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ABSTRACT.  

The high speed flow of a inonatomic gas about a 

cold flat plate has been examined experimentally in the 

intermediate regime between continuum and free molecular 

flows. Surface pressure and flow field density, obtai—

ned from en optical technique, ere compared with direct 

simulation Monte—Carlo calculations of monatomic flows 

about flat plates at zero incidence. Measurements were 

also conducted with the plate et positive and negative 

incidence, for which there are at present no satisfact—

ory theoretical predictions in the intermediate region. 

The use of probes for examining the structure of 

the flow field is discussed, and they are shown to be 

unsatisfactory under the present conditions. 

An aealysis of the diffusion of species in a clip 

flow end &. technique for messurine velocity in the free 

otream of en arc heated wind tunnel are described in 

appendices. 
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NOTATION  

A - Uenoo  

C 	Chapmen-Rubesin Constant, and Molecular Speed 

Diameter, and Diffusion Coefficient 

l!(:) Defined by equation (3.1) 

ii 	Total Enthalpy 

I 	Current 

E.n 	Knudsen Number 

Length 

M 	Llach Number 

• Number Flux 

• Pressure 

R 	Gas Constent 

Re 	Reynolds .Iumber 

3 	Speed Ratio 

Sc 	Schmidt Number 

T 	Temperature 

• Velocity 

11(C/Rex) 

• ajoce  

e 	Electron Charge 

f() Defined by equation (4.1) 

• Frequency 

Ic 	Catalytic Rate Constant 

Number Density 

s 	Distance 

u,v Velocity Components 

x 	Streamwise Co-ordinate 
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y 	Co-ordinate perpendicular to x. 

• Ionisation Fraction, and surface angle relative to x 

Ratio of Specific Heats 

5 	Defined by equation (A.3) 

1) 	Co-ordinate Transform 	1-te  IP chi  
(7•-0 e  

e 	1,nzle and 5/3 

)\o„, Pree Stream Mean 2ree Path 

'Xf• Distance Travelled by a Free Stream Molecule '6efore 

Striking a Body Molecule 

Distance Travelled by a Body Molecule Before 

Striking a Free Stream Molecule 

IA Viscosity 

a 	Tangential Momentum Accommodation Coci'ficient 

/D Density 

5 le" dx 

)( I!(C/Rex)1  

JR 	Collision Cross Section 

Subscripts 

c 	Cavity 

e Evaluated at edge of viscous layer 

• :Free Molecular 

• Ion 

o Isentropic Stagnation Value, and on page 31 only, 

Conditions at S...P. 

She 

Wall Value 

oo 	2'roe Stream 
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2 	Conditions Behind 	7, nkine Hur:oniot Shock 



1. Ie=n0TICie  

:he edvent of space flint has generated extensive 

interest in the flow of rarefied geees about bodies at 

hypersonic speeds, particularly in the "traneition ree-

ize" cetween free molecular flow and continuue. flow. 

To date, the main practicel requirement in apace vehicle 

deoi6n has been for reliable drag and heat transfer data. 

iowevcr, if e-uonble vehicles are to fly down to earth, 

es is proposed in the current "space shuttle", a :such 

better understanding of the flow processes will be nec-

esorry in order to accurately predict the aerodynamic 

forces operating on the vehicle. 

Part of the flight path of such a vehicle would be 

in the transition regime, and the proble:u is likely to 

pe coetpliceted by non-equilibrium real as effects. It 

is most unlikely that an experimental sielulation of all 

these factors will be achieved sieelltaneously and so it 

will be necessary to deduce conditions at the vehicle 

surface from calculations of the flow field about the 

vehicle. 

The transition regime is also of academic interest, 

as a solution of Boltzman's transport equation is 

required for a coeplete description of the regime. This 

is a particularly challenging proolele as neither 

nor larz.,e Emden number aceu:4ptions may be employed, 

old the hypersonic nature of the flow precludes tne use 

of linecrisetion techniques. 

A detailed survey of current knowledge about tran-

sitiontil ;:lows is presented in the next chapter, and the 
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need for an experimental study of the transitional flow 

of a monatomic gas about a body is indicated. In sub-

sequent chapters, experiments in which a flat plate 

model was set at both positive and negative angles of 

incidence, whilst in an argon stream, are discussed. 

For the sake of clarity, much of the detailed descript-

ion of apparatus and experimental technique is relegated 

to a series of appendices. Two related but separate 

studies are also presented as appendices. 
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2. SURVEY OF RAREFLO PLOW STUDIES  

2.1. Early  Developments. 

The use of rockets for military and space research 

purposes has motivated ::such research in hiah speed rare-

fied flows during the last twenty years. Initially, 

interest was concentrated on obtaining information of 

direct aerodynamic utility, sucn as drag, rather than 

developing a detailed understanding of the flow field. 

This early work, and indeed moat of that which has fol-

lowed, may be classified as blunt body or slender body 

orientated, the relative emphasis on these two aspects 

being influenced by current fashions in rocket nose geo- 

etry. Potter5  conducted an extensive review of the 

work performed up to the date of his paper and included 

a discussion of experimental techniques as well as flow 

about bodies. 

Within the slender body work, interest has been 

mainly concentrated on flow over a sharp flat plate 

parallel to the stream. With this geometry, the sub-

stantial flow disturbance caused by the viscous inter-

action of the plate with the flow may be studied separ-

ately from those effects arising directly from the dis-

placement of the stream by the body surface. Ideally 

the work on flat plates should have been supplemented 

with studies of flows about very slender needles to 

assess the effects of three-dimensionality, but consid-

eration of the experimental difficulties seems to have 

prevented this. 

Studies of free molecular flow and inviscid and 
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viscous continuum flows were well advanced before serious 

thought was given to the transition regime in between. 

Indeed early efforts in this regime were mainly concerned 

with fitting smoothed curves to properties between the 

free molecular and inviecid limits. 

Interest in rarefied gas flows was evident at least 

one hundred years ago, since in 1875 Kundt8  noted an 

anomaly in the rate of discharge from tubes at low den-

sities, and this led Maxwell9  to consider conditions at 

the interface between a gas and a solid. KnudsenP con-

ducted extensive theoretical and experimental investig-

ations of low speed free ,molecular flows which have been 

extended to high speed flows by several authors, includ-

ing Tsien4. There now exists a complete theory for 

free molecular flows and this is described in a number 

of standard texts, such as that by Patereon12, who also 

provides an exhaustive list of references. 

The essential assumptions of free molecular flow 

theory are that, i) the velocity distribution of the 

molecules is Maxwellian, ii) the incident and emergent 

molecular fluxes at surfaces do not interact and, iii) 

all physical dimensions are small compared to the mean 

free path. This last point is emphasized since it is 

often assumed that free molecular conditions must exist 

at the leading edge of a flat plate, although down 

stream influences may in fact preclude this. 

With the assumptions listed above it is possible to 

calculate the flux of molecules to a surface. Hence With 

suitable assumptions about interaction processes occur- 
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ring at the surface, aerodynamic quantities such as 

pressure and heat transfer may be calculated. It is 

interesting to note that Newton also employed the last 

two assumptions listed, in the theory that bears his 

name. However the first assumption was replaced with 

that of zero temperature. This precludes lateral motion 

so the theory fails to predict the interaction of a sur-

face with a parallel stream of molecules. 

If hypersonic flow over a flat plate is considered 

far down stream, the flow model consists of a Mach line 

emanating from the leading edge and a very thin boundary 

layer at the wall, the intervening region being inviscid. 

Advancing towards the leading edge, the boundary layer 

thickness becomes significant compared with the distances: 

from the plate surface to the Mach line. co the inviscid 

flow is deflected. This generates a thin shock wave of 

finite strength in lieu of the taich line. 

Lees13 distinguished two distinct regions, weak 

interaction and strong interaction, where the coupling 

between the shock wave and boundary layer are weak and 

strong, respectively. A simple consideration of aver-

age properties in the boundary layer, shows that in both 

regions, the appropriate sealing quantity is the inter-

action parameter5e, given byX= ma,ct,/ 

Hayes and Probstein14 and Dorrance15 provide ext-

ensive discussions of weak and strong interaction in 

which the early theories are related and combined to 

give a comprehensive theory covering different values of 

wall temperature and specific heat ratio. Thee authors 



note that in limited ranges the two interaction theories 

have been successfully compared with measured values of 

surface quantities, ouch as heat transfer and pressure, 

but as the leading edge is approached, the theories are 

in error since they predict infinite pressure and heat 

transfer. 

Upstream of the strong interaction region there is 

a rarefied flow region in which the surface pressure 

rises to a plateau and then descends towards its free 

molecular value at the leading edge. Departure from 

strong interaction was observed experimentally by 

Schaaf16 and has been widely confirmed. 

Talbot17  considered the Knudsen number behind the 

shock in the strong interaction region and noted that 

this was closely related to the rarefaction parameter 

given by '4 Mo,Cto / Re 	This This was used to correlate 

the departure of surface pressure data from that pred-

icted by strong interaction. 

It has been noted that tlis departure occurs at 

S07,0.15. dowever, strong interaction theory does not 

apply unless - /40, so it is inapplicable unless 1,16>4. 

pence if M 8 , the flow changes directly from weak 
interaction to merging. 

As the flow becomes more rarefied, slip occurs i.e. 

the velocity of the gas at the surface is no longer 

zero. Aroesty18 extended the strong interaction theory 

to include the effects of slip. Experiments by Wallace 

and Bu27ke4 suggest that this extends the useful range of 
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the theory for the calculation of heat transfer and 

skin friction. There was little improvement in the case 

of surface pressure, probably because this is more critic-

ally dependent on flow structure. 

The rarefied flow region upstream of the strong 

interaction region was subdivided into several regimes 

by Hayes and Probstein14, but as they were considering 

general body shapes, some of the regimes are indisting-

uishable or irrelevant to the flat plate case. However 

it is apparent that at least two major regimes exist, 

namely the merged layer and kinetic regimes. 

2.2. The merged layer re,sime. 

Initial experi!aental investigations of tne merged 

layer regime consisted mainly of measurements of condit-

ions at the surface. An attempt wag made by Negamatsu 

and Sheer19 to determine shock shape from Schlieren 

photographs, although the results outained have subseq-

uently been shown to be incorrect. 

Considerable disparity exists between the values of 

surface pressure obtained, even between experiments con-

ducted under apparently similar conditions. This may 

now be explained in terms of the neglect, or incomplete 

application, of corrections for the static pressure tap-

ping orifice effect, as will be discussed in section 2.4. 

However the early experiments provided qualitative infor-

nation for comparison with theoretical models. Much of 

this work was reported at a series of symposia1-7 up to 

that containing Potter's5  review paper which also refer-

ences the major contributions appearing in other 
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publications. 

Various approaches have been adopted in theoretical 

studies of the merged layer, mainly based on the Navier-

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 consists mainly 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 as a frame-work for a more vigorous kinetic theory 

as this becomes feasible. 

One approach to the problem, contained in a series 

of separate papers by Oguchi2'3'20 and Probstein21'22,  

has been to separate the flow field into a boundary layer 

like region and shock region; conditions along the inter-

face of these regions being matched. 

In his most recent paper, Oguchi20 employed shock 

layer equations derived from Navier-Stokes equations, in 

conjunction with the compressible boundary layer equat-

ions, to obtain results which are in qualitative but not 

quantitative agreement with experimental results. 

Probstein22  extended this to include the effects of slip 

and shock curvature which produced much better agree-

ment with experiment. 

Chow23 also obtained a solution by matching a boun-

dal's layer region to a shock region. He employed a 



cubic-parabolic velocity profile in the boundary layer 

and so included slip directly in the analysis. Shock 

curvature was not considered but the results were again 

found to be in reasonable agreement with experiment. 

As an alternative approach to the merged layer pro-

blem, various attempts have been made to solve the full 

Nevier-Stokes equations for flow over a flat plate. 

Butler24 solved the time dependent Navier-Stokes 

equations numerically for a flat plate started impuls-

ively frog rest. The steady flow properties were obt-

ained from the long time solution. Significant differ-

ences exist between these results and the available exp-

erimental results, which is probably 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 al6 and Rudman and 

Rubin25 obtained numerical solution to the steady 

state avier-Stokes equations. This greatly reduces 

the amount of computation necessary. However, the equat-

ions are parabolic so the initial conditions have to be 

specified. It is also necessary to assume that the dis-

turbed region is small, i.e. -<< 1, but the shock angle, 

es  = 0(0.4), so the assumption is not well founded. 
However, the results obtained are in fair agreement 

with experiment; although, as in the case of the solut-

ions obtained by matching, the comparison:Temains 

inconclusive. 

The extension of the early 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 McCroskey et a126, clearly 

demonstrated the existence of a finite shock region and 
showed that it merged with the boundary layer. 

A technique proposed by Muntz27, in which a beam of 

electrons locally excites fluorescence, has been widely 

used567'28'29 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(103)►„) from the leading edge. 

In view of this, the suitability of Navier-Stokes 

equations in the shock 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 N1)1.5. as discussed, for example, 

be Guiraud5. 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 drastic for oblique shocks, 

as the path length within the shock is greater, and so 

the number of molecular collisions is increased. Even 
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so, if it is assumed that the flow is approximately par-

allel to the surface, and that the maximum Mach number is 

proportional to path length in the shock, then Xavier-

Stokes equations are only likely to be satisfactory if 
for a shock angle, 05=0.4. It is therefore unlike-

ly that theories based on Navier-Stokes equations will 

accurately predict the shock region structure at high 

Mach numbers, and so a kinetic theory description is req-
uired. 
2.3 Kinetic Regime_ 

The region between the merged layer regime and the 
leading 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 Charnat2 to consider the effect of 

the collision of molecules emerging from the body, on 

the distribution of the incoming stream. Analytic 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 accurate description of the 
kinetic regime, it is necessary to obtain a solution to 

the Holtzman transport equation. Since this is an 
integro-differential equation, containing up to seven 

independent variables, with a complicated non linear 
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integral, the prospect of obtaining a complete solution 

is remote. 

The classical ChapmFm-Enskog and moment methods 

have not proved useful in dealiig with aerodynamically 

interesting problems as they do not yield solutions for 

high Mach number flow. Methods of obtaining solutions 

to Boltzmann's equation over a wide range of particular 

conditions are discussed in an extensive review by 

Guiraud5, who also discusses the evidence for the unique 

validity of the equation and the mathematical techniques 

employed in its solution. 

A technique which hes been successfully applied to 

a wide range of low speed problem consists of replac-

ing the complicated collision integral with a more sim-

ple function. The Jlost elementary of these model equa-

tions is the B.G.E. model, in which the collision integ-

ral is replaced by a term proportional to disturbance 

from 14axwellian equilibrium. 

Iuang and Hartley30 employed the B.G.k,. model to 

compute the flow over a flat plate athN=1.5, using fin-

ite difference methods. The results they obtained were 

in good areement with experimental data, but when the 

calculations were repeated for/A=5, the agreement with 

expert/lent was poor. This failure was thought to be due 

to the inability of the linear B.G.K. model to accommo-

date the non-linear situations arising in high speed 

flow. However Giddens et al.31  have since successfully 

used the metnod to predict the structure of a normal 

shock atAA.10, so the reason for the failure of the flat 
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plate calculations remains uncertain. 

An alternative method of obtaining information 

about the kinetic regime, by computational means, is to 

perform a numerical experiment in which the molecular 

interactions are prescribed. There are two distinct 

variations of this, so called, Monte-Carlo method. In 

the first, a test particle is followed through a cloud 

of particles whose distribution functions are presumed 

to be known from a previous iteration, the process being 

repeated many times until conditions become stable. The 

difficulty with the method is that the distribution 

functions for all the particles have to be stored, so 

the capacity of existing computers limits tne application 

of the method to yard simple problems. 

The difficulty of storing distribution functions 

is avoided by following the motion of a large number of 

molecules, simultaneously, in the direct simulation met-

hod suggested by Bird32 . This increases the complexity 

of the calculations, but es machine speed has increased 

much more rapidly than storage capacity, the direct sim-

ulation technique has proved to be much more successful. 

Bird33  has also demonstrated that the direct simulation 

method is based on the same assumptions as Boltzman's 

equation, so the results obtained from the method cons-

titute solutions to Boltzman'c equation. 

In a series of papers34-37, the results of direct 

simulation computations have been presented for simple 

shapes, flat plates, and cones. These results show good 

qualitative agreement with experimental data, including 
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that obtained from the electron beam surveys discussed 

at the end of the last section. Unfortunately, at pre-

sent, it is only possible to conduct the calculations 

for monatomic gases. As the flow field surveys were 

made in a diatonic gas, accurate quantitative comparison 

is not meaningful. Calculations have been extended as 

far as x/>14e90, so that conditions in the kinetic reg-

ime and merged layer regime were calculated simultan-

eously. 

Another development that has clarified understand-

ing of the transition region was reported by Hamel and 

Cooper6. They demonstrated that tne mean free paths 

relevant in tae leading edge region are )f  and 	where 

the subscripts indicate the distance travelled by a 

free stream or body dominated 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 >\ is the, appropriate streamwise sealing 

parameter. This also explains why large values of x/Nm 

ere reacned before continuum behaviour is observed, 

since 0,4'<)k.f . As might be expected, continuum behav-

iour starts at x/Xv0(5), i.e. after a few relevant col 

lisions nave occurred. 

In a recent paper Ll-Arsar and Chow33  attempted to 

solve the Boltznan equation for the flat plate problem 

by specifying a ci-modal distribution function having 

components characteristic of the wall ;.11d free streasl. 

The analysis necessarily contains Lany restrictive, and 

so.aeti.aes questionable assumptions, such as tie use of 
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.axwellian molecules, which suggests that it is at a 

preliminary stage. However, the results presented for 

some surface quantities are in reasonable qualitative 

agreement with existing data and it would be interest-

ing to see the flow field structure arising from this 

analysis. 

2.4. Surface pressure corrections. 

In the preceding sections, comparisons of measured 

111-4 calculated surface pressure have frequently been 

mentioned, and indeed many surface pressure measurements 

have been performed. Ideally surface pressure should be 

measured by a pressure transducer forming an integral 

part of the model surface, but as 'practical difficulties 

preclude this, pressure is usually measured by a trans-

ducer connected to the surface via a tube. 

Clearly the hole in the model surface may interfere 

with the flow by changing the local accommodation coef-

ficients. However, more serious errors are likely to 

arise because of thermal transpirationeffects, as the 

model is not normally at the same temperature as the 

gas. 

It is well known that if there is a temperature 

gradient along a tube containing gas at low density, 

then in the absence of a net mass flux, a pressure grad-

ient also exists. A pressure difference will also occur 

at an orifice separating.  two regions of gas et different 

temperatures, as an orifice is essentially a short tube. 

Two distinct semi-empiric Tietods have b en develi. 

oped to predict the corrections necessary to convert 
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measured pressure into surface pressure. Potter et al.4 

proposed a semi-empiric correction scheme based on sim-

ultaneous measurements of surface and cavity pressures 

obteined in a static test rig. The results were pres-

ented in terms of local heat transfer and Knudsen number. 

Following a theoretical examination of the free Leolecu-

lar orifice, Kinslow and Potter7 presented a new correl-

ation. This was based on a reference gas temperature 

at the wall and included the effects of shear stress. 
, 3srtz and Vioal6  also measured surface pressure 

directly and compared it with cavity preesure, but in 

this case the experiments were conducted on e flat plate 

in a hypersonic flow. These results ere also presented 

in terms of Knudsen number and as temperature at the 

wall. Additional data, such as heat transfer rates, 

ere required when applying theee correction echemes. 

Both the Potter and Bartz schemes predict large 

corrections at the leading edge so the corrected surface.  

pressures are much greater than that predicted by free 

molecular theory. 

Lillicrap39  reconsidered both schemes end suggested 

that assumptions about the appropriate transfer rate and 

neglect of slip, respectively, might be incorrect. Sur-

face pressure data was corrected under alternetive ass- 

and was found to behave more reasonably, alth-

ough the two schemes yielded significantly different 

results. The results of a direct determination of sur-

face pressure with an electron belaui ware also included, 

but as these measurement were conducted for values of 
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Vco<0.2 where corrections were small, this was inconc-

lusive. 

Hughes and de Leeuw4  developed a theory for a near 

free molecular pitot tube at various angles of incidence, 

including the case of a probe normal to the flow. 

Lletcalf°  has shown that this theory correlates flat 

plate data obtained from holes with a wide range of dep-

ths and diameters. 

The basic source of difficulty in the various cor-

rection schemes is probably the fact that a complex flow 

structure occurs at the mouth of the measuring tube 

which is not amenable to analysis in transitional flow. 

This problem may be avoided by adopting a more 

specific geometry. The equilibrium number flux density 

of particles in a cavity is given by Nerqc/(21rilTc). 

If such a cavity is connected to the model surface by a 

small sharp edged hole, then the number flux leaving 

the cavity will be the acme as that incident on the 

model surface. Hence the nu:Jber flux hitting the model 

surface may be obtaiped directly by measuring model 

temperature and cavity pressure. The hole must be small 

compared with the cavity, so that the number of incoming 

molecules is insufficient to disturb equilibrium. It 

must also nave a diameter that is much less than the 

local mean free path, so that collisions between incom-

ing and outgoing molecules are negligible. 

Horstmann7 reported number flux measurements obt-

ained in this way on a flat plate and wedge, in both 

monatomic and diatomic gasee. Ae noted that in the case 
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of the flat plate, these fluxes were different and they 

were not in good agreement with the results of direct 

simulation Monte-Carlo calculations near the leading 

edge. 

Lewis and Smith7 report similar number flux meas-

uremento in nitrogen and also predicted surface pressure 

from electron beam measurements of density at the cav-

'ity entrance. These surface pressure measurements were 

compared with tube measurements made under the same con-

ditions and corrected with the techniques described above. 

It was found that in the merged layer regime there 

was general agreement amongst the results. In the kin-

etic regime, tube data corrected using tae Barty and 

Potter schemes indicated much higher pressures than the 

free molecular orifice measurements. However, tube data 

corrected by using the Hughes and de Leeuw theory was in 

agreement with the free molecular orifice measurements 

in both regimes, which suggests that the method may be 

widely applied. 

2.5. Slender Bodies. 

As stated earlier, much effort has been expended 

in attempts to understand rarefied flow over a flat plate 

and relatively little in understanding flow about slender 

bodies, although the latter are of more direct aerodyn-

amic interest. 

The case of strong viscous interaction on a wedge 

has been examined theoretically by several authors inc-

luding Cheag41 Kemp42 showed that; provided a alight 

modification was added in Cheng's theory, much 
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experimental data obtained at high Mach number could be 

brought into agreement with the theory. 

Several sets of measurements4'5'6' of surface quan-

tities snowed the failure of the strong interaction the-

ory for wedges near the leading edge and Vas et al.6 

conducted flow field surveys to demonstrate that this 

failure is due to merging. TIey found that increase of 

incidence moved the point of merging forward, but were 

unable to correlate the departure from strong interac-

tion with the normal rarefaction parameters. All of 

these measurements were conducted with M>9, so it is not 

possible to tell if 	is the necessary condition: for 

strong interaction theory to apply, as it is for the 

flat plate. 

At present there are no satisfactory theoretical 

predictions for the transition regime on a wedge. 

Rudman and Rubin25 claim to have considered the effect 

of angle of incidence on a flat plate. Unfortunately 

they do not give any quantitative information, but state 

tha't their calculations show that the distance from the 

surface to the shock decreasea with increasing incid-

ence. Vogenitz34 et al. used the Monte-Carlo method to 

compute the density field around a 400  wedge, but es 

this was only 	long, the information is of limited 

utility. 

The Zonte-Carlo method hes been applied to long 

conee37  and is substantially in agreement with the ava-

ilable experimental data. At a given distance from the 

leading edge, the flow field disturbance caused by a 
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Blender cone is small compered with that on a flat plate 

because of the three-dimensionality of the flow. Zalskey 

and Vas7 conducted an experimental survey of flow about 

slender cones which confirmed that the disturbance is 
smell, in agreement with the Monte-Carlo calculations. 

2.6. Conclusions. 

There have been many experimental investigations 

of the flow about a flat plate in a diatomic gas. Taese 

measurements sug est that the merged layer regime may be 

approximately represented by solutions to .4avier-StoKes 

equations. It is not possible to distinguish whether 

the remaining disparities are due to i) inaccuracies in 

the, admittedly, difficult measurements ii) invalid acs-

uetptions used in obtaining solutions to the equations 

or iii) inadequacies of the Navier-Stokes equations 

when applied to rarefied gases. 

Measurements also show that the kinetic region is 

qualitatively predicted by the direct simulation Lonte-

Carlo _lethod. Unfortunately this method is at present 

only capable of dealing with monatomic gases, so that 

direct comparison is not possible. The limited experi-

mental results at present available for monatomic gases 

consist only of measuremente of conditions et the sur-

face and these show slight differences from the Monte-

Carlo calculations. 

There has been little theoretical consideration of 
wedge flows in the rarefied flow regime although the 

results of several experimental investigations are 
available. 
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The Monte-Carlo method appears to offer the pros-

pect of predicting flow about slender bodies from the 

leading ed6e, back to the classical viscous interaction, 

regime, although only for monatomic gases, Conversely, 

the vast majority of experimental information has been 

obtained from diatoliic gas flows. 

Clearly there is a need for further experimental, 

investigation of monatoaac flows about slender bodies, 

of which flat plates and wed,,es form representative 

examples. It in for this reason that the measurcsients 

described in the next two chapters were undertaken. 
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• APPA ir,TUS 

3.1. The wind tunnel  

The experiments described in the next chapter were 

conducted in an arc heated blow down wind tunnel which 

is shown schematically in figure 1. 

Argon gas is heated by being passed through an .  

electric arc in a "Plasmadyne" AM-4 plasma jet head ass-

embly and this raises the temperature of the gas to 

0(7000°K), at a typical mass flow rate of 1 gr/sec. 

The gas comes to equilibrium in a settling chamber where 
- it has a pressure of 0(2x104  am2  ). A contoured nozzle 

having an exit diameter of 75m.m. is then used to pro-

duce a Mach 7 flow, at a pressure of 0(10L/m2), with a 

corresponding mean free path of 0(1m.m.). 

After traversing the model, the as is collected 

by a diffuser and exhausted to a dump tank at a pressure 

0(5x102.2  ). Much of the pressure recovery occurs in 

the nozzle shock end model flow field as the ratio of 

the pressure at the diffuser exit to that in the working 

section is 0(6). The dump tank is exhausted to the • 

atmosphere with a "Roots" pump backed by a "vane" pump. 

All components in contact with the flow mere water 

cooled, as was the working section, since convective 

and radiative heating were severe. 

When originally constructed, the wind tunnel had a 

nozzle with an exit A.ameter of 20m.m. The performance 

of the fecilitj in this configuration is described in, 

references 43-47. The development of the fzcility for 
4 

use in the present low density studies is described in 
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Appendix 3. 

3.2. Recalibration of the plasma jet 

Following the increase in Mach number, it was nec-

essary to recalibrate the plasma jet. Conditions in 

the free stream were extensively investigated at Mach 

2.7. as discussed in Appendix 4 and these measurements 

suggest that the free stream conditions may be adequat-

ely calculated from the reservoir conditions. In order 

to do this, the free stream !'lach number must be measured. 

It is also necessary to verify that the flow is frozen 

end has an inviscid core. Pitot and Langmuir probe 

measurements were conducted to establish the conditions 

in the free stream. 

,3.2.1. Pitot pressure measurements 
A 20m.m. outside diameter, water cooled probe was 

used to ecen the ,flow at the nozzle exit. It was verif-

ied that both the Reynold's number correction, discussed 

by Potter5  and the thermal transpiration correction 

leasured by Bartz', were negligible for the probe used. 

The flow contained en inviscid core of about 40m..s. dia-

meter at the nozzle exit, and was bounded by a nozzle lip 

shock which reached the axis about 50m.m. down stream 

of the nozzle exit. Within the inviscid core, the each 

number was constant to l uoth radially end axially. 

This was calculated from the ratio of pitot pressure to 

reservoir pressure usin6 a suitably modified value of 

y. The nozzle exit centre line Mach number was also 

measured over a range of power levels and wet found to 

vary between 6.1. and 6.7. 
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3.2.2. Lan,Kmuir Probe measurements  

The positive ion flux in the free stream, was mea-

sured with a negatively biased cylindrical probe, pla-

ced transverse to the stream at the nozzle exit. The 

probe consisted of 0.1m.m. diameter tungsten wire, with 

sintered aluminium oxide tubes to confine the current 

collection region to the inviacid core. Whilst in use, 

the probe was red hot which kept the tungsten surface 

clean, so avoiding the surface contamination problems 

that commonly erise with Langmuir probe measurements. 

A transverse probe was used, in preference to the conv-

entional spherical or axial cylindrical probe'as it is 

More robust, this being necessary in fast flowing, rel-

atively dense plasma. 

The ion current collected by the probe is, 

Ii=eDLUnFM)/4 	 (3.1) 

where .P'(:) is a X ch number dependent term determined 

by Clayden48. 

For this equation to be applicable, it is necessary 

that the probe be free molecular, and also that the 

probe collects only those ions which would have entered 

the volume occupied by the probe. Under normal operat-

ing conditions the Knudsen number of the cylinder, 

Kni,:s0(5), so that a free molecular flow assumption is 

valid. 

When a body is placed in a plasma it becomes sur-

rounded by a region of charge non-neutrality, known as 

a plasma sheath. This results from the difference in 

the mobility of ions and electrons. It was verified 
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that the Decye length wae ne6ligible compared with the 

probe diameter. As the Debye length is approximately 

the same as the sheath thickness, the probe area wau 

not increased by the sheath. 

Another possible reason for collecting more ions 

than those entering the probe volume, is that they may 

be attracted from some distance away from the probe by 

the A.e.b. negative potential necessary to repel electrons. 

This effect was eliminated by extending the high volt-

age elope into the zero voltage region. 

The results of several measurements are shown in 

figure 20 and are compared with calculations assuming 

frozen isentropic flow. It will be seen that agreement 

is good, providing consierable support for this method 

of predicting free stream conditions. At low power lev-

els sinificant ionization persists, indicating that 

the gas does not come fully into equilibrium in the set-

tlin6 chamber. The effect of this non-equilibrium on 

free stream properties should be slight, as it repres-

ents a very small ionization fraction. 

At the upper power levels, wAch were limited by 

melting of the cerwilic tubes, the flow appears to have 

a higher Mach number than that indicated by the pitot 

measurements. This may well have been the case, as the 

large pitot tube used may have caused some tunnel block-

age. 

,3.3. The model  

Descritrtion 

A water cooled copper model was constructed as 
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shown by the continuous line in figure 2. Copper was 

used as it has a relatively higil melting point and large 

thermal conductivity. Cooling water was pumped through 

the model at 0.4MVm2. It was necessary to provide . 

cooling close to the leading edge to prevent melting. 

A set of'surface pressure taps were provided along 

the model centre line. These tape were connected to a 

bank of pressure transducers outside the workin6  section. 

Small thermo-couples were soldered into the model surf-

ace, along side the first three pressure taps from the le-

=ading edge. 

The leading edge wedge angle was 10°. This was 

compromise between the need to avoid under surface inter-

ference and the practical difficulties of very slender 

models, as discussed.in section 3.3.2. 

The upper surface of the model was ground flat and 

this produced a leading ek;e thickness of, 0(0.01m.m.). 

Tarnish was removed with very fine emery cloth before 

making measurements. 

Side plates were used to support the model in the 

working section. These also prevented communication, 

via the sides, of the upper and lower surfaces. The 

upper surface of the model was 6m.z . below the nozzle 

centre line to minimise the region of shock impingement, 

whilst retaining the model in the nozzle inviscid core 

flow. This arrangement also helps to reduce the effect 

of any flow irregularities produced by the nozzle, as 

these are focussed on the centre line. 

Before proceeding to use the model for detailed 
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flow studies, preliminary measureents and calculations 

were conducted. These esta)lish that, in a limited reg-

ion, the flow about the model corresponds to that about 

a semi-infinite flat plate in a uniform flow. 

p3.3.2. Leading edge effects  

Leading edge bluntness is a possible source of dis-

turbance to the flow. However, Josef  has shown that 

provided the leading edge thickness is less than X0/4, 

little disturbance occurs. Since for the present model 

the leading edge thickness was of order 0.02)\.0. no 

interference was anticipated. 

Another possible source of difficulty is the neces-

sarily finite under surface wedge angle. Surface pres-

sure is generally sensitive to flow conditions and so a 

preliminary model was used to examine the effect of 

wedge angle on surface pressure. 

The surface pressure was measured at a station 

12m.m from the leaAng edge, with a McLeod gauge which 

was reached via a liquid nitrogen vapour trap. Triang-

ular section sUms of different angles were attached to 

the bottom surface to vary the wedge angle between 100  

and 50°. The variation of surface pressure with wedge 

angle is whown, circled. in figure 3. 2ree stream pres-

sure was calculated assuming a Macil number of 6.5. 

A email pitot tube was attached to the underside 

of the model, 10m.m. below the leading edge. The pitot 

pressure was then used in conjunction with plenum cham-

ber pressure. to obtain local free stream pressure. 

This was to eliminate a y effect of the wedges on the 
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free stream conditions, or any differences between rune. 

Measurements were repeated, using the reference pitot 

tube, with wedge angles of 10°  and 20°. These are shown 

as crosses in figure 3. It will be seen that the wall 

pressure decreases wit: smaller angle. Even at 10°  

there is no indication that this trend has ceased. How-

ever, the minimum realistic wedge angle appears to:be 

10 since it is necessary to provide water cooling end 

pressure tape near the leading edge. So this angle was 

necessarily adopted for the final model described above. 

TrailirKedae effects 

Initially .the model had the dotted outline shown 

in figure . Measurements of surface pressure indica-

ted that the nozzle lip shock was hitting the back of 

the model as the pressure rose rapidly at the last two 

stations. The back of the model was relieved so that ,  

it had the continuous outline shown in figure -2. This 

reduced the pressure at the last pressure tap. However, 

as the operating conditions were varied, shock impinge-

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 

stream in a similar manner. So a model length of 65m.m. 

was adopted as a compromise.. 

At 40m.m. from the leading edge, cutting back the 

model produced no measurable effect. The intermittent 

shock impingement was also undetectable at this station. 

Since the furthest from the leading edge at which there 
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is a distinguishable reL:ion of inviacid flow, external 

to the model flow field, is about 25m.m., the limitat-

ion is quite acceptable. 

3.3.4. ?low two-dimensionality 

In order to verify that the model flow was two-

dimensional, pitot pressure profiles of the flow field 

were determined, using the apparatus described in the 

next sectiorl. These profiles were measured at the 

centre line and 6nl.m. from the centre line. The meas-

urements were conducted at 20m.m. from the leading edge. 

The profiles were indistinguishable, indicating that the 

flow was two-dimensional. 

3.4. Probe 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 make the probes 

too large for use in the model flow field. 

The devide was constructed about a polished steel 

rod which passed through the base of the working section 

via a double "0-ring" seal. 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 a 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 a linear potentiometer. It was verified 
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that this potentiometer was linear to 1% over a distance 

of 20m.m. 

This simple dipping system proved to be entirely 

satisfactory, provided the guides were well lubricated. 

It was capable of injecting a probe into the flow and 

removing it again in about one second. 

A water cooled pitot probe was constructed from 

thin walled stainless steel tubing, having a cross sec-

tional area of 12n.m.2 facing into the flow. This was 

tipped with a 2m.m. outside diameter thin walled alumina 

tube, which was 4Orn.m. long. 

Pressure was measured with a Statham PM731TC trans-

ducer. This was contained in a 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 opera;illg conditions  

The two independently variable operating parameters 

of the plasma jet are mass flow and power level, which 

in turn control free stream conditions such as mean free 

path. Mass 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 became unstable, and 

at high flow rates the pumping system was 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 again stalls as the 
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nozzle exit pressure is too low for the diffuser. At 

high power, the inviscid core in the nozzle flow becomes 

small. The tunnel was operated within these limits to 

give non-dimensional enthalpies (H/RTw) of 40,60 and 90, 

the .corresponding mean free paths being about 0.4m.m., 

0.7m.m. and 1.Om.rn., respectively. 

The thermocouples mentioned in section 3.3.1. were 

used to determine model wall temperature. The variation 

of the ratio of wall temperature to free stream stagnat-

ion temperature, along the model, is shown in figure 4. 

For the operating conditions established above, it will 

be seen that the model is "cold Walled." 
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4. taarASUREEEUTS 

4.1. Surfece Pressure  

4.1.1. Experimental Procedure  

• The model described in the last chapter was used to 

measure surface pressure on a flat plate and on wedges. 

The, surface pressure taps were connected to a set 

of "Pace" type 111 variable reluctance pressure trans-

ducers, having a range of 0!..1p.s.i.d. These transducers 

were buried in polystyrene beads to minimise thermal 

drift. They were provided with by-pass valves, capable 

of connecting the measuring and reference sides of the 

transducer whilst isolating the transducer from the 

model, so that the transducer output could be set to 

zero when the plagna jet was operating. The transducers 

were driven by "Pace" carrier-demodulator units, type 

CD12, the outputs of these units being connected to e 

digital voltmeter, via a selector switch. 

Calibration was performed with the transducers con-

nected to tlae pressure taps on the model. Various pres-

sures were obtained In the working section by bleeding 

gas into the dump tank at different rates, with the 

Kinney pump running. Working section pressure was meas-

ured with a McLeod gauge so the transducers were calib-

rated directly against this gauge, whilst in situ. This 

eliminates errors arising from any small leaks on the 

relatively long pipes connecting the transducers to the 

pressure tappings. 

The transducers were calibrated before and after 
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each set of pressure measurements. These calibration 

points are linear and repeatable to about 1:2% at the 

operating pressure of 0(6011/m2). As a straight line 

was drawn through 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 stream were established 

using the dippable pitot probe described in section 3.4. 

The tip of the probe was aligned with the leading edge 

of t ine model and was dipped to a distance of 12m.m. 

above the model surface. As the model surface is 6m.:a. 

below the nozzle exit centre line, any non-uniformity 

in the core flow would be compensated for, provided the 

flow is symmetric. Hence all measurements are effect-

ively based on conditions at the model leading edge. 

The output of the pitot probe transducer was displayed 

on an 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-

played on a digital volt meter. 

The correction for thermal transpiration was est-

imated and found to be negligible. However the Reynold's 

number correction discussed by Potter5  proved to be sub-

stantial. Potter showed that the ratio of real to mea-

sured pitot pressure was correlated over a wide range 

by the quantity Re2D0:1/407. 

The correction data compiled by Pollard.6  was, in 

fact, used as this has a greater range than that pray-

iously available. The maximum 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 data 

used for the corrections was obtained under similar con-

ditions to the present meesuremente and was well correl-

ated. It is therefore estimated that the likely error 

in free streem pressure will be lees than 0(2%). 

Surface pressure was measured only at the first 

three holes as there were only three reliable pressure 

transducers available, end the dete from the last hole 

was of doubtful value because of trailing edge effects. 

A consistent measuring procedure was adopted. The 

transducers were initially calibrated and the plasma jet 

was then run at one of the standard operating conditions 

described in section 3.5. When the plasma jet wee run-

ning stably, the pitot pressure was measured and the 

surface pressure transducers were zeroed. After the 

probe had been removed, surface pressure was noted when 

the transducer readings had become constant. Surface 

pressure and pitot pressure measurements were repeated 

twice more. Conditions in the plasma jet were main-

tained es near constant as possible, throughput, and 

the resulting variations in pitot were generally less 

than 2%. 

Variation in the observed surface pressure was nor-

mally less then i%, probably because the length of pipe 

between the model and the transducer served to inte6-

rate short term variations in running conditions. As 

an average of three, almost repeateble measurements was 

taken for both the surface pressures and the pitot 
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pressures, the error likely in these measurements is 

negligible, apart from the possible calibration errors 

discussed above. 

The process was repeated for the other two stand-

ard operating conditions and the transducers were then 

recalibrated. A complete run took about two hours, 

excluding the time taken to calibrate the transducers. 

This rather laborious approach is felt to be justified 

as much of the published data is badly scattered and 

not sufficiently accurate to provide a critical test of 

the various theories. 

The possibility of operating the model at incidence 

was investigated. It was found that at angles of t2°, 

the point of impingement of the nozzle shock was moved 

forward. At 10 incidence the nozzle shock reached the 

leading edge of the model. In the case of positive 

incidence, this failure is thought to be due to the gen-

eration of high pressures on the upper surface that are 

not contained by side plates. At negative incidence 

the diffuser is incapable of providing adequate recov-

ery from the low pressures occurring on the upper sur-

face of the model. 

Uncorrected 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 

data from the s:cond hole, a comparable snook was 

induced on to the model when at zero incidence by bleed-

ing gas into the dump tank. It will be seen that the 
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pressure rise at the third .tole is similar to that at 

incidence. Measurements were also made at zero incid-

ence without shock impingement and the results are shown 

as solid symbols in figure 5. These are displaced 

slightly to the right in order to avoid confusion, but 

were in fact obtained at the same distance from the 

leading edge. 

It will be seen that the-date obtained from the 

first two holes is little affected by the shock on the 

flat plate end the same will be aoseezed to be true for 

, the model at incidence, within the limits, -4 c< 	o5 	• 
4.1.2. Results  

The flat plate surface pressure data is replotted 

in figure 6. The thereto-molecular pressure produced by 

the temperature difference between the model and trans-

ducers was estimated, using the data of Kinslow and 

Arney6 and was found to be negligible. No corrections 

for orifice effects were applied to the data in figure 6, 

as the available methods are not felt to be sufficiently 

reliable. It was estimated that if the Bartz end Vidal 

scheme had been employed, then the correction factor 

would have varied between 20% end 50%. 

For the purposes of comparison, the uncorrected 

data obtained by Metcalf et 81.6 in a nitrogen flow, 

under otherwise similar conditions, is included. The 

surface pressure observed in the present work is greater 

than that observed by Metcalf, continuing the trend sug-

gested by viscous interaction theory. Other than this, 

the main features of the pressure distribution are 



37 

similar to those obtained before. 

Strong interaction, calculated from the theory 

given by Dorrence15, does not appear to have any signif-

icant region of relevance. First order weak interaction, 

ciculated from the theory given Hayes and Probstein14, 

fails at \0«, 	(0.2), as before. 

In figure 7, the deearture from weak interaction 

is shown for wedges, es well us the flat plate. The 

.pressure on the wedgee Was calculated by lineorly add-

ing the preseure- produced on a flat plate by weak inter-

action, to that generated by a wedge in the absence of 

viscous int ,rcction. Cheng41  has shown that this is a 

valid procedure for weak interaction. Inviscid wedge 

pressure was calculated from the tangent wedge epprox-

imetion expreesed as follows, 

1'wedge = 1+14a  r+1 i. r.o.v4)2 	1 2 2 

]

1/2 

 

The alternate positive or negative sign depends on 

whether e< is positive or negative, respectively. 

Stollery49  has shown that the tangent wedge approxim-

etion is applicable to viscous interaction on a variety 

of body shapes. 

Since the surface Ares cure is independently related 

to wedge angle and viscous interaction, it is unlikely 

that any simele correlating parameter exist:. However 

Hart and Pacui'n5°  sowed that departure from etrong, 

interaction on e wed ;e and cone are approximately cor-

related by V and so this parameter is again used to 

obtain qualitative information. 

P 
-Pee 	4 	 m .-042  
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It will be seen that the data is rather scattered 

by thie incomplete correlation and possibly also by the 

neglect of orifice corrections. The main feature which 

emerges is that, as the wed&e eagle increases, the 

effect of rarefaction is diminished and confined to a 

region closer to the leading edge. Similarly for nega—

tive angles of incidence, the point of departure from 

viscous interaction ic moved aft. 

At positive incidence the surface preceure appears 

to rise slightly above that predicted by weak interact 

ion. This could occur because of inaccuracies in the 

method of predicting weak interaction. Alternatively 

it might be due to a small region of strong interaction 

occurring because of the increased shock strength on a 

wedge at positive incidence. 

In,order to avoid the use of unsatisfactory orif—

ice corrections, the measured pressures were reduced to 

number fluxes, as discussed in section 2.4. Initially 

the pressures were converted to those in an equivalent 

cavity using the theory of Hughes and Leeuw. This ass—

umes near free molecular conditions, which do not occur 

in the present case es the Knudsen number for the holes, 

KnD=0(0.3). However Metcalf et 81.40  found that even 

for small Knudsen numbers the theory was quite satis—

factory and so it should be applicable in the present 

case. 

Speed ratio at the model surface must be knoen to 

apply the Hughes and de Leeuw theory. Vidal and Bartz6 

showed that to first order, 
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where, 

UG 5: 
) 	 G" 

Uct, 4 

D 	c 	ua,2 

Fw  
( 	) 

(4.1) 

and the subscript, G, indicates conditions in the gas 

at the model wall. If the usuel hypersonic approxim- 

etion, 	, is employed then equation 4.1 reduces 

to, 
SG 5ff  y-1 

( 	( 	) ) 
32 

(4.2) 

This equation was used in conjunction with the skin 

friction data quoted by Wallace and Burke4 to estimate 

the speed ratio at the wall. It is not suggested that 

thin method would give. an accurate prediction of speed 

ratio. However the relationship between tube and orif-

ice pressure is not strongly dependent on speed ratio. 

Hence ineccuracies in the speed ratio should not lead to 

significant errors in the predicted orifice pressure. 

The orifice pressures (Pc) were used to calculate 

number flux from, 

c/(2761Tc)- , 

where Tc in the temperature in the orifice, as determ- 

ined from the thermo-couples embedded in the model. 

The number flux to a flat plate is shown in figure 

a and coalpared with other measuremente end calculationse 

)4: ant FM 	 m were used as scaling paraetere as these are 

thought to be the most relevant quantities in the kin-

etic and merged layer re6ieles as discussed in section 2.3. 
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Hemel and Cooper6 showed that, 

Xis ifl-(e, —co -E;;'1 ) 
where 	is the collision cross section. If the mole- 

cules behave as hard spheres, then the collision cross 

section is not velocity dependent. loroel simple kinetic 

theory, 100= 4 - -I- 	hence for hard sphere molecules, 15. 
471.f  =

l 	
- 	The free molecular number flux to the 

ee w  
model  surface was calculated from, 

r -(S517"(?Z n  
NFM 	e°  2r, ) L e 	

+ s o( Xite rf 3,,,„(0.1 

This equation is demonstrated in the discussion of free 

molecular flows presented by Hayes and Proostein14. In 

the case of a flat platecle0 rand the equation reduces to, 
nm  "taw  em = 	) 

21 

The results of the Monte Carlo calculations quoted 

in figure 8 appear in references 36 and 37, and also as 

a private communication in the paper by Horstmen7. 

This paper also reports experimental results obtained 

using helium. 

Unfortunately the scaling in figure 8 is such that 

it is difficult to relate the present results to those 

obtained previouslei. The present data was in the mer-

ged layer regime, rather than the kinetic regime, as 

#>e 5 . As discussed previously, X( should be approp-

riate in both regimes, but this does not appear to be 

the case. The data was therefore replotted against X 
7e00 

as shown in figure J. It will be seen that the previous 
results are qualitatively very aimiler to the current 
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data. Quantitative comparison is less satisfactory as 

the number flux measured at Me7 is similar to that cal-

culated at M=13. Normally one would anticipate a smal-

ler number flux et the lower Mach number. However the 

trend is the some as that exhibited by Horetmen's data 

which shows that at a ,given Mach number, the experimen-

tally determined number fluxes are greeter than the cal-

culated values. 

The surface pressure data on wedges has also been 

reduced to number fluxes as shown in figure 10. Again, 

there ie no sizple correlating quantity available, so 

the Lumber flux date is scattered, as the pressure data 

wee. The solid lines ere rather optimistic, particul-

arly at negative incidence, but they do reveal the main 

features of the deta. 

At negative incidence, the number flue is substan-

tially greater than that predicted by free molecular 

theory, presumebly because the shock deflects molecules 

down on to the model surface. When positive incidence 

is applied, there is little effect initially. However 

as the incidence is increased, the relative number flux 

drops. This may be because the proportion of free 

stream molecules which reach the surface without colli-

sion is increased and hence conditions become similar 

to those in n free molecular flow. 

4.2. Flow field study, usine  probes 

Lent  muir probes and pitot probes were used in con-

junction with well pressure meesuremente/  in en attempt 

to determine density and velocity profiles within the 
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model flow field. 

4.2.1. Theory 

pitot pressure mey be related to dynamic pressure 

oyou2  = 1,0,f(:V). 	 (4.1) 

The equation for positive ion current to a Lan&I;uir 

probe, i.e. equation (3.1), .eay also be re-err: used to 

yieldieu- 	41i 	 (4.2) 

Taken together, equations (4.1) and (4.2) may be used 

to yield p and u separately. The ionisation fraction,, 

is frozen at its free stream except very close to the 

wall, Ps discussed in appendix 5. 
In supersonic flows the Mach number dependent uan-

titiee PM and f(,) chance slowly with nach number and 

are very weakly dependent on :etch number if Y:›2. 

Within the viscous layer, 	. 0(1), so that the 
local Inch number may be obtained approximately from 

pitot pressure and wall pressure. 1,iech number in the 

shock layer may then be approximately obtained by extr-

apolsting the viscous layer data through to the free 

stream value. 

Alternatively the Mach number at some distance from 

the wall may be obtrined by sesumin6 that the free 

stream total entha)py is conserved. The flow equations, 

u- CT CT 	To 1 + W-1 M2 p 	po 
+ 	and 

may be manipulated to yield, 

= p o 

If total enthalpy is conserved then CpT0=1-10, and 

(4.3) 
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equation (4.3) may be used to calculate M. 

Having estimated local Mach number, F(M) and f(M) 

may be obtained and substituted in. equations (4.1) and 

(4.2). The reeultinz dynamic pressure (,ou2) and number 

flux (eu) ere used to find p and u. Local temperature 
Pw  

(ee. 	), viscosity and Reynolds number may now be obtel- 
Rp 

ned eucceesively end used to calculate the pitot press- 

ure rerefection correction. The complete process may 

be iterated to obtain more accurate values ol'p and U. 

Aepid and eccurete closure of these iterations 

requires thet the quantities 1(*.1).and 1(M) vary slowly 

with Mach number, us is the caee for M>1. The speed 

ratio at the wall was calculated, in section 4.1.2., to 

determine number flux. Since S = (r/2)% the Mach num-

bar was also obtained. It was found that 'el = 0(1) at 

the model wall, so that M71 for most of the model flow 

field. 

4.2.2. Experiments 

Yltot probe and Langmuir probe measurements were 

made using the dipping apparatus described in section 

3.5. The cylindrical pitot probe tip was replaced by a 

rectangular section ceramic tip hcving a cross section 

of 3m.m. x lm.u. Hence the probe still had an accept-

able rice tine, Pa before, but the spacial resolution 

was improved. The Lonemuir probe again consisted of a 

fine tunesten vire with a collection region defined by 

ceramic tubes. This collection region was 7m.m. long. 

The probe was eIeueltod trenovercely to the flow and per-

ellei to the model surface. 
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Smoot% motion of the probes threuga the flow WG8 

achieved by driving them with a screw thread, via the 

potentiometer. The output of the potentiometer was app-

lied to the X platee of a store6e oscilloscope and the 

probe eignal was applied to the Y plates, eo that pro-

files could bc obtained directly. Photoeraphs of the 

oscilloscope display were use: to obtain a pertinent 

record of the results. 

It was noted when making pitot probe eeaeurements, 

that there was a alight differenee in the traces ()retai-

ned whorl the pitot probe travelled from the free stream 

down on to the model surface, rather than from the eodel 

surface out to the free strecm. This hysteresis was due 

to lag in the meeourinz system and the two traces brac-

ket the correct value. 

A further investigation was performed in which the 

probe was allowed to remain at a specific distance suove 

the model for se;crul seconds, so that the correct value 

of pitot pressure was obtained. It was found that these 

values were close to those obtained when moving the 

probe sway from the model. This is reasonable es vacuum 

systems generally fill more rapidly than they empty. 

It was peseible that the response of the Lax 

probe elient be affected by the model causing a distort-

ion of the electric field associated with the probe. To 

investigate this, the voltage-current characteristic was 

identical except when the probe was less than 1.0m.m. 

above the model surface an the bias was also less than 

two volts. Hence the orobe is virtually uneffected by 
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the model. 

As the slope of the cheracteristice is conetant, 

the ratio of ion current collected at a given voltage 

to that collected at zero voltage, is the care in the 

model flow field es in tae free stream i.e., 

a40(V0)  

It is therefore not necessary to plot the cnaracterist-

ice at each point in the flow. A oias of -7 volts was 

used as this ensures that the probe is operating on the 

slope rather than the "knee" of the characteristic. 

In order to avoid any effects arising from variat-

ions in free etream conditions occurring whilst a trav-

erse of the flow field was made, a fixed Langmuir probe 

was installed 5m.e... below the leading edge of the model. 

The output of the fixed probe was used with a voltage 

multiplier, operating in the "divide" mode, to normal-

ise the output from the movable probe. Unfortunately 

et the higher powers, the fixed probe melted, co this 

system could not be employed. However at low power 

tnere was no detectable difference between the normal-

ised and non-normalised profiles, so failure to normal-

ise the probe output does not appear to be important. 

The result of a Langmuir probe and pitot probe tra-

verse i. nhown reduced to velocity and density profiles 

in figurelt. One iteration was performed to correct 

for Reynolds number effects on the pitot pressure and 

the correction was found to be very seiell. Monte-Carlo 

calculation resulte from reference 52 are included for 

the purposes of comparison. 
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It will be seen that profiles obtained experiment-

ally :re not cotisfactory. The increase in the veloc-

ity ebove that in the free stream, followed by a decre-

ese when moving further away from the model are highly 

improbable. 

These oleasurements were conducted at 12.71.1. from 

the loading edge. The Mach numuer obtained froo, the 

well pressure and pitot pressure is shown as a series 

of circles in figure 13. t the chock region lc appro-

ached, the indicated value of _loch number drops, as the 

procedure becomes invalid. Hence the measured o:ach nun,  

ber at the wall tine phased to conditions in the free 

stream using the dotted line shown. it will be seen 

that M)2 for most of the flow field and hence i(M) and 

f( ) were virtually constant. The ?,gash nuYiber was also 

celculeted wing equation 4.3 and the results are shown 

as crosees in fioure13. The erratic behaviour of the 

velocity causesthe calculated Vach number to vary wil-

dly and hence the method le net useful. 

Further probe meesurements were conducted at diff-

erent positions and under different operatino  conditions. 

The density end velocity profiles obtained aoein exhib-

ited improbable behaviour includin, in scole caces, en 

overshoot on the velocity profiles. There was no appar-

ent pattern in tai s behaviour although the results obt-

ained at a given conditi.:.:1 were reoroducable. 

In view of the crxeful coosideration of the applic-

ability of the probes tneso oross distortions Of the 

profiles were sorori 	however they could not be 
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accounted for by experimental error as considerable care 

was excercised in making the measurements.. 

It was not.apparent whether the combined tech pique 

failed because of the pitot probe measurements, Langmuir 

probe measurementn or both. Further tests were conducted 

to try to establish the source of the errors. 

Pitot pressure profiles were obtained using a tip 

that was 60m.:.7..long, so that the probe support was 

beyond the end of the model.. As no difference was obs-

erved,.the probability of interference between tine probe 

support and the flow field is eliminated. The pitot 

probe was normally pitched 5o downward, with respect to 

the model surface and free stream flow. Measurements 

were made with toe probe parallel to the flow, but again 

there was no discernable difference in the profile obt-

ained.. 

Iii the case of the Langmuir probe, an error miEht, 

have been introduced by the ceramic tubes to locate 

the collection region., These tubes presumably generate 

local shocks which strike the wire. Teey might also 

eecome electrically conducting so extending the collect-

ion region. The probe was used in the free stream with 

collection lengths varying between 2m.m.. end 12m.m., 

the output being normalised against the fixed probe. 

It was found that the current collected was directly 

proportional to collection length, even at 2m.m. Hence 

the presence of end effects induced by the ceramic 

tubes may be eliminated. 

A further possible source of difficulty in meking 
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the Langmuir probe measurements was considered. It is 

well known in classical electrostatic theory, that a 

charged body induces a corresponding charge of opposite 

sign on an earthed conducting body. 

As the Langmuir probe is negative, it could induce 

a positive charge on the modal which would tend to def-

lect ions away from the model. To eliminate this, the 

model was electrically isolated from the working section 

and different voltages were applied. It was found that 

the profiles were unaffected by model voltage even when 

this exceeded that of the probe, so it is unlikely that 

the induced charge would have any effect.. 

As no other reason could be found, it is suggested 

that the erratic behaviour of the velocity and density 

profiles may be due to the disturbance caused to the 

flow by the probes themselves. This seems unlikely as 

the probes are small compared with the extent of the 

flow field, and also, moat of the flow field is super-

sonic, so that disturbances should not be prope„i.ated up 

stream. 

Considered separately, both the Langmuir probe and 

pitot probe profiles appear quite reasonable. They are 

smooth and comparable in shape to the previously repor-

ted flow field surveys discussed in section 2.3. 

However it has subsequently been established, by 

performing additional independent measurements, that the 

probes were interfering with the flow, and this conclus, 

ion will be discussed later in section 40.4. 

4.3. Optical determination of density 
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As the probe meaeurements proved to be unsatisfac-

tory, nn alternative method of determining conditions 

in the flow field without introducing probes was sought. 

The application of the electron beam technique was con-

sidered, but this would .eve ben difficult because of 

the consideraole self luminosity of tie _flow in the 

plasma jet. It was therefore decided to use the self 

luminosity of the flow to determine density. 

4.3.1. Meto-stable atoms 
The cause of the high luminosity of the Plasma jet 

is the decay of atoms from meta-stable statee. These 

meta-stable atoms arc generated in the arc region by the 

highly energetic particles present in that region. 

Brewer51  has shown that under conditions similar to 

those in the plasma jet, the presence of mete-stable 

atoms increases the luminosity by some five orders of 

magnitude. 

Adcock46 verified that almost all the luminosity 

in the plasma jet is due to the presence of meta-stable 

atoms, by adding a trace of hydrogen to the flow. This 

greatly reduced the intensity of light emitted, but did 

not affect the ionization fraction, so luminosity is 

not due to ionic recombination. The reduction in lumin-

osity must therefore be due to quenchin of mete-stable 

atoms. 

The reason for the decay of the meta-stable atoms 

is not certain. Spectroscopic measnrements of tempera-

ture using the relative line intensity method appear to 

yield the electron temperature rather than the neutr21 
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particle temperature, as discussed by Adcock. This sug-

gests that the decay of the meta-stable atoms is assoc-

iated with electron impact. However the half-life of 

the mete-etsble states ,Iay be comparable to the transit 

time through the nozzle, so decay may be spontaneous. 

The amount of light emitted will depend on the den-

sity of mete-stable atoms present and if the ratio of 

these to all atoms is constant, it will also be propor-

tional to gas density. Hence a measurement of light 

intensity may be used to determine the density of the 

gas. 

When the plasma jet is operating it may be observed 

that the luminosity in the inviscid core at the nozzle 

emit is constant and it has been confirmed by the photo-

graphic measurements described below that this ia so to 

O(l). The gas density in the core is also constant to 

0( 1%) as has been verified by the probe measurements. 

It is therefore apparent that the ratio of meta-stable 

atoms to all atoms is constant. nince tne extent of the 

model flow field is less than that of the core, the 

fraction of atoms in meta-stable states Should be essen-

tially constant in the model flow field. This will not 

be necessarily the case if, either, the decay processes 

are different, or excitstion occurs. 

The temperature in the flow field, even behind the 
, shock, is less than 1000e4 so that excitation will not 

occur. As discussed in appendix 6, the electron density 

is likely to be the snme in the shock region as in the 

free stream. Conditions generally are similar in the 
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two regions co the decay processes are likely to e the 

same. 

The light intensity in the shock region ennad 

therefore be proportional to local gas density. 

Close to the model, the light intensity may cease 

to be proportional to gas deasity, as .aany of the atona 

in tnis region will heve undergone a collision with the 

model wall. Seen a collision may cause non-radiative 

decay of a mete-stable atom, so the fraction of atoms 

in mete-stable states is likely to be reduced. 

4.3.2. Photo,:raphic technique 

The intensity of the light emitted from the flow 

field was measured photographically. This method 

enables the entire flow field to be viewed at one inst-

ant, which is useful as it is difficult to reproduce 

and maintain conditions exactly in the plasma jet. It 

also eLjoys the advantage of imAicity. 

A plate camera with a small depth of focus was used 

to localise the observation to the model centre line. 

The ca.lera was set up to give a magnification of about 

one, and it acci an aperture of f/1.1. Under these con-

ditiona l  the depth of focus was 0(1m.m.). 

Wailst in the camera, part of the fil was masked. 

Subsequently in the dork room, e set of different expo-

sures were applied to the masked area to provide a dir-

,,ct calibration of the fth. In order to avoid stray 

light effects, observation was restricted to the blue 

region of the spectrum, where tr.ac of the argon emission 

occurs. Blue sensitive film was used and ultra-violet 
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light.waa excluded by placin6 a. glass sheet between the 

camera and the working section window. The calibration 

strip was produced,  with a cold cathode 114t source as 

this emits strongly in the blue region.. 

The pictures wore recorded on Ilford N5-3l sheet 

film and this developed in Microphen.. This combination 

produced reasonably fine grain pictures. Whilst being 

developed, the film was continuous14 agitated to minim-

ise grain size and ensure a uniform development across 

the film. 

Since the piece of film containing the flow field 

picture is calibrated directly, the calibration should 

be accurate. 

Thefilm was scanned with a photo-densiometer, the 

output being plotted on a chart.. As the densiometer had 

a slit of 0.2m.m..x 0.05m.11..and the slit was aliened in 

the flow direction in which the flow properties vary 

slowly, local definition was very sharp. - A calibration 

curve relating film transmittance to length of time exp-

osure (and hence amount of light received), was construc-

ted for each film. Eight calibration times were used 

and there was little scatter in the results. Flow field 

scans were converted into density profiles using the 

calibration curves. 

As the local density was comparable to that in the 

free stream, it was possible to operate in a reasonably 

linear region of the response of the film. These :ileas-

urements should therefore be accurate to a few per cent. 

Spacial accuracy was also ensured by including 
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markers in the photoEraphs. 

4.3.3. Density Profiles 

The result of 	set of conne made on one piece of 

film is shown in figure /4. Monte-Cerlo calculations 

from reference 52 ere .included for comparison. 

It will be teen tiat the calculated and measured 

profiles are similar in shape except close to the w Al. 

The reason for the apparently low value of measured den-

sity nt the wall mey be that the mete- :table atoms are 

quenched by collision with the well. Hueel and Cooper6 

suggested that the extent of the region 3er-steeled prie:er-

ily by body dominated Moms is 0(T8). However, if qunn-

ching by collision with the model wall is the rea-on for 

the npperently low deneity at the wall, the extent of 

the body dominated etoms in greater than O(N). Avic4 

from the well the agreement ,between the profiles is good. 

It may also be noted that the shock starts slightly 

ahead and below tne model leading edge, presumably bec-

ause of the presence of the under surface wedee. The 

density is el: o slightly greeter at tie position than 

it is until well down stream. As steted earlier, the 

leading edge of the model should be sufficiently sharp 

to preclude leading ekee bluntness effecte. The high 

density ahead of the model must, therefore, arise from 

upstream propagation resulting from diffuse reflection 

at the model. 

The peak densities obtained before ere plotted 

with data obtained under different operating; conditions 

in figure /5. The reeulte of measuremente conducted in 
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nitrogen using an electron beam under otherwise similar 

conditions are also included. These results were taken 

from reference 53. 
It will be seen that the shock in the present meas-

urements using arson is slightly steeper and stronger than 

that meesured by Lillicrap53  in nitrogen. This contin-

ues the trend predicted by viscous interaction theory 

in which shock angle and strength increase with'W. For 

exa'ple, in the case of weak interaction on a cold wall, 

the elope of the boundary layer edge is proportional to 

(Y-l). One would anticipate that shock angle will be 

related to Y in a similar fashion. 

The preaent results are in reesonable agreement 

with the Monte-Carlo cclouletions, clteoug:e the values 

of density maxina are alittle hiher. It is felt that 

the close agreeeeent previously obtained between 

Lillicrap's measurements and the eonte-Carlo calculations 

may have been fortuitous in view of the fact that they 

were conducted at different values of W. 

Flow field density maps derived from results obt-

ained at difrerent conditions are shown in figure 16. 
It appears that nt a given Knudcen number the shock is 

slightly more rerefiec: when the mean free path is greater, 

although there is no obvious explanation for thic. The 

shock constitutes an increasing proportion of the flow 

field although the chock thickness decreases as the lea-
ding edge is apieeoached. 

Density ratio across the shock did not reach that 

for a 2enkin-elunoniot shock within the range of the 
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present meesuremente. 'or the observed shock angle and 

Yech number,,/,12 =2.7 for aRenkinequgoniot shock. 

Density maps were constructed for tne flow about 

the model when it wes oct at incidence to the flow, as 

shown in figure /7 . The crosses show the position of 

the observed density peak and are included to indicate 

the amount of ecatter obtained, which in fact was 

slight. It will be seen that with the limited range of 

incidence applied, there was little difference in the 

observed structure. The maximum density of the shock 

wan slightly higher when at positive incidence but its 

position was virtually unchanged. At negative incidence 

the chock strength is again very similar, but the shock 

angle leith respect to the model is increased sienific-

ently. Th shock angle with respect to the flow is, 

however, similar to that at zero incidence. 

4.3.3. The effect of probes on the flow 

In view of the difficulties encountered in section 

4.2., photoertpne were taken whilst probes were present 

in the flow. This was to determine whether the probes 

were effectinE the flow. These photographs were reduced 

to density profilee vs before. The meeeurements were 

conducted et the lower power level, to prevent the probes 

from melting _lane being photographed. 

Two probe peeitiono (A and B), as shown in figure !&, 

were employe.'" corresponding aoproximetely with the cen-

tres of the shack and viscous layers. rie erobee were 

those dgeeribed in section 4.2.2. Only one probe w 

introduced into the flow at 	time. 
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It was found that due to the presence of either 

probe in the flow, the deeeity profiles were slightly 

distorted but the values of deAsity maxima were chauged 

substeetially. This effect extended far upetream of 

the probes e.g. when the pitot tube was et A, the den-

sity at 2m.m. from the leading was 15 greater thee, when 

the probe was absent. The flow disturbance could not be 

attributed simply to the flow fields of the probes since 

these would be confined to the low shock :tend-off dis-

tance. Par a wide rare of physical conditions this is 

ad/2.), which is 0(0.5elen.) in the case of the largest 

oJ. the ;,robes used. 

It was difficult to drew any conclusions from the 

miscellaneously disturbed profiles and so the position 

of the density maxiela were plotted as in figure A3. 

Clesrly the pitot probe has a drastic effect on the flow 

which depends on the position of the ,probe within the 

flow. The Lengmuir probe apparently has less effect on 

the shock position, although, as stated before, it does 

disturb the density profiles a long way up stream. 

As a final che - k, density profiles obtained froe 

photographs were considered separately with pitot probe 

and Langmuir probe profiles to obtain velocity profiles. 

This necessitated the assumptions that,p4P0' for a 

pitot tube, endpueI for the Lend 	probe, which 

should be satisfactory oway from the wall. In both 

cases the resultant velocity profiles were distorted end 

this again indicates that both probes interfere euiwtan-

tially with the flow. 



5. Diccussion  

15.1. slow about a flat plate  

The present meaeurements were confined essentially 

to the merged layer regime. The measured pressure down 

stream approaches that predicted by weak interaction 

theory, but does not suite reach this limit. The dens-

ity ju,np across the shock is also less than that pred-

icted by the RanLin-Hugoniot shock relations, at the 

observed shock an6le. iurther, the density profiles do 

not contain a region of constant density between the 

shock and the boundary layer. This again indicates 

that the boundary layer and shock were merged. 

Lt the up stream end, the number flux data reach a 

plateau, uut do not actually drop towards the leading 

edge as would be expected if free molecular flow occurs 

at the leading edge. Measure:4ents were therefore not 

conducted in the new free molecular region which occurs 

very close to the leading edge. However the peak of 

the plateau does appear to occur at 	= 0(1), as sug- 
gested by the analysis of Hamel and Cooper6. 

The trends in the surface number flux df,te, were 

better correlated with those of the Monte-Carlo calcul-

ations and the experiments performed by Horstman7, when 

repinced X/Xi  as the length scale. It will be 

seen from figure 9 that the shapes of the number flux 

distrioutions are very similar when plotted against 

Xtko, but Ls the experiments and calculations were per-

formed under different conditions, sore differences in 

the absolute values of number flux were to be 

tr. 
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anticipated. The suocessful use of '/Ace  as the length 

scale for the number flux distribution is in contrast 

with the results reported by Lewis and 5mith7, who 

found that experimental data obtained in both the neer 

free molecular region and the mer6ed layer region were 

correlated by x/)F. However Lillicrap53 successfully 

used the paracters  -AC/Ite $ to correlate enool: strength 
XCO 

data. Since ::iC/Re0,8C/1S-  . 0.1( and both C and xco 

are 0(1), tae pareeeeter used by loillicrap is approxim-

ately the irwetse of X/)\io. 

As tht pre:meet comparison is between data covering 

a wider range of wall teAperature and Mach nueluer, it 

imposes a greater task on the correlating parameter, 

which ie probaely why Y./>4.i:roved to be less satisfact-

ory. It therefore appears that X/k6  is generally more 

suitable than :e/)0t,, except in the near free molecular 

region. however, as Vogcnitz37  discussed,  the various 

mean free paths may be appromimetely related by ;,:ech 

ntmber, which does not drastically effect the flow 

structure in the merged layer regime. It is therefore 

unlikely that there will be a startling difference bet-

ween the two. 

The structure of the flow field was similar at dif-

ferent operating conditions. This is not surprising 

since the wall in very cold, and also both the relevant 

tempereture ratios (Tw/To  and Tw/T40) are virtually the 

same in all the measurements. Yurther, the ,:etch number 

range was moderate. 

The general features of tae flow ere similar to 
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those previously observe in nitrogen. It consists of 

• relatively thic shock in contact with a viscous layer 

that extends to the wall. The shock is nearly strsight, 

but decreases slowly in thionese an6 streh:7.th .as the 

leading edge 

 

ii approached. However, it constitutes an 

increasing proportion of the flow and ia dominant at 

the leading edge. 

The density maximum emanates from a position a lit-. 

tie below and ahead of the leading ec:ige, becuse the 

lower surface o1 tne model has a finite angle relative 

to the free stream. Unfortunately the scale of the 

neasurements was such as to preclude accurate measure-

ments, at the leading edge. However, no siF:nificant 

disturbance was apparent at distances gre6ter than 2 )%00 

p stream of the Testa 	edge, i.e. the disturbance wee 

less than 0(2%). 

The shock was steeper and stronger than that obser-

ved in nitrogen flows under siallar conditions. it pro-

duced larger surftce pressures and number fluxes. 

A discussed in section 4.3.3.7  the theory for 

weak interaction on a cold flat plate sug6ests that the 

slope of the ..)oundary layer edge is proportionl to 

((-1). At hih i..*111 rnAmber, the oblique shock relations 

indicate that the shock angle is related to the wedge 

angle by a term proportional to (Y+1). Hence, if visc-

ous interaction produces a snook supported by the boun-

dary layer, tic snook angie,e s, is propottional to 

(+1)(y-1). The shock anle in er;on CEtA therefore be 

nerly twice that in nitrogen. 
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Similarly, the pressure ratio across the shock can 

be related to specific heat as follows, -----,40(-1)(0.1 
Pl  

This suggests that the pressure jump in argon will be 

nearly four times higher than that in nitrogen. 

These calculations are based on the extreme assump-

tion that the wall is completely cold. Under the pres-

ent conditions, the shock is also substantially weakened 

by merging. even so, some increase in shack angle and 

strength might be anticipated, and this appears to be 

the case. 

When comparing the present results with those obt-

ained from Monte-Carlo calculations performed under sim-

ilar conditions, it is found that the shock positions 

are very similar, but the density rise is slightly 

higher in the present case. The number flux to the wall 

is also slightly higher, in agreement with the results 

of the measurementJ! made by Horetman7  in a monatomic 

gas. 

When the r::onte-Carlo calculations were performed, 

some rather uncertain assumptions about physical proces-

ses, (such as surface reflection and molecular interac-

tion), were unavoidable. Small discrepancies are there-

fore likely to occur until sufficient experience has 

been gained to specify these quaatities precisely. dow-

ever, the agreement between the calculations and the 

measurements is certainly sufficiently close to indic-

ate that tie Monte-Carlo technique is sound. 

It will be noted that both the calculations and 
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experiments were conducted with 'Gonatomic gases. The 

comparison is therefore more leaningful tnan those prev-

iously conducted between the calculations and experim-

ents performed in diatomic nitrogen. 

The present measurements have been discussed and 

compared to th,z results of Monte-Carlo calculations 

with the aid of density profiles, flow field denfAty 

maps, and graphs showing the position and value of the 

maximum density. These latter two quantities are 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 reason many of 

the results of the Monte-Carlo calculations are pres-

ented in this form. 

Lance the Monte-Carlo calculations were performed 

for the complete flow field, simulteneously, there is 

no obvious advantage in considering the interrelated 

shock layer and viscous layer regions separately. How-

ever, in earlier studies the regions have been consid-

ered separately and this will be repeated for the suke 

of completeness. Close to the wall, the present density 

measurements way be unreliable because of the quenching 

of meta stable atoms by collision with the wall, and 

hence only the shock layer will be considered. 

The shock position can be defined as the position 

of maximum slope, i.e. point of inflection, in the dens-

ity profiles as shown in figure 19. If a tangent to the 

profile is drawn ct this point, the intersection of the 
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tangent with the values of free stream and peak density 

may be used to define a shock thickness (se) also shown 

in figure 19. 

It will be seen that the shock position of the pre-

sent date is reasonably correlated by the parameter 

M2C (Tw  /T0  )/ae,suggested by Shorenstein
22. A best fit 

line drawn through data obtained by Lillicrap53  in nit-

rogen, under otherwise similar conditions is included. 

The results of Monte-Carlo calculations also performed 

under similar conditions and obtained from reference52 

are shown. Unfortunately this information had to be 

obtained from small reproductions of complete density 

profiles and so are not likely to be accurate. 

As before, it will be seen that the shock in argon 

is rather steeper than that observed in nitrogen. The 

argon shock also appears to be slightly steeper then 

that indicated by the Monte-Carlo calculations, although 

the likely errors in extracting this information from 

the referenced paper precludes any definite conclusions. 

The shock layer thickness is also shown in figure 

19. It will be seen that the shock region in argon con-

stitutes an increasing proportion of the flow field as 

the leading edge is approached, but not to quite the 

same extent as in nitrogen. The same trend occurs when 

the present measurements are compared with the Monte-

Carlo calculations. This sligat disparity is not thought 

to be significant as none of the measurements are likely 

to be accurate very close to the leading ed,et  further, 

c/co may not be a satisfactory scaling parameter at a dis- 
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tance of a few mean free paths from the leading edge. 

5.2. Flow about a wedge 

The structure of the flow field is not greatly 

changed when the model is set at small angles of incid-

ence to the flow. At positive incidence the shock is 

slightly curved but the position of the shock relative 

to the model is little affected. The shock strength is 

also very similar to that which occurs at zero incid-

ence, although the density increased more rapidly near 

the leading edge. This ik consistent with the surface 

pressure measurements which show that the departure from 

weak viscous interaction occurs nearer to the leading 

edge when the model is at positive incidence. 

When the model is at negative incidence, the shock 

strength is again similar to that on a flat plate, but 

the departure from weak interaction is moved back from 

the leading edge. There was, however, a region of incr-

eased density close to the leading edge as at positive 

incidence. In the case of negative incidence, this was 

probably due to the enhanced under surface wedge angle. 

At positive incidence, under-surface effects become less 

significant and vanish when the incidence is half the 

leading edge wedge angle. 

At negative incidence the shock is straight, but 

the shock angle relative to the model is greater than 

at zero incidence. However, the angle of the shock rel-

ative to the free stream is virtually the same as at 

zero incidence, so the shock appears to cilanate from 

the leading edge, and the flow field expands to support 
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it. 
It was found that as incidence was increased in 

the positive sense, the number flux at the surface dec-

reased towards that predicted by free molecular theory. 

This appears inconsistent, as it might be anticipated 

that the flow would become less rarefied with increased 

incidence, so the number flux would become less like 

that predicted by free molecular theory. 

However, at positive incidence, the fraction of 

atoms reaching the surface directly from the free stream, 

without suffering collisions increases with incidence, 

so the surface number flux becomes more like that in 

free molecular flow. 

At negative incidence, the presence of the shock 

serves to deflect many more atoms down on to the surface 

than would reach it by the normal free molecular proces-

ees. The number flux is therefore much greater than 

that predicted by free molecular theory. This effect 

is enhanced by the fact that the shock position relat-

ive to the free stream is constant at negative incidence. 

If the shock were to follow the body, with increasing 

negative incidence the shock would become more masked 

from the free stream by the body, and hence less able 

to deflect free stream atoms down on to the body. 

In brief, the flow field structure was not greatly 

affected by the small range of angles of incidence ava-

ilable. This is not surprising since these angles ere 

small compared with relevant angles in the flow, such 

es shock angle which are 0(300). 
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As discussed previously, there are not, at present, 

any adequate theoretical predictions 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 a comparison ix the calculations were performed. 

5.3. Use of probes in rarefied flows 

Previously, probes have been used to obtain qualit-

ative information in low density flows. Pitot probes 

were successfully used to demonstrate the onset of merg-

ing and also to approAmately establish the position of 

the shock. The profiles obtained are comparable with 

those calculated, although it is only the early calcul-

ations. which explicitly quote results for pitot pressure 

profiles. Unfortunately these calculations are found 

to be unsatisfactory in other respects, as they are 

based on crude physical models of the flow field end 

neglect important phenomena such as slip. They canot 

be used to provide a quantitative check on the measure-

ments. 

In the present case, it is only when the mass flux 

and momentum flux are combined to yield velocity and 

density, that anomalies appear. 

It is perhaps, profitable to consider the fate of 

observations which were reduced with a similar scheme 

proposed by LcCroskey54. In that case, momentum flux 

was combined with energy flux obtained from a heat tran-

sfer probe, to obtain density and velocity profiles. 

Only one density profile was reported. This was found 

to be in moderately good agreement with a density pro- 
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file obtained using an electron beam. The measurements 

were conducted at Ro  =0.2, so they were only just in the 

merged layer regime. 

Unfortunately, the corresponding velocity profile 

was not presented, presumably because of irregularities 

in the profile, so it is not possible to verify that the 

velocity profile was satisfactory. In the present case, 

some of the density profiles were reasonable, but they 

were always accompanied by irrational velocity profiles. 

There have been no further reports of the applica-

tion of the apparently promising techniques proposed by 

McCroskey. It is therefore concluded that difficulties 

similar to those at present, were encountered. 

The photographs, taken with the probes in the flow, 

showed that both of the present probes cause significant 

disturbance to the flow and this is thought to be the 

reason for the distorted velocity and density profiles 

obtained froM probe measurements. The extent of flow 

disturbance is rather surprising in the case of the 

Langmuir probe, as this was near free molecular. How-

ever, the flow field associated with the probe support 

was unavoidably more extensive and this presumSbly cau-

sed the interference observed from the glow intensity 

measurements. 

It therefore appears that probes are an unsatis-

factory method of obtaining quantitative information in 

the merged layer regime, even when very small. They 

can, however, be used to obtain a general qualitative 

understanding of the flow structure. 
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6. CONCLUSIOS 

a) Probes may not be used reliably for flow field 

studies in the merged layer regime even when the probes 

are near free molecular, because of the inevitable inter-

ferende of the probe support. 

b) Under the conditions of the present experiments, 

the luminosity in the flow field is proportional to 

local gas density, except close to the model wall where 

the meta-stable atoms responsible for the flow luminos-

ity are quenched by collision with the wall. 

c) The present measurements are essentially in agree-

ment with the results of Monte-Carlo calculations cond-

ucted for flow about a flat plate, under similar condit-

ions. It would be of interest to see the calculations 

extended to flow about a wedge since the measurements 

provide comparative data for this case. 

d) In the merged layer regime, the flow fields in 

monatomic and diatomic gases are qualitatively very sim-

ilar: However, quantitative comparison reveals -that the 

shock layer is Slightly steeper and stronger in a mona-

tomic ;as, cc suggested by weak interaction theory. 

e.) 	When the angle of incidence is varied over a small 

range about zero, the flow field structure is'little 

changed, but surface quantities, such as number flux 

and pressure, may be substantially modified,. 



Diffusion of species in an ionized slip flow  

1.1.1. Introduction 

At one time, the possibility. of making hest trans-

fer measurements in a rarefied flow was considered. As 

the flow in the plasma jet is partially ionized, sinif-

icant heat transfer can arise from recombination of the 

ions and electrons. Attempts to estimate this heat 

transfer revealed that solutions of the diffusion squat-

ion0 are available only for boundary layers without 

slip. It was therefore decided to perform an anal sis  

which includes the effect of slip. 

In the event, the projected measurements =erenot 

undertaken. Heat transfer arising from both fluid dyna-

mic heating and recombination is little affected by low 

density effects unless vit)(1), as shown below. For 

conditions in the plasma, jet this corresponds to a dis-

tance from the leading edge of 0(1m.m.). However, as 

the preliminary measurements reported in section 3.3. 

showed, a very slender model is required. Therefore it 

wRa not possible to use calorimetric, or other bulky 

heat transfer measuring systems, sufficiently close to 

the leading edge to be of interest. Thin film heat 

transfer gauges are also unsuitable, as they depend on 

change of temperature with ti%e, whereas the plas?za jet 

iE continuous running. 

The analysis was conducted for an ionized flow but 

is equally applicable to a dissociated flow. The 
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latter is of interest cc uigh speed, high altitude, 

slender vehicles are likely to nave a partially dissoc-

iated flow field. Wall recombination heat transfer in 

n dissociated slip flow about a flat plete wae discus-

sed be the precent author in reference 55. 

As discussed in appendix 5, the flow field is fro-

zen except close to the model. Hence the recombination 

heat transfer depends on the diffusion controlled con-

centration of ions and electrons et the model surfece. 

Analytic eolutione of the diffusion equations have been 

obtained by several authors including Chart end 

Acrivos56 wo cozicidered the case of a flat , plate, and 

Freeman and Simpk ns57 who extended this to flow over a 

wedge. In obtaining these solutions it we assumed that 

the layerdin wuich diffusion occurs is thin compared 

Aeth the uoundary layer and thus the analysis ie stric-

tly valid in the limit of 1;chmitt number (Sc) tending 

to infinity. Consistent with this sesu.eption a Page 

and Falkner velocity distribution without slip was 

used to determine the flow within the diffusion layer. 

In rarefied flows considerable velocity slip can 

occur in the vicinity of a leading edge and under these 

circumstances an alternative to the linear Page and 

Palkner variation of velocity can be used. Provided 

the Schmitt number and the slip velocity at the wall 

are both large, the velocity within the diffusion region 

will be approximately constant. 

Using this assumption, the wall recombination 

heat transfer may be calculated. 
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A.1.2. Analysis 

The equation for the conservation of species in a 

two-diJlensional flow without ga phase reactions is giv-

en by Dorrance15  as, 

.ii'v  P" Tx 
ck 	

2J5 
itt() 

eTy.   
(A.1)  

The recombination rate at the wall will be csaumed 

to be prodortional to the concentration and the concen-

tration gradient at the wall will then be given by Eick's 

law as 
O 2.1• 	 = kw oc,„, w  (A.2)  

kw being the vv,11 calal tic rate constant. 

ireeman57  solved equation (A.1) together with those 

for momentum d energy by uaing the Illingworth trans- 

formations and the streamwise co-ordinate 
kw5c0.4. 

zz  /uw Ue  

transformation, 

(A.3)  

for the case of a 'cold wall,  when 	 and Sc cen 

reasonably be taken to be constant and few. Under 

these conditions the momentum and energy equations are 

those of a chemically inert gee and are decoupled from 

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

as, 
2. 

)77 -Sc' 
)771  	'hi (A.4) 

with the boundary conditions 

) z (3,0) m3Z(5,0) 
) 

Z(5 ,a) = 1 

2, is reduced mass fraction -'/ac  which for the frozen 
flow is °c/04,0. 

Equwtion (A.4) can be solved if we specify the vel- 

ocity distribution within the diffusion layer i.e. we 
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feed in a solution to the decoupled momentum and energy 

equations.. Adopting the Page and Falkner approximation 

and including slip 

fel) (uwfue)1 ,1-72f"(0) 	(A.5) 

This assumption implies that the diffusion layer is 

thin compared with the viscous layer i.e. Sc:Vl. For 

the case of no slip, freeman58 has compared this result 

with a more detailed nalyeis for Sc.0(1) and shown 

that no serious error is introduced by usinn the Page 

and Falkner approximation even when Sc 0.5. It would 

appear that the method ie insensitive to the require-

ment of ScP71. 

For the preeent analysis we will consider a bound- 

cry layer in which significant slip occurs i.e. uw = 0(1) 
u 

and vs f"(0) is also 0(1) the first term on the r!ght 
hand cide of (A.5) demineter as is small in the dif-

fusion layer. 

In physical terms the present assumption implies 

that within the thin diffusion layer adjacent to the 

wall, the velocity is essentially constant and equal to 

the slip velocity. This requires the slip velocity to 

be lerne and thus the solution is asymptotocally valid 

cc the lerding edge is approached. 

The velue of uw  is needed for the calculation and 

is obtained from the boundary layer equation assuming 

Maxwellian slip, i.e. 

uw  =i1-(i1./2)i,e 23  
44  

X 27,e) y 
(A.6) 
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where F7 m 254; 0-  being the tangental momentum accommod- 

ation coefficient. 
u, 

Substitution of 717. for f(l) in equation (A.3) 
'e 	uw  

using. equation (A.6) to eliminate 	yields, e  
Zvi  + 2.( -.Ns.  - 	= 0 	(A.7) 

where 1.....op-Se kw  f"(0) 

a 
(2aTw)' 

and is assumed to be constent. 

The problem may b simplified by P. further change 

ow variables. If E ”5, equation 	.7)• may be reduced 

to , _ )2-  
-5 78-.2- -a-  )5 	 (A.8) 

Finally, the etreamwise co-ordinate may be resealed 

such that e= 3-  , and equation (A.8) begomes, 
..)1 	1 )2 

z  a )$ 	 (A.3) 
This is subject to the boundary conditions, 

)210E = z,r7  wen 	450, from equation (A.4) 

and 2-4.1 at the leading, edge. 

The problem is now formally identical to that of 

time dependent diffusion in a half space and hence may 

be solved b; the application of Laplace transforms. 

IfZ(P,E) is the Laplace transform of Z(0,0, then 

the transform of equation (A.9), with equation (A.11) 

substituted is, 
1)Z = 	 i 

a re  

the solution of which is 

(A.12) 



The constaat C is oliillinated by differentiating equation 

(Al2) End substituting the result into the transform of 

equation (A10) and this yields, 

1``w a d   Z a7.3 	exP (-(P1  rL ). 

Inverting this, with the aid of the table of trans-

forms edited by Erdelyi59, gives, 

I - 	(2(V exp (fig) 	erfc (i)). (A.13)  

It will be seen that at large values of E, with e 
finite, corresponding to large distances from the wall, 

the solution is invalid, since equation (A.13) reducet 

to Zel1 +EZwt which is impossible as Z41. This fail-

ure is not surprieing,.since the assumption that the 

velocity is constant, at its wall value, ib obviously 

violated far from the wall. 

No such difficulty exists at the wall as €. 0;:, 

then equation (A.13) reduces to, 

( 

A.1..3. Discussion 

As the formulation of the present work is differ-

ent from that preceding it, a direct comparison in terms 

of 5 ore is not possible. However as the present anal-

ysis is concerned with wall concentration in a rarefied 

flow, it is appropriate to compare -Le solutions in 

terms of the viscous interaction parameter, 

Equation (A.14) may be expressed ea, 
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zw  

  

I t 
(A.15) 

     

where 
V 4;1  

  

and 
A 

us 

ireemanfs-results for a flat plate are presented 
K es series solutions in terms of and ;. here, 

1 2 
23. 	5'1(7)  kt = .(t,Scf"(0)) 

) 

The streamwise co-ordinate may be expressed in 
terms of the viscous interaction parameter ts, 

	

rea, 	
S
c. -1 

3 rk.5) /6 c. 	2CcoA1e eallig kw  \Z 
17-a rTly-f-755) 1frT; R.oucc R-rw) 

	

3 	 (A.16) 

In order to compare the various solutions, it is 

necessary to assign suitable values to the quantities 

in equations (A.15) end (A.16). In the case of a cold, 

highly catalytic wall, these might have the values, 

Coilt4e Ile 	k, 
- 1 ..nd 

A41/4wjlw 

An adiabatic, weekly catalytic wall may be repres- 

ented by, 

CmitteA UP  - Pt b)viii, Poo  cto, 	4 	and 4 
The results for these two represeqtative cases are 
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compared in figures Al and A2 where the effect of diff-

erent accommodation coefficients is also shown. If the 

reflection of incident molecules at the wall is conplet-

ely diffuse i5ee:1 and if 3O of the molecules undergo 

specular reflection & 2. 

It will be seen that clooe to the 1 eding ed,Le, the 

wall concentration predicted by the present tneory is 

higher than that indiested in the earlier work, which 

is reasonable since one would expect tee increaz 1  bulk 

iotion produced by well clip to enhance the conceatrat-

ion. Down stream the all velocity becomes smell end 

cce..se:.: to be represent; tive of the velocity in the dif- 

k • 

	 fusion region. Thus the neglect of those ionized spec-

ies treasported at the ni6her velocities which occur 

cwt.  from the all, caueee the prediction of wall conc-

entration to be too low. The present theory, and that 

of Preeelan are likely to be correct in the upstreee and 

downetream limits, reepectively, but both underestimate 

the well conceetze-tion in tac intermediate region. 

The effect of slip appears to be sigeificant mainly 

in the rerefied regime corresponding to fairly large 

values of V03.. In this regieie the preeeet theory should 

be valid, since equation (A.1) is e fundamental gas dyn-

amic conservation equotion, and although boundary layer 

type transformationE are employed to solve it, the boun-

dary layer assum tione are not made." 

In the weekly catalytic wall case, neglect of slip 

is not seriouc es the wv11 cop.celArction docb not ffal 

much below its free stream value until Vo,;( a (1 w1-1.1211 



is the lower limit of opplicability or the present the-

ory. However, in the highly catalytic wall caee, the 

difference is significant as the present theory provides 

eertimates of w;;31 concentration which are 2C.ro greater 

than those obtained from continuum theory. The heat 

transfer erisin from the recombination of the ionized 

species at the wall in rarefied slip flow will be mere- 

sed corresiJondia6ly and may be calculated from 

q ="174- kw .11R 
	(11.17) 

where h_ is the energy of recombination, and 
	

is eval- 

uatcd from equation (A.15). 
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AP2L:7.D1T:_ 

Velocity Measurements 

A.2.1. Previous studies 

Conditions in the plasma jet were previously stud-

ied, as discussed in appendix 4. The reservoir condit-

ions were well established, but conditions in the free 

stream were less certain. It was therefore decided to 

attempt a more accurate measurement of velocity, this 

being a directly measurable, fundamental free stream 

property. 

Bohn60  measured velocity in a low power plasma jet 

by observing the Doppler'shift of spectral lines emit-

ted by excited atoms moving with the stream..These meas-

urements had to be conducted at low electron densities, 

so that Stark effects were not significant. Velocity 

has also been determined by .measuring the time of flight 

of random disturbances produced by the arc. Authors 

following this approach include Simpkins°, Park44 and 

Winkler61 who used photo-multipliers, and 2uhe62 who 

used magnetic search coils. Winkler also tried Langmuir 

probes. In order to produce a more easily observed dis-

turbance, Simpkins repeated his measurements using a 

capacitor discharge between electrodes in the stream to 

obtain a luminosity pulse. A11 of these techniques 

exhibit scattered data, probably because the disturbances 

do not travel at stream velocity. 

Buckingham63  produced a sinusoidal variation in 

stream luminosity by modulating the power to the arc 

heater. 'Observing the variation via a rotating mirror, 



produced en apparent change in frequency directly depen-

dant on stream velocity. The method minimises doubts 

about whether the induced disturbances are travelling 

at stream velocity as any components failing to do so 

should be self cancelling, owine to the symmetry of the 

wave. 

Unfortunately the Aethod ic of limited eccurecy, 

and may onlyeoe applied to a otable are, which usually 

necessitet“ opereting at a power level below thet of  
interest for eeredyneNic I cilities. 

A.2.2. Experimental procedure 

In view of the difficulties discussed above, the 

time of flight :eethod was modified. As in 2uckinghaeles 

experiment, e sleusoidel verietioa in inteneity was obt-

ained by modulating the power supplied to the arc, but 

the velocity was determined by measurind the difference 

in ehase of the light detected by photo-multipliers at 

two points along the stream. The velocity (U) is then 

simply given by: 

U = 

there o . phase difference (in radians) between ctetions. 
I modulation frequency. 

a = aeparntion of the etetiena (5Cm.m.). 

As tee meeoerement to quaai-COeetieuoue, eeteneive 

filterinee may be employed to slim note random disturbance 

effects. This was n feet necessary as  e sicnal to 

nolec ratio of nout 0.3 wes obteined. 

The stream intensity elodulatien was produced by 



A.12 

by-passing some of the current carried by the arc with 

the shunt shown in figure A.3. The shunt dissipated 

2Kw (about 5% of the arc power) and was opereted at 

about 3KHz. Operation was restricted to bursts of a 

few seconds, as the components were considerably over 

run. Backed 	e.1! t. transistors were used in 

the current gain stages, so that a full 30v peak to peak 

signal was available to the ten power by-pass transis-

tors with e 30v line. 

The layout of the detection system is also shown 

in figure A.3. Light from two stations in the stream 

was detected with photo-.:lultipliers. The resultant sig-

mils were passed through high selectivity filters to 

remove unwanted noise and then through logic elements 

to give en output de;eedent on the difference in phase 

of the light at the two stations. Detailed discussion 

of the filters: and subsequent detection system is defer-

red to section A.2.3. below. It was, unfortunately, 

not possible to lock the filters to the shunt oscillator, 

as the low velocity of the gas through the plenum cham-

ber eliminates any phase correlation between the arc 

and the free stream ::modulation. Initially the filters 

were cdjustecl to give .aximum gain end the same phase 

shift. Two ci,nals of known phase difference, derived 

from a simple R-C phase shifter, were then used to cal-

ibrate the complete detection system. Calibration was 

performed before and after each set of measurements and 

an average value used. The change in calibration was 

at most 5. Any differential drift of the phase change 
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produced by the filter circuits occurring between cali-

brations, was minimised by takin the mean of two read-

ings obtained at a given condition, using a reversing 

switch. 

It was also necessary to determine the enthalpy of 

the stream, since velocity depends primarily upon enth-

alpy End Nash number. The enthalpy (H) was calculated 

from, H 	 

where E = output of the power supply 

= power by-passed by the shunt 

* arson mass flow rate = l.lg/s 

. head efficiency = 0.35, the mean of me&sured 

data given by Adcock46 

A.2.3. Filters and ,phase shift measurement 

In order to separate the 3kHz modulation signal 

from the noise, and a 300Hz ripple originating in the 

arc power supplies, two stages of filtering were used. 

A parallel-T notch filter, having a trana:uiseion of 1% 

at 300Hz and 357L at 3kHz, suppressed much of the 300Hz 

signal and was followed by a highly selective active 

filter incorporating "Computing Techniques" operational 

amplifiers, as in figure A.4. These were used to doubly 

integrate an initial signal (sue ) which was then added 

to the input si6nal, wich some signal derived from z-n 

intermediate stage, end passed round a feed-back loop. 

Equating signals at either end of the loop gives rise to 
2 the expression, e + A3(A1A2k10 Aik28+ f (t))= 0. 

where Ai, A2  and A3  are the transfer functions of the 

operational elements, kl  and k2  are the ratios of the 
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resistive dividers and f(t) is the input sitesal. 

Clearly, dae,ped, tuned or oscillatory operation may 

occur, depending on the values of transfer functions 

and resistance ratios. with the components shown, the 

filter remained stable with values of Q and of gain 

equal to 200, and had a tunable range of 2.5 to 3.2 

kHz. The Q was predominantly controlled by k1, and the 

tuned frequency by k2. 

The sinusoidal outputs from the filters were conv- 

erted to square waves, using 3.G.S. 	Fairchild tAA710 

comparators es very high gain amplifiers. These have a 

rise time of 4Ons and give peak output from 3mv, so 

that the' 10v, 3e.ilz input was faithfully converted to a 

square wave. Following the squarinc), a simple cross-

over network constructed from Motorola mc846p "hand" 

logic elements Was used to generate rectangular pulses 

of a width corresponding to the phase difference of the 

initial signals. These rectangular pulses were then fed 

into a quasi-integrstor of 100ms time constant, the mean 

output of this being proportional to the phase differ-

ence of the initial signals. The integrator output was 

measured on a digital voltmeter. 

A.2.4. Discussion  

Velocity has been measured over a range of enthal-

pies with the method described abeve. The results are 

shown in figureA-5 end compered with earlier values,  
Park (A) end Simpkins (B) calculated the free stream 

conditions from tnose in the reservoir. Park44 numeric-

ally solved the full flow equations, including a rate 
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equation for ionic relaxation and Simpkins45 used a 

Monier chart, assuming isentropic, frozen flow and an 

exit Mach number of 2.8, as derived from pitot measure-

ments. Both the rate constant used by Park and the aim" 

plifying assumptions about real gas effects used by 

Simpkins are rather uncertain. However, it will be 

seen that the present measurements lie between these 

theoretical predictions. Also they improve upon 

Simpkins' badly scattered data obtained by the "random 

disturbance" method, but preclude the results he 

obtained with the "induced disturbance" method. This 

suggests that any method of measuring velocity which 

depends on observing non-periodic disturbances is sus-

pect, since these may propagate at a velocity other 

than that of the stream. One would expect rearward tra-

velling disturbances to be generated at the same time 

as forward travelling disturbances, giving a 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 methods are 

consistently high. 

In the case of random disturbances, the rearward 

travelling components would not be observed as they are 

generated in the slow, subsonic, flow of the arc region, 

and, being at least sonic, they would travel upstream 

and be lost. The large scatter occurring in the random 

disturbance method may be due to the wide range of dis- 

turbance strength arising from random arc fluctuations. 

However, the method is intrinsically inaccurate, as it 
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is neces!nri to measure time differences that are much 

relaller than the rise time of the disturbances. 

In order to generate a more sharply defined distur-

bance, Simpkins discharged a capacitor through elec-

trodes placed normal to the free stream. This produced 

intense cylindrical disturbances, which appear to have 

been propagated down the stream at a Mach number compar-

able to that of the stream itself. Again the very low 

values of velocity correopondinie to rearward travelling 

components were not observed. This is probably because 

by the time the slow moving rearwerd components reach 

the observer, they lie on a eluch larger diameter cylin-

der than the feet components, and hence are heavily 

attenuated. The slow components are also more liable 

to attenuation by diffusive and °tees dissipative mech-

anisms. It is taus concluded that observation of non-

periodic disturbances tends always to measure speeds 

higher than the true stream velocity. 

It will be seen that the present results exhibit 

greater scatter than would be expected from the measur-

ing procedure used. This is because the filters, 

altheugh highly selective, were unable to completely 

suppress the effects of noise. This was verified by 

adding high noise levels to the calibration signal. 

Comparable scatter was produced, but by taking the mean 

of leveral readings the correct results were obtained. 

:further increase in the selectivity of filters would 

make stabilisation of phase shift extremely difficult. 

Alternatively the modulation of tae power supplied to 
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the erc could be substantially increased, but -this 

would, in effect, mean measuring the velocityAn an 

unsteady 
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x.s P'AIX 

Increase in the operating Mach number of the plasma jet 

Following the velocity measurements described in 

appendix 2 and reference 64, it was decided to increase 

the operating Mach number from 2.7 to 7, the correspond-

ing aeynolds number being reduced from 30/m.m. to 

10/n.m. This was to enable the facility to be used for 

studies in the rarefied flow regime, and also to incr-

ease the working area of the jet. 

A larger nozzle was lade, having an exit diameter 

of llOm.m. and a length of 240a ,.m. The necessary con-

tour was determined by adding the displacement thickness, 

calculated from nn empiric correlation devised by Burke651  

to the inviscid contour. This consisted of a cubic pro-

file at the throat, matching into a conical expansion 

section of le half angle, and a turning section, comp-

uted from a program devised b, D. Petty66, which was 

intended to bring the flow parallel to the axis of the 

nozzle. An over all length of 240m.m. was adopted as 

this corresponded to the position at which the core 

cross section was greatest. 

A diffuser was installed to assist pressure recov-

ery, as the Kinney vacuum pump would have been unable 

to accommodate the mass flow rate at the low pressures 

corresponding 4.o the higher 11:ach number flow. The min-

imum value of mass flow was determined by the onset of 

arc instability. Working at a Reynolds number of 4/m.m., 

Boylan67 obtained an efficiency of 20 in an open jet 

diffuser, efficiency being defined as the ratio of 
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preseure recovered by e diffuoor to that recovered by a 

normal shock under the same conditione. In order to 

obtain the necessary preseure recovery in the plaema 

jet, an efficiency of 4O would be required, and hence 

C. variable geometry ceetre body diffuser was ueed. 

This should have 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 was estab-

lished, as was evidenced by the uniform luminosity across 

the flow, but after e few seconds the flow collapsed to 

en intense core. 	in strands of asbestos attached to 

the nozzle wall revealed that back flow was occurriog. 

The diffuser was operated with the centre body and throat 

in e range of positions and also without centre body and 

throat, out was unable to maintain the flow. A series 

of cylindrical inserts were placed in the nozzle to det-

ermine the ,a,SKi:LUTt diameter of nozzle exit et which dis-

tributed flow could be maintained. This was found to be 

60m.m. but tee flow contained a shock generated by the 

intersection of toe insert with the nozzle, end so 

another contoured nozzle of 75m.m. exit diemeter was 

made. 

The contour for the new nozzle was derived by add- 

half the predicted displacement thickness to the 

original inviscid profile, and then scaling so that the 

exit diemeter was 75m.m. with a length of 180ei.m. This 

rather crude procedure was adopted, in tne absence of 

more reliable information, to provide a smooth contour. 
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The messive diepleceezent teickness correction predicted 

by the Burke correlation was elmost certainly excessive. 

It probeely arose in the attemot to extr&polate a cor-

relation based on inforliation gained in nigh Yeach num-

ber, high Reynolds number facilities, to conditions in 

tae plasma jet. ::ore recently Potter68 has calculated 

boundary layer development fro.a the boundary layer equs-

tione and successfully compared the results with exper-

iaents, even for thick boundary layere. This would pro-

vide a more acceptable method for any future nozzle des-

ign, although it would require considerable effort to 

develops a similar program. 

The new nozzle again failed to maintain the flow, 

and several diffuser geometriee were tried without suc-

cees. Probably the reason for the satisfactory operat-

ion of the 80m.m. diameter insert was thet the strong 

shock, generated by itc intersection with the nozzle 

wall, peovided adequate pressure recovery. This of 

course, could not happen in a shock free, contoured noz-

zle. However the new nozzle did maintain the flow for 

about two minutes, which enabled the additional pumping 

capacity required, to be determined. The rate of rise 

of pressure in the dump tank in between the .iiffuser 

outlet and the pump, was measured with a transducer, 

while the flow was being mcintajned. Since the volume 

(V) of the dump tank is known, tee effective pumping 

speed (V) of the dump tank can be calculated from, 

V el le.P. 

Prom this expression it was calculated toat an additional 
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pumIng oPpecity of 2000 rd/hr was necessary to naintain 

the flow. In order to achieve this, a "Ruvac 46" Rooter 

pump, havin-: r nominal speed of about 3500 m3ihr, was 

installed, This was backed by the existing Kinney vane 

pump, and the combination proved to be capable of indef-

initely mainte.iriing the flow from the 75m.m. nozzle. 

The diffuser system was optimiL.ed with a model in 

the working section. A series of static preasurc taps 

were installed along the diffuser to establish the pos-

ition of maximum pressure recovery and the diffuser was 

then terminated at this point. Various centre body 

geometries were tried but thee proved to be either 

ineffective or deleterious. Diffuser performance was 

relatively insensitive to pordtion and length. 

The final geometry is indicated in figure 1. The 

flow emerging from the 75m.m. exit diameter nozzle has 

free jet length of 130m.m. in which •the model is 

placed. The diffuser has a bell intake, with a 300  

semi-vertex angle, to cctch gas displaced by the model. 

It is lm. long and ha c en internal diameter of 90m.m. 
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A PF.ENDI X 4  

Flo. properties et Mach 2.7 

When the plasma jet4meeopereting et Mach 2.7, ext-

ensive efforts were made to determine the free stream 

conditions, as discussed-in referetices 43-47. Also, 

the specific case of velocity mee*rements are described 
. 

in appendix 2 of thin thesis end reference 64. 

Initially, conditions in the settling chamber were 

established. Gas mess flow rate and settling chamber 

pressure-were noted. Total enthalpy was then calculated 

either. from the throat eree or the energy supplied to 

the gts. The latter is the difference between the elec-

trical energy supplied to the arc and the heat removed 

by. the cooling water. Other gas properties were then 

determined from a Mollier chart. 

Adcock end Plumtree, working with argon and nitro-

gen, respectively, measured tempercture in the settling 

chamber by compering the intensity of appropriate spec-

tral lines. Adcock also used the width of these lines 

to determine the ionization fraction. These measurements, 

and also those of settling chamber pressure, were found 

to be consistent with the energy balance determination 

of reservoir conditions. 

Once the Mach number is known, it should be poss-

ible to predict the free stream conditions from those 

in the settling chember. However, at tie power levels 

used, the gas is significantly ionized, so the expansion 

of the gee through the Laval nozzle gives rise to 
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non-equilibrium effects. Park attempted a complete sol-

ution of the nozzle flow equations.. The extensive aesu-

mptions necessary to make the problem tractable, coupled 

with uncertainties about the rate constants for recomb-

ination, makes assessment of the results difficult. It 

was therefore felt to be necessary:to measure free 

stream properties directly. 

Simpkins conducted a pitot survey et the nozzle 

exit, which showed that the flow had an inviscid core 

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

troscopic measurements suggested that the temperature' 

SIn the free stream was rather high. This was attributed 

tc\ the effect of electrons which retain a temperature 

comparrable to that in the settling chamber.-  The ioniz-

ation ?'action appears to have been similar to taut in 

the settli'.ne chamber, but these measurements were subj-

ect to particuiao?ly bad experimental scatter, as the • 

electron density in he free stream is rather low for 

spectroscopic measurement:-.„ The results of the measure-

ments of free stream velocity, described .321-1 appendix 2, 

also suggest that the flow is frozen. 

ope6) andWitte70  p have used total entaalpy probes •  

in comparable facilities and found that the enthelpy 

was conserved. This would also be expected to apply in 

the present facility, as the ciculations by Park show 

that the heat transfer to the nozzle wail is small, and 

radiative losses are negligible. 

In addition to direct measurements of free stream 

propertieo, the interaction of the stream with various 
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bodies has been observed. Simpkins measured the shock 

stand off distance on a cylinder, end the surface pres-

sure on a flat plate. Park measured the heat transfer 

rate to a cone and hemisphere, us well az stand off dis-

tance. Again the results were badly scattered, because 

of the erratic operation of the plasma jet, but were in 

general agreement with calculations based on the aseump-. 

tion that the flow was frozen and the enthalpy preserved. 

Taken together, the results of all these measure- 

ments suggest that, after being heated in the arc, the 

gas is well mixed and in equilibrium in the settling 

chamber. The ionization or dissociation fraction then 

rapidly freezes, i.e. becomes constant, and remains at 

virtually the settling chamber value, right through to 

the free stream. Since the core flow is also inviscid 

and isenthalpic, it is reasonable to use the usual leen-

tropic flow equation to determine free stream condit-

ions from those in the settling chamber. 

It is however, necessary to modify the ratio of 

specific heat, Y. Ionization or dissociation generate 

more particles, which, in the classic sense, increase 

the number of degrees of freedom. This effect may be 

included by using an effective ratio of specific heat 

given by, 

where nl  and n2  are the number of degrees of freedom 

available in translational end non-translational modes, 

respectively(1.s the ionization or dissocietion 

fraction. 



.A25 

For a monatomic gao, r 	1., • 
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APPENDIX 5  

Ionisation fraction in the model flow field  

In order to interpret the results of the Langmuir 

probe surveys, it is necessary to make simplifying ass-

umptions about the ionization fraction. As it is 

frozen in the free stream, it could also remain frozen 

in the model flow field. There are three likely ways 

in which the ionization fraction may be affected:- 

(i) Generation of ions in the shock region 

(ii) Gns phase recombination between shock and body 

(iii) Catalytic recombination at the body 

Case 1 is unlikely as the temperature recovery across 

an oblique, verged region shock would not be more than 

a few hundred degrees, whereas a temperature of several 

thousand degrees in necessary to produce significant 

ionization of argon. Similarly case (ii) may be neglec-

ted as the recomoinetion rate depends primarily on dens-

ity an within the flow field the density is comparable 

to that in the free stream where the ionization fraction 

is completely frozen. In fact freezing appears to occur 

soon after the gee leaves the plenum chamber, where the 

density is much higher than in the free stream or model 

flow field. Case (iii), however, requires more careful 

consideration. 

In the analysis of wall concentration of ionized 

species given in appendix 1, the following expression 

(equation A13) was obtained for concentration close to 

the wall„ 



A27 

= 1-4  (9-*xi)(416 ieriC  (RcTe)-) 

At the diffusion layer thickness, cr, defined as that 

distance from the wall at which Z = 1+Zw/2, this equat- 

ion reduces to 
Y 2 exp (7)-71-2Y erfc 	

a- 
) = 1, where Y L2 

4& 
This may be solved graphically to yield a sinslo value 

solution of Y = 0.715. Replacing E and 0 with physical 
space co-ordinates in the;  solution for Y yields, 

2. 0.54  , (ley- ,A41,v 2. 3  
85c 	Tw Pviiow Voo 

For the conditions occurring et H/R10  = GO, when 

x = 20m.m., f = O.6m.m. 

However under these conditions, the necject of the 

increased bulk motion occurring away from the wall, 

causes the prediction of wall concentration to be half 

its true value and would be expected to overestimate 

diffusion layer thickness by a comparable amount. Hence, 

0.3m.11., and the effects of recombination at the wall 

will only be significant for y< 0(1m.m.). This is a 

similar limitation to that imposed by finite probe size 

and the requirement that >0(2) in order to use the 

data reduction scheme proposed in section 4.2. 
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Ai UNDIX 6  

The mean free path of electrons  

The mean free path travelled by an eleetron before 

striking en atom is, 	as (%f a)-1, RS given in many 

standard texts, such as that by Jeans71. 

Jaffrin72  showed that for Tel 1040K, the collision 

crops section for electrons with arson stoma may be rep- 

resented .by,Slea  = (0.4-0.55 x 10 4Te+0.6 x 16Te2)x10 2̀0m. 2  

The electron temperature in the free stream of the 

plas8 jet was found by Adcock to be approximately 

4000°K. Since the electron teitierature is frozen, this 

value Will apply'in'the present case. Hence 

J1ea = 0(3 x 10-'21m.2). Combining this with the free 

stream density yields, 

em = 0(10-1  m.). 

A.  typical length in the flow field, such as dist- 

ance from the lending edge is 0(10-2m.), hence 

)N.
ea
/X = 0(10). 'The electrons will therefore be effect- 

ively "free molecular" with respect to the flow field, 

so the electron number density in this region should be 

similar to that in the free stream. 
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