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2 IMEEARY

& Trief descrivtion iz given of the model calibration
technicue, snd the erverumental data reduction employed at the ¥,FP.I. n
bhe dot ermlnatlon of hrest {rsnafer rates in a hypersonic shock tube.

Tstimates are made of the probable accuracy of such measurements, and
speciman caleulators and resulis are given,

1. Intreduction

At the present time thor: Le considerabhle interest in the
detocrmination of the heat transfor rates exporienced by vehicles
re-entaring the earith's atmosphers bt hyperson:c spesds, One

exverinental Tacility in which simulation of the re-enbtry problem is
poseible 1s the hypersonic shock tube?: but the duration of +he high
stagretion terperature hypersonic [low is only o the order of
100 microseoonds, and thus ury experimental ingtrumentation must have o
response time of the order of 1 microsccond or leas to enshle the details
off the {low to be invecest.znted,

The than "11m res.stance thermometer iz anp;nstrument with &
resgponse time conciderabhly less than C.1 microseco ond?, and Js ideally
sulted to the measurenent of branstent surlice temmerasturcs from which

the hect ftronsfer retes moy be decucud,

2, Momafacture of Heot Tronsfer Jruges

Thin f1lm resiztance themmometers moy be mode 1n various ways,
but in every cass a thin meitellic falm 1s upnlicd to on insuletor which
1is Muual¢y soda glass, nﬁr ¥ or cusrtz, o Sueh Uilms noy be applied by

vutterlnv) evaporationt or pa ¢nt1nrJ’ nnd Loaking on to the insulotor;
et the I, 7 L. the samplest techniove 1"s beon adepted, and paintzd Cilms
of Hanovin 05 Taquid Dright Zistinum™ ore used. The liguad, o cuspension
of pletimm and silver an oil of 1Mmender 15 applied bv hand with a emall
brush, air dricd, and subseguentiy boked, During the baking process the
u01¢ant evrporntos, dﬁﬁ a thin mvtal 1l is lclt on the model, Although
tre vnuformity of the [1ln thic mesns ard eico obtnaned by pointing is
mferior Lo that obtuired by Llhe othor metnols, ne pranled foims are
exceptionally robust, and -re greatly superzor 1o the other types for use

in/

Marmfactured by Honovia Products Lid., 52, ifipgh Helborn, Teondon, W,C.1,
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in shock tubes =2t high shock smeeds and high flow densities, With
practice, the pointed £1dms have very roproducible physical properties
At N7 L, we haove found that the meet dureble films are produccd when
the baking terperature of a well-ventilated oven i1s as near as possible
to lhe socftening point of the glass backing moterini, The temperntare
of the oven is increassed to o maxamum valus in cpproximotely 30 minutes,
and then held there for =n equsl time, TPyrex glass mod=ls are baked -t
£00°C, and sodn gloss models at ESOOL. The e¢lectrical leads to the
re31stance thermometer cre attached by using low-melting point
rlux~corel silver alloy solder®*, A tyvical shagnotion-point model is
shorn 1n Fap,1; the reszstonce of the element 1s sbout 50 obws,

Resistonce thermometers, by virtue of their exceptionally [ast
response time, mre excellent shock wove dciectors, =md arce the standard
mgtrument at I, P, 7, for ihis purpose, The output from esch gouge 1s
amplified, and triggers a hydrogen thyrotron which preduces o marier pilp
nlternatively the output of the pgauge moy be displayed dircetly. Thuse
'woll' resistonce thermomcters consist of a paanted falm sbort 4 mm x 0.5 mn
applicd to the cnd of o »yrex <less rod, which ig mounted with the end
flush wallh the well of tho saock tube., The f1lm 13 connected to the
current supply viz thick pointed leads® * qown the sides of the rod. The
rosistance of the thermomoter elemest 18 aboui 30 ohmg, and thnt of the
peinted leads effectively zero.

3. Thz Output of a Besiatonce Thermometor

The time taken t; for thermnl woves fo 1iftuse fhrouqh7thﬁ
Hain f1lm resistonce thermometer of typieal thickness 6 18 guven” by*

/ Py Op
"\ )

where 0p, Cp and I arc respectively the densaty, gpecific heat and
ﬁmrm*cmmwumuh'd‘ﬂm¢1h1mﬁmml Thus for ~ paintec ntatimum
film ol thickness 40" em the ¢.7fusion “ime tp 1s about 10 %° sect,
Sance the rmmnang time of the shock tube 1s much longer than thuis, the
tilm 18 ncting as o true surf-ce resistance thermomecter: the temperature
of the f1lm 1s uniform, and ecual to the ¢nntart neous gurtoce temperniure
of the backang mater:<l during bthe yunning; time of the mhobk tube, Tt moy
be noted thet the backang materinl need only be ﬁ mm thick in order to act
o8 a semi-infinite solid bert sink with respect to the tbhin £ilm resistance

thormeometer

L constont carrent 15 supuiicd to the resistance thormometer
of resigtrnee R, gluving o vol%ﬁge drop e a2cross tho 1lm. At the
N B, L. we ut&ﬂ&ufi’SC e agx 7.0V for o¢ll “Jilms, and usually
Ry ™~ 50 olrs ond Iy ~ 20 milliamperez. Under thesz cond.bilons the heating
I2 Ry ~ Q. 02 wutts/cm , vhercas the heat tronsier rates an the ruaning time
of +he shock tube arc ~ 1000 wvatts/cm®. Durins an experiment the

termeralare/

AL, P, 270 s1dver, M.P.179°C, 362 flux, Manufcotbured by
Multicore uOLhGTS Zkd,, Homcel Hampstood, Hertlordshize.

6k 1var pasts X 351 (Plux) X 353 (coat) Pror Joknson Matthey Itd,,
73-83 Hatton Gmrden, Londoiw

“For notation, sec Arpendix,

tThas 1s vely much shorter than the regsolyunz pover of amy currently
avoi1leble eleclionie recording egitizment,
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temperature rise of the {1lm appesrs as 2 voltape variotion across the

film, since the current flowing through the film 1s constant, Then the
voltege rise AE 13 given by

AE = IOARO,

where AR, = Ry a AL,

(1)

and a 15 the temperature coefficient of resistavity. The reguired
relataon between the surface heat transfer rate and the experimentally
determined temperature change of the film 1s obtained by solving the
classical one-dimensionsl heat conduction equation, with the appropriate
boundary conditions, Comprehensive problems are solved in Ref,6, and
ihe shock tube problem i1s treated in detail in Ref.2, The relevant
solutions are quoted below:-

Shock Tube: Constant Heat Transfer Rate &; Surface Temperature T

. 4,19 ¥ , VoeK E(t)
e ) -
2Br, a vt
24, t
AP (R ... (3)
V& pcK

Shock Tube: Non-~constant Heat Trensfer Rate
Surface Temperature T(t}

i) - ﬁ:ﬁi(i@){%ﬂfh e o]

(t);

<3

P Efo o vt o (JC"T)E
1 t q(r)
T(t) = _____m_f _____ ar . e (B
¥ VoeK Jo {t—T)§ ' @

In the above equations p, ¢ and X are respectively the densaty, specific
heat znd the thermal conductivity of the backing material. The experimental
result gives the voltage across the film ss a function of time, and thus we
can calculate the heat transfer rate & from (2) or (&), provaded the
x
tcalibration constant! ( e ) 1s known,
v peK

The use of equatzons (2) and (4) will be 1llustrated later
when the meanang of the integration varieble 7 will become clear.

We must next consider the determination ol the physical

properties of the resistonce thermometer; clearliy, the ‘calibration
a
congtant! ( r——— ) determines the gensitivity of the thin f1lm resisiance
v pek

thermometer, and 1t is apperent from cquation (2) that this guentity
should be as large as possible, This may be achieved by using pure
metals as resistance elements, and poeor conducters as the backing
meterial, The temperature coeficient of resgistance_, @ appropriate to
the bulk material i1s not achieved in very thin fllmSBJ » put there 1s
evidence to show that for a fi1lm which adhercs fzrmly to the backing
material the bulk properties (pck} of the insulator may be used with
good accuracy, Table 1 gives handbook values of &, VvocK and

o
( e for several cormon meterials, Leter we will nolte thot the
v ocK x
experimentally determined voalues of ( ———= > agree reasonably well waith
vpek

the/
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the tabulated volues. There is no apparent reason why the new cermets
should not be used as boacking moterials; indeed, their hagh thermal
conductivity (0,04 — 0,07 cal/em °C sec) may prove useful under the
extreme conditions encountercd at high shock speeds where giass models
appear to spall badly, and a new model 1s required for each run. The
o

value af(:—-—~:)for a cermet model would not be so unreasonably low lhat

VpcK
the sensitavity suffered,

4, The Calibration of a Resistance Thermometer

The ealibration 1s performed by applying a constant heat
troansfer rote to the thin {ilm resistance thermometer which 1s located
in one arm of a Wheatstone Bridge as illustrated in Fig. 2.

As the falm of resistance R, 1s heated by the discharge of
the capacitor C at a constent curren% I the power dissipated 1s
I2 R, watts 1n the £ilm, and an out-of-balance voltage appesrs across
the bridge, This 18 displayed on sn oscilloscope and photographed. In
the N,P, L. calibratron circuit shown in Fag.2, the capacitor C 1s
200 uF ond the time conslant of the discherge is approximetely 0.1 sec.
This 18 much greater (200 times) than the time intervel used to determine

o

( - \ - usually 500 microseconds - in order to preserve a iruly
Vock /

constant hest trangfer ratej, and therefore an exact simulation of the

conditions produced by thec shock tube, Tags. 2 and 3 show how each

model 18 colibrated by this tecnnicue. The oscilloscove record of

Fi1g,3(a) 18 enlerged ond traced as Fig, 3(c): photographs of the model and

o ruler under identical mognificctions appear in Fig.3(b). The srea of

the resistonce thermometer is deduced from planimeter measurements of

trocings of the model aren and the scole, The errors inveolved in the

determination of the element srea by this procedure are estimated ot

+55 from repeated measurementz of the same model {1lm by dafforent

operators,

Now equntion (2) shows that for n constant heat tronsfer rate
the voltage voriation with tame 1s parcbolic, hence o simple deducticn
from the oscilloscope trace of V(t§ against t (Fig.3(c)) gaves
V*{t) against + (Fig, 3(a)) which 18 always found to be o straight line,
The 1naitial trensients are seen to decay aofter 40— 50 microseconds,
Uith the bridge carcuit as shown in Fig.2, and noting thot K = R, = R,
we can easily show that the out-of-balance voltage 4V 1s given by

ov R, AR
. ey ... (6)
I, R, + &R, + Ry)
AV
- (B, + Ra)
Lo
whence MR, = ==mmmmmo———- . e (7)
AV
R, - -
To
15 B
Now § = =---2 cals/sec/com® ... (8)
Lo 19A
v
and. I, & memmmssemem e . ce (9)
[— R + _7)R -
R +R2+I“{—9 —————— }J
L° L oor

Further,/



Pucther, from (1) and (3)

vz Yock AR
LT = == ——-m - cals/sec/cr®, ... (10)
2 ok, vt

On rearrangsment (10} becomes with (8)

a AR L 19 R sec”
T T om®, Lol {11)
ViecK 2 TR: Yt cals
I; 18 found thet A&V 1s typically 1 volt , whlch 18 smoll compared vith
(8, + R,)
V ~ 250 volts, Then (7) becomes &Ry = - ( - ) ... (12)
I, \ R,
Finally, combining (11} and (12} 'ath (9) we get
o Adli 1WR— - AV r“(P +R ) R +2R,
ooz F [ “““““““ 1> -l -—-—————~——!|7R + 5y ( —————— ) ;l cm® sec‘2 cals™?,
v ocK 2 LVt R2R
aew (13)
4
Thus the bradge method obtauins the calabration constant ---- directly,
fs'a 3N

end there 1s no need 4o determine & by a separate experiment, unless
we wish to find the varzaiion of surface temperature T with taime.
Normally we are only concerned with the heat transfer rate ¢, UThe

o
values of ~~-- obtained at N,T.L, vary from 0,02 to 0,07 and agree with
¥ ocK

Le measurements of Ref,3 and the values in Toble . Any model which has
a v.lue outside this range 1s discarded: over 857 of all mo:iels Tall
vuthln the renge quoted. The verious quantities of equation (1J) mey be

as1ly measured to 1, with the exception of the g}_om ﬂV/x’t f‘rom the
redactzon of the 05011 loscope regord, In this value on ervor of *3¢ is
o
likely, and so the vealuss of ~---- are accurate to +55 overall, This
pck
has been checked by calibrating a given modcl scveral times 1n succession,

B Redvection of Ixperirental Deta

Before giving a worked example of the graphical integration of
equation (&), 1t 1s anstructive %o show that equation {4) reduces to
equation (2) Tor the special casc of a constant heat transfer rate, Such
& mpecial case is the parabola through the oripgin riven by

-?“'1—‘

g(r) = (%) (14)

|
Tl

Ve must note that the nomenclaturc of equaotion (L) means that we wish to
evaluate = polnt heat transfer rote &{t) a1 tmme t, whersas the
expermental result gives the voltage output E(7) as a function of tume
7. Thus equation (L) imolres that the point heat transfer rate #{t)
depends on the surlace tempcraturce at all times 7 less than 7 = £,

Iow/



Now (&) can be writlen

) 2(3(1), s B{t)-E(7)
q{t) = constant [ ————— ————— dr'} . vee (15)
VT Jo (4=7)%
and, usang (14}, we gev ‘ PR
1 T
tE 1 - - )6.1‘
) 1 ¢t £2
a(t) = constant{ 1 + - /’ ————————————— N, ... (16)
2do s 72
t2<~z - )2
t
- -~
ou(t) VR \ 19
where the constont § = ee-e- ( —— ) ——————— . (AT
Vi o b '“:.Ef
o
In {46) vut 7 = % 8.n”9, and perform the antesrntion, Then we have
(/2 a /2 RS2
(%) = C[‘l + ] dlsec 6) - | d{tan 0) +j d@}
Ele) JO o)
b
= C.-
2

B v e s - — ————

()%

2 o
L;fo
which 1s eguation (2),

Worked Fxamplc

Run 273 has becn chosen to 1liuscr te the data reduction mothod
used at the I,F. L, In Iun 273 a sicpnct_on point heat transfer rate
reagurenent was made using Model 26, The medel wos situated an the
straight chammel aboui 16 £t from the diapheasm of the N,T.I, 3 inch
Hypersonic Shock Twmel, ‘The inatial pressure p, 1n the channel was
3 mm o1 mercury and the shock Moch number Mg Just upsiream ol the
model was measurcd to bhe £.3. Full detzals of shock speed and
'rumning-tame ' measrenents, siamation point heat tronsfer measurcments
and a wall houndary layer mvoestipgation are gilven in other papers now in
prevaration,

(a) Constont heat transfer rote analva.s - licn, {2)

The oseillozcope record fig.h{a) 1s enlarsed and troced on
oraph paper os 1n F1g.4(b). The ordinates of Fix k(%) are squared, and
plotted zgainst the same abscissa in Fig,h(c)., The tame is measured
from the instont the shock woave sirakes the model; this 1s clearly
indicated on the oscilloscope trace (Fag,4{a)).

If the hect trorsler 1s const-nt &ring the running time of
the shock tube ~ an thas run the contoct sexrfooe arrives ot approx
165 nmzeroseconds after the shock wove - ¥igo.h{c) should be o straizht
line, This is indecd the cnse, cnd thus wn rorlvsis ol the instantaneous
heat transfer rates nt cny tme t -ro- 7 = 0 1o 165 microseconds
should give the some velue as this gons-oni hors froansicr analysis;
viz., 1.85 KEw/ecm®, from ecuation {2), vs.ng the mouci constants and the
experamentally determined nlope E/VE,

a4
%
o

t]

{0}/
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(b) Instentsrcous heat transfer rate anslysis - B-n, (4)

Tabie 2 shows how the calculstion s made of the point heat

transfer rate at a tame t = 150 microseconds in Fun 273, The quantity
E(t) - B(7)
{»E;----S%—n} has to be integrated graphically after 1t has been
- T
tebulated and plotted for all values of 7 between O and 7 = t

(= 150 microseconds in this case), 7he plotted curve is given in
Faig.4{d). Although the ordinate approsches the valne 0/0 as T — %,
it can be shown® that

and thus any errors in this graphical integration probably arise from the
region where 7 = t. Lt N.P.L. we adopt the wvrocedure shown in Pag.h(d)},
and draw a triasngle (shaded) vhose area 18 added to the area under the
curve, The curve 1s stopped short at the position 7 = 95%t 1n nost
cases, Equation (4) is then applied, and the irstantaneous heat transfer
rate deduced, TFour calculations were made for Run 273: the constant heat

transfer enalysis gave § = .65 Kw/er® and the instantaneous heat
transfer rate analysis gave
4 = 1.67 4,62 and 1.71 Kw/cnm®

at t = 50, 100 and 150 microseconds respectively,

Ervors made in the integraiilon are probably #107, but 1t shosld be noted
that equation (4) 1s relatively insensitive to the value of the integral
term; the term 2.0(t)/Y% 1s usually 2 or 3 Lunes the value of the
integral term.

Whert tracing the oscilloscope record, the operabor endeavours
to follow the centre of the trace; the errors induced by drawing two
separate curves at the extremities of the line width are shown in Flg.#(e).
It 18 clearly shown that these errors are not signilicant; the errors
arise from errors in the slope of the curve.

b. Summary of Experimental Trrors

o
(a) Determination of model constants ( ———— ) and Ares A,
, v pcK

These are both 54,
(b) Determination of the voltage drop across the {alm Efo-

This 18 certainly less than 1%,
(¢) Determination of the quentity E(£)}/Yt and the graphical integration.

Error in B{(t}AT 1s %37

Irror in integration 104,

Thus the probeble error in a value of 3 obtained from eguation (2) 1s

N 5 37 308
iJ<--_) () (L) -
100 100 100

The probable error in a value of & from ecuation (L) 1s

[ 1 2 5 z 7 2
ST (T (5T -
J 100 100 100

Thua/
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Thus the errors in the measurement of the heat transfer rates have been
evaluated, However, other errors occur in measuring the initial pressure
in the channel of' the shock tube, and the effective shock Mach number
applicable to the experiment, The channel pregssure is usually of the
order of a few mllimetres of mercury and the probable error is about

+5¢4, 1f allowance 1s made Tor any possible changes between reading the
Pressure and firing the shock tube, A ruch more serious error can arise
in the measurement of shock Mach number, A detailed investigation of
shock speed measurcments made in the 3" shoeck tube at N,7, L. will be
reported shortly; however, 1t 18 clear that the shock Mach number should
be measured at closely spaced intervals just upstream ol the model under
test and, even then, the cxtrapolation to the model may cause considerable
error. With the present limited number of instrumentation ports on the
N,P.I. 3" shock tube, it 1s considered that errors of %10 in the
‘effectave' shock Mach mumber could be made, These errors will apply
equally to heat transfer rate measurements 1n the unexpanded or expanded
flow of a hypersonic shock tube, snd they appesr as unccrtointies in the
rrecise value of the simulated flight velocity, In the expanded Tlow case,
further errors must srise from possible non-equilaibraum effects in the
nozzle flow processes (as yet undetermined), and from difficulties an

the determination of the Tlow Mach number end hence the simlated altitude
of the experiment, In an unexpanded flov experament, the erfective
altitude (i,e,, dengity) is knowvm *to the accuracy of measurement of the
inaitial chennel pressurc, but in the expansion 1t 1s probable that
simulated altitudes mey be 1n error by 1207,

"erelore 're believe the heal irensfer rate 1Lself to be in
error by 210, an unexvended or expanded shoc't tube IlOW’ “Put errors in
the 81nulated aliitude for a piven run will be dif'df crept in thc two cases
whalst errors in the simulated velocity will be the samc 1n both cases,
Thug we feel that hoat transier rate measurcments made at N, P, 1, to date
and stated as § Kw/em® at U fi/sec at h feet eltitude are subjectto
overall errors of +205 in the unexsended flow and ebout 405 1n the
expanced flow of the 3 3" N, B, L. hypersonzc shock tube,

7. Conclusions

A bricf description is given of the 1odel calibration techaique
and the cxperimental data reduction employed et the ML P, T, in the
detormination of heal transfer rates in shocl. tubes,

The probable accuracy of such measurercnts in the unexpanded
flow was cstimated at *20; and in the cxpanded Tlow at zh(, BSpecimen
calculations shoved that both the constant and instantaneous heat
transfer rate snalyses ;jave simllar results when apolied to a speecilie
run in the unexpanded flow where the hest transfer rate was lknown to be
consiant,
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AFPENDTY
Notolion
&, speed of sound ahead of incident shock
A ares of thin film resistence thermometer, sco cm
c copacity
¢ specific hoat o©al/gn. °C

voliage {shock fubc experiment’

h altatude, feel

I current, amp
K thermal conduetivaty cal/om. °C  sec
; e e : \

s, shocl Mach number = (vclocity of shock)/a,
Py iritial presszurc in chamnel of shock tube

R resistence, olns

. + o N 2

G heat transfer rate watis/cm

[}
L

terperahure, °C

t or T tine
U velocity f‘t/scc
V voltae {ecalibration procedure)
o temperatars coelficient of resistance (OC)'i
G thickness of filn

p gensity m/en’
L denotes gmall chonres in a quantity
Subseripls
( )o 1nttiel condrtions of film

( )p wefers to filr material

Takle 1
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Table 4

Handbook Properties of Tnin Tilr Resisbance Thermometers

(Trom Peferences 10 and 11)

: S o I')e L '“ Specific 7 Thermal -
; Insulating A8LLy Heat Conductzvaity _
Backing p c K VocK |
i Materisl
‘ gm Jcal _Lee o cals
: cm® gm °C cm °C sec o0 cm? sect® |
L L R, o o T A
. Soda glass 2, 59 0,161 G, 00172 0, 0266
. Pyrex 2,32 0,174 0., 00270 0, 0330 i
| Torcelnin 2,40 0. 260 0. 00250 0, 0395
" Quartz 2,65 0,170 0, 00352 0,0398 |
- - - - - — , o - —»—_"I—
| Temporature i o sec <
’ Cocfficient — ( _____ )
of’ ' Combination vYpcK \ cals
. Pilm Deslstance ; .
| Material o . A per 'L'}:n]:'b aﬁrea
| (°g)t Pintinur-Fyrex 0. 091
Lo — Lo o Platinuc-3cdn Flass 0,115
«D - : . A o - - - o - =
Slatimum 9,005 ' Fickel-Fyrex 0, 16l
AT L 0. 00k Nlckel:Soda Glass -D' 203 )
; o ) i . Gold-Pyrex 0. 103
Gold WO_'WO,OjL", _ ' Gold-Soda Glass 0,128
- Nickel 0. 0034 " Nichrome-Quartz 0. 00236
Nichrome 0, 000094,
(80-20)

Table 2/
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Table 2
Calevlotion of the Irstantencous Starmation-Point Heat Transfer
to Model 2 in Bun 2735 at t = 150 Microseconds
Fron Treace Fig. k(b)) E(t) = 79.9 miliivolts
a E(t)~E(7)
T B{ryxi0®  EB{£)-E(r)x10°  (4-7)3xA0° - T AN
(t-7)3
0 £0,2 59,7 1837 0, 032
2 22,8 57,1 1801 0,032
6 28,4 51,5 1728 0,030
8 30,4 L9.5 1692 0,029
10 31,3 1.8, 1 1656 0, 029
20 36,3 1.3, 4 1482 0. 029
30 50 39,9 1314 0, C30
LO 43,6 36,3 1154 0,031
50 43, 4 31,5 1000 0,032
60 53,2 2.7 853, 8 0, 034
70 56,7 22,2 715.5 0, 031
80 5.7 20,2 585.7 0, O34
90 61,3 18, 4 LEL, 8 0. 039
100 65 th 7 353, 6 0, 042
105 63 73,9 301.9 0, 044
110 68,3 1.6 253%,0 0, 046
115 71 8,9 207.1 C, 043
120 73 6,9 164, 3 0, 042
428 Th 5,7 125,0 0, 047
130 T, 2 5.7 89, 44 0,064
135 75 4,9 £8,09 0. 084
140 76,5 3.4 34, 62 0,108
L(t) 79,9
Trom Fag,4{b)} ===- = =-we = £,52 volis-sec units
vt V150
From Fig,i(d) Inteqral = 7,08 volts-sec units
Thus g(150) = Iodel constants x 13?;51 + Integral

3,57 Tw/om®

1§
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FIG.2.

SPECIMEN HEAT TRANSFER MODEL CALIBRATION SHEET
DATE 12/ 4 /58 | SURFACEAREA A| 0050 cm’
MODEL No 53 METHOD PHOTO+PLANIMETER
TYPE SPHERE CRO TEKTRONIX 545
SIZE 3/4 INCH PRE AMP 53/548
MATERIAL SODA GLASS V SENS I0OmMV/cm
SOURCE ENGLISH GLASSC?| H SENS 50uS/cm
SHOCK TUBE 3" FILM MATERIAL (05 HANOVIA
LOCATION N CALIBRATION FIRST
Y

I2 V VOLTS 250

— v

A4 ¢ uF 250
> Re 0 2,200
- R Q 200
7 R R=R, O 58
» R, N 89
4 R, METHOD Avo
= t
3 2, . T
av 4| 372 (Rgss+(no+t74) _n_s) Ro+s58) | a cm” sec
it v?3 1T 58 RZ WKpC cals
1-176 |0-238x10 |(600-4) [216:400,000 |0-00032 0:02

FROM
FIG.

3




(a)  CALIBRATION TRACE FOR MODEL 53
| . sousec/cm HORIZONTAL SCALE
1oOmV/ cm VERTICAL SCALE

(b) PHOTOGRAPH OF MODEL 53 AND
SCALE AT SAME fMAGNlF-"!CI.ATE-QN -
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Fig,4d.
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