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2

a Temperature coefficient of resistivity oy
Aecommodation coefficient

5 Thickness of thermal layer

AE Signal output of probe

] Orientation angle of the {ilm with respect to the
flow divection

A Shocik thickaess

A free path

p Density

o Coefficient of electrical resistivity

T Time expreszed in microseconds

o | Refers to the initlal conditions of the Blament,

9

just before the passage of the incident shock

1 Refers to the initial conditions of the test gas
2 Refers to the conditions in the region behind the

incident shock

5 Refers to the conditions behind the reflected shock
[ Refers to properties of the filament material
i Refers to properities of the film itseli

w Refers to properties of the wire or end wall



This paper reports the development and application of a small
heat transfer probe for studying rarefied gas flows. The probe, a
cylindrical non-conducting filament coated with a thin metallic film,
is an outgrowth of the conventional hot wire (more precissly called
a "eold wive' in shock tube applicationg). It has sufficient sensitivity
and time response to be applicable to the measurements of the profile
of moving shock waves in ghock tubes. In the current Investigation
the thin-film-coated filament has been used as a timing device to
study the propagation of shock waves very close to the end wall of
the shock tube.

It is cleav that in both of these applications the very short
time it takes a shock io pass over a fixed point (the shock

nassage time) creates severe instrumentation problems. In shock

.

ge of pressure these problems have
s0 far been insurmountable, but with the construction of the GALTIT
17-inch shock tube {Ref, 1), especially designed for operation at

very low pressures, shock thicknesses of up to 5 mm and passage
times of from 1 to b | sec can be obtalned. It is clear that this is a

major improvement.

The use of the cold wire in shock tube flows has been investigated
by . H, Christiansen {(Ref. 2) and the limitations and pogsibilities of
this probe were thoroughly considered by him. The cold wire is
distinguished by the fact that the interpretation of its signal presents no

2

important problems. Furthermore, it ig comparatively easily made

and does not require prohibitively cumbersome calibration procedures.



The sensitivity of the cold wire probe, however, is completely
£

4 by its diameter and the material from which it is made.

For measurements in the flow region behind 2 shock wave the

fika
%
xzvg
&

sensitivity of the col: probe is satiefactory, bul, as was pointed

out in reference 2, measurements of the profile of thick moving shock

raves by means of a cold wire may be hampered by lack of sensitivity

£3a

and time responge. Doth the smnall amplitude * of the signal produced
by the c¢old wire and the very short characteristic time of the
phenomenon way necessitate resivictively high elecironic araplification,
For that reason an attempt has besn made to develop a probe
similar to a cold wire but with increased sensitivity. The cold wizre
has been replaced by a fllament of about 5 mil diameter coated with a
very thin metallic film (100 - 500 A ). It will be shown that this
element possesses a2 higher sensitivity than the conventional wire for
times comparableto the shock passage tirne. This feature makes the
coated filament & very promising instrument not only for analysis of
the structure of a moving shock wave but alao for experiments
reguiring aceurate timing of the shock passage.

The purpose of the following secticn is to analyze the behavior
of a coated filament, to establish its seneitivity and to compare this
with the seneltivity obtained by a conventional cold wire. Furthermore,

5

a method is discussed which would allow separation of the variables

{ps ) in the moving shock by means of 3 simulianeous measurement
It is interesting to note that those 3 measurements can be carrvied out by

one single fllament coated with 3 independent films.

&

It is shown in reference 2 that the output of a cold wire probe in a
moving shock is %m%ﬁ&iy ndependent of the initial pressure.
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s
filaments

s

between the cold wire and the film-coated filament., The cold wire iz

operated in o can be

considered uniform over the crosg section {(Ref, £)., Therelore,
the signal ouiput of the cold wire is proportional to the average
temperature change throughout the complete wire

On the other hand, with a film-coated {ilament the vesisiance

element is formed by the thin {lm of conducting material which is

7Y
Govdedt

eposited {usually by means of evaporation) onto a non-conducting
filament {usually quarts or Pyrex). Thersefore, the signal output of
the filament probe will be proporiional to the temperature change of
this thin surface layer. It will be fmportant for the purposes of
analysis to operate the flament probe in such a way that oanly a small
shell near the surface is affecied by the heat transferred from the
fluid to the filament.

The fact that the output of the film gauge is related to the

surface temperature of the filament whereas the output of the cold wire

3

in determined

9 Y

by the temperature change of the wh

ng o

major difference in response between the two gauges, In this section
the temperature response of a flm-coated filament will be studied

2 5

and a compavison will be made with the conventional cold wire.

ole body, explaine the
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A, Temperature Hesponge of o Film-Coated ¥

The thin filin resistance thermometer iz & well known and
widely used instrument for transient heat transfer measurements,

An sxzcellent desexiption of this technigue with refervences fo the vast
literature on this subject can be found in references 3 and 4, For
nost conditions encountered in the shock tube one can consider the
body onto which the film is deposited, as a semi-infinite slab. It will
be shown here that the same assumnption remalus valid for a thin
filament over time intervals of the order of the shock passage time.

Consider the crogs section of a cylindrical Hlament of radivs
a, coated with a coaducting film of thicknesas A. HNeglecting the
{srnall) heat flux in the axial dirvection
and assuming uniform conditions in

the ge-direction, the sguation for

the heat conduction insgide the body

ig:
r oT . ) 2 (r ?-E‘-)
ot dr ar '’

with

aT

k=—| = 2
or E {2)
r=a

The equations being linear, it i suificient to know the response to

a step function of the heat influx ¢ per unit area and time., The



Yoy

gseries of Bessel funciions., Since the form of the solution does not give

a physical insight into the problem, an approximate solution wiil be
given using integral methods well known in the study of boundary layers,
This will clearly show the applicability of the results of the heat
conduction in a one-dimensional semi-infinite slab, and at the same
dme it will yvield a criterien for the limit of the validity of those
results.

Making the assumption that all heat which is gained by the
filarnent affects only a thin shell near the surface one can introduce a

penetration parameter § {t). In addition the Jollowing temperature

profile is agsumed

2

a - ¥ ’
T(r, =T+ [T () -TyTLL - ~—— ] (3)

1
£

whe re ’Ei"’%? ie the suriace temperature of the filament and 0 iz the
initial uniform temperature of the filament. Integrating equation 1

over the penetrated shell one cbtalns

a a
OT 4o . 2, OT
f TS dr = « / Y (r Br)dr {4)
a -58(t) a - §(t)

Intreducing ecuation 3 into eguation 4 one obiaing

2
2
d ) ag _ & dg _ 8T
a"t“ LTO (aé -"'2'-) + (T TO) ("‘g“” 12 )] - {a 6)T0 ar * aar' r=§§b
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This equation still contains the 2 unknowns §{t), T (t) which are
) % @

through the boundary conditions

oT 2K(T - Ty ;
Or Jr=a 8

]

a

Zu,t__i
2  a

(”gg - 2z ) g?é

Consider the case where §/a < 0U.1. Then b >>.8

i«s&%
squation 7 becomes

vorn equations 6 and 7 the surface temperature is given by

oo @ afekt g Wt

s "0 2k ~ T2k )
Thiz can be compared with the solution for the one-dimensional

heat conduction in 2 semi-infinite alab, where

©

[¢]
o
&
e
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It i uselul to compare ¢ with the shock passage time i:g
b & Lk

8 e =
& fi ) a E
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4 bl 3

where \ is the shock thickness and d is the tube diameter. Assuming
3 A4

WA
%4

B ow
Ea ?f 3

gon as test gas in the 17-inch shock tube 7 _= 1. 36 x 10

in Argon (M d is taken from Ref. 1). It is clear that foz these conditions

&

lament will behave as a semi-infinite slab during the

Shock Passage Time in Argon for p; = 30 pHg.
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In this section a comparison is made of the responses of a thin
matallic wire and of a coated filament to a step increase in the heat

fluem g. It will be shown that for measurement times of the order of

m

@m&»

the shock passage tlme the fllament has a befter reaponse than the
wire, Therefore, it seems to be the appropriate ingtrument with which
to analyse the shock structure or accuralely time the motion of a
moving shock wave., (& few of the latter type of measurement were

made by Chrizstiansen, {Ref, 2).)

In view of the intended experiments (analysis of the structure

ity

6f a2 moving shock and accurate timing of the reflected shock {vom the

end wall), the dlameter of either the wire or the filament must not

By

smesed a iraction of the

£

‘\ 3

Tgar

By

iree path in the gas ahead of the shock.

¥ this condition is satisfied the probes will oporate in the free~-molecule

&»
5 L
ot

egimme (Refs, 6 and 7). In free-molecule flow the heat influx ¢
iz unigquely determmined by the siate of the gas, local Mach number,
surince temperature and orientation of the suriace. Throughout this

comparison it will be assumed that the heat influx per unit arvea is

&
£3
“‘“2
wﬂ
oty

or both kinds of nrobe. Furthermore, since the sensitivity of
2 R ] 2 . ] ». aa kn) s
the cold wire probe Is proporiional to the combination 5 (Ref. 2)

and since this factor does not vary mwuch for the conventional wire

gw

materials, the comparisen will be made between a Platinum wire

&

{chosen as a repregentative wire) and a Platinum -coated quarty filament,

The following comparizon s carried out for the conditions occurring in

the 17-inch shock tubs.



7

The basic equation for the signal ouilput of a resistance gauge

fome
il
§§;~g

= Rla &7 (it is assumed that the gauge {s operalted at constant
current). In order to compare wirve with filament it is useful to

write &K in a different way,

A = /rw L @ AT

{r, w represent the resistance and the Joule heat dissipated per unit

length of the probe; L iz the length of the sensitive element Fach
& pr

2 »

ne of the f{actors &gg@%a ing in the expression for AY will now be

(%]

treated separately in order to illusirate the points of difference,

For the purposes of the comparison we will agssume that the preheat of
the slement is not large {that is, that the initiol element temperature
is not much above room temperature). This greatly simplifies the
analysis of gauge outpul but may turn out to be an unnecegsary

regtriction in practice.

a) AT: Temperature change of the sensitive element,

It should be noted that in the case of a wire AT vrepressnts
the average temperajure change of the complete wire, whereas in
the case of a filament 4T represents the change of the surface
temperature. Assuming no axial heat {low and uniform temperature

ovey the cross section of the wire, the temps

2

rature of the wire is

&

In section 1L, A it ie shown that for sufficiently short times



Pt
P

the filament bshaves as a semi-infinite body, and the surface

ey ety 10 20 0 o £ g : T uy
temperature is given by

2 ot

AT 2 - -

K Py %y

This gives for the gauges being compared

time in | sec. This ratio ig thme de

tirne behavior of the filin and wire temperature (Eq. 9), Fora 6.1
il wire the ratio becomes 1 for & tlme slightly larger than
1 baec.

b) x: Resistance per unit length,

% ° z 5 £ S . W gy " & -
For the wive this vesisgtance ia v = —— . FOT the filament,
uniformly coated over its entire suriace

g

B f
f“wd.bA

r

where & i3 the film thickness, By experience it was found that a

o
filzn thickness & s 100 A (based on the bulk coeificient of resistivity
ior the material used) ig 2 lower limit below which the properties of

the films are not reproducible {negative or zerc temperature

coefficient). In this case the ratio of the resistances per unit length



becomes
d2
A .
rw b

{assuming the same value for o ,and o0 _)
4

& o,

This ratio becomes squal to 1 for 0 = 0.1 and
A W

that the resistance per unit length on the fllament can be improved

considerably by coating a swmall portion of the contour of the
filament,
¢) a : Temperature coefficient of resistivity,

It is found in practice that for both thin wires and thia films

a iz well below the bulk value of the material vsed. For a number

of Pte-coated filamenis o was measured ovey wide temperature
rvanges; it remained constant for each fllament but appreciable
variation was found in successive samples. The measured o varied

from 0,001% ¢ 0. 0025 whereas the bulk coefficlent is 0. 0039,

1) Lo Length of the filament or wire,

he length of the sensitive element of the probes is determined
by either mechanical strength oy by conditions imposed by shock
curvature, shock tube dimensions, etc. By experience it was found
that the filaments could be made as long as 3/4'" without suffering

freguent breakage®, (I should be noted that the {ilaments break mainly

(Z"C}

ine top vibration of the needleg; the use oi stiffey needies would be &

E"&%n

definite improvement.) They were uot made any longer because this

W in %mg with 3 filaments in the tube as many as 20 consecuiive runs
were made without breaking any filament,



could introduce timing errors due to the shock curvature. The same
limitation holds for wires with enough mechanical streagth., For

&

thinner wires the length of the wire will have to be reduced accordinglys,

e) w: Joule heat dissipated per unit length,

asistance probe

5 and the probe

due to Joule heatlng is kept small. This tempevature difference can be
reduced by reducing the excitation current and thus the Joule heating.

Since this affects the signal output of the probe, it is important to know

o

the allowable Joule hentin g for a given temperature difference between

The Joule heat produced in the probe is carried away by 3
processes: convection to the gas, conduction to the supports and

radiation. Assuming small temperature differences between the

be counsidered separately and then be added.

For all applications one can assume the support temperature

b

equal to the gas temperature T, the equatlon of steady heat conduction

= -Izr[1+a(T—T1)]

ézﬁ@%m experiments in the 17-inch shock tube with 0. 01 mil Pi-Rh
wires have shown that lengths of aa@f@mm%@iy 1/20" may be used,
&i: ube pressures below 160 microns Hg.



geout
[toN

Py

In view of the small temperature difierences one can drop the term

a (T - T.) this leads to a parabolic temperature profile along the

Fwd

engitive element. The average temperature difference between this

element and the gas is then

& - S
— w L 34" ..
T -7 S oY W o=s - =T - T))
* :ﬁ - B 22 - 2
347k L,

e. 2) Convection from probe to surrouncing gas before a run,

As was pointed out before, the diameter of either probe is
mall compared to the mean {ree path in the surrounding gas, and

the heat convected to the gas can be calculated from the free-molecule

Here @ is the so-called accommodation coefiicient, assumed = 1.

For a typical case of 2

4 room temperature this

riven

i)

ol cal
crn sec

oy, expressing this in the form of an energy per unit length of



freed
s

1]

-4 o
d 10 - —
w (T Tl) cim sec

w
conv

ilation.

Since we have asgumed that the cold resistance thermometey

o

is operated with a small preheat, it is clear that the heat lost through

radiation can be neglected in most cases.
The allowable Joule heating per unit length of the probe can

%

then e written as

z(i‘-i}g +4) wa (T -1
L

= W + w
cond conv

where A is a constant depending on the state of the gas surroundiag
the probe, w hasz been computed for a few typical cases and s

rive

st

n in the following table together with the other factors appearing

(e

iz the eguation

AE =a./Jrw LaT



Comparison of
Piatis %&a;mm@amé if‘w

the Signal Output of a 5 mil Diameter

1 D =005 D =001
W k4
L1 1 1 2 10
4 W
BT 10 1 8.5 6.1
1 7 9 15
AT ST 10 1} 0.5 0.1
&b ¥
AE [AE 100 7 4.5 1.5
f w
The results are given as the ratio of the value of 2 factor computed

for a quartz filament (0 = 5 mil) ceated with Platinum {film thick-
ness: 100 A), to the value of the same factor computed for a wire

It should be noted that the ratio of the temperature changes is

time dependent due to the parabolic temperature respouse of the
filament. The ratic given in the table corvesponds to t= 1 psec
after the step in g is applied, The initial gas condition is: Argon
at 50 pHg and 300 K. This table clearly shows that the high
sensitivity of the film-coated filament stems from its long length
and large heat dissipation. It should be noted that for times ghorter
than 1 4 sec the relative gsensitivity of the film gauge becomes even
better due to the parabolic behavior of the film gauge vutput.

It iz concluded that for analysis of the structure of a moving



)

shock wave or accurate timing of this wave the filw pyobe seems to be

3

the appropriate lastrument., An actual comparison of the responses of

a wire and a flament is shown in Figure 1.2, The conditions are:

]
U
L)
<o
=
e
&)
&
i
5
ey
o
4]
i
=
L)
gw

Hyg and s 4, 16, The upper trace shows the output of a

1 resistance of 4. 4% and operated

under a constant curresnt of 9 The output of the filament probe

g

is displayed on the lower trace. The characteristic constante of the
filament are: diameter 5 mil; length, 3/4"; material, Pyrex coated with
Platinum; cold reslstance, 400 ohm, and 2 conastant cuy tof 8 ma,

The picture shows a definite superiority of the fllament probe
over the cold wire, especially for the first few microseconds. At

.

we in behavior

3

the same tlme it {llustrates the fundamental differex

A

between a wire and a flament, The ocutput of the wire is essentially

linear, whereas the cutput of the probe is nearly parabolic. (At

w2

this pressure the shock passage tirne should be only about 0.2 4 sec,

3

alf of & subdivision) on the picture.)

o

vhich corresponds to 1 mm {one
In addition to a higher sensitivity, the filin gauge shows one

more intevesting feature. As will be shown in the next section,

the film gauge allows separation of variables by 3 simultaneous

3

measurements which, in principle, can be carried out with one single

filarnent,



o, Concerning Heat Transfer to a Film-Coated Probe.
it was pointed out above that ior the intended measurernoenty

(%
&
o

e filarnent necessarily operates in the free-molecule flow regime.
The heat transfer in free-molecule flow has been treated by & number
of authors (Refs. 6 - 10), According to reference & the heat transier

per unit suriace avea and time is

3/2 T

a=Aa. f(s, 8) |1 -mn(s, 0) == (L1

r—]||—~3

amed Bl

o = jo g
Ty ° il
a = accommodation coefficient
T = static gas temperature
7 = gurface temperature of the filament
&
. Sl
8 = moleculary speed vatio 83 g
k4
8 = orientation of the surince with respett to the flow direction.

5,0 ) mainly represents the number density of the molecules
impinging on the unit surface. It is easily scen that this is a sirong
function of both & and 0 (mainly for moderate values of s as
encountered in the shock tube). Consider a flat plats perpendicular
to the flow direction. Under the assumption of free molecule flow the
front side of the plate will be hit by all molecules sxcept the ones

with & negative velocity component (the velocity considered here is
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The construction of the filament probe is similar to the

construction of a2 cold wire or hot wire probe except that the seunsitive

ey

slement is now a fllament of non-~conducting material, coated with a

thin fllr of conducting material. In this section some details of the

A1l filaments used in this work were drawn from either
guartz or Pyrex rods 3 mm in diameter. Those materials were chosen
for a number of reasons: ready availability, high softening temperatures®,
high tensile strength and favorable thermal properties, Although some
synthetic fibers have thermal properties much betler than those of

Guarts or Pyrex, no atlempt was made to use those fibers gince they

have a low softening temperature and poor strength. The Pyrex filaments

&

had the advantage of being more flexible than the quartz fllaments, It

g

was also found that the breakage of the filaments in the shock tube was
loweyr with Pyrex than with quartzs.

The cross seciion of many of the drawn filaments was checked
under a microscope and was found to be very circular., The fllament
o3 1 : $

dlameter is largely determined by the conditions for free-moleculs flow

evey the probe and -dimenpional heat conduction in the filament.
According to refevences & and 7 {ree-moleculs flow exists over the

Ao 2.5 (16)
e}

®* This is considered an lmporiant property since duzing the coating
process the filament heats up considerably due o its E&ig?ﬁ 1/4d ratio
and intense radiation emitted from the tungsten coll {c. f, below).
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of this work is to study the shock refllection for conditions which
ble the reflection of a plane shock from
an infinite wall. There is lit2le doubt that the influence of the side
walls of the tube on the center portion of the reflected shock wave
remmalns completely negligible while the shock wave {s less than

D

diameter from the end wall,

g
e
e
o
-3
&

inch shock tube this condition leaves a cylindrical
th which is free of side wall influence

and hence is uvseful for measuring the reflected shock speed, This
is illustrated in figure 4, showing the location of the probes and the
instantaneous positions of the center portion of the reflected shock
wave and of 2 sound wave emitied from the side wall at the instant of
arrival pof the incldent shock wave at the end wall., The relative

a

positions are shown at two instants, corresponding io the time when

“
2

the reflacted shoek wave g at distances of ' an

fan

&Y from the end

E%
[N
S

wall (3 = 4.0 is assun
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g 5% g N i SR o SR . - % PR T e PR Y Y En TT ey
B, On the Reflection of o Normal Shock Vave fromm a2 Plane Heat

Conducting Tnd Wall,

tranafer to the end wall are neglected,

}3»/
@
Gl

the velocity of the reflected shock {u,, .) is obtained from the condition
g ® ¢ {Ref, 23). For the case of a perfect gas the expression for the

reflected shock speed can be to the following simple form:

@.s.

£
m
£
o

. 20y - 1) M_ % (y - 3)

s (v+ hM

u in lab fixed coovdinates),
A pualitative estimate of the influence of the heat transier

to the end wall on the refllecied shock can be obiained from the

following simple model. It is well known that, even for moderately
strong shocks, the temperature T, of the gas behind the reflected

shoclk is mouch higher thap the initial gas temperature T, (for most
practical applications T 1 = temperature of the shock tube walla),
Hence, as soon as the shock veflects, a laver of hot gas adjacent to

the cool end wall will be formed. Heat will then flow irom the gas

to the wall and the temperature at the interface between gas and wall

T = w T. + T
i BW+ES 1 ﬁw+55 5

with 2 s W kpe

Since B >> P, the interface temperature will not differ much
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To obiain the last relation it has been assumed that the temperature

. . . » : " o . 2 e
behavior of conductivity has the form k ~ T . 1 5? is found to be a
@E@%’%{E?" v@,gﬁgﬁg funetion of 4 . ZQ@&E@@@ 21 clearly indicates that

@

2

the non-dimensional reflection curve is independent of the initial

party will be
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Wire

Filament

Fig. la. Comparison of the Responses of
a .01 mil Wire and a Pt-coated
Filament. Sweep speed 2 psec/cm,
vertical deflection 10 mv/cm.

Fig. 1.b. Response of an Improperly
Oriented Filament.
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Fig. 5. Schematic Model of Reflecting Shock.
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Fig. 6. x, t Diagram of Reflecting Shock.
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Fig. 8a. Typical Traces for Reflected Shock Measurements
p, = 50 pHg, M = 4.12. Sweep speed 5 psec/cm,

vertical deflection 2 mv/cm.
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Fig. 8b. Typical Set of Traces for Reflected Shock
Measurements P = 500 pHg, M = 4.05.
Sweep speed 5 usec/cm, vertical deflection
20 mv/cm.
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