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1. INTRODUCTION 

1.1. Review of previous experiments on thermal conductivity 

During the last century several experimental methods have 

been developed in order to determine the coefficient of thermal 

conductivity of gases at temperatures extending from as low as 100 K 

to as high as 10.000 K and even higher. As far as the lower 

temperature region is concerned, steady state methods proved to be 

very useful. These methods, such as the hot wire method, the parallel 

plate method and the concentric sphere method <ref. 1), employ a 

stationary heat conduction process which enables a thorough 

exper i menta I invest l gat ion o·f ·the resu 1t I ng stationary temperature 

1Jrofi le inside the test gas. They are quite advanced and provide 

accurate and consistent thermaJ conductivity data, However, their 

appl icabi I ity is in general I imited to temperatures below 1000 K owing 

to the d iff i cuI tIes encountered in rna I nta In I ng constant hIgh 

temperatures. At this point an exception must be ma<le for the hot wlre 

thermal diffusion column method introduced by Blais and Mann (ref. 2). 

The temperature range of this method has recently (ref. 3) been 

extended to about 2500 K. The TPRC- Data Book (ref. 1) offers a brief 

description of the aval lable steady state techniques with references 

to more detailed articles on the subject together with the results 

obtained and associated accuracies. As for the thermal conductivities 

of pure monatomic gases and their mixtures the article of Shaskov and 

Marchenko (ref. 4) presents a systematical review of experimental 

studies. 

In contrast with the great amount of experimental data at 

temperatures below 1000 K with their. associated fair precisions, 

information about the temperature dependence of the coefficient of 

therma I conductivity i. at e I eva ted temperatures Is rather poor and 

~nconslstent. Apart from the forementioned hot wire thermal diffusion 

column method one has to resort to unsteady state methods in order to 

determine the coefficient of thermal conductivity at temperatures 

above 1000 K. In using unsteady state method.s the gas is somehow heated 

to the desired high temperatures and the coefficient of thermal 

conductivity Is determined by studying the decrease in gas temperature 

due to heat conduction. As distinct from steady state measurements in 
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which case the coefficient of thermal conductivity at a given 

temperature is always a relatively simple function of one experimental 

datum (usually the power input needed to maintain this temperature at 

a constant value) unsteady state experiments lead to far more 

campi icated expressions, involving the coefficient of thermal 

conductivity in a range of temperatures. In general there exist no 

simple relationship between the coefficient of thermal conductivity A 

and a single quantity that can be related to the temperature profile. 

As will be shown this is a most critical point in all experimental 

investigations on high temperature thermal conductivities done so far. 

On account of its control lability, its easy way of 

hand! ing and the wide temperature range covered, the shock tube is 

generally assumed to be a most suitable device for the performance of 

high temperature thermal conductivity experiments. The region of 

interest is the thermal boundary layer that develops near the end wall 

of the shock tube after shock wave reflection (see section 2.1.l. 

Since the early work of Smiley (ref. 5) the temperature profile of this 

thermal boundary layer has been the subject of various theoretical and 

experimental studies reviewed by Saxena (ref. 6). 

This review shows that most of the work done so far deals with the 

pure monatomic gases in which the heat conduction process is least 

complex in its theoretical treatment since they do not possess any 

internal degrees of freedom. Even for these relatively simple gases It 

proved to be very troublesome to conduct an experimental investigation 
that uniquely determined the coefficient of thermal conductivity at 

high temperatures. It is true that the thermal boundary layer equations 

can be solved once the coefficient of thermal conductivity Is known as 

a function of temperature, but the inverse problem of a direct 

determination of the coefficient of thermal conductivity from an 

experimental investigation of the structure of the thermal boundary 

layer has not been overcome so far. In fact alI recent investigations 

but one (ref. 12) started from the basic assumption that the 

temperature dependence of the coefficient of thermal conductivity can 
be expressed as 

>. ::: A (T/T }v 
0 0 (1.1.-1) 

6 



where the index o points to a reference condition and v ls a parameter 

to be determined. The boundary layer equations are solved as a 

function of parameter v and the correct value of v is determined by 

comparison between theory and experiment. Eq. (1.1,-1) results from 

theoretical considerations on pure monatomic gases carried out by 

Chapman and Cowling (ref. 7) assuming a simple interatomic potential 

energy function U(Ra)' viz 

U(R ) ~ R 4/{1-2v) 
a a (Ll.-2) 

where i.s the Interatomic distance. 

In app I y i ng Eq. <1. 1.-2) the attractIve part of the Interatomic 

potential is neglected and the applicability of the resulting 

expression for the coefficient of thermal conductivity (1.1.-1) wil I 

thus at least be limited to the high temperature range only. In view 

of the fact that the temperature inside the thermal boundary layer 

varies from the very hot side in the gas region to about 300 K close 

to the end waiJ of the shock tube, a .simple representation of the 

coefficient of thermal conductivity according to Eq. {1.1.-1) seems 

questionable. To II lustrate this Fig. 1 shows the temperature 

dependence of The coefficient of thermal conductivity of argon in the 

temperature range of 300 - 1000 K as It follows from steady state 

experiments. From this figure it is seen that the results of steady 

state experiments in argon do not indicate a functional relationship 

between ). and T accordIng to • { 1 • 1 • -1 ) • 

As for the experimental part of the investigation, the 

experimental technique usually employed consists in measuring the heat 

flux from the gas to the wal I by mounting a heat gauge at the end wall 

of the shock tube. The parameter v involved in expression (1.1.-1) is 

found by matching the calculated and measured heat transfer rates. As 

Indicated by Lauver (ref. 8) th 1 s technIque suffers from the basic 

disadvantage that the heat transfer rate at the end wal I Is mainly 

dependent upon the low temperature thermal conductivity values near 

the wal 1. Toil lustrate this Lauver calculated the heat transfer rates 

for two sets of thermal conductivities that were almost the same at 

temperatures below 1000 K but that differed by as much as 20 percent 

7 



--c 

0 

steady state 

experiments 

/ 
/' 

/' 
/' / 

/ / 
/ / 

/ / 
/. / 

...:: / 
h/ 

b/ 

/ 
/ 

/ 

/ 
/ 

/ 

lnCT/T0 l 

y.: 0.85 
/ 

/ 
/ 

/ / V=073 
/ / . 

/ 

T0 = 300K 

Fig.l The temperature dependence of the coefficient of 

thermal conductivity of argon as it results from 

steady state experiments. 

at 3000 K, being the temperature the gas was initially heated to. The 

calculated heat transfer rates differed by less than 2 percent. So, by 

measuring the heat transfer rate at the end wal I of the shock tube one 

tries to establish a relationship between A and Tat high temperatures 

on the basis of an experimental datum that is merely dependent upon the 

low temperature thermal conductivities. If, moreover, the cafculated 

and measured heat transfer rates are matched using a functional 

relationship between A and T the validity of which is questi?nable, it 

wil I be evident that such a procedure can easily lead to incorrect 

results on the coefficients of thermal conductivity at high 

temperatures. The results of some recent experimental studies in argon 

based on heat transfer rate measurements are shown in Fig. 2. 

The large discrepancy in the results of the individual investigations 

and the noted possible sources of error indicated the need for 

alternative experimental techniques and additional theoretical studies. 

Using a differential Interferometer Smeets (ref. 9) was 

the first to study the density profile of the outer, high temperature 

8 
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(1 - 4 heat transfer rate measurements) 

1. Saxena (ref. 6) 

2. WiUeke (ref. 23) 

3. CoUins~ Menard (ref. 26) 

4. Matula (ref. 25} 

5, Amdur, Mason (ref, 24) 

6. Bunting~ Devoto (ref. 10) 

?. Kuiper (ref. 11) 

• Ewald, Gronig (ref, 12) 

region of the thermal boundary layer in order to determine the 

coefficient of thermal conductivity of air at elevated temperatures. 

So, instead of measuring an avera I I effect as when measuring the heat 

transfer rate at the end wall of the shock tube, attention was paid to 

that part of the boundary layer in which the heat conduction process 

is governed by the thermal conductivities at high temperatures. 

Bunting and Devoto (ref. 10) and Kuiper (ref. 11) employed a Mach

Zehnder interferometer to perform the same kind of measurements in. 
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argon. However, the actual determination of the coefficient of thermal 

conductivity from the interferograms was stilI a major problem. Smeets 

solved this problem by simplifying the equations describing the heat 

conduction process. In this way the coefficient of thermal 

conductivity could be appoximated in terms of properties that could be 

derived from a series of interferograms. Bunting and Devoto and Kuiper 

tried to match the theoretical and experimental density profiles by 

inserting Eq. {1.1.-1) into the computations. The reported experimental 

results on argon are shown in Fig. 2. 

Recently, Ewald and Gronig {ref. 12) indicated the 

possibility of calculating the coefficient of thermal conductivity of 

pure monatomic gases from time resolved interferograms without 

assuming beforehand any functional relationship between A and T. 

A careful investigation of the relative importance of the separate 

terms involved in the boundary layer equations showed, that to a good 

degree of approximation the coefficient of thermal conductivity cou~d 

be explicitly expressed in terms of the density profile and its changes 

with respect to time. However, the actual determination of the 

coefficient of thermal conductivity from the time resolved 

interferograms proved to be rather inaccurate {inaccuracy about 20 

percent). This was rna in I y due to the numer i ca I eva I u.at ion of 

properties that had to be determ~ned from different interferograms. 

As can oe seen from Fig. 2 the experimental data obtained in this way 

scatter in thfr same range as the heat transfer rate measurements. 

This review shows that until now no decisive answer has 

been given to the problem in what way the coefficients of thermal 

conductivity at elevated temperatures can be deduced from an 

experimental investigaTion of the boundary layer structure withouT 

preassuming any functional relationship between ). an.d T at these 

elevated temperatures, 

1.2. Description of the present investigation 

This study on pure monatomic gases will draw attention to 

a property of the solution for the boundary layer equations that has 

not been fully employed so far, viz. the existence of a similarity 

coordinates {section 2.3,) 

10 



s ~ x/t~ (1.2.-1) 

The acceptance of s as a similarity coordinate enables an explicit and 

exact expression to be derived for the coefficient of thermal 

conductivity in terms of properties that can accurately be determined 

from an experimental investigation of the boundary layer structure 

<section 2.4.).For example it wi II be proved that a single 

interferogram Instead of a series of time resolved interferograms wil I 

provide sufficient Information to determine the coefficient of thermal 

conductivity in a range of temperatures (section 2.4.) However. the 

large density gradients occurring in the thermal boundary layer as 

well as the small dimensions of the boundary layer do not favour the 

applicability of interferometric techniques. 

Therefore a different experimental method has been used to determine 

the density profile Inside the thermal boundary layer. Instead of 

measuring the density, the density gradient has been investigated by 

means of a quantitative laser schlieren system (section 4.2.) A 

narrow laser beam that was propagating in a direction parallel to the 

end wall of the shock tube was positioned that close to the end wal I 

that it intersected the thermal boundary layer. The way the 

propagation properties of the laser beam are affected on traversing 

the thermal boundary layer has been studied both theoretically 

(chapter 3) and experimentally (chapter 4). 

For a specific experimental arrangement to be considered, the 

deflection of the laser beam towards the end wal I of the shock tube 

wil I be proved to be a measure for the density gradient at the centre 

of the laser beam (section 3.4. l. It will be shown that the 

temperature and the appertaining coefficient of thermal conductivity 

can be expressed In terms of the density gradient as a function of 

time at a single point inside the thermal boundary layer (section 2.4.) 

The coefficient of thermal conductivity could thus be determined as a 

function of temperature by monitoring the deflection of the laser beam 

as a function of time. Successive experiments covering different 

temperature ranges determined the coefficient of thermal conductivity 

in a wide temperature range. 

Experimental results are reported on helium In the temperature range. 

of 1000 K - 2300 K, and on neon, argon and krypton for temperatures 

between 1000 K and 7000 K. 

11 



2. THE SHOCK TUBE METHOD 

2. 1. The shock tube 
A shock tube is a device to create shock waves in a highly 

control !able way, It consists basically of a tube that Is divided into 

two separate compartments by means of a membran·e as sketched in Fig. 3 

membrane 

I! I 11 

driver test 
section section 

Fig. J The shock tube 

The membrane is designed to resist a certain maximum pressure 

difference between both sides, By raising the pressure inside the 

driver section the pressure difference exceeds its maximum value and 

the membrane suddenly bursts. The course of events inside the shock 

tube after rupture of the membrane Is sketched in the x - t diagram 

of Fig, 4. 

The sudden expansion of the driver gas into the test section causes 

a shock wave to travel down the right hand side of the tube 

(indicated by the straight line going sloping upward to the right). 

At the moment of shock wave passage the test gas experiences; a sudden 

increase in pressure, density and temperature. Furthermore t
1

he test 

gas is moved towards the end wa I I of the shock tube (the broken I i nes 

---- ~--- Indicate particle paths). The shock wave reflects at 

the end wal I of the shock tube and moves backwards (indicated by the 

straight I ine going sloping upward to the left), The pressure, density 

and temperature of the test gas are again increased by this second 

shock wave passage while the velocity of the gas relative to the end 

wal I of the shock tube is brought back to zero again. Between the 

reflected shock wave and the end wall of the shock tube there exist a 

quiescent body of hot gas, the properties of which can be calculated 

from the inltal conditions using the Rankine- Hugoniot shock tube 

relations (ref, 13). By applying different types of membranes and 

12 
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different kinds of driver gases, the temperature of this quiescent 

body of gas can be varied over a wide range. 

Due to heat transfer the temperature of the gas naer the 

end wall of the shock tube decreases. This region of decreasing 

temperature (indicated by the dotted-·-·-·-·-·- I lne In the diagram) 

is called the thermal boundary layer. This chapter wll I deal with the 

theoretical description of the heat conduction process inside this 

thermal boundary layer as well as the way the coefficient of thermal 

conductivity can be derived from the density distribution Inside this 

layer. 

2.2. The boundary layer equations 

By omitting the presence of the shock wave as well as the 

side wal I effects, the shock reflection process at the end wal I of the 

shock tube is transformed Into the following Idealized situation 

t<O 
r- r1 

t~ 0 

gas wall 

X 

Fig. 5 The idealized shock reflection pPoaess 

A gas of semi-Infinite extent of temperature T1, presure p1 and 

density p1 which is initially In thermal equilibrium with a semi-

! nf in i te so II d wa I I is Instant I y and unIform I y heated to a temperature 

T5 while Its pressure and density rise to p5 and p5 respectively. 

The temperature difference introduced between the gas and the wal I 

w i I I resu It in a heat .f I ux from the former 'to the I atter. In between 

the hot gas and the relatively cold wall a thermal boundary layer 
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develops In which the temperature decreases from r5 at the gas side 

to T1 Inside the wall. Because of the assumed semi-Infinite extent of 

the interface between the gas and the wall, the temperature inside 

the thermal boundary layer wl I I be a function of the x-coordlnate only. 

For a non - ionized. pure, monatomic gas the equations describing the 

one- dimensional heat conduction process take the form 

where 

15 

conservation of mass: 

2£.. + 2£_ + au = 0 at u ax P a:; (2.2.-1) 

conservation of momentum: 

P aaut + pu du + .E.E = a (\.l au) ax ax a:; a:; (2.2.-2) 

conservation of energy: 

pa aT + pa u 22: - 2E. - u ap 
p at p ax at ax = ;x(A ~!) + \.l (;~) 2 

equation of state: 

u: velocity component In positive x direction 

dynamic and bulk vicosity coefficients 

respectively 

R universal gas constant 

M molar mass 
a 

(2.2.-oJ 

(2.2.-4) 



An investigation of the order of magnitude of the terms involved in 

the different 1 a I equatIons shows (ref. 14) that the vI scos i.ty effects 

can be neglected in first approximation and that Eq. (2.2.-2) reduces 

to p = p5 = constant. Hence the boundary layer equations can be 

written as 

2.£. + ap 2.!£ = o at u ax + P ax (2.2.-5) 

(2.2.-6) 

p = ~ p 
5 

= constant (2.2.-7) 

The heat conduction process Is not limited to the gas only. Due to the 

heat flux from the gas to the end wal I the temperature of the latter 

wil I increase. Since both the coefficient of thermal conductivity and 

the density of the solid end wal I (steel) are large compared to the 

corresponding properties of the gas whilst the specific heats are 

about the same, the temperature rise of the end wall wl! I only be 

modest. The heat conduction process Inside the end wall of the shock 

tube can thus be described by 

= (2 •. 2. -8) 

where the Index w refers to wall properties and A and a are w w 
assumed to be constant. 

The Initial and boundary conditions for the combined heat conduction 

process Inside the gas and the end wall are 

t = 0 : X > 0 : T = T
5 (2.2.-9) 

X ~ 0 (2. -10) 
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t > 0 X = 0 T = Tw ·- Ti (2.2.-11) 

Alr. = A 3Tw 
i ax It)-

ax 
(2.2.-12) 

u 0 (2.2.-13) 

x-+oo T -+ T5 (2.2.-14) 

x-+-oo: T -+ 
It) T1 (2.2.-15) 

AI being the coefficient of thermal conductivity of the gas at the 

temperature T 1 • 

2.3. The solution of the boundary layer equations 

The system of coupled differential equations (2,2.-5,6,7) 

for u and T can be decoupled by introducing the boundary layer 

coordinate n<x,t) deflned for x > o by 

X 

n (x, t) = J p(x'~ t)/p 5 dx' 

0 

(2.3.-1) 

and studying u and T as functions of n ~nd t. Using Eqs. (2,2~-5,7) 

and Eq. {2.3.-1) one can rewrite Eq. (2.2.-6) as 

aT 
at = ( l <1T) 

T an (2.3.-2) 

The velocity u<n,tl can be expressed In terms of T<n,tl by inserting 

Eqs. (2.2.-5, 7) into Eq. (2.2,-6) and applying Eqs. (2.3.-1,2), which 

results in 

= (2.3.-3) 
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The system of differential equations (2.2,-8) and (2.3.-2,3) with 

associated Initial and boundary conditions 

t 0 n > 0 T = T5 (2.3.-4) 

X ~ 0 T w = T1 (2.3.-5) 

t > 0 n X= 0: T=T w T. 
'to 

(2.3.-6) 

u = 0 (2.3.-8) 

(2.3.-9) 

(2.3.-10) 

can be solved if the temperature T1 of the Interface between the gas 

and the wall Is assumed to jump from T1 to T1 + AT 1 at t = 0 and to 

remain constant afterwards, By doing so the resulting temperature 

distribution Inside the end wall of the shock tube as It follows from 
Eq, (2,2,--81 and the associated stationary initial and boundary 

cqndlttons 

t = 0 (2.3.-11) 

t > 0 X : 0 (2.3.-12) 

(2. 3. -13) 

is a well known function of ATt~ viz 

18 



Using Eq. (2.3.-14), boundary condition (2,3.-7) reads 

(2.3.-15) 

As can be seen by substitutJon, the differential equation (2.3.-2) 

with initial condition (2.3,-4) and boundary conditions {2.3.-6,9, 15l, 

is invariant for coordinate transformations of the kind 

n' = rn 

2 
t' r t 

r being a constant. Consequently, the solution of Eq. (2.3.-2) will 

be a function of n/tt only. Therefore the dimensionless boundary layer 

coordinate ~ i~ introduced 

[~]~ ;\ t · n 
5 

After Jntroduction of the reduced temperature e 

{} = T/'1'5 

and the reduced coefficient of thermal conductivity 11. 

• (2.3.-2) can be written as 

19 
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(2.3.-17) 

(2.3.-18) 



- .£.!!.~-
2 A ar; (l dA _ l) (de ) 

2 

A ae 9 . ~ 
(2.3.-19) 

wh 1 ch 1 s an ord tnary, second order d tfferent 1 a I equatIon for the 

reduced temperature e. The boundary conditions take the form 

pl + t:.Ti 
= e. = el + M. (2. 3. -20} r; = 0 e = T5 "' 1-

ei 
% 

ae [ \vPuPw ] (ai - alJ (2.3.-21) 
~ = .A: 

1- 11 J..5p 5cp 

(2.3.-22) 

The boundary condition at infinity can be looked at as an auxiliary 

condition that completes the set of equations and boundary conditions. 

Once the coeffIcient of therma I conductivIty Is known as a functIon of 

temperature, Eq. (2.3.-19) with associated boundary conditions can be 

solved numerically. The actual behaviour of the temperature T in 

dependence of x and t can be determined from e<r;l by means of an 

inverse transformation using Eq. (2.3,-16) 811d Eq. (2,3.-f), 

Eq. (2.3.-3) can be rewritten in terms of e and r; as 

au 
an 

Substitution of 

_ ..s.. de 
2t ar: (2.3.-23) 

(2.3.-24) 
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results In the following expression for G(~,t) 

= H (r;) (2.3.-25) 

Consequently G is a function of t only and G can be determined from 

Eq. (2.3.-25) by Integration betweeno and r;; Using boundary condition 

(2.3.-8) and Eq. (2.3.-16) this results In the followi-ng expression 
for -U( a, t) 

u(e, t) (2. 3.-26) 

Although no analyticaJ solutton has been given for the boundary layer 

equations, the foregoing discussion revealed an Important property of 

the solution, viz. its dependence upon the boundary layer coordinate 

r; on1 y 

a a(r;J (2, 3.--27) 

(2.3.-28) 

(2.3.-"29) 

Because there exists a ·one - to - one correspondence between the r; 

coordinate ~nd the coordinate s defined by 

~ 

s(r;) = J a(r;'Jdz;.' 

0 

a must be a function of s only as wei I 
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(2.3.-31) 

Using Eq, (2,3.-1) dn can be expressed as 

(2.3.-32) 

Inserting Eq. {2.3.-32) into Eq. (2.3.-31) results In 

(2.3.-33) 

The recognition of this property of the solution is very Important 

because investigating the thermal boundary layer both in time and 

space becomes superfluous, An experimental investigation of for 

example the density in a single point Inside the thermal boundary 

·layer as a function of time, or the determination of the density 

throughout the boundary layer at an arbitrary time, both wil I 

determine the boundary layer structure completely. 

2,4. The determination of the coefficient of thermal conductivity 

from the boundary layer structure 

In this section the coefficient of thermal conductivity 

will be expressed in terms of the rise in Interface temperature AT. 
I 

and properties of the density prof i I e inside the therma I boundary 

layer that can either be determined from a single interferogram or by 

recording the density gradient in a single point inside the boundary 

layer as a function of time, Using Eq. (2.2.-7) one can rewrite 
Eq, (2.2.-6) as 

= £.... a 
a ax 
p (

A <lp) PTax (2.4.-1) 
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Combining E~. (2.2.-5} and Eq, (2,4.-1) the derivative of the velocity 

with respect to x can be expressed as 

(2.4.-2) 

Both sides of E~ (2.4.-2) can be lntegrated1rom a polnt x lnside the 

boundary layer to infinity, which means a• point outside the .the!"'na1 

boundary layer. This leads to the following expression for the 

coefflc i ent of therma I conduct 1 vlty t. 

(2.4.-3) 

u5 being the i~uced velocity outside the therma~ boundary layer due 

to boundary layer growth~ ln order to el imlnate the velocity u kom 

the equat1ons express1on (2.4.-.3) is rewritten as 

(2.4.-4) 

Using Eq. \2.2.-5) the first term In the square brackets can be 

expressed in terms of the derivative oi the denslty with respect to 

time 

(2.4.-5) 

Since the reduced density p/p5 Is a function of the similarity 

coordinate s only 

(2.4.-6) 
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the derivative of the density with respect to time can be expressed 

in terms of Its derivative with respect to x accordjng to 

(2.4.-7) 

Substitution of Eq. (2.4,-7) Into Eq. (2.4,-5} leads to 

d:c' (2.4.-8) 

If Eq. (2.4.-3) is applied at the Interface between the gas and the 

wall It fs seen that u5 satisfies 

or, referring to Eqs. (2.3.-1,15) 

Rr:.T. 
'/,. 

Using Eqs. {2.4.-8,10), Eq. <2.4.-4) can be written as 

, ~ d:c' -:x: a:x:' 

which is a genera I express I on for the coeff ic lent of therma 1 

conductivity at a temperature 

(2.4.-9) 

(2 •. 4.-10) 
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R p(ro., t) (2.4.-12) 

In terms of the density prof! le Inside the outer part of the thermal 

boundary layer at a single time t and the rise In l!'lterface 

temperature liT 1• For example. once liT
1 

Is known the coeffld.ent of 

thermal conductlvtty can be determined In a range of temperatures 

T(x,t ) from a single lnterferogram taken at t = t from 
0 0 

which follows directJy from (2.4,-H) and 

(p-p ) dz' 
5 

(2. 4.13) 

(2.~.-14) 

Apfjrt from studying the density profile at .. a single time t = t
0 

as a 

function of the x- coordinate, the coefficient of thermal conductivity 

can also be determined in a range of temperatures by studying the 

course of the density gradient at a single point x = x
0 

inside the 

boundary layer as a function of time t. Due to tbe dependence of the 

reduced density upon the similarity coordinates onJ:y, the density 

gradient in a po.int x at a time t
0 

can be related to the gradient in 

a point x
0 

-at time 

(2.4.-15) 

by writing 

= (2.4.-16) 
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which follows directly from 

= (a ... )--t d 
5" . Te (2.4.-17) 

and Eq. (2.4.-15). Applying Eq. (2.4.-11) at t = t
0

, the integral 

over x can be replaced by its corresponding integral overt along the 

I ine x = x by substitutions according to Eqs. (2.4.-15,16). From 
0 

Eq. (2.4.-15) it follows 

a:t-t 
ax = 0 0 dt - --;?72 

Using Eqs. (2.4.-16,18), Eq. (2.4.-11) can be written as 

( ) 
1 [ :~:40 ;:mo.~ to >. = pa a: t~ ~ -

p o am 
0~ 

while p can be expressed as 

a:o,t 
~ 

P = Ps + J dt' 'ilt t 

xo .. o 

-3/ ~... . 
(t') 2 2.1::.. dt' are 

:eo 
x

0 
.. t 

= f p - 2 5 

re
0
,o 

1 ()p 
·p 'ila: 

(2.4.-18) 

(2.4.-19) 

dt 1 

(2.4.-20) 

Eq. (2.4.-19} expresses the coefficient of thermal conductivity at a 
temperature 

(2.4.-21) 
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as a function of the course of the density gradient at a single point 

inside the thermal boundary layer as a function of time and the rise 

In Interface temperature AT 1• It is from this equation that the 

coefficient of thermal conductivity at high temperatures actually 

will be determined .• 

2.5. The local representation of the density profile inside ti1e 

boujldary layer 

The density prof! le of the thermal boundary layer wil I be 

il:west i gated .by positionIng a narrow I aser beam para l j e I to the end 

wall of the shock tube and -studyIng the way the properties of the 

laser beam are affected on traversing the thermal boundary .tayer. In 

order for the change in la-ser beam properties to be calcul~ted the 

optical inhomogeneity has to be specifi.ed. It will therefore be 
necessary to derlve an expression for the variation In refractive 

index or, which comes to the same thing (see s.ec:tion 3.3.1, the 

variation Jn density over the cross sectl.on of the laser beam. 

Generally sp.eakl.ng the density variation Ap across the laser beam can 

be ~pressed as a Tayler .series expansion around the centre xm of the 

undlsturbed beam as 

n 
"' (n) (x-xm) 

J;p = E Pm _.........-n. 
(2.5.-1) 

n=l 

where 

= {2.5.-2) 

To determine the number of terms n that give an adequate description 

of the density variation in a domain d centered around xm, the 

relative contribution e of the n-th order term to the density at 
n 

x ~ x ± d/2 as compared to the first order term has to be m 
investigated. As indicated in Appendix 1. the solution 6(s) of the 

Boundary I ay~r Eqs, (2, 3.-19 • 20. 21,22) Is In a good degree of 
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approximation a function of e1• and thereby of the Mach number of the 
shock wave, and of the adopted functional relationship between A and e 
only, Once the relation between A and e Is specified, the solution will 

merely be a function of the Mach number and will thus be Independent 

of the initial conditions and the specific monatomic gas under 

consideration. To get an Idea about the number of terms n that have 

to be taken Into account in the present Investigation, the relative 

contributions e:2, 3 have been calculated using the following functional 

relationship between A and e 

(2.5.-:u 

Although Eq. (2.5.-3} will generally be but a poor representation of 

the actual dependence of A upon e, it is fair enough an approximation 

for the fundamental properties of the sorutlon to be determined. 
Starting from 

where 

F (n) 
l1t 

e:n can be expressed as 

s=s m 

F (n) (61) 
m 

(2. 5.-4} 

(2.5.-5} 

(2.5.-6) 

It is seen from Eq, (2,5.-6} that for a. given values of d/x .. and e , e:n 
· m 1 

is a function of s and thereby of e onry. The computed values of 
2m m 

xme:zld and (xm/d) e:3 are plotted In figs. 6 and 7 respectively as a 

function of the reduced temperature em with e1 as a parameter. 
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As expressed by Eq. (2.5.-6> the necessity of taking into account the 

second and higher order derivatives of the density clearly depends 

upon the ratio d/xm' In the present investigation d equals the 

diameter of the laser beam inside the shock tube which will be proved 

to be bounded by a lower limit which is dependent upon the dimensions 

of the shock tube (see section 3.2.). On the.other hand xm must be 

_given an upper I !mit since the occurring density gradients 

have to be large enough to be determined In fair precision. The present 

investigation only dealt with experimental conditions that satisfied 

0.15 < d/re < 0.3 m 

The values of and g 3 that are associated with the upper limit of 

d/xm can be read from the ordinate on the right hand side of Figs. 6 

and 7 respectively. It Is seen from Fig. 6 that the second order 

derivative of the density contributes considerably to the density 

variations across the laser beam and therefore must be taken into 

account. However as shown in Fig. 7 the contribution of the third 

order derivative of the density to the density variation across the 

laser beam is rather small, especially for values of a that differ 
m 

considerably from 1. The density variation over the cross section of 

the laser beam wll l therefore be approximated by 

(x-:x: } + -b2 (2) (t) 
m m 

(2,5,-7} 

It Is realized that the third and higher order derivatives of the 

density should be taken into account in case 6 is close to unity or, m 
stated differently, at times immediately after shock wave reflection. 

A'S expressed by Eq. (2.4.-19), the coefficient of thermal conductivity 

at the reduced temperature 6 wil I be calculated from the density m 
gradients occurring in the time interval in which the reduced 

temperature decreases from 1 to e • Including the very short times m 
after shock wave refl-ection. If the experimental results are 

Interpreted on the basis of Eq. (2.5.-7) this might lead to erroneous 

results In the determination of the density gradient at these short 
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times. This affects the accuracy in which the coefficient of thermal 

conductivity can be determined, not only immediately after shock wave 

reflection but at later times too. This problem will be discussed In 

Appendix 1. 
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3. 

3. 1 • 

THEORETICAL CONSIDERATIONS ON THE APPLIED EXPERIMENTAL 

TECHNIQUE 

Definition of the problem 
The coefficient of thermal conductivity wil I l:>e calculated 

on the oasis of Eqs. (2,4.-19,20,21), The density gradient in a single 

point inside the boundary layer wil I be determined as a function of 

time by experiment. The experimental technique used is best described 

as a quantitative laser schlieren method. This method has been 

1 ntroduced by Kiefer and Lutz (ref. 15} and has frequent I y qeen used 

ever since for the experimental determination of relaxation and 

dissociation rates behind shock waves (refs. 16,17). In doing so the 

density gradient over the cross section of the laser beam is assumed 

to be uniform and thus this gradient can easily be determined by 

measuring the angle ~over which the laser beam deflects. In the 

present investigation the laser beam wil I be positioned In such a way 

that it intersects the outer, high temperature region of the thermal 

boundary layer in a direction parallel to the end wall of the shock 

tube. As indicated in section 2,5, an adequate representation of the 

density variation across the laser beam asks for the second order 

derivative of the density to be taken into account. This chapter wil I 

deal with the problem in what way the propagation properties of the 

laser beam are affected on traversing the thermal boundary layer. 

By way of introduction the propagation properties of a laser beam in 

a homogeneous medium are reviewed in section 3,2. As will l:>e shown In 

section 3.3. the optical inhomogeneity constituted by the thermal 

boundary layer can be interpreted in terms of a thick lens that is 

positioned off' axis with respect to the laser beam. The way the 

propagation properties of the laser beam are affected on passing this 

tlrlck lens is treated in section 3.4. Finally it is shown in section 

3.5. that the distortion of the laser beam, due to the second order 

derIvatIve of the density, can be made neg I ig I b I y sma II by a proper 

adJustment of the undisturbed laser beam configuration. 

3.2. The propagation of a laser beam in a homogeneous medium 

Let us consider a laser beam that is propagating along the 
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z-. a~ls, The electric field distribution In any beam cross section 
Is given by (ref. 18) 

where 

A(r~z) = A(O~z) earp [- -1--- jk 2Rf:)] 
w (z) 

1.' = r:l + y2J -'2 

k = w/a 

2 1.V 2 +(~; )2 w (z) = 
0 

kw2 2 

R(z) +(+) 1 = z z 

(3,2.-1) 

(3.2.-2) 

(3.2.-3) 

(3.2.-4) 

(3.2.-fl) 

(3.2.-6) 

A{O,a) =(' :t r d.-r ezr[ -j{ >a-arctan(~)}] 
(3.2.-?) 

where w
0 

is a constant and Pt represents the total power of the laser 

beam. As can be seen from Eqs. {3.2.-1 + 7) the phase front at any 

beam cross section Is spherical. R(z) being the radius of curvature, 

while the Intensity distribution l(r) over the cross section Is 

gaussian: 

I(r} = (3.2.-8) 
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and w(z) equals the 2cr- value of the distribution. As expressed by 

Eq. (3.2.-6), R(z) changes continuously with z, R(z) being infinite 

at z o and R(z) + z for z + ~. Eq. (3.2.-5) expresses that while 

propagating in the z - direction the 2cr- value of the intensity 

distribution increases from w at z = o until 2z/(kw ) for z + oo, 
0 0 

The actual position of the plane z = o relative to the exit plane of 

the laser tube and the absolute value of the parameter w both depend 
0 

on the configuration of the mirrors that constitute the laser cavity. 

The radius of the laser beam is defined as half the distance between 
-2 thee points In the intensity distribution and will consequently 

equal w(z), As expressed by Eq. (3.2.-5) the laser beam expands while 

propagating In the z - direction. Therefore the properties of the 

beam at z = o are frequently referred to as properties at the waist. 

The way a I aser beam propagates in a homogeneous medium is 

II lustrated in Fig. 8 

I 
I 
I 
I 
I 

l r---
1 w0 

_1--=-=:t.-..._ ..._ ..._ 

R (zl 

- 'Z 

phase front 

Fig. 8 The propagation properties of a laseP beam 

When a laser beam passes a lens the waist w is 
0 

transformed in a new waist w positioned in a different plane z = z 
' 0 

(for trans format 1 on I aws see (ref. 19)). By chos 1 ng a proper I ens 
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the.radlus w of the waist can be decreased. However, as Indicated 0 . . 

by Eq. (3.2.-5) the natural divergence of the collimated beam wll I 

increase In the same measure as the radius of the waist decreases. 

This implies that the radius of a laser beam cannot be kept 

arbitrarily small over a distance L. As follows from Eq. (3.2.-5) the 

minimal obtainable radius wmln of the laser beam over the distance L 

equals 

w • nn.n = (2L/k)lf (3,2,-9) 

and can be effectuated by creating a waist w . of a magnitude o,m1n 

wo . _ ~m1.n = (3.2.-10) 

half way the interval L, 

The passage of a laser beam through an optical system Is 

most conveniently described by means of a complex beam parameter q(z) 

defIned by 

1 
q(z) 

1 2 
R( z) - j k.iiZ72J 

Or, after some algebraic manipulations 

q(z) z + jkw 2/2 
0 

Inserting Eq. {3.2.-11) Into Eq. (3.2.-2} one finds 

(5.2.-11) 

(5,2.-12) 

(3.2.-13} 

As can be seen from Eq. (3.2.-12) the properties of the laser beam are 

completely determined by the value of the complex beam parameter q(zl 

at an arbitrary z - coordinate, because this determines both the radius 



w of the waist and its position z relative to the plane of 
0 

observation. According to Eq, (3,2.-12) q(zl can be expressed as 

q(z) = (3.2.-U) 

Because of the resemblance to the phase front of a spherical wave 

close to the z - axis that obeys 

[ 
• ;v2 ] 

e~ -;Jk 2R( zo) (3. 2. -15) 

R(z) R(z ) + (z-z ) 
0 0 

(3.2.-16} 

the complex beam parameter q is referred to as the complex radius of 

curvature. 

The propagation laws (3.2.-5,6) do not only apply to gaussian beams 

of spherical symmetry. They also hold for waves the transverse 

electric field distribution of which is given by 

.2] [·· 2 2 J jk ~ • ezp - _JJ__ - jk _JJ__ 
2R ( Z W 2 (Z ) 2R ( z ) 

X 0 y 0 y 0 

with 
(3,2.-17) 

(3.2.-18) 

and, or 

R f R 
X y (3.2.-19) 

These waves have different waists w and w in the x - z plane and o,x o,y 
the y - z plane respectively that may be located at different planes 

z = constant, In this case the propagation laws <3.2.-5,6) can 
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independently be applied tow • w, R and R (ref. 20}• 
X y X y 

3.3. A thick. lens representation of the optical Inhomogeneity 

constituted by the ~oundary layer 

By studying the path of a light ray inside the thermal 

boundary layer it wll I be seen that the optical Inhomogeneity 

constit~ted by the thermal boundary layer can be Interpreted in terms 

of a thick lens. The thermal boundary layer is assumed to be located 

between the planes z = z and z = z + L, whilst the axis of the 
0 0 

laser beam will be referred to as the z- axis. Consider a light ray 

that is propagating paraxial to the z - axis. The ray enters the 

thermal boundary layer at the point <x, y, z) while its direction 
0 0 0 

of propagation is given by (x (I)• y (l), 1> where 
0 0 

(3. 3. -1) 

etc. 

The position <x.y,z
0

+ L} and direction of propagation (x(l),y(l),l} 

of the corresponding ray at the plane z = z
0 

+ L can be calculated 

from the equation for the path of a I lght ray In an optical 

inhomogeneous medium <ref. 21) 

(3,3.-2) 

where N is the refractive index, the symbol ~ stands for the distance 

covered, as measured along the· path of the ray, and r represents the 

position vector of the ray. The refractive Index N Inside the thermal 

boundary layer is related to the density according to <ref. 22) 

N = l+Kp (3.3.-3) 

K being the Gladstone- Dale coefficient whose value depends on the 

applied wave length and the specific gas under consideration. Since 
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Kp wll I generally be much smaller than unity and because of the small 

diffractions involved In ~as dynamic applications, when dealing with 

paraxial rays Eq. (3.3,-2) reduces to 

(3.3.-4} 

As indicated in section 2.5. the density variation over the cross 

section of the laser beam can be represented with fair precision by 

(3,3.-5) 

Inserting Eq. (3.3.-5) Into Eq. {3.3.-4} results in 

d2x = Nl + N2x 
d:/ 

(3,3.-6) 

t.u. 
dz2 = 0 (3.3.-'?) 

where 

Nk = K (k) 
Po . (3.3.-B} 

The position (x,y,z + U and the direction of propagation 
(1) {1) 0 

(x ,y ,ll of the ray at the plane z = z + L can now be calculated 
0 

by solving Eqs. (3.3.-6,7) with associated boundary conditions at 
z = z

0
• This results in 

(3.3.-9). 
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y = y + y (1)L 
0 0 

= y (1) 
0 

Eqs. (3.3.-9, 10) can be written in matrix form as 

= 
(

a 8)("0 + 1~:) y o X ( ) 
0 

with 

= --1-- sinh (N0~L) 
N ~ "' 

2 

y 

(3,3.-10) 

(3,3.-11) 

(3.3.-12) 

(3.3.-13) 

(3.3.-14) 

(3.3.-15) 

(3.3.-16) 

To explain the imp! !cations of the present result we will 

next study the passage of a light ray through a thick cylindrical lens 

of focal length f. The cylinder axis of the lens is assumed to be 

situated In the plane x = xa, In such a way that it is paral lei to the 

y - axis. The principal planes are assumed to be located at 

z = z
0 

+ h1 and z = z
0 

+ L - h2 respectively as indicated in Fig. 9. 

Let us consider a light ray that intersects the entrance plane z = z
0 

at the point (x
0

,y
0

) while its direction of propagation is given by 
<x

0
(l), y

0
<l>,1). As for the position (x,y) and the direction of 
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focal 
plane 

L 

principal 
·planes 

focal 
plane 

Fig. 9 A thick lens PepPesentation of the boundar-y layer 

propagation (x<l>,y<l>,l) of the corresponding ray at the exit plane 
z = + L, y and y(l) wil I satisfy 

y = 

= (1) 
Yo 

(3. ;;, -17) 

(3.3.-18) 

By studying the projection of the ray trajectory at the plane y y
0 

the coordinate x and its derivative with respect to z can be expressed 

in terms of properties of the lens, Since the incoming light ray 

intersects the left focal plane at a point P the corresponding 

outgoing ray will be para! lei to the direction PO and consequently 
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x0 } satisfies 

(3.3.-19) 

The position of the ray in the exit plane can be calculated by 

appi y i ng the imagIng r.u I e 

1 
b + 1 

v = 1 
1 (3. J. -20) 

to the points V and B. being the points of Intersection between the 

optical axis and the Incoming and outgoing rays respectively. This 

results In 

(3.3.-21) 

Eqs. (3.3.-19,21) can be written In matrix form as 

(3.3.-22) 

where 

A = 1 - hp/f (3.3.-23) 

(3.3.-24) 

c = - 1/f (3.3.-2!5) 

D = 1 - h/f (3.3.-26) 

A comparison made between the systems (3,3.-11 ~ 16) and 
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(3.3.-17,18,22 + 26) shows that the optical inhomogeneity constituted 

by the thermal boundary layer can be represented by a thick 

cyl indrlcal lens. The cylinder axis of this lens is located in the 

plane 

(3.3.-27) 

the focal length is given by 

f = -1/y (3.3.-28) 

and the principal planes are located in 

z = z + ( 8 - 1)/y 
0 

(3.3.-29) 

and 

z = z
0 

+ L - (8- 1)/y (3.3.-30) 

respectively. 

In Appendix 2 it is shown that alI experimental conditions applied in 

the present investigation w i I I satIsfy the i nequa I I ty 

N .}?L 
2 

< 0,6 (3.3.-31) 

Therefore the coefficients a, !3, y and o can be approximated within 
l per cent by 

a = 0 = 1 + N2L2/2 (3.3.-32) 

s = L(1 + N2L2/6) (3.3.-33) 

y = Nf(l + Nf2/6) (3.3.-34) 

Using Eqs. (3,3.-32,33,34), Eqs. (3,3.-28,29,30) can be written as 
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- [N~(l N~2/6}] 
-1· 

f ::: + (3.3.-3fi) 

zp1 = zo + L/2 - N2L0/24 (5.5.-36) 

zp2 ::: zo + L/2 + N~5/24 (3. 3.-37} 

3.4. The transformat1on of the laser oeam by the boundary layer 

The way the propagation of the 1aser beam is affected on 

traversing the thermal boundary layer wi I I be studied by replacing 

the thermal boundary layer by the thick cylindrical lens that has 

been introduced In the previous section. The properties of the laser 

beam at the p1ane z = z
0 

are completely determined by the complex 

·radius of curv~ture q{z
0

) at this plane (see section 3.2.). To 

ca I cu .1 ate the propertIes of the I aser beam at the pi ane z = z
0 

+ L 

the beam wil I be traced through the optics between the planes z z
0 

and z = + L. The comp I ex radius of curvature q 
1 

at the I eft 

principal plane can be derived from Eq. (3.2.-12) 

::: (3.4.-1) 

The electric field distribution in the left principal plane can thus 

be written as 

= e:r:p 

(3.4.-2) 

Since the cylinder axis of the cylindrical lens Is located in the 

plane x = - N1/N2, the electric field distribution in the right 
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principal plane ls.glven ~y 

(:3.4.-3) 

(3.4.-4) 

where 

1 1 1 j 2 = 1 - 1 = 
R1 ] - k:Jp2 ] q2,.ro q1 

1 

(3.4.-5) 

1 = 
q2,y ql 

(3.4.-6) 

Eqs. (3.4.-4~5,6} show that at the transition from the left principal 

plane to the right principal plane the gaussian beam loses its 

spherical symmetry and is transformed in an elliptic gaussian beam. 

Moreover, as can be seen from the additional term 

e~ [ jk (3.4.-7) 

in Eq. (3.4.-4)~ the centres of curvature of the spherlcal phase fronts 

In the x - z plane and the y - z plane respectiveLy are no longer 

I oc.ated af the z - axIs but can be found on the· I I ne 

y = 0 ,j ro ::: (3.4.-8) 
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whIch means that the I aser beam Is def I acted _over a.n angle + towards 

the x direction <+ is taken positive lf the beam .Is deflected towards 
the positive x direction> 

The comp I ex rad 11 1of curvature q.L and qL . at the pI ane z z
0 

+ L 
;X . ,y 

can now be calculated using Eq • .<3~2.-12) 

Combining Eqs. 0.4.-1,5,6,10,11} we arrive at 

aq(zo) + e 
yq(z) + 15 

qL = q(s ) + L 
~y 0 

These calculations lead to the fol~owlng conclusions: 

(5. 4.-10) 

(3, 4 •. -11) 

(3.4.-12) 

(3.4.-13) 

On traversing the thermal boundary layer the laser beam will be 

deflected over an angle+ in the x- z plane, the absolute value of .p 
being given by Eq. (3.4,-9), Apart from being deflected the laser 

beam wi II be distorted too. Indeed, the complex radius of curvature 

In the x - z plane as given by Eq. (3.4.~12) wi II generally differ 

from qL , being the complex radius of curvature of the undisturbed ,y 
beam at z z

0 
+ L. Since the complex radius of curvature determines 

both the position and the radius of the waist, the outgoing laser 

beam will generally expand in a way diff.erlng from that of the 

undisturbed beam. As wll I soon become evident this has a perturbing 

influence on the determination of the angle of deflection .p. The next 

section will therefore deal with the problem of diminishing the 
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d l stort ion of the I aser beam. In this context d l stort ion is defined 

as the change In beam divergence and beam diameter caused by the 

presence of the boundary layer. 

3.5. A condition for minimal distortion of the laser beam 

Generally speaking the complex radius of curvature qL . ,x 
is a function of the boundary layer structure,represented by the 

coefficient a, B, y and o, and of qCz
0

), The question arises whether 

q(z ) can be adjusted to satisfy the condition 
0 

(:5.5.-1) 

which would result in the favourable situation that, except for its 

direction of propagation, the outgoing laser beam is an exact repl lea 

of the undisturbed beam whilst the angle of deflection Is a measure 

for the structure of the thermal boundary layer. Substitution of 

Eqs. <3.3.-14, i5, 16) and Eq. (3,4,-12) into Eq. (3.5.-1) and equating 

the real and Imaginary parts on the left and right hand side results 

In the following conditions for the position and the radius of the 

waist respectively 

= - L/2 (3.5.-2) 

4 _ (L) 2 (2) 2 wo -- k + k 

(3.5.-3) 

Conditon (3.5.-2} states that the waist of the undisturbed beam should 

be positioned half way between the entrance and exit windows of the 

shock tube. On account of condition (3.3.-31 ), 

written in a fair degree of approximation as 
(3.5.-3) can be 

(3.5.-4) 

As could be expected the prescribed configuration of the undisturbed 

beam depends upon the specific boundary layer structure under 
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consideration which appears from the second term in the square 

brackets of Eq, (3.5.-4), However, as Js expressed by Inequality 

(3.3.-31 ), this term will only be a small correction term of about 

2 per cent or Jess. The structure of the thermal boundary layer wil 1 

therefore be studied using a laser beam that is coli !mated at the 

shock tube axis whereas its radius w
0 

at the shock tube axis wil~ be 

adjusted to satisfy 

(3.5.-5) 

It should be noted that w
0 

as expressed by Eq. (3,5.-5) is close to 

w i that would keep the radius of the laser beam over a distance L o,m n 
as small as possible.(see Eqs. (3.2.-9,10)J.The maximum radius of the 

laser beam Inside the shock tube, as fol1ows from Eqs. (3.5.-2,5) and 

Eq. (3.2.-5) equals 

(3.5.-6) 

w 1 being the minimal obtainable radius over the distance L. The 
m n 

remaining distortion of the laser beam that results from neglecting 

the second term In the square brackets of Eq. (3.5,-4) as well as the 

effect of small misalignments are discussed in Appendix 4. 
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4. THE EXPERIMENTAL APPARATUS 

4.1. The shock tube and associated equipment 
All experiments have been conducted in a shock tube having 

inner dimensions of 10 x 10 cm2• The driver and test sections were 2 

and 8 meters long respectively, The test section of the shock tube was 

provided with two opposite circular windows of about 5 em in diameter 

that revealed part of the end wal I of the shock tube as is i I lustrated 

in Fig. 10 

test 

section d 
I 
I 

Fig, 10 The shoak tube windows 

The shock reflecting surface of the end wal I had· been polished while 

special attention had been paid to the angles formed by the end wal I 

and the side walls of the shock tube In order to avoid obi ique shock 

reflections. Using a rotary pump in combination with an oil diffusion 

pump the test section could be evacuated down to 6.10-3Pa. The 
-1 ' leakage rate of the system was less than 10 Pa/min and since~ the 

experiments were conducted within 5 min. after switching off the pumps 

the resulting partial pressure of the impurities due to leakage was 

5.10-l Pa at the most. Depending upon its absolute value the initial 

pressure p1 of thetest gas has been determined using different 
2 3 pressure gauges. At pressures between 10 Pa and TO Pa a van Essen 

oil filled micro-manometer of the Betz type determined the initial 

pressure p1 with an absolute accuracy of better than 2 Pa. In the 

pressure range of (1-3) kPa the initial pressure was determined using 

a Wa I lace and Tiernan 61-050 Bourdon type manometer which resulted in 

an absolute inaccuracy of about 10 Pa.whilst the pressure range over 

3 kPa was covered by a Speedlvac-Edwards e.g. 3 Bourdon type manometer 

whose abso I ute inaccuracy was tess than 30 Pa. 
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4.2. The laser schlieren system 

The experimental set up is sketched in Fig. 11 

t .L 
y z 

B.S. 

M 

knife edge 

polarizer 

Fig. 11 The e:x:per>imentat set up 

photo 

diodes 

A laser beam originating from a Spectra Physics model 120 He-Ne laser 

<k0 = w/c
0 

~ 101 was divided into two separate beams by means of a beam 

splitter B.S,~The reflected beam traversed the shock tube while it was 

propagating along a I ine in the y-z plane that was at a smal I angle 

with the z-axis in order to avoid interference between the main beam 

and the components reflected from the shock tube windows. The 

undeflected beam was located outside the shock tube and served as a 

reference beam, Lens L1<f = 0,4 m) transformed the original waist of 

the principal laser beam into a waist in the first reflected beam that 

was located at the shock tube axis while its radius was given by 

Eq. (3,5.-5), At a distance of about 2 m away from the shock tube axis 

part of the reflected beam was intercepted by a rasor blade, the edge 

of which had been adjusted parallel to the end wall of the shock tube. 
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The 1 ight passing the knife edge was collimated on to a HP 5032-4207 

PIN photo diode using a lens L2 that produced an image of the mid

plane of the shock tube on the photo-sensitive layer of the diode. The 

photo diode was Inserted Into the electrical circuit sketched in 

Fig. 12 having a band width of about 1 MHz. 

HP 5032-
4207 

100k 

..---------+--13 

47k 13)J 

-15V 

lk 

-15V 

Fig. 12 The photo diode eteat~iaal ai~auit 

The reference beam was collimated on to a similar photo diode inserted 

Into an analogous circuit, Using a linear polarizer the power of the 

reference beam could be adjusted to match the power that p~ssed the 

knife edge in absence of the boundary layer. The difference in output 

tension V
0 

between both electrical circuits, resulting from the 

presence of a boundary layer inside the shock tube, was monitored on 

a Tektronix 555 oscll loscope using a 1 A5 type differential plug-in 

unit, and was recorded on a photographic plate. Each record was 

provided with time marks generated by a Tektronix type 180-A time 

marker and a tension calibration signal using a Philips PT' 2248 

electronic reference unit. Each continuous tension versus time record 

was represented by a large number (about 50) of discrete V versus 
0 
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time data that were equally spaced In time by means of a Tokyo 

Slmltsu nac type I motion analyzer. These data were recorded on 

punched tape for further data handling. 

4.3. The alignment of the laser beam 

UsIng the "mode matchIng" formu I ae given by Koge In I k 

{ref, 19) together with the technical data on the configuration of the 

laser resonator cavity, lens L1 could be positioned to transform the 

original waist of the laser beam into a waist that was positioned 

close to the shock tube axis. while its radius was nearly that 

prescribed by Eq, (3.5.-5), Taking advantage of the reflections from 

the shock tube windows the laser beam could be positioned more or less 

parallel to the end wall of the shock tube, whereas it was slightly 

tilted toward they-axis, After this coarse alignment the position and 

size of the waist and the direction of propagation of the beam were 

accurately adjusted with the aid of two knives that had been mounted 

at the side wal Is of the shock tube as illustrated In Fig, 13. 

-----r--r--

s ~c:mr lide way I I 

~ fn e E 

-----..1.--.l-- screw thread 
micrometer 

Fig. 13 The side wall knives 

The knife had been positioned para! lei to the end wal I of the 

shock tube and could be very accurately moved in the x~directlon by 

means of a screw thread micrometer. Both slides were mounted at a 

distance of 0,118 m from the shock tube axis and the spot sizes of the 

laser beam at both knives should consequently be equal in case of a 

proper alignment, The Intensity distribution in the plane of the knife 

edges was Investigated by shifting the slide through the laser beam 

and monitoring the radiant energy flux passing the knife edge. in this 

way the cumulative normal intensity distribution over the beam cross 

section could be determined. From this the associated spot size of the 
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laser beam at the knife was found. By smal I displacements of both the 

laser and L1 the spot size wk of the laser beam at both knives could 

be established at 

wk = 2.98 (1 ! 0,02) 10-
4 m (4.3.-1) 

Taking into account the presence of the shock tube windows <N ~1.5) 
this implies that w

0 
satisfied 

w
0 

= ?.? (1! 0.02) 10-5 m (4.3.-2) 

whilst the waist was located within about 2 mm of the shock tube axis. 

Within the experimental accuracy w equaled the ideal value as It 
0 -1 7 follows from Eq. (3,5.-5) for L = 10 m and k = 10 , viz. 

··· = 7.6 10-
5 m wo ! (4.3.-3) 

By way of check the actual spot sizes of the beam as measure~ in the 

planes z = 1.5 m and z =2m were compared to those predicted on the 

basis of Eqs. (3.2,-5) and (4.3.-2). As shown in table I there 

existed a fairly good agreement between theory and experiment 

TABLE I 

z (m) w (theory) (mml w (experiment) (mml 

1.5 (3.90 + 0.08) (3.96 + 0.08) -
2 (5.20 + 0.10) (5.24 + 0.10) - -

Since the waist is located within 2 mm of the shock tube axis the 

resulting relative change in the dimension of waist due to the second 

order derivative of the density wil I be kept within 1% (see Appendix 

4), where It should be noted that this is an upper limit that wil I 

only be reached for the largest values of N2 appearing in the present 

investigation. 
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Once the waist of the laser beam had been located at the 

shock tube axis the laser beam was positioned para! lei to the end wall 

of the shock tube. For this purpose a knife edge had been constructed 

that could be magnetically attached to the shock reflecting surface of 

the shock tube end wall. The distance between the knife edge and its 

base had been established within 2 vm using a measuring microscope. 

By a combined rotation and translation of the beam splitter <B.S. in 

Fig. 11) the laser beam could be. positioned in such a way that the 

magnetically attached knife edge cut off half the power of the .beam 

when positioned close to both the entrance and the exit window of the 

shock tube. (Of course lens L1 and the laser were tranlated in the 

same manner as was the beam splitter in order to fix the position ·and 

the size of the newly formed waist). Once this had been established 

the screw thread micrometers were positioned to intercept half the 

power of the laser beam and the micrometer readings were noted. Using 

these readings, together with the known distance between the edge of 

the magnetically attached knife and its base, the laser beam could be 

positioned parallel to the end wall of the shock tube at any arbitrary 

distance from the wall. 

Judging from the accuracy in positioning the center of the 

laser beam by both the magnitically attached knife edge and the knife 

edges mounted at the side wa II s of the shock tube, the abso I ute 

inaccuracy in the position of the laser beam relative to the end wall 

is estimated at less than lO].!m. 

The procedure described above was executed with the windows of the 

shock tube installed in order to correct for planoparal lei 

displacements and possible non-planoparal lei effects introduced by the 

shock tube windows. 

4.4. The determination of the shock wave velocity 

To be able to calculate the condition of the gas 

immediately after shock wave reflection the Mach number M of the 

generated shock wave, that Is defined as the ratio between the shock 

wave velocity and the velocity of sound in the test gas prior to 

shock wave passage, had to be known. The shock wave velocity was 

determined using the optical system sketched in Fig. 14. 

A laser beam was divided Into two mutually parallel beams of equal 

intensity using a beam splitter B.S. In combination with a mirror M. 
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B.S. 

laser 
L 

Fig. 14 Ths shock speed meaBUI'ing device 

A. lens L had been Inserted Into the principal beam that transformed 

the original waist of the laser beam into two waists that were 

positioned at equal distances on opposite sides of the shock tube 

axis as indicated in Fig, 14. The position and focal length of lens L 
: 

had been chosen such that the radius of the laser beam lnsideithe 

shock tube was at a minimum (w < 1.55 10-4 m). Using the calibrated 

screw thread micrometers mounted at the side walls of the shock tube, 

both secundary beams cou I d be adJusted para II e I to the end wa I I of the 

shock tube, whi 1st their mutua·! distanced could be determined. 

After passing the shock tube half the power of the secondary beams was 

cut off by the knives k1 and k2 respectively. The edges of the knives 

were facing each other and the knives were positioned at equal 

distances from their respective waists. The light passing the knife 

edges was collimated on to two HP 5032-4207 PIN photo diodes that had 

been inserted into the electric circuit shown in Fig. 15. 

Since the configuration of the two secondary laser beams inside the 

shock tube are images of each other and the radii of the beams at the 

knives are equal, shock wave passage wil I result in two similar peak 

pulses In the output tension V
0

• Using a trigger amplifier the time 

interval between these pulses was recorded on a Philips PM 6300 time 
-8 interval meter having a time resolving power of 10 s. Taking Into 
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Fig. 15 The shoak detecting system 

account the accuracy with which the temperature of the gas Inside the 

shock tube could be determined, the relative inaccuracy in the 

calculated Mach number is estimated at less than 3 pro mille. 

4.5. Additional Instrumentation 

During each experiment the pressure of the gas nearby the 

end wall of the shock tube was recorded by a Kistler type 603 B piezo 

electric pressure gauge provided with a rubber coating in order to 

diminish temperature effects. The pressure records were basical ty 

meant to establish whether or not the pressure remained constant 

during the experiment (the absolute pressure p5 was calculated from 

the initial pressure p1 and the Mach number of the shock wave using 

the Rankine-Hugoniot relations (ref. 13)), Although small pressure 

variations can in principe be taken into account (see Appendix 5) the 

present investigation only dealt with situations in which the pressure 

did not appreciably alter with time. 

Careful Investigation showed that, starting from the moment 

of membrane rupture, the entire shock tube experienced an acceleration. 

From that very moment onwards the force equilibrium inside the driver 

section of the shock tube Is disturbed and the shock tube is submitted 

to a force in the positive x-dlrection as is indicated in Fig. 16. 

Due to the flexibility of the shock tube support the resulting force 

wi II cause small displacements of the shock tube in the x-directlon. 

Consequently, the actual distance between the centre of the laser beam 
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X 

head of expansion wave 

\ ), 
I shoe: wave 

Fig, 18 The foX'ce (non.-} equilibPium 

and the end wall of the shock tube at the moment of shock wave 

reflection might differ from the one that had been establ !shed prior 

to the experiment. Since the position of the laser beam relative to 

the end wall is a critical parameter in the present investigation (see 

Eq. (2.4.-19)) .the displacement of the shock tube has been measured 

as a function of time during each experiment. For this purpos~ a knife 

was attached to the back of the shock tube end wall as Indicated In 

Fig. l7 

:::::::::::::::~::::: ~~ 
-I+-

Fig. 1? The displacement measuring device 

The knife edge Intercepted part of the power of a laser beam that was 

propagating In the z-dlrectlon while the remaining part was detected 

by a photo diode. The displacement measuring device was calibrated by 

shifting the laser beam over the knife edge and thus the dlsp,acement 

of the shock tube could be determined very accurately by monitoring 
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the power detected by the photo diode. The moment of membrane rupture 

was indicated by a short circuiting between the membrane and an 

.electrically insulated contact mounted at the side wall of the shock 

tube nearby the membrane, A representative example of the monitored 

displacement curve is given In Fig. 18. 

600 k Pa 
experiment 

'E 0.02 p4 I I I 
660 Pa I s PI I 

I . .-c 
Q.l 

E 
Q.l 

:1l 
Q. 0.01 Ill 

"0 

0 2 I. 6 8 
time Cms> 

Fig. 18 The displaeement of the shoak tube 

Initial ty the shock tube experiences an acceleration in the positive 

x-dlrectlon, The acceleration decreases as soon as the head of the 

expansion wave reaches the end wal I of the driver section and is 

f~rther decreased by the counteracting force exe\ted by the shoe~ tube 

support. From the moment of shock wave reflection the shock tube 

experiences an additional force in the negative x-dlrection while it 

is still moving In the positive x~directlon. This is the reason why 

the position of the laser beam relative to the end wal I of the shock 

tube will only be submitted to small. relative changes during the 

first milflsecond after shock wave reflection which Is also 

approximately the time Interval In which the experiment is performed. 

However, the actual position of the laser beam relative to the end 

wall at the moment of shock wave reflection may differ by as much as 

2.10-5 m from its position prior to the experiment. By monitoring the 

d I sp I acement of the shock tube end wa I I thIs cou I d be corrected for. 
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5. THE EVALUATtON OP THE COEPF!C!ENT OF THERMAL CONDUCTIVITY FROM 
THE SCHLlEREN RECORDS 

5.1. The determination of the product H 1 O.w'\.,cw)t 

On calculating the coefficient of thermal conductivity on 

the basis of Eqs. (2.4,-19,20.21) fhe product t:.Ti i>.wpwcw)t has to be 

known. 

The rise AT1 In Interface temperature can In principle be determined 

by mountIng a thIn f II m res I stance thermometer at the end wal I of the 

shock tube. However, yet apart from the consideration that the. thin 

film resistance can only be fitted to an electrically non conducting 

sub-so I ! whIch poses spec 1 f I c demands on the end wa I I mater I a I , the 

calibration of such a thermometer proved to be very troublesome 

(ref. 6). Moreover, the value of >-wpwcw has to b~ known quite 

accurately to determine the product l!T1 O.wpwcw)z with.·a good degree 

of precis.lon. 

An alternative way of determining the present product is 

to calculate this property by numerically solving the boundary layer 

equations. Using Eq. (2.3.-14} the heat flux at the end wall of the 

shock tube can be expressed as 

(5.1.-1) 

1 
As can be seen from Eq. (5.1.-t) the product AT 1 (Awpwcw}' Is~ 
measure for the heat flux at the end wall of the shock tube. As 

mentioned before In section 1.1., the heat flux at the end wall Is 

mainly dependent upon the thermal conductivities at low temperatures. 

It can therefore be calculated with a good degree of precision using 

an extrapolated relationship between A and T starting from the results 

of steady state experiments. In addition, the heat flux will be almost 

independent of the end wall properties which follows from the 

consideration that the rise AT1 in interface temperature wil I generally 

be smal I compared to the temperature difference across the boundary 

layer and thus can be neglected in first approximation (see Appendix 1). 
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The heat transfer rate can therefore accurately be calculated even if 

both the Awpwcw-value and the thermal conductivity at high 

temperatures are known In first approximation only. According to 

Eq. (5.1.-1) the same applies to the product AT 1 (Awpwcw>*. 

The present Investigation adopted the latter procedure. 

Prel lmlnary experiments Indicated that the resulting coefficients of 

thermal conductivity at elevated temperatures could fairly wei 1 be 

represented oy those calculated on the basis of a Leonard-Jones 

Interatomic potential energy function U(Ral, viz. 

(5.1.-4) 

where Ra Is the Interatomic distance and EM and ~ are constants that 

depend upon the specific monatomic gas considered (ref. 27). 

As shown In Figs. 09-a.b) and Figs. CZO .... a,b}, the Lennard-Jones 

thermal conductivities do represent the results of steady state 

experiments within their error bounds as well. Therefore the product 
I 

AT 1 (Awpwcw> 2 has been calculated on the basis of these Lennard-Jones 

thermal conductivities, 

So, Instead of measuring the heat flux at the end wal I of the shock 

tube and determining the coefficients of thermal conductivity at 

elevated temperatures from It, the present Investigation takes 

advantage of the very fact that the heat flux at the end wall can be 

calculated in a good degree of precision even if the coefficients of 

thermal conductivity at elevated temperatures are known in first 

approximation only. 

5.2. The determination of the density and the denstty gradient from 

the sell II eren records 

As pointed out before, on traversing the thermal boundary 

I ayer the raser beam wIll be def I ected over an angIe 4> towards the 

x-direction without seriously being dlstored an.d the angle 4> is given 

by 

(5.2.-1) 
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(negative angles indicate deflections towards the negative x-direction>. 

The resulting ~lsplacement dk of the centre of the laser beam in the 

plane of the sch11eren knife is given by 

= 15.2,-2} 

<negative displacements indicate shiftings in the negative x-direction) 

wher-e Z equals the optical distance between the schlleren knife and the 

second principal plane of the lens constituted by the thermal boundary 

1ayer, If the ~chi ieren knife was initiaJ ly positioned to cut off half 

the power of the I aser beam wh i 1st the edge of the kn 1 fe was facing 

the positive x-dlrection, the resulting relative change in power P 

detected by the photo diode is given ~y 

t;p 
ex>f S p = (5.2.-3) 

where 

s = ~ 
2 dklwk (5.2.-4) 

and wk equals the 2a-value of the normal intensity distribution of the 

laser beam in the plane of the schi ieren knife. Inserting Eqs. 

(3.3.-3,35,37) and Eq. (5.2.-4) into Eq. (5.2.-2) leads to the 

following expression for the density gradient at the centre of the 

laser beam 

(1) wk.s . [1 + l. KL2 (2)] -1 
Pm = i:i KLZ 6 Pm 

(5.2.-5) 

(5.2.-6) 

where z0 equals the optical distance between the plane of the schlieren 
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knife end the mid-plane of the shock tube. As expressed by Eqs. 

{5.2.-3,5,6) the density gradients can be calculated from the schlieren 

records in good precision only If wk is accurately known and p (2) Is 
' m 

known In first approximation. As for the former, the cumulative normal 

i·ntensl'ty distriBution rn the plane of the schlieren knife has been 

examined by a stepwise displacement of the knife edge using a screw 

thread micrometer. Starting from the centre of the beam the knife edge 

was moved to positions in which the relative change~ in power 

detected by the photo diode was given by 

(5,2.-7) 

where n is an integer and 0 < n < 8. According to Eqs. (5.2.-3,4) this 

implies that the knife edge was positioned at distances nwk/20 of the 

beam centre, Por each value of n TaBle I I I lsts the corresponding 

positions of tne knife edge relative to the beam centre together with 

the 2o-values as they could be calculated from them. The resulting 
~' 

mean 2o-value was (5,2~~ 0.10) mm. 

Fig. 21 shows the cumulative intensity distribution In the plane of 

the schlieren knife calculated on the oasis of this mean value of wk 

together with the experimental data points as they resulted from a 

stepwise d rSj!l r acement of tfie sen lleren knIfe, 

, It is shown in Appendix 3 that pm(Z) can be approximated 

in terms of p {l} and p. Hence. the following procedure has been 
m '{ln 

adopted to ca I cuI ate pm and pm from the sch r i eren records. 

For the first AV0 versus time value U:.V0, 1,t1> recorded pm(t1> was 
approximated oy p5 and pm(l)<t1> by 

... (1} (t ) 
"'m 1 

where Sl satisfIed 

= 
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TABLE II 

n nwk/10 (mm} wk (mm) 

1 0.27 ± 0.02 5.4 ± 0.4 

-0.28 ± 0.02 5.6 ± 0.4 

2· 0.57 ± 0;03 5.7 ± 0.3 

•0.53 ± 0.03 5.3 ± 0.3 

3 . o. 78 ± 0.03 5.2 ± 0.2 

-0.79 ± 0.03 5,3 ± 0.2 

4 1.05 ± 0.03 5.2 ± 0.2 

'-1. 07 ± 0.03 5.3 ± {).2 

5 1. 28 ± 0.04 5.1 ± 0.2 

-1.33 ± 0.04 5.3 ± 0~2 

6 1.57 ± 0~04 5.2 ± 0.1 

-1.57 ± 0.04 5.2 ± 0. 1 

7 1,83 ± 0.04 5.2 ± o. 1 

-1.84 ± 0.04 5.3 ± o. 1 

Using these estimated values of p and p {l) the second order 
,21 m m 

derivative ~m · was calculated and was taken Into account by writing 

p (1) (t ) 
m 1 

To assure that the initial assumption p <t1> = p5 was not violated 
m { 1) 

seriously~ it had been taken care of that pm <t1) satisfied 

(5. 2.-11} 
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Fig. 21 The cumulative no~az intensity dist~ibution in the plane 

of the knife edge 

< - :m Pm(l) (t 1) (see Appendix 1} (5.2.-12) 

Eq. { 5. 2 • -11 ) Imp I I es that 
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(5.2.-13) 

For the n-th AV versus time va I ue (t.V • t l recorded the adopted 
o o,n n (1 ) 

procedure was about the same. First of alI p <t ) was approximated 
(2 ) m n 

by neglecting the contribution of p (t l In Eq, {5.2.-10) and from m n 
It pm(tnl was calculated according to 

t 

Pm (tn-11- :m ~ tr Pm(1)(t') dt' 

tn-1 
(5.2.-14) 

applying a numerical Integration procedure. Next the second order 

derivative was approximated and both the density gradient and the 

density Itself were calculated in better precision using Eqs. 
(5,2.-101 14). The numerical values of the parameter K used In the 

present Investigation are I isted in Table I I I (ref. 311. 

TABLE Ill 

gas K 

Helium 1.94 10-4 

Neon 7.42 10-5 

Argon 1.58 1 o'"4 

Krypton 1.12 10-4 

5.3. The adopted procedure to calculate the coefficient of thermal 

conductivity as a function of temperature 
1 

Once the product (A p c ) 2 AT 1 had been calculated and 
(1) w w w 

both pm and pm had been evaluated from the schlieren records, the 
coefficient of thermal conductivity could In principle be determined 

on the basis of Eqs. (2.4.-19,21 l using a numerical integration 

procedure. Because there was a lack of data on the structure of the 

thermal boundary layer at times smaller than t 1, Eq. (2.4.-19) was 

written as 
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[ "$•]. [ :·;;; I<J] .j:· j ,-'Ia •• rv 1, 1 d' + 

m t 
1 

[ :;:.. 1· [ ·-·~··r+.~·,J-..ItJ]I 
(5.3.-1) 

Since p is a slowly varying function of time (the maximum value of 
m (1) 

p /p5 reached during the experiments was about 1.5), whereas p m m 
rapidly increased by 1 or 2 orders of magnitude, the term involving 

A(t 1) is a rapidly decreasing function of time and its relative 

contribution to the coefficient of thermal conductivity at times 

t >> t 1 will be rather small <see Appendix 1). So a rath~r rough 

estimate of A(t1> will do to determine the coefficients of thermal 

conductivity at times t >> t 1 in good precision. Property (5.2.-13) 

justifies the substitution of pm<t1> by p5 and of A(t1> by A(T5>, where 

A<T5l was calculated orr the basis of a Lennard-Jones Interatomic 

potential energy function. 

5.4. The experiments 

First of all the existence of the similarity coordinates 

(5.4.-1) 

as It follows from theoretical considerations has been tested 

experimentally. Applying the same experimental conditions the laser 

beam was located at six different positions relative to the end wall 

of the shocktube. The reduced density gradients (a5t>* pm(ll;p5 as 

they could be determined from the schlieren records were studied as a 
J. 

function of the reduced position xm/<a5t)
2

• The results of these 

experiments are plotted in Figs. (22-a,bl. The experimental data 
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Fig. 22-b Pe~eentage deviation of the diffe~ent exper-iments f~om 
thei~ mean vaZue 

points scatter by about 4% and at first sight there exists no distinct 

relation between the shift of the Individual curves relative to each 

other and the corresponding positions of the beam relative to the end 

wall of the shock tube, In case the deviations would result from a 

distortion of the I a.ser beam due to the third order derivatIve of the 

density such a relation would be expected on the basis of Eq. (2,5.-5). 

According to that equation, the relative contribution of the third 

order derivative of the density to the density profile across the laser 

beam wll I be inversely proportional to the square of the distance 

between the centre of the beam and the end wa II of the shock tube. The 

way the third order derivative of the density affects the experimental 

results must therefore be obscured by the experimental Inaccuracies. 

The thermal conductivities as they could be calculated from the 
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Fig. 23 The aoefficient of thermal aonductivity of Argon as 

they could be calculated from the experiments taken 

at six different positions relative to the end wall 

of the shock tube. 

schlieren records taken at these six different positions a.re presented 

In Fig. 23. They show fairly good mutual agreement. 

An alternative way of invest.lgating the measure In which the 

third order derivative of the density affects the experimental thermal 

conductivity values is to compare the results of two experiments that 

pass through different intervals of the curve represented In Fig. 1 

(page 29). By choslng two different initial pressures the tempera!ure 

range covered during the experimental time wil I be largest for the 

lowest initial pressure. By raising the gas of the lower initial 

pressure by shock wave passage to a higher temperature than the gas of 

the higher initial pressure, a situation can be created in which the 

final temperature of both gases at the end of the measuring time will 

be approximately the same. However, the values of em that are associated 

with both experiments will not be equal and thus the relative 
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a M • 3. 10, Pt 1,37kPa 

b M = 3.36, Pt 670 Pa 
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Fig. 24 · The aoefficients of the:rrmal aonduativity of neon as they 

~esuZt tpom 2 experiments that ave diffe~ently affeated 

by the thi~d o~de~ de~vative of the density 

contribution of the third order derivative of the density will be 

different. The coefficients of thermal conductivity as they follow 

from such an experiment with neon as the test gas are shown in Fig~ 24. 

They do not show any significant dependence upon the third order 

derivative. 

After these preliminary investigations a series of 

schlieren records were taken that determined the coefficients of 

thermal conductivity of Helium, Neon, Argon and Krypton in a wide high 

temperature range, A representative example of such a schlieren record 

Is presented In Fig. 25 together with a selection of the thermal 

conductivity values as they could be determined from this record. The 

individual experimental conditions are listed in Table IV whilst the 

resulting coeffl.cients of thermal conductivity are presented in Figs. 

26-29 together with those calculated from the Lennard-Janes potentials. 
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TABLE IV 

Gas nr. Mach PI X temperature range 
m 

number CPa l (mm l covered ( K> 

Helium 1 2, 10 5320 1.08 1000 - 1075 

2 2,52 6650 0.92 1200 - 1500 

3 2.92 2660 0.92 1500 - 1800 

4 3.33 1330 0.90 1600 - 2200 

5 3.55 798 0.91 1600 - 2300 

Neon 1 2.87 665 1.00 1250 - 1700 

2 3.10 1370 1.15 1650 - 2125 

3 3.32 1370 1.15 1950 - 2450 

4 3.36 669 1, 00 1650 - 2450 

5 3.42 1370 1.15 2100 - 2450 

6 3,48 1370 1.14 2150 - 2700 

7 4.44 664 0,93 2900 - 4000 

8 4.99 1370 1.08 5000 - 5400 

9 5.22 667 0,93 4000 - 5850 

10 5,79 667 0.93 4900 - 1000 

Argon 1 2,68 664 0,96 1325 - 1600 

2 2,86 927 0,95 1675 - 1850 

3 3,20 664 0,97 1800 - 2275 

4 3.20 679 1. 15 1870 - 2poo 
5 3.29 665 0,96 1925 - 2BOO 
6 3.30 898 0,98 2050 - 2450 

7 3.69 911 0.98 2550 - 3000 

8 4.09 895 0,99 3025 - 3700 
9 4.19 665 0,96 2950 - 3850 

10 4,58 664 0.92 3400 - 4500 
11 4.88 908 1. 00 4200 - 5125 
12 5,25 680 1 • 14 

I 

4925 - 6000 
13 5.83 909 0,94 5700 - 7150 
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TABLE IV (continued) 

-Gas nr. Mach P1 X temperature range m 
number <Pa) (mm) covered {K) 

Krypton 1 2.17 1360 1 • 11 1125 - 1170 

2 2.81 1360 1.06 1775 - 1875 

3 3,34 1360 1.06 2450 - 2550 

4 4.60 1360 1,09 4450 - 4800 

I 
5 5,65 1360 1 • 1 0 6350 - 7000 
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Fig. 25 A r epresentative exemple of the schlieren records 

obtained and the resulting coefficients of thermal 

conductivity. Exper i mental conditions: 

testgas Argon U.B : llV /V 0. 06 I div 
0 0 

initial pressure 664 Pa time base 20 1.1s I div 
Mach number 3.19 L.B llV IV 
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6. DISCUSSION AND CONCLUSIONS 

As can be seen from Figs. 26-29 and Table. IV the 

experimental results show Internal consistency. The coefficients of 

thermal conductivity, as they were determined from different 

experiments covering successive temperature ranges, fairly well fall 

on a single curve within the experimental accuracy. Also the A-value 

at a given temperature proved to be independent of the experimental 

conditions <see for example Table IV Helium numbers 4 and 5 or Neon 

numbers 3 and 4), The scatter in the results of the individual 

experiments Is of the same order of magnitude (:<4%) as the scatter 

observed in testing the existence of the similarity coordinate s (see 

Fig. 22-b and Fig. 27) and this scatter is assumed to be a measure 

for the degree of accuracy In determining the coefficIent of therma I. 

conductivity from the present investigation. As can be seen from Figs. 

26-29 too, the resulting thermal conductivities of all four monatomic 

gases investigated are well predicted on the basis of a Lennard-Jones 

interatomic potential energy function using the vaLues of EM and ~ 

given by Hirschfelder (ref. 27). This is quite remarkable because the 

results of most previous investigations indicated larger coefficients 

of thermal conductivity than those calculated from the Leonard-Jones 

potentials. This ls illustrated in Figs. 30-33 in which the Lennard

Janes thermal conductivities, which well represent the results of the 

present investigation, are compared to those gained by alternative 

experimental techniques, viz. the heat transfer rate measurements <t> 
the hot wire thermal diffusion column method (*) and an interferometric 

technique {i). By way of comparison the coefficients of thermal 

conductivity that have been calculated from an alternative poi'enttal 

energy function, proposed by Amdur 'and Mason (ref. 24), are plotted in 

these figures too. To shed some light on the great variety in 

experimental results the individual techniques wi II be briefly reviewed. 

For various of reasons the reliability of the thermal 

conductivities resulting from heat transfer rate measurements is 

questioned. Apart from the consideration that the heat transfer rate 

at the end wall has to be determined quite accurately in order to 

determine the coefficients of thermal conductivity at elevated 

temperatures with any precision, the results of the heat transfer rate 
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Fig. 31 Comparison between the Lennard-Jones (ref. 27) thermal 

conductivity data, the Amdur, Mason (ref. 24) data and 

the results of some previous experiments on Neon .. viz 

1. Sa:cena (ref. 6) (t) 

2, Springer .. Wingeier (ref. 27) (*) 

3, Collins, Menard (ref. 26) (t) 
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measurements seem to be predominantly dependent upon the functional 

relationship between A and T at low temperatures that was adopted In 

the calibration procedure of the heat gauge. The calibration procedure 

usually consists of performing a series of shock tube runs in which 

the test gas Is heated to temperatures that do not exceed 1000 K, The 

coefficle.nts of tnermal conductivity at these temperatures, as they 
1\ 

are found from steady state experiments, -are f ltted by a power 1 aw of 

the ty·pe (] .1,-0 and tfle neat transfer rates are ca I cu l ated us 1 ng the 

resulting expression, The heat gauge Js then calibrated by comparison 

between theory .arid experiment~ Nel!t the hJ gh temperature therma I 

conductivities are determtned by heating the tes;t gas to the deslred 

hi.9h temperatures and adjusting the elq)Onent v of Eq. { 1.1.-1) to cfit 

the thaoretlc.a1 and experimental heat transfer rates. Since the heat 

transfer rate at the end wall is mainly dependent upon the low 

temperature thermal -conductivities such a procedure i-s bound to result 

in 011 exponent that ls c:J ose to the one adopted j n the ca fibration 

procedure. This is Ji lu.strated In Table V In whlch the calibration 

vaiues ·"'c.al adOt>ted In dlfferent investigations in argon are compared 

to the resuJ t J rrg ex-per !menta I va I ues "exp 

TABLE V 

author -~cal "'exp 

Saxena <ref. 6) 0~75 0.80 

WI II eke {ref. 23) 0.73 0.74 

Coli ins, Menard (ref, 26} 0.697 0,703 

Matula (ref. 251 0.~97 0.68 

As can be seen from this table the adopted and the resulting exponents 

differ very little, For neon and krypton such a parallel cannot be 

drawn since no values of v 
1 

have been reported for these gases. The ca 
values for helium reported by Collins et. al (ref. 30), viz. 

"'cal ; 0,746 and "'exp; 0,69, do differ considerably but the scatter 

in vexp Is quite large <~ 15%>. In view of these and other 
considerations mentioned before (section 1.1.), the coefficients of 

thermal conductivity resulting from heat transfer rate measurements 
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should be regarded with some reserve. 

Apart from the early results of Blais and Mann (ref, 21, 

who according to Timrot and Umanskl (ref. 29) did not account for a 

number of errors, the coefficients of thermal conductivity resulting 

from the hot wire thermal diffusion column method agree with the 

present results within about 10%, the coefficients obtained by the 

thermal diffusion column method being larger. Taking into account the 

inaccurancies that are associated with both methods <4% for the 

present Investigation, (2-4)% for Springer, Wlngeler (ref. 3) and 

Faubert, Springer (ref. 28) and about 5% for Timrot, Umanski (ref. 29) 

this is not an unexpected but still a considerable discrepancy that 

should be analyzed more closely in the future. 

The coefficients of thermal conductivity of argon reported 

by Bunting, Devoto (ref, 10), which have been determined from an 

interferometric study by fitting a power law relationship between A 

and T to the measured density profile, coincide with the present result. 

However, Kuiper (ref. 11) states that the former results are in error 

because Bunting and Devoto incorrectly determined the position of the 

end wafl of the shock tube retatlve to the fringe pattern. The 

experimental results of Kuiper himself point to larger coefficients of 

thermal conductivity than those resulting from the present investigation 

but the exponents v that could be determined from different experiments 

scattered by about 7% of their mean value. This results in a scatter of 

about 16% In the coefficient of thermal conductivity at 6000 K, which 

is considerably larger than the experimental scatter observed in the 

present investigation. Furthermore, the way the calculated density 

profile of the outer, !:ligh temperature region of the thermal boundary 

layer is affected by adopting a power law relationship between A and T 

at low temperatures has not been adequately investigated so far. 

As mentioned before the results of the present investigation 

fairly do represent the coefficients of thermal conductivity that can 

be calculated from the Lennard-Janes potential. On the other hand the 

results of the hot wire thermal diffusion column method seem to 

indicate an interatomic potential energy function as proposed by Amdur 

and Mason. The latter potential ls obtained by smootly Joining the 

repulsive part of the potential, as it follows from molecul~.r beam 

scattering experiments, to the attractive part, as It has been 
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deduced from transport properties at low temperatures. 

Before drawing any decisive conclusions with respect to the shape of 

the Interatomic potential energy function the mutual discrepancies in 

the results obtained by different experimental techniques must be 

explained. These techniques, Including the present one, have to be 

examined for possible systematical sources of error and the underlying 

theory has to be analyzed more closely. It Is therefore recommended to 

repeat the present investigation usin~ a '!llfferent shock tube facil lty. 
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APPENDIX 1 

An approximate solution of the boundary layer equations 

To get an idea about the order of magnitude of the rise 

AT 1 In interface temperature the following functional relationship 

between A and e was inserted into the computations 

A = e (al.-1) 

which corresponds to a value of 1 for the exponent v of the power law 

relationship (1.1.-1). For this specific relation between A and e, 
Eq. (2.3.-19) with associated boundary conditions (2.3,-20,21,22) can 

be solved analytically resulting in 

e = a. + 
t. 

(al.-2) 

Using Eq. (2.3.-21) and Eqs. (a1.-1,2}, AT 1 can be expressed as 

(al.-3) 

Since the (\pc)- value of the wal I Is generally much larger than the 

corresponding property of the gas (for the system steel-argon, 
4 6 -2 -3 T5 = 10 K and p5 = 10 Nm the constant r equals about 10 }, AT 1 

will genera II y be much sma I I er than the temperature dIfference T 5 - T 1 
across the boundary layer. The solution of Eq. (2.3.-19} will therefore 

not be Influenced significantly if this rise In Interface temperature 

Is neglected by replacing the boundary conditions (2,3.-19,20,21) by 

the system 

1; = 0 (al.-4) 

a -+ 1 (al.-5) 

If A rs assumed to be a function of e only, the solution of Eq. (2.3.-19} 
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with boundary conditions (al.-4,5) will be merely a function of the 

adopted functional relationship between A and a and of the value of a1 
(and thereby of the Mach-number of the shock wave). The solution S(s) 

will be independent of the initial conditions p1 and p1 and of the 

(A p c ) -value of the end wal I material. To arrive at a solution w w w 
that can be used for analyzing purposes, Eq. {2.3.-19) with asso¢iated 

boundary conditions (al.-4,.5) was solved numerically using the 

fo II owing funct i ona I rel at l onsh i p between A and e 

(al,-6) 

Although by and large Eq. (al.-6) wil I not give an accurate 

uescrl pt ion of the actua I dependence of ::\ .upon T, In case of a I I four 

monatomi-c gases .investigate.d it i.s fair enough an approximation in 

order to determine the fundamenta.l properties of the solution with 

sufficient precision, It is this solution of the boundary layer 

equai"lons that is referred to In the following discussions. 

S~noe the reduced density e-1 Inside the thermal boundary 
(1) 

layer Is merely a function of sand e1, pm which is defined as 

can be expressed as 

where 

F (1) 
m 

(al.-7) 

( a1, :-8) 

(a1. -9) 

As Is seen from Eq. (al.-9) by multiplying both sides by xm/p 5, the 
( 1 ) 

product xmpm /p5, which wil I be denoted by nx, is a function of sm 

and e1 only 
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= sF (1 ) (6
1

) 
mm (al.-10) 

In the same manner, the derivative of the density with respect to time 

can be written as 

*lx =- :~ ~~ x 
= - xm p (a t)-% F (1) (a

1
J 

2t 5 5 m 
m m 

(a1.-11) 

Multiplying both sides of Eq. (a1.-11) by 2c x 2;A5 it is seen that 
p m 

2c x 2 

the product ~ 
5 

only. 

= 

::I , denoted by Qt• is a function of sm an<l e1 
X 

m 

- 8 3 F (1) (61) 
m m (al.-12) 

Due to the existence of a unique relationship between sand a, n and 
X 

Qt will merely be functions of em and e1 as well. The calculated values 

of n and nt in dependence of 1/e are plotted in Figs. Al.-1,2 x m 
respectively with e1 as a parameter. The single curves representing 

different values of e1 almost coincide for small values of e1 as could 

be expected from the consideration that variations in e1 that are 

small compared to 1 wi II not seriously affect the solution. As can be 

seen from Figs. A1.-1,2 In the temperature range of interest pm( 1) is 

an increasing function of time whereas the derivative of the density 

with respect to time Initial ty Increases with time; reaches a maximum 

for 1/em "' 1.05 and next slowly decreases with time. This feature of 

the solution explains the smaller sign in Eq. (5.2.-12). 

As indicated in section 2.5., the accuracy in determining 

the coefficients of thermal conductivity from Eqs. (2.4.-19,200c21) 

mIght be I nf I uenced adverse I y by neg I ect i ng. the third a.nd h lgher order 

deriva.tives of the density at times immediately after shock wave 

reflection. According to Eq. <5.3.-1) the relative contribution of the 
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density gradients at short times t 1 to the coefficients of thermal 

conductivity at larger times t can be approximated as (A<t1> ~ A(tl] 

(al.-13) 

where 

(al.-14) 

8 (al.-15) 

The calculated values of II {a, a<s 1>]tor acs 1> = 0.99 are shown in Hg. 
Al -3 as a function of the reduced t-emper.ature e 

m 

.0~ 
E .. 
I 

ns~------------------------------------------, 

116m 

Fig. Al.-1 The aouree of the reduced density gradient as a 

funation of the reduaed density 
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11'1 a. ...... 
a. 

Fig. Al.-2 The ooUPse of the Peduoed dePivative of the density 

with respeot of time as a funotion of the Peduoed 

density 

s, =0.052, 0.10 

e, =0.29 

1.0 

9m 

Fig. Al,-3 The Pel-ative oontPibution of the density gmdients at 

a "' 1 to the ooeffioients of themaZ. oonduotivity at 

smaZ.l-eP val-ues of a 



As can be seen from this figure n is a rapidly decreasing function of 

decreasing a. The cholse of a value of 0.99 for a<s 1) results from the 

consideration that the effect of neglecting the third and higher order 

derivative of the density at values of a that are smaller than 0.99 

proved to be obscured by the experimental inaccuracies (see section 5.4) 

and consequently resulted in an inaccuracy of less than 4% in the 

density gradients. 

According to Fig. 7 {page 29) the relative contribution of the third 

order derivative of the density to the density variation across the 

laser beam at reduced temperatures that are smaller than 0.99 is Jess 

than 8%. Assuming that the Inaccuracy in the determination of the 

product pm(l)t! A(t)/pm at the time t 1 is of the same order of 

magnitude (10%> this results in an error of about 7 °/00 in the 

calculated value of A at a= 0.75 being smaller than the possible error 

In the determination of the density gradients at these reduced 

temperatures. 
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APPENDIX 2 

.l 
The upper tlmlt of N2

2 L for the present Investigation 

Within the approximations given in Appendix 1 p (
2) can be 

m 
expressed as 

(2) -1 F (2) 
(6 1} Pm = p5(a5t) m (a2.-1) 

where 

F (2) a2 [ 1 l = 
da

2 m 
6(a~6 1 J 

sm 

(a2.-2} 

Multiplying both sides of Eq. (a2.-1) 2 
by xm /p1 I eads to 

2 (2) 
P/Pl 

s 2 F (2} (61} xm Pm IP1 = m m 
(a2,-3) 

Since p5/p 1 is a function of the Mach number of the shock wave only, 

as is 61 (see ref. 13), the product xm2Pm( 2)/p 1 wit I be merely a 

function of e1 and s • Using the approximate solution given in 
. m 2 (2) 

Appendix 1, F1g. A2-1 shows the calculated values of xm pm /p 1 as a 

function of sm with e1 as a parameter. 

Since s is a decreasing function of time this figure shows that, 
m (2) . 

except for very large times, p tends to increase with time. In order 
m 

to determine the maximum value of p (2 ) occurring within experimental 
m 

times, the experimental conditions have to be specified. 

AI I experiments were performed within 900 ~s after shock wave 

reflection and xm was adjusted to satisfy 

For these conditions the parameter sm wit I satisfy 
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15 

e,=0.29 

0.5 1.0 1.5 
Sm 

2.0 2.5 

Fig. A2.-1 The aouvee of xm2Pm{ 2) !P 1 ae a funation of the 

simi Za:zoi ty coordinate a 

Fig. A2.-2 

e,-o.29 

The maximum value of x 2
p (

2)/p1 oaauring within m m 
the experimental time ae a fUnation of the 

-1 parameter a1 
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in which {a 1} denotes the numerical value of ai In m2s-l Using 

• (a1.-6l, a5 can be expressed as 

a = a e-o.? 
5 1 1 

Inserting Eq. (a2.-6) Into • (a2.-5l results in 

(p /p )0.5 
5 1 

(a2.-6) 

(a2.-7) 

During an experiment sm wll I thus decrease from infinity at t 0 to 

sm, 900 where 

(a2.-8) 

In Fig. (A2-2l the maximum value of xm2pm(Zl;p 1 arising In the interval 

8 . m,m-z,n < 00 

-1 is plotted as a function of a1 with e1 as a parameter. 

(a2.-9J 

For alI gases studied, Table <A2-I) presents the upper and lower values 

of p1 appl led in the present investigation together with the associated 

maximum values of N2!L as they follow from Fig. (A2-2l for e1 = 0.052. 

As can be seen from this table all experimental conditions satisfied 

< 0.6 (a2.-10) 

where It should be noted that this upper limit will only be reached for 

smal I values of e1, which means high Mach numbers, combined with large 

measuring times. 
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TABLE A2 - 1· 

" -1 (2) 
p1 r, xm a, Pm,max N t L gas -2 -5 2,max CPa} ( K} (mml (m s) (kg m ) 

He 6700 300 0.9 370 13,5 )( 10 4 0.51 
He 800 300 0.9 45 2,6 
Ne 1330 300 1.1 230 10,8 0.29 
Ne 670 300 0.9 115 9,7 0.27 
Ar 930 300 0,9 44 17,4 0.5.1 
Ar 670 300 0.9 315 14,2 0.46 
Kr 1330 300 1.1 115 26,7 0.55 
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APPENDIX 3 

An expression for Pm( 2 ) in terms of Pm(l) and Pm-

By replacing the temperature by the density Eq. (2.2.-6) 

is transformed Into 

(a3.-1) 

Because p is a function of the similarity coordinates only, Eq.(a3.-1} 

can be rewritten as 

[u - 2~] (a3. -2) 

which yields 

_ip_ = ~ [u- ::.....] .2£..- [ 1. d). - ~} (21t) 2 
(a3.-3) 

ax2 ). 2t ax >. dp p · ax 

Inserting Eq. (2.2.-5) Into Eq. (2.2.-6} leads to 

au ap ax = - :x ( > ~) (a3.-4) 

rntegratlng both sides of Eq. {a3.-4) from X to infinity, the velocity 

u can be expressed as 

u = u -5 

Or, using Eq. (2.4.-10) 
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u = (aJ,-6) 

Inserting Eq. (a3.-6) into Eq. (a3.-3J results in the following 

expression for the second order derivative of the density 

(a3.-?) 

As indicated in section 5.1 the product liT. (II p c )! can easily be 
I W W W 

calculated in a good degree of precision using an approximate functional 

relationship between II and T. Using this functional relationship p (ZJ 
( 1 J m 

can be approximated according to Eq. (a3,-7) once p and p are m . m 
known in first approximation. 
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APPENDIX 4 

distortion of the laser beam due to small misal 

Consider the waist of the incident laser beam to be 

located at z 0 whilst the planes of the entrance and exit windows of 

the shock tube wll I be referred to as the planes z z
0 

and z = z
0 

+ L 

respectively. 

The size w
0 

and position z of the waist associated with the emergent 

laser beam are according to Eq. (3.2.-12) given by 

(a4.-1) 

i = z
0 

+ L - Re [ q(z = z0 + L)] (a4.-2) 

Using Eq. (3.4.-12), (a4.-1,2) can be written as 

::; 2 -- '' 2 [ 2 1 2 4k2] -
1 

wo wo (yzo + o) + 4 Y UJo (a4.-3) 

(a4.-4) 

in which w
0 

equals the size of the waist associated with the incident 

laser beam and the coefficients a,s, y and o are given by Eqs. 

(3.3.-14,15,16), As is expected from the results of section 3.5, 

inserting the no-distortion conditions (3.5.-2,3) 

zo = zo .. i = - L/2 (a4.-6) 

results in 

w = U)o (a4.-'?) 
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z ::: 0 

as is easily verified by substitution of Eqs. (a4.-5,6) Into 

(a4.-3,4). 

The effect of small misalignments can be studied by writing 

= 

= zo . (1 + 1::. ) 
~1,. z 

(a4.-8) 

(a4.-9) 

( a4. -10). 

Substitution o.f • (a4,-9, 10) and (3,3.-32,33,34) into Eqs. (a4.-3,4-} 

results in first approximation in 

(a4.-11) 

(a4.-12) 

Since N2 satisfied (see Appendix 2) 

N -'f L 0 6 2 < • (a4.-13) 

the relative change in the dimension of the waist as expressed by. Eq. 

(a4_.-11) will be ma~nly dependent upon 1::.
2

, whereas Eq. (a4.-12) 

expresses that the resulting change in the position of the waist wl I I 

generally be small compared to L/2. 

For example, the relative change in the dimension of the waist that 

might result from the noted uncertainty of 2 mm in the position of the 
-1 waist inside the shock tube wil I satisfy (L = 10 m) 

(a4.-14) 
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According to Eq. (a4.-111 and Eq. (3.5.-4) the relative change in the 

dimension of the waist resulting from neglecting the N2 dependent part 

of Eq. (a4.-51 Is given by 

1~:~1 = 
1 3 6 -4 720 N2 L < 4.10 (a4.-15) 

and can therefore be neglected. 
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APPENDIX 5 

The implication of changes of state behind the reflected 

shock wave 

If for some reason the pressure, density and temperature 

behind the reflected shock wave vary as 

Poo (t) = PE [ 1 + oPftJ] (a5.-1) 

P,. (t) = p5 [ 1 + 13/t)] (a5.-2) 

T (t) = T5 I 1 + oT(t)] "' 
(a5.-S) 

where 

o (t)~ 5 (t)~ ~T(t) << 1 p p 
(a5.-4) 

Eq. (2.2.-6} must be corrected for the pressure variations. It becomes 

Defining 

and 

:J: 

n (x.t) = ~ p(x'~t) I P,. (tJ dro' 

0 

Eq. (a5,-5} can be written as 

(ati. -5) 

(a5.-6) 

(a5.-'l J 
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T 
"" 

Application of • (a5.-8) for n +""yields 

aT 
"' at 

Inserting • (a5.-9) Into Eq. (a5.-8l results in 

ae 
at 

.L :>. ae 
an e an 

The initial and boundary conditions are 

t 0 e = 1 

t > 0 11 = 0 

Assuming that :>t(T) can be expressed as 

X(T) 

e T./T 
'!,. "" 

e -+ 1 

and introducing a new parameter T defined by 

f(t') 

1 + ~ (t') 
p 

Eq. (a5.-10 can be rewritten as 
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dt' 

(a5.-BJ 

(a5.-9) 

(a5.-10) 

(a5.-11) 

( a5. -12) 

(a5.-13) 

(a5.-14) 

(a5.-15) 



(a5.-16) 

Since 

<< (a5.-17) 

(see Appendix 1) and 

(a5.-18) 

the boundary conditions (aS.-12,13) can in first approximation be 

replaced by the system 

n = o 

a + 1 

In doing so Eq. (a5.-16} with associated initial and boundary 

conditions (a5~. -11, 19,20) becomes i nvar 1 ant for coordinate 

transformations of the kind 

n' rn 

(a5.-19) 

(a5.-20) 

(a5.-21J 

(a5.-22) 

r being a constant. The solution wil I consequently be a function of 

nht and thereby [see Eq. (2.3.-30) J of xh:i only. 

Following the same procedur~as given in section 2,4, the coefficient 

of thermal conductivity can be expressed in terms of properties that 

can be derived from a schlieren record once the functions f(t), o Ct) 
p 

and oT(t) are known. Assuming that one deals with isentropic changes 

of state both dp(t) and oT(t) can be determined from a pressure record. 
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SUMMARY 

This thesis describes an alternative method of determining 

the coefficients of thermal conductivity of monatomic gases by a shock 

tube study. As usual the subject of investigation is the thermal 

boundary I ayer that . .deve I ops at the end wa I I of the shock tube after 

shocl< wave rei feet ion. It is shown that the coefficients Df therma I 

conductivity can be determined in a given temperature range by 

measuring the density gradient in a single point inside the thermal 

bouAdary layer as a function of time. ln ..doing so no specific funcfionai 

relationship between the coeffic~ent of thermal conductivity and the 

temperature has to be preassumed, wl'1ich is an important advantage of 

the present method over previous experimental techn.iques. 

The deesit~ gradient is determined by passing a narrow 

~aser beam through the thermal bounDary layer in a direction parallel 

to the end wall or the shock tube and study~ng the way the propagation 

properties of the beam aFe affected by this layer. For a specific 

configuration of the laser beam inside the shock tube it is proved 

that the density gradient in the centre of the laser beam can be 

determined by cutting off part of the beam with a knife edge after 

passage of t~e shock tube and studying the radiant flux passing the 

knife edge as a function of time. 

from the density gradients that are determined in this way 

the coefficient of thermal conDuctivity can be calculated at temperatures 

occurring in the ~entre of the laser beam. By performing a series of 

exper~men1-s covering successive t.emperature ranges the coefficient of 

theFmal conductivity could be determined in a wide temperature range. 

Exper i menta I resu Its are reported on He 11 um in the temperature range 

of 1000 - 2300 K and on Neon, Argon and Krypton at temperatures between 

1000 K and 7000 K. The experimental results show good internal 

consistency and the resulting coefficients of thermal conductivity of 

alI four investigated monatomic gases prove to be equivalent to those 

which can be calculated on the basis of the Lennerd-Jones interatomic 

potential energy function within their exper.imental inaccuracies (o:4%>. 
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SAMENVATTING 

Dlt proefschrlft beschrijft een alternative methode om met 

behulp van een schokbuis de warmtegeleidlngskoefflcienten van edelgas

sen te bepalen. Het onderwerp van studie Is zoals gewoonlijk de ther

mische grenslaag die na schokgolfreflektie ontstaat aan de achterwand 

van de schokbuis. Er wordt aangetoond, dat de warmtegeleidlngs-

koeff I c I ent 1 n een zeker temperatuurgeb led bepaa I d kan worden door de 

dlchtheidsgradient in een enkel punt van de grenslaag als funktie van 

de tijd te meten. Hierbij is het niet nodig om van te voren een 

bepaald funktioneel verband tussen de warmtegeleidlngskoefflcient en 

de temperatuur te veronderstel len, hetgeen een belangrijk voordeel is 

van de huidige methode boven de tot nu toe gebruikte experlmentele 

technleken. 

De dlchtheidsgradient wordt bepaald door een smal le laser

bundel de grenslaag te Iaten doorlopen in een richting evenwljdig aan 

de achterwand van de schokbuis en de invloed te bestuderen die deze laag 

heeft op de voortplantlngselgenschappen van de bundel. Voor een 

speciale vorm van de laserbundel in de schokbuls wordt bewezen, dat de 

dichtheidsgradlent in het midden van de laserbundel bepaald kan worden 

door na het doorlopen van de schokbuis een gedeelte van de bundel met 

behulp van een meskant af te snijden en de langs het mes val lende 

stral ingsenergiestroom als funktie van de tljd te bestuderen. 

Uit de op deze wijze bepaalde dichtheidsgradienten kan de 

warmtegeleidingskoefficient worden berekend bij die temperaturen welke 

in het midden van de laserbundel optreden. Door een reeks experimenten 

uit te voeren in opeenvolgende temperatuur Interval len kon de warmte

geleidingskoefficient in een groot temperatuurgebled worden bepaald. 

Er worden experimentele resultaten vermeld voor Hel lum in het tempera

tuurgebied tussen 1000 - 2300 Ken voor Neon, Argon en Krypton voor 

temperaturen tussen 1000 Ken 7000 K. De experimentele resultaten komen 

onderling goed overeen en de resulterende warmtegeleldingskoefficienten 

bl ijken voor aile vier de onderzochte edelgassen binnen de experimentele 

onnauwkeurigheid <4%) overeen te komen met die welke op grond van de 

Lennard-Jones potentiaal kunnen worden berekend. 
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STELLINGEN 

I 

Bij gebPUik van een la.Ja:ni7itatief Zase:r-schliepen systeem dient het 

stX'Eilven el' niet in de eerete plaats op gel'iaht te zijn de bunde"l

diametel' in de optisohe inhomogeniteit zo kLein mogeZijk te houden~ 

maal' om de invloed van de hogepe-ol'de afgeleiden van de brekings

indem naar de plaats op het sohZierensignaal zoveei mogelijk te 

beperken. 

Dit proefsahl'ift~ hoofdstuk 3. 

II 

De dool' Kiefel' en Lutz gebPUikte uitdl'ukking vool' de moduZatie 

van de LasePbundeL ten gevo"lge van de in een 13ahokbuis optredende 

inhomogeniteiten in de bPEilkingsindere is onjuist. 

KiefeP~ J.H. en Lutz~ R.W.~ J. Chern. Phys.~ 44 (1966) 658. 

III 

Het dool' Bareena gekonstateel'de feit dat~ bij de bepaZing van de 

temperotuUMfhankelijkheid van de wamtegeleidingskoeffidient dool' 

middel van een oppewlaktetempePatuUl'17'1eting bij sahokgolfPefiektie~ 

de kalibrotiekonstante van de themometeY? eZechts zwak afhankelijk 

is van de e!>!nonsnt v in de PliilZatie ).. = A (T/T ) v. is ale argument 
-t:' o o'·· 

VOOl' de bPUikbaaPheid van de kalibrotiemethode i:tTe"levant. 

Saxena~ S.G.~ High Temp. Sci., 4 (1972) 51J. 

IV 

Bij de beetudel'ing van een fase-objekt dool' middeZ van een dif

feY?entiaalintePferometeP met Wollaston pl'iema 1s dient men zioh 

te pealisel'en dat het intel'fel'Bntiepatroon en de objektPUimte 

sleahts dan samen sahePp ku:nnen wor-den afgebeeZd indien het 

bron~unt ·~de tweede veZd"lens (hoZZe spiegel) in het.fase-objekt 

Zigt. 



v 

De door Merskiroh getntPoduceePde sahlie:roenintePfePometePJ waaPbij 

van sZeahte den in plaate van de geb'l'UikBUjke twee WoZZaston 

prisma 'a geb'l'Uik gemaakt wordtJ steZt hoge eisen aan de aoherentie

graad van de geb'l'Uikte tiahtbronJ en biedt derhaZve weinig nieuwe 

moge Ujkheden. 

MerzkirahJ W.F.J AIAA Journ.J 3 (19S5) 1974. 

VI 

Bet verdient aanbeveZing om ook op de Nederl.andse snel.wegen bij op

en afritten de tinker en rechter rijstrook door middeZ van een 

doo'I'(Je trokken s treep van e Zkaar te scheiden. 

VII 

ZoZang een scheidsrechter een speZsituatie via eigen waameming 

onmiddeUjk dient te beoordeZenJ kan de anaZyse van de betreffende 

speZsituatie via vertraagde teZevisiebeeZden beter achterwege 

ge Zaten worden. 

VIII 

Men toont meer respekt vooP zijn medemens dooP in zijn aanwezigheid 

het roken aahterwege te Zaten dan door het dragen van een stropifas. 




