & comparieon i the calculations were performed.
5+3. Use of probec in rerefied flows |

Previausly. probes have been used to obtain qualit-
ative informatlion in low density Tlowe. Pitot probes
were succesasfully used to demonstrate the onset of merg-
ing and also to appro:ximately establish the position of
the shock. The profiles obtained are éomparable with
those calculated, although it is only the early calcul-
ations which explicitly quote results for pitot pressure
profiles. Unfortunately these calcvulations are found
to be unsetisfactory in other respects, as they are
based on crude physical models of the flow fleld and
neglect important phenomena such as 8lip. Taey cansot
'be used to provide a8 quantitative check on the measure-
mente.

In the present case, it is only when the mass flux
end momentum flux are comvined to yield velocity and
denegity, that snomzliee appear.

It ig perhaps, profitavle to consider the fate of
observations which were reduced with e similar scheme
proposed by McCroskey54. In that case, momentum Iflux
wag combined with energy flux ovtained from & heat tran-
sfer probe, to obtain density and velocity profiles.
Only one denelty profile was reported. This was found

to be in moderately good agreemeat with a density pro-
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file obtained using an electron beam. The measurements
were conducted at\i@ =Q.2, 60 they wére only just in the
merged layer regime.

ancrtunately.‘the corresponding velocity profile
wes not presented, presumably because of irregulerities
in the profile, so 1t is not poseible to verify that the
velocity p:ofiie was satisfectory. In the present case,
some of the density profiles were reasonable, but they
were slways accompanied by irretional velocity profiles.

There have Leen no further>reports of the applica-’
tionyéf the epparently promising techhiquee proposed by
McCroskey. It is therefore concluded that difficulties
similar to those at present, were encquntéred.

The photographs, taken with the probes in the {low,
showed that both of the present probes cause significant
disturbasnce to the flow and this is thought to be the
xeéspn for the distorted velocity and densityvpfofiles
obfaineﬁ from probe memguremente. The exteht of flow
diéturbance is rather eurprising in the case of the
Langmuir probe, as this was near free moleculab. How-
ever, tne [low field associated witn the probe‘support
waé unavoidably more exteneive and this presumably caue-
sed the interference observed from the glow inténsity.
messurements, |

it theéefore appears thet probes are asn unsatis-
factory method of obtaining quantitative information in
the merged layer regime, even when very small., They
can, however, be used to obtain & genersel qualitative

understending of tne flow structure.
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6. COLCLUSION

a) Probes mey not be used reliably for flow field
studies in the merzed layer regime even when the probes
are near free moleculer, because of the inevitable inter-
ference of the probe support.
B) Under the conditicns of the present experiments,
the luaninosity in the flow field is proportionsl to
iOCal gas density, except clos2 to the model well where
~ the mete-stable atoms respOﬂsible'for the flow luninose
ity sre quenched by collision with the wall.
c) The present meceurementes are essentislly in egree-
ment with the results of ionte-~Carlo calculations coand-~
ucted for flow sbout & flat plete, under silmilar condite
jons. It would be of interest to see the calculations
extended to flow sbout & wedge sinece the meagurcnents
| provide comparative data for this case.
d) In the merged layer regime, the flow fields in
monatonic and diatomic gases sre qualitatively very sim-
ilsr. However, gquantitative comparison reveals tiaat the
shock layer is &lighitly steeper end stronger in & mone-
tomic gas, ac suggested by week interaction theory.
e) then the engle of incidence is veried over 2 smell
renge about zero, the flow field structure is little
changed, vut surface quantities, such as number flux

and pressure, mey be substantielly modified.
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‘Diffusion of species in an ionized slip flow

A.l.l. Introduction

At one time, the possibility. of meking hest trans=-
fer measurements in a rarefied flow was considered. As
the flow in the plasme jet is partiaslly ionized, si;nif-
icant heat transfer cen arise from recombinstion of the
lons snd electrons. Atitempts to estimnte this heat
transfer revesled thet solutions of the diffusion equat-
ione are aveilable only for boundary leyers without
8lip. It was therefore decided to perform =n analysis
which includes the effect of slip.

In the event, the projected memsuremeats were not
undertaken, Heat transfer arising from both fluld dyns-
mic heating and recomblnation is little alfected by low
density effects unless iL?O(l), as shown bvelow., For
conditions in the plasme jet this corresponds to =z dis-
tance from the lesding edge of C(lm.m.). However, zs
the preliminsry nmemsurements reported in section 3.3.
showed, a very =slender model 1s required. Therefore it
was not possible to use celorimetric, or other bulky
heat transfer meassuring systems, sufficiently ~2losz to
the lemding edge to be of interest. Thin film heet
tronsfer geuges are also unsultable, as they depend on
change of tempersture with tiue, wheress the plasuza jet
is continuous running.

The znalysis wzs conducted for}an ionlzed flow but

is equally apnlicable to 2 dissociczted flow. The
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latter ie of ianterest es high speed, high alitltude,
slender venhicleg are likely to nseve & partislly dissoc=-
iated flow field. V%all recombination heat trznefer in
] diaaoéiated s8lip flow asbout & flat plate wer discuse-
sed by the precent suthor in referencz 55. .

~As discussed in appeundiz 5, the flow field is fro-
zen except close to the wmodel.. Hence the recomiination
hesat tfansfer éependﬁ‘on the diffusion controlled con=-
centration of ions and electrons zt tne model surface.
Anslytic solutious of “the diffusion equetions nave veen
obtained by several authors including Chambré end

56

Acrivos’ ", who consideréd the case of & flat plate, and

57

Freemen and Simpkins®! who extended this to flow over =
wedge. Ia obtaining these sclutiosns it’%&a aggumed that
the layeriih which diffusion occurs is thin éo¢§ared
=ith the coundsry layer snd thue tae analysis ie stric-
tly velid in the limit of tchmitt rumber (Sc) tending
%o infinity. ;Conaistent with tnis sgsunption a Fage
and Felkner velocity distribution without slip was
usped to determine the Iflow within the diffusion layer.,
In r&refie& flowe counsideravle velocity =lip can
occur in the vicinity of & leading edge and under these
circumptances an alternative to the lineaur Fage and
Felkner voristion of velocity can be used. Provided
the Schmitt nunber cnd the s8lip velocity at the wall
cre both lerge, the velocity within the difiusion region
will be approximately constant.
Using this cssumption, the wsll recowbination

hect traznsfer mey oe calculated,
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fialede Anolysis

The equeation for the counservation of species in a
two~dinensional flow without gas phuse reactions is giv-
en by Dorrancel’ as, '

ou s)-gs«/ov:j%(--:}:}- (,0[),2(7‘}_;() (A.1) |

The recombination rote ot the wall will be zacumed
to be proportional to the concentration and the concen-

tration gradient at the wall will then be glven by rick's

law =8 )
02 | = kust (1.2
k., belag the wrll calalytic rate coastant.
‘Ereeman57 solved equation (A.1) together with those

for momenium znd energy by uéing the Illingworth transe |

formations end the streamwise co-ordinate transforsation,

3=k,,.,5c(2§!’1. (4.3)

Mw Ue

for the caze of & 'cold well' when and Sc cean

M
- R
reasonably be tesken to be constant and (er.). Under

these conditions the momentur and energﬁ”equations are
those of a chemically inert gas and are decoupled from

the concentration eqhation (Al) which can be re-written

as, Jo, seeradz sglfndz g (A.4)
v m T IS T T ‘
%ith the boundery conditions
2 4
ﬂ' (Soa) '52(5’0)

iF,») =1
Z is reduced mass fraction «/~, which for the frozen
flow 1B /o,
Egqusation (A.4) can be solved if we specify the velw-
ocity distribution within the diffusion lsyer i.e. we



A4

feed in e solution to the decoupled momentua and energy
equations. Adopting the Page and Pelkner approximation
and inecluding slip

£(n) = (uvy/u )y + ¥9°£7(0) (£.5)
This essumption implies that the diffusion lsyer is
thin compared with the viscoue layer i.e. Sc>»1l. For
the case of no slip, Freemansa has compared this result
with a more detelled onalyels for 3¢=0(1) and shown
that no serious error ic introduced by using the Page
and Falkaner approximztion even when Scrz 0.5, It would
appeer that the method ic insensitive to the regquire-
ment of Sc>7l.

For the present analysis we will conslder & bound-
cry layer in which significant slip occurs i.e. EE = 0(1)
end zs £™(0) is aleo 0(1} the first tera on the ?fght
hend side of (A.%5) doninstec as 7 is sm2ll in the 4if-
fusion layer.

In physical terms the present ascumption implies
that within the thin diffusion layer adjrcent to the
wall, the velocity is esaentially'constant and equal to
the slip velocity. This requires the 8lip veloecity to
he l=rge and thuc the salutioh ig esymptotocally velid
eg the lezding edge is approached.

The vslue of u, le necded for the calculation and
is obtaired from the boundary layer equation sssuming
Mexwellien s8lig, i.z.

o eyl D
u, o(T/2) ?;;-)‘%Jy/w {(A.6)
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where 0 = Qgﬁa o being the taengental momentum accommod-
ation coefficient.
bubatltution of -~£ 7 for £(1) in equation (A. 3)
Ye

u.,
ueing equation (A.6) to eliminzte -— yields,
Yo

| Z;,),) + %-({S?,?/S - yj) = { (A07>
where F anl
N 1 =(l7 “o o6 kW £(0)
Y N
k] i{
(2-LTW)

&nd is szesumed to be constent.
The problem mey bz eimplified by = further change
of verieblzs. IfE'-75, equation (A.T) may be reduced

to, 1)2. 1)2 :
YJerTaly - | (4.8)

¥Finally, the streamwise co-ordiinate may be rescaled

such that © = R s and equation (4.8) becgoames,

Yz 122
Ye2 a )8 (£.3)
This is subject to the boundary conditions,
)Z/jg = %, waen £ =0, from equation (4.4) (A.10)
~and £->] at the leading edge. (4.11)

The problem is now formslly identical to thet of
time dependent diffusion in a half specé and hence may
be solved by the applicetion of Laplace transforas.

If Z(P,£) is the Lsplace tronsform of Z{(6,f), then
the trensform of equation (A.3), with equation (A.1l1)
substituted is,

2~
adZ = pi-|
“er !

the solution of waich is i

o W
Z= P+C“P( (‘1 ) ‘ (£.12)



The ceonstant C is eliwminsled by differentieting equation
(£12) =nd substituting the result inte the transform of

equation (210) znd this yielils,

Z =%~§E(%) exp (*(‘g)%? ).
Inverting tnie, with the nid of the table of treneg-
forms edited by Erdelyiss, gives,

L
<

2= 1 - 2 (208 exp (zEs o (pragr))s (4.1
=1 - i02(5) exk’u(fé'é_.)_ gerc(m }o (£.13)

It will be seen thet &t large values of §, with O
finite, corresponding to large distances from the wall,
the solution is invelid, siﬁce egquation (A.13) reduces
to 221 +¢ Z,v wnich is imposeible as 2<1, This fail-
ure is not surprising, since the assumption that the
velocity 1= constent, st ite wall value, is obviously
violatesd far from the wall,

Ho such difficulty existz at the wall as €= 03 ..

then equation (4.13) reduces to,

b

Iz . .
Py = p '] . (;‘1014)
w g, (éj%.g.)/q_ ,

helsld. Discussion

As the formulation of the present work is differ-
ent from that preceding it, a direct comparison in terms
of 5 or © is not possible. However as the present ansl-
y8ie is concerned with wrll concentration in a rarefied
flow, 1%t is appropriate to compnre tie solutions in

terms of the viscous interaction parameter, \.

Equation (4.14) may be expressed as,



N E
Zy= 1+[6 _Se. _k_mrE_x_ Cope 2.4 [* 1 ;
3FO T RTY Y Atpey Bl vz (4.15)
where - Co
' \4’ = ',c; - '?.’ ’
(R )
Ta
Cw = :"""""""“ B
and : u
= -
A = i -

Ereeman'a results for a flat plate are presented

b
K
)

K = 3—(13cf"(0) T

The streamwise co-ordinate may be expressed in

and s wnere,

es series @olutiocne in termu of Z

'i N

(5t

terms of the viscous interactlon paramster &s,

2y 2.4 2
2.3 F(i)(ch )3(2§m/4¢ Lo Y &)_; |
K2 P(ZN O] | AT M Rt Riw| (5.16)

In order to cdmpare the various solutions, it is
necessary to eoelgn sultzble values to the quantities
in equatione (A.15) end (A.16). 1In the case of u cold,
highly estalytic wall, these might have the values,

Cm/“e& ue kW “
3 = b L ® 4
A gy 2, Yo (RT,)?

in adiabatic, weskly cetalytic well may ve repres-

ented by,
Ca,aexg YU = I Ky |
e —
AW Mw ol 4 22T

The resulis for these two represeatative cases are
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compered 1in figures Al &nd A2 wiere the effect of diff-
erent accommodation coefficientes is also shown. If the
reflection of incident molecules at the wall is complet=
ely diffuse .41 and if 307 of the molecules undergo
specular reflection &2 2,

Lt will be geen that close to the leading edge, the
wall concentration predicted by the preseat tineory is
higher than thet indicated in the earlier work, which
is ressoneble since one would expect the incressed bulk
motlorn produced Ly woll slip to enhance the concentrate
ion. Down strewem the wall velocity bvecomes smell asnd
ceepes to be representotive of the veloeity in the dif-
fusion region. Thus the nezlect of those ilonized spec-
ies tronsported at the nigher velccities which occur
vey Trom the wall, causes the prediction of well cong= -
entration to e too low.  The prezent theory, end that
oi Freemen ere likely to be correct in the upstresm and

ovnetrean limits, respectively, bub both underestimate
the wall concentrction im the intermedizie region.:

The effect of slip eppeere to
in the rorefied regime cqrrésgoéding to
velues of Q;.A In this regice the prevent theery should
be velid, since equetion (4.1) iz & fundameantsl gog dyn-
amlc conservetion equotion, and although boundery layer

Jpe trensformatiore are epployed to solve it, the boun=-

o &

cry leyer aspungiiong are nobt made,’
In the weskly catelytic wall cese, neglect of slip

is not sericus s the well concentretion does not fazll

much below its free stroam velue until V <o () ) whizh
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ie the lower limit of spplicatility of the present the-
ory. However, in the highly cetalytic wall cace, the
difference is slgnificsnt as the pregent theory provides
estimates of well concentration wiich are 204 greater
than those obtained from continuum theory. Tie hesat
transfer afising from the recombination of the ionized
gpecies at the wall in rerefied slip flow will be incre-

aced correspondingly and mey be calculsted {rom

q =2, ko By oty By s (4.17)

where h, is the saergy of recombination, and 4y is eval-

-

uated from egustion (4.15).



Velocity Heasurements

As2.1. Previous studies

Conditions in the plasma jet were previously stud-
ied, as discussed in eppendix 4. The reservoir condit-
- ione were well established, but conditions in the free
etreanm were less certaln. It was pherefore decided to
attempt a nore sccurate measurement of velocity, this
being & directly mwessurable, fundzmental free stream
property.

BohnGO nmeasured veloclity in a low power plaeme jet
by observing the DOppier;shift of spectral linee emit-
ted by excited atoms moving with the stresm..these meas=
- urements had to be conducted at low electron dénsities,
go that Stark effects were not significant. Velocity
has also been determined by meccuring the time of flight
of random disturbances produced by the arc. Authors
following this approach include Simpkins45. Park44 and

61 62

Winkler s wWho

who used photo-multipliers, cnd Fuhs
used magnetic searchk coile. Winkler slso tried Lengmuir
proves, In order to produce s more easily observed dis-
turbance, Simpkins repeated his messurexents using a
capacltor discharge between eléctrodes in the streaa to
‘obtein a luminosity pulse. vAll of these techniques
exhibit scattered data, probably because the disturbances
do not travel at stream velocity.

Buckingham63 produced a sinusoldel veriation in
stream luminosity by moduléting the power to the arc

heater. Observing the veriation via s rotsting mirror,
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produced =n gpparent change in frequency directly depen-
dant on stream veloclty. The method minimises doubts
about whether the induced &istﬁrbances are travelling
et stresm velocity es any components [eiling to do eo
should bLe self cancelling, owing to the symuetry of the
wEve. |

Unfortunately tine methced is of limited =zcocuracy,
and mey only.ve cppiied to a stable are, waich ususlly
- necessitetes operating st & power level ovelow thet of
interest for serodynamic fmcilities.

he2.2. Brperimental procedure

In view of the difficulties discussed avove, the
time of Tlight method wes modified. 4z in Zuckinghsa'e
experiusent, & sluuspidel veristion in intensity wac oot
eined by moduleting the power supplied to the arc, but
the velocity wes determined Ly wmessuring the difference
in phese of the light detected by photo-wulbtipliers at
two points along the stream. Tue velocity (U) is then

slxply given by:

U::Z‘Ttgé-s'

wiiere @ = phase difference (in redizns) between ctztions.
£ = moduvlation froguency.
8 = geparation of the statisng (S5Coauma).

As tue mensureneat is gquosi-continsuwoue, externsive
filtering may oo suployed to 2limincte random disturbance
effects. This wzgs in oot necessery 23 = signel to
moise retic of anovt 0,3 was obinined,

The streax inteneity modulstion wog prodused “J
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by-passing somnc of the current carried by the arc with
the siuat shown in flgure A.3. The shunt dissipsted
2Kw (about 5% of the asrc power) and was opercted at
avout 3KHz. Operstion wes restricted to burste of s
few seconds, z8 the components were considerabdbly over
run. Backed P..i.T., iielteiis transistors were used in
the current gein steges, &0 toat a full 30v peak to peak
gignal wes aveilable to the ten power by-psss transis-
tors with & 30v line.

The layout of the detection zystem is mlso shown
in figure A.3. Light from two stotionse in the stream
wars detected with photo-zultipliers. The resultant sig-
nala were pagsed through hizh selectivity filters to
remove unwanted noise and then through logic elements
to give =n output depeirdent on the difference in phaee
of the light at the two stations. Detsiled discussion
of the filterz and subsequent detection system is defer-
red to section A}E.B. below. It was, unfortunztely,
not posslble to lock the filters to the shunt oscillator,
£e the low vélocity of the gas tarough the plenum cham-
ber eliminates any phase correlation between the arc
and the free stresm moduletion. Initially the filters
were adjuated to gilve saximum gein andAthe see phase
shift. Two eisnals of known phase difference, derived
from & slmple R-C phase shifter, were then used to cal=-
ibrate the complete detection system. Calibration wes
rerformed cefore and after each set of messurements and
en everage velue used. The change in calibration was

at most 5%. Any differential drift of the phase change
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produced by the filter circulits occurring between cali-
bretions, wos minisised by taking the mesn of two read-
ings obteined at & given condition, using 2 reversing
switeh.

It was 2lso necessery to détermine the enthalpy of
the etresm, since velocity depends primarily upon enth-

alpy =nd limeh number. The entaslpy (H) was csleculated

- fromn, H= ’L(_E.’."gil ‘

where E = output of the power supply
¥ = power by-passed by the shunt
= argon mass {low rate = l.lg/s

head efficiency = 0.35, the mean of mezsured
46

~
]

data pgiven by Adcock

A.2.,3. Filters snd phaose ghift messurement

In oréder to separate the 3kliz modulaticﬁ gignal
from the noise, &nd & 300Hz ripple originating in the
arc power supplies, two stages of filtering were used.
4 perellel-T notch [ilter, having & transuiseion of Ii%
et 30Cllz snd 35% at 3kHz, suppressed much of the 3C0Hz
signsel and wae followed by & aighly selective active
filter incorporsting "Computing Technigues" operationsl
amplifiere, as in figure A.4. Thece vere used to doubly
integrate an initiasl signel (scyf ) which wag then added
to the 1nput signal, with some signal derived from an
intermediate stage, end passed round & feed-back loo;.
Equating signals at either end of the loop gives rise to
the expression, 6 + Ay(AjAk,0 + ATK,O + £ (1))= 0.
where A4, Ay and Ay &re the transfer functions of the

operationsl eleuments, ky and k, are the ratios of the
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resistive dividers &nd £(t) is the input signel.
Clearly, damzped, tunad or oscilletory operation may
occur, depending on the values of trunsfer functions
end resistance ratios. With the components shown, the
filter remained stoble with values of § znd of gein
equal to 200, end had a tuneble range of 2.5 to 3.2
kliz. _The q wes predominantly controlled by kl, and %the
tuned frequency by kg. |

The sinusoidazl outputs from the filters were conv-
erted to square waves, using 3.G.S5. -~ Pairchild mA710
comparstors as very nign gein amplifiers, These have a
rige time of 40ns and give ﬁeak output froa 3mv, so
that the'10v, 3iilz input wes fsaithfully converted to a
Bquare wave., Following the squarin;, & simple crosa-
over network constructed from }Notorole mcB46p "iland"
logic elements was used to generate rectanguler pulses
of a width corresponding to the phace difference of the
- initiel signals. These rectangulsr pulses were then fed
into a quassi-integrator of 100ms tlme constest, the mean
ottput of this being proportional to the phase differ-~
ence of the initiel signzla. The integrator output was
messured on # digital voltmeter.

AdZ2.4. Uiscussion

Velocity has been mezsured over = range of enthal-
pies with the method described sbove. The results are
shown in figureAS #nd compared with earlier values,

Park (A) and Simpkins (B) calculated the free strecam
conditions from those in the reservoir. Park44 nuneric-

ally solved the full flow equetions, including & rate
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45

equation for ionic relaxation and Simpkine™ used a

Mollier chart, assuming isentropic, frozen flow and an
exlt Mach number of 2.8, as derived from pitot measure-
mente. RBoth the rate constant used by Park and the sim-
plifying =zssumptions about real gas effects used by
Simpkins are rather uncertain. However, it will be
geen that the present measurements lie between thése
theoretiesl predictions, Also they improve upon
Simpkins' badly scattered date obtained by the "random
disturbance" method, but preclude the results he
obtained with the "induced disturbance" method. This
suggesfs that sny method of meassuring velocity which
depends on observing non-periédic disturbances is sus-
pect, since these mey propagate at a velocity other
then that of the stream. One would expect rearward tra-
velling disturbances to be generated at the same time
as forward travelling disturbances, giving = spread of
velocity measurements about the true value., It will in
fact be seen that the velocities measured by both the
random disturbance and induced disturbance methode are
consistently high.

In the case of random disturbances, the rearwsrd
travelling com?onents would not be observed as they are
generated in the slow, subsonic, flow of the arc region,
and, being at lezst sonic, they would travel upstream
end be lost. The large scatter occurring in the rendom
disturbence method mey be due»to the wide range of dis-
tgrbance strength arising from random arc fluctuations.

However, the method ig indrinsically inaccurate, ag it
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ig neces:nry to measure btime diffzsrences that are auch
enaller then the rise time of the disturbances.

In order to genefate a more sharply defined distur-
bance, Simpkins dischazrged a capacitor through elec-
trodes placed normal to the Iree stream. This produced
intense cylindrical disturbsnces, which appear to have
been propasgeted down the stream af & Nsch nunver compar-
able to that of the stream iteelf. Agoin the very low
values of velocity corresponding to rearward travelling
components were not observed. This is probably beceuse
by the time the slow moving rearward components reach
the observer, they lie on = much larger diasmeter cyline
der than the fast componentis, and hénce are heavily
ettenuated. The slow components are also wore liable
to attenuation by diffusive and ot..er dissipative nmech-
sgnisms. It is taus concluded that observation of non-
periodic disturbances tends always to measure ppeeds
higher than the true stream velocity.

It will be scen that the present results exhibit
greater scatter than would be expected from the messur-
ing procedure used. This is becmuse the filters,
although highly selecctive, were unable to completely
suppress the effects of noise. This was verified by
adding hisgh noise levels to the calibration signal.
Comperable scatter was produced, but by taking the mean
of wsveral rendings the correct results were obtained.
Further incresse in the selectivity éf filtere would
make stebilisetion of phase chift extremely difficult,

Alternatively the modulation cof tae power supplied to
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the arc could be substantially incresced, but this
would, in effect; mean meacuring the velocity:in an

unsteady jet.
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APPENDIY 3

Incresge in the operating ilach nuanber of the plasms jet

Pollowing the #elgcity measurements described in

appendix 2 and reference 64, it was deéclided to increszce
the>0perating Heeh number from 2.7 to 7, the correspond=-
ing Reynolds number being reduced from 30/m.m. to
10/m.n., This wae to eneble the facility to be used for
studies 1In the rarefie& flow regime, and also to incr-
eage the working ares of the jet.

A larger nozzle was madé, having an exit diamefer
of 110m.m. and & length of 240n.m. The necesssry con-
tour was determined by adding the displacement thickness,
calculated from an empiric correletion devised by Burkess,
to the inviscid coantour. This congieted of s cubic pro-~
file at the throat, metching iato & coniczl expansion |
sectiob of 10° half angle, and a turnins'section, comp=

66, which wss

uted from a progrem devised b, D. Petty
intended to bring the flow parallel to the axis of the
nozzle. An over all length of 240m.m. wes adopted as
this corresponded to the position st which the core
cross section was grestect.

A diffuser wes installed to assist pressure recove
ery, a8 the Kinney vacuum pump would have been unable
to asccommodate the masg flow rete at the low pressures
corresponding o the higher Kaech number flow. The min-
imum value of masg flow wes determined by the onset of
arc instability. Working st & Reynolds number of 4/m.m.,

67

Doylan”' obtained an efficiency of 20% in an open jet

diffuser, efficiency being defined =s the ratio of
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praesure recovered by & diffuser to that rscovered by a
normel shock uader the same conditions. n order to
sbtain the necessary pressure recovery in tne pleeme
jet, an eificiency of 4075 would be required, and nence
& varieble geometry centre body diffuser wag used.

This should heve been much: more efficient than an open
diffuser.

The combination of nozzle and diffuser was not sat-
isfactory. At first the flow in the nozzle weg estab-
lished, eo woz evidenced by the uniform lumlncsity mcross
the flow, but efter & few seconds the flow collsepmed to
en intense core. Fins strands of acbestor sttmched to
the nozzle wall revesled tust back flow was occurrisg.
The diffuser wes operzted with the centre body end throet
in & renge of positions end slso without centre body and
throast, vtut was unzbvle to uasintein the flow A series
of cylindricsl inserts were pleced izn the nozzle to det-
ermine the aaximun dlameter of nozzls exit et which disg-
trivuted flow could be malntsined. This wes found to be
8Cma.mme but the Tlow contsined & shock gesnersted by the
intersection of the insert with the no 0z% 1 =, and 8o
enother c¢contoured nozzle of 75m.m. exit dismeter was
mede.

The contour for the new nozzle wa derived by add-
ing half the predicted displacement thickness to the
originel inviscld profile, and then sceling s0 that the
exit dismeter wss 7S5x.m, with o lesngth of 180x.mn. Thise
rather erude procedure vwes adopted, in tiae absence of

more reliable informstion, o provide a smooti contour.
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The messive displacement tuickness correction predicted
by the Burke correlatiocon wes zluost certainly excessive.
It probuily srose in the attempt to extrspolate & cor-
relation bazsed oun information geined in high Kach nune
‘ber, high Reynoids aumber facilitieé, to conditions in
tne plesma jet. Nore recently Patter68 has calculatéa
boundary layer developament frox the boundary iayer equa-
tions eand successfully compared the results with exper-
iments, even Jor thick voundary layers, Tais would pro-
vide a more scceptable method for any Tuture nvzzle des-.
ign,lalthaugh it would resquire considerszble eifort to
develope a sinilar program.

The new nozzle ggain failed to msintain the flow.
~aend several diffuser zeomstriez were tried without suc-
cesd. Probably the reason {or the satislactory operat-
ion of the 80m.m. dismeter ingert was that the strong
shock, generated by itsc intersection with {the nozzle
wall, provided adequate pressure recovery. This of
course, could not heppen in & shock free, coantouresd noz-
zle.  liowever the new uoczzle did maintein the flow for
about two minutes, which enabled the esdditional pumping
capaciity reguired, to be determined. The rate of rise
of pressure in the dump tank in between the “diffuser

cutlet and trhe pump, was mezsured with a trensducsr,

By

while the flow

]

&5 being meintained., Since the volume

(V) of the dump tank is known, tae eflecctive pumping

\

speed (V) of the dump. tenk cen be calculated from,

Vz-;?-?.

from this exprassion it wae eslculated thet an additional
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pumping cspacity of 2000 m?/hr wos necessery to maintain
the flow. In order to zchieve this, o "Ruvac 46" Rootes
pump, hevinz £ nominel speed of about 3500 mslhr,'was
instelled, This was backed by the existing Linney vane
rump, and the combination proved to be capable of indef-
initely mainteining the flow from the T5w.m. nozzle,

The ¢iffuser systen wee optimised with @ model in
the working scction. A series of static pressurc taps
were instelled elong the diffuser to esgtablish the pos-
ition of maximum pressure recovery ant the diffuser was
then termineated at this point. Verious centre body
geonetries were tried but these proved to be either
ineffective or deleterious.  Diffuser performence wgs
relatively insensitive to poszition and length.

The finel geometry is indicated in figure 1. The
flow emeiging from the 75m.m. exit diameter nozzle has
g free jet léngth of 130m.m. in which the model is
placed. The diffuser hae 2 bell intake, with a 30°
pemievertex angle, to cateh gacs displaced by the model.

It is 1m, long and hec sn internsl diameter of I90m.m.



Flow_pro éitieé £t Loch 2.7

Y"hen the plasne jet?waéjoﬁgfét;ng at Mech 2.7, ext-
ensive efforts were made to;déterigge the free strean
conditions, s discussed in;refetfgéés A3-47. Also,
the specific case of velocity'meaégpgmeuts are described
in eppendix 2 of this thesis end reiérence 64.

Initielly, conditions irn the seftling chamber were
esteblished. Gas mass {low rete and settling chamber
pressure were noted. Totel enthalpy was then calculated
either from the throat 2res or the energy supplied to
‘the gaz. The latter is the difference between the elec-
triczl energy aupylied.to the arc and the heet removed
by the cooling water. Other gas propertles were then
determired from a ¥ollier chart.

Adcock and Plumtree, working with argon and nitro-
gen, respectively, mecsured tempersture in the settling
chomber by compering the intensity of sppropriste spec-
tral lires. Adcock alsc used tze width of thsse lines
to determine the ionizetion fraction, hese meacurements,
and &lso those of settling chamber pressure, were found
to be consistent with the energy vtalance dstermination
of reservoir conditions.

Once the iach number is known, it should be posg-
ible tec predict the free stream conditians from those
in the settling chanber., However, at tiae power levels
used, the ges is significantly ionized, so the expznsion

of the gee through the Lavel anzzle gives rise to
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non-equilibriuwn effects. Perk attempted a complete sol-
ution of the nozzle flow equations.. The extensivé eesu=
mptions necessary to meke the problem tfactable, coupled
with uncertainties about the rate constants for recomb-
- ination, mekes acsessment of the results difficult. It
was therefore felt to be necessary to measure free
stream propertiee directly. |
| Simpkine conducted a pitot survey at the nozzle

egit, which showed that the flow hed an lnviscid core

and a frozen Mach number of 2.7. Repetitioa of the spec-

troscopic measukements suggested that"the temperature.
n the free streem was rather high. This was attributed
t% the effect of electrons whicn retaein & taﬂper&ture
compmrable to that in the settling chamber. The ioniz-
ation ?gacticn eppesrs to heve been similsr to tonzt in
the settllms chember, but these measurements were subj=
eet to partic;imr}y bad experimeﬂtai scatter, as the
eiéctron density 15‘&@9 free stream is retner low for
spectroscopic measureme‘nt:\ . The results of the measure-
mentg of free strean ?elocity, deécribe&.in appendix 2,
also suggest that the flow is frozen. R
F09369 and @itte70, have ueed totel entaalpy probes
in comparable facilities and found that the snthalpy
wes conserved. This would also be expected to apply in
the present facility, as the c:lculatione by Park show
that the heat transler to the nozzle wall is suall, snd
radiative losses are negligibvle.

In addition to direct meesurements of free stresm

propervieas, the interaction of tine stresm with various
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bodies has heen observed. Simpkines measured the shock
stend off distance on & cylinder, snd the surface pres-
- sure on & flat plote. Park measured the heat transfer
rete to 2 cone and hemisphere, us well as stand off dis-
tence. Agein the results were badly scattered, because
of tﬁe erratic operction of the plasma jet, out were in
geﬁeral/agreement with calculatioha‘based on the assump-
tion that the flow was frozen and the enthelpy preserved.
Taken together, the results of all these measure-
ments suggest that, after neing hested in the arc, the
gas is well mixed and in equilibrium in the settling
chamber. The ionization or dissociamtion fraction then
rapidly freezes, i.e. becomes constant, and remesins at
virtually the settling chanber value, right through to
the free stream, Since the core flow ig &lso iaviscid
and isenthelpic, it is resconible to use the usual isen-
tropic flow equations to determine free stream condit~
1bha from those in the settling cheamber.

It is however, necssgesry to modify the rztio of
specific heat, ¥ . Ionization or dissociation generate
more partlcles, which, in the claseic sense, increase
the number of degrees of Creedom. Thls effect may bve
included by using an effective ratio of specific heat

given by,
nl( l+=><)+n2( 1-x)+2

n111+«)+n2(1—¥) '

=

where ny and n, are the number of degrees of freedom
avallable in translationel end non-translationel modes,
recpectively o is the lonization or dissocietion

fraction.
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+3 <
314

For s monaetomic gas, [ =
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APPHUDIX

Jonisation fraction in the model flow field

In order to interpret the results of the Lsagmuir
probe surveys, it is necessary to meke simplifying absse
umptions ebout the ionizetion frection. 4s it is
frozen in the free strewsm, it could &lso remsin frozen
in the model flow field. There ars three likely vays
in whick the ionization fraction may ve affected:~

(i) Generation of ions in the shock region

(11) Ges phase recombinetion between shock and bvody

(41i) Catalytic recombinetion at the bo&y‘
Case 1 is unlikely as the temperature recovery acroes
an oblique, merged region shock would not be more than
a few hundred degrees, whereas = temperature of several
thousand degrees is necessary to produce significant
ionization of argon. Similzrly cese (ii) may be néglec-
tad 8s the recomvination rate depends primarily on dense-
ity end within the flow field the density is comparable
‘to‘that in tke free stream where the ionization fraction
is completely frozen. In fact freezing appesrs Lo occur
soon sfter the ges leaves the plenum chanber, where the
denegity ie much higher than in bthe {ree stresm or model
flow field., Cese (iii), however, requires more careful
consideration.

In the anelyeis of wall concentration of ionized
specles given 4in eppendix 1, the following expression
(equation Al3) wes obtained for concentretion close to

the wall,
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z=/~zw( (we)exp( ) eek(—L ,)

2(a®)~

At the diffusion layer thickness,J\, defined as that
distenca fbon the well at which Z = 142w/2, this equaet-
ion reduces to

A A r’} ;
2 exp (ﬂ[)-ﬂT?Y* erfe (%-) 1, where Y = '%2
=3

This mey be solved graphicelly to yield a single value
solution of ¥ = 0.715. Replacing ¢ and O with physical

apace co-ordinates in th% golution for Y yields,
J5 oS4 (Ta\i/“:; 1.
OSCK"Z Wi By Pw

For the cenditlones occurring et H/RTO = 60, when
X = 200, J = Cebmeme

However under these counditions, the neglect of the
increesed bullk motion cecurring awey from the well,
cauges the predliction of wall concentration to be half'
its true value &nd would be expected to overestimate
diffusion layer thickness by & comparable amount. Hence,
Ja O.3m.m., 8and the effects of recombination at the wall
will only be significent for y< 0(lu.m.). This is &
sinilar limitetion to that imposed by finite probe silze
end the requirement that i >0(2) in order to use the

data reduction scheme proposed in section 4.2,
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APTELDIZ 6

‘The mean Iree path of elecirons

‘The mesn free path travelled by &n electron before
striking en etom is, 7\gg = (ngféa)°1, 85 given in many
stenderd texts, such &s that by Jeans71.

Jaffrin’® showed that for T,< 10% %K, the collision
erces section for electrons with argonetomg may be rep-

= (0.4=0.55 x 107%7,+0.6 x 10"84: 2yx10~%9,2

resented by;Sle

The electron temparature in the free stream of the
plasna jet was found by Adcock to be approximately
4000°K. Since the electron temperature is frozen, this
value ﬁiil anply in the present case. Hence
Jlea = 0(3 x 10771y ?). Combining this with the free
.stream density yields,

A ets * 0(10"1m.).

4 typical length in the flow field, such as dist-
ance from the leading edge is G(lo“gm.). hence
7\887X = 0(10). The electronse will therefore be effect-
ively "“free molecﬁlar“ with respect ts the flow field,
g0 the slectron numbar density in this region should be

gimiler to that in the free stream.
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