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SUMMARY

Resistance thermometers have been used in the measurement of
shock speeds and running times in the N,P.L. Hypersonic Shock Tunnel.
From sn analysis of the {irst 600 runs, a method has been devised which
enables the gasdynamic cperation of the shcck tunnel to be checked and
any irregularities discovered,

1. Introduction

Some notes on the construction and instrumentation of the
hypersonic shock tunnel at the National Physical Laboratory have been
given in Refs, 1 and 2, The present report describes the initial
experiments undertaken with this equipment and illustrates some
difficulties which were cncountered in the operation of the shock tunnel
and in the evaluation of the results.

2s Experimental Deteils

A schematic diagram of the present arrangement of the N,P.L.
hypersonic shock tummel is given in Fig,1. The high pressure chamber
is 2 £t 6 in, long, 3 in. internal and 8 in. external diameter stainless
steel, At present the maximum operating pressure has been restricted to
130 atmosphcres by available bottle storage pressure, In all runs to
date the driving gas has been unheated hydrogen, and the driven gas has
been undried air, The channel and intermediate chamber are constructed
from mild steel 3 in, internal and 4 in, external dilameter and are
respectively 18 and 14 feet in length., Provision is made for six pairs
of shock speed detector stations at positions along the channel denoted
by Ay, Ay, By, By weve.. Py, F,, The distances of these stations from
the main diaphragm are given in Fig,1. The nozzlc has an expansion
semi~-angle of 11 degrees, 25 minutes, and is made of cast iron with
replaceable mild steel nozzle lips at the inlet: the working section is
15% in, internal diameter and 8 feet in length, All detectors or
transducers mounted in the working section are denoted by M; Mg ¢eens.
for convenisnce,

After initial experiments1 with "light screens"h as shock-wave
detectors, it was decided to standardise resistance thermometers as our
shock~wave detection equipment,

Two difficulties arise with the light screen technique: Cfirstly,
it is insensitive when low-channel pressures are used, and secondly the
photomultiplier deteets the radiation from ionised gas behind the shock
wave before the shock weve passes the detector station, Some effort was
directed to this problem by ottempting better collimation of the light
screcn; however this technique was discarded in favour of the thin-film
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resistance thermometer mcthod. The procedurc adopted at N.P,L. in the
use of resistance thermometcrs for heat transfor work in shock tubes

has been described in Ref.3, and our methods of construction, calibration
and usc will not be described in the present report.

Thus our experimental investigation of shock speeds down the
channel of the shock tunncl begen with four 'wall-type! thin—film
resistance thermomcters in the positions lebellcd A,, By, E; and F, in
Fig.1. One further 'stagnation-point-type' resistance thermometer was
mounted in the expanded flow working scction: this is denoted by Wy
in the following discussion.

3. Runs 1 = 232

As the raw shock spced data was accumulated, it become
inercasingly obvious that either the shock wave was behaving in an
erratic manner as it travclled down the channel of the shock tumnel, or
the recording instrumentation was not functioning correctly. Moreover, a
disquieting feature of the cxperiments was the variation in the shock
speed over a given interval along the tube when the overall pressure ratio
and downstream pressure in the channel werc kept constant from run to run.
Such uncxpeeted results are well illustrated in Fig. 2 wherce the shock Mach
number MSEF over the distance EF  is plotted agoinst the theorctical
shock Mach number MSTH corresponding to the initial pressure ratio across
the disphragm (scc Ref.13 for the theoretical celculetions). For cxample,
at a diaphragm pressurc ratio corresponding to a thcorctical shock Mach
number of 10,0, the mcasurcd shock Mach number MSEF voricd from 7.3 to

13.8! PFurthermorc, in most runs one or other of the rcsistance
thermometer timing units failed to function. The very large experimental
scatter observed in Fig, 2 for mcasurcments of the shock velocity over a
distonce EF(= 1 foot) were not observed when the average shock speed
over a distance AF(= 19% feet) was comparcd to the thecoretical shock
speed as in Fig,3. However, considereble scatter is also present in
Fig.4 wherc MSAB iz plotted against MSTH' Such results indicate

strongly that the individual readings of shock specd over intervals of
onc foot (i,c., over AB tnd FEF) must be suspect; whilst it is
extremely likely that the gasdynamic operation of the shock tunncl is as
predicted theoretically from the results for the much longer distance AF.
These conclusions huve since been substantiated by experiments described
later in this report.

4. Runs 233 = 620

In Section 3 =sbovc, all cxperiments were carried out with
'uncclibrated! resistance thermometers., The method of calibration is
fully described in Ref,.3; here it is sufficient to note that the value
of the calibration constant for an individual resistance thermomecter
should be within the range 0,02 to 0,07.

When the 5 resistance thermometers which had becn used in all
runs up to No. 232 were calibratcd, it was found that two would not
calibrate (that is, they becamec opcn-circuited during the calibration
procedure) and onc other had a calibration constant outside the acceptable
range, Immediately it became clear that the most probable cause of our
experimental difficulties was the use of uncalibrated resistance
thermomcters. 411 runs from No. 233 onwards have becn made using
calibrated wall and stagnation point resistance thermomcters, and the
improvement in the reproduccability of results has been cextraordinary.,

No rcasonable explanation has been advanced to prove how or why
uncalibrated gauges arce so much inferior to models which have the ‘'correct!
value of the calibration constant; 1t can merely be rcported that this is
50.

In/
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In order to complete the investigation, an cxhaustive check
was made of the bandwidth, gain and rceponse to input signals for cach
resistance thermomctcr trigger amplificr, No modifications were found
neccssary in the electronic performance of these units, A brief
specification of these NPL-built units appears below and the corresponding
circuit diagram appcars s Fig.5. These units were designed for inputs of
not less than 5 millivolts to ensure that the final thyratron output is
triggered with negligible declay with respcet to the input pulsc. The gain
of such trigger amplifiers is between 1000 and 3000 and typical bandwidth
figures are

- 3dB at 11,5 Ke/s and 1 Mc/s, and
- 3B at 6.5 Ke/s and 2 Mc/s.

The pulse response of the amplifier was checked using a 10 mV 1 usec pulse
from o pulsc generator (Philips type GM 231L4), and the output + ve and - vo
trigrer pulses wore adjusted to be about 30 volts and of less than % usec
rise time., Thus they arc certain to operate counter chronometers
correctly,

4,1 The output from rcesistance theracnctors

From the many runs which have now been made using calibrated
rosistance thermometers we may derive a useful practical chart which
illustrates the cxpected output from a resistance thermometer for a given
shock Mach number, We may define two important quantities, AVJUMP and

A% ax These quantities are illustrated schematically in Fig.6(a) for

the two relevant cases of wall and stagnation point, ig.6(b) shows two
specimen experimental results of the series used in the reparation of
Fig.7. Tt should be noted that Fig,7 will apply to all shock tube
experiments using resistance thermometers made by painting3 Hanevia

05 Liquid Bright Flatinum on to glass models. If the standing voltage
across the film is different {rom the 1 volt used in the N,P.L. experiments,
the magnitudes of AVJUMP and AV o vwill be directly proportional to the

value of standing voltage across the film,

The magnitude of AVJUMP

transfer theory - sec, for cxample, Refs, 7 and 8, The instantaneous
jump of surface temperaturc AT is approximately given by

nay be calculated from classical heat

[ (veK),
AT = (Tz-Ti)J —————— oo (1)

where suffix , refers to the gas at high temperaturc and suffix 4, refers
to the backing material of the thin film resistance thermometer

(cog., glass). p, c and K are rcspectively the density, specific heat
snd thermal conductivity of the gas or backing matcrial. From the above
relation it is clear that the magnitude of AT (and hence AVJUMP) is

directly proportional to the square root of the density of the hot gas
behind the initial shock wave, Thus the experimental signals given in
Fig, 7 have been normslised to atmospheric density behind the incident shock
wave, For each tracc analysed, the density bchind the shock has been
calculated from the measurcd incident shock Mach number and the initial
channcl pressurc., The observed signal AVJUMP has been subsequently

multiplied by the square root of the ratio of atmospheric density to the
experimental density behind the shock. Now the jump in voltage AVJUMP
is rclated to the jump in temperature AT by

AN — 13 13 Y

AV = T MRS = IomoaAi = V,abT
where  is thz temperaturc coefficient of resistivity and V, is the
standing voltage across the film,

Now/
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T, (0cK),
Thus, according to our approximate theory

Ty (oK),
AV = V., T, ( - - 1> —————— . ...(2)
Ti

This equation may be rewritten as

T o) c;. K p.c.K
o= V.o, < 2. 1> } 22 ) 2 } 22 ’ 2822 ... (3)
T, po N o N Ky N (pcK),

where suffix  denotes atmospheric (room) conditions for air. The

Py Cp K, T, T,
guantities --; --, -- and -- <; -= > are known functions of the
4 Kq T, T

[e] c a
incident shock Macﬁ number MS and are available in tabular‘1 and
graphical11»12 forrm, The value of +VpoeoKg for room temperature aird

is 1,12 x 10* and V(pcK), for glass? is C,C31. We let T, = T, = 288°K
and take!O o = 0,00092 per °K. fThen if AV is mcasured in millivolts and
Vo, 1n volts we obtain, very nearly,

ov [, fo K, /T,
- J - = -3 -—— < —— e 1) . L ] (l{-)
Vo Pg Co KO Ty

For the experimental data prcsented in Fig.7, the initial channel pressure
was of the order of 5 = 10 millimetres of mercury and the right hand side
of equation (4) has been eveluated {or a constant pressure of C,01 ATM
(iee., 7.6 mm mercury).

This assumption enables us to plot a theoretical curve on
Fig.7. The agreement with experiment is fair, and the chart should prove
a useful guide to the expected signal level AVJUMP from a given wall

resistance thermomcter experiment. It should be noted that at shock Mach
numbers above 10, ionisation is present in the hot gas behind the incident
shock wave and consequently the signal from the resistance thermomcter is
affected; 'low' valucs of AVypp 8re occasionally observed, Further

details are given in Ref.b.

A similar theorctical curve may »e deduced for the value of
AV for a stagnation point resistance thermometer. In this case the
thermodynamic properties have been evaluated for a stagnation pressure
held constant at 10 atmospheres, In this case the theoretical curve
agrees very well with the experimental results,

If we return to Fig.6, the magnitude of AVMAX cannot be

calculated in a simple manner, and here we merely state that for stagnation
point work AVMAX is up to 5 times AVJUMP and for laminar boundary

layers 1% to 2 times AVﬁUMP’ whilst for turbulent wall boundary layers
AVMAX is up to 3 times AVJUMP' These expcerimental values should enable

oscilloscope sensitivities to be sct up in advance of any désired
experiment with reasonable expectation that the vertical deflection will
£ill the screen. rom the results given in Fig.7 we determined that the
magnitude of AVU"MP wes alweys greatver than 5mV (millivolts) except at
initial channel pressures less than 0,5 millimetres of mercury. This was
additional evidence to support the view that the electronic recording

apparatus/
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apparatus was satisfactory in operation. As a further check on this

point, a series of runs were made with very low initial channel pressures.
The outputs of resistance thermometers under these extreme conditions were
displayed on oscilloscopes and photographed, With a diaphragn pressure
ratio of 2 x 10°, a shock Mach number of 16 was produced when the initial
channel pressure was 0,04 mm of mercury and AVypm Was about 2 millivolts.
However, it was noted that when AVJUMP was below 2 millivolts the
operation of the trigger amplifiers became erratic, probably because the
input to the thyratron grid is not sufficiently large to ensure very rapid
firing of the thyratron.

L,2 Shock speed measurements

In the series of runs from 233 to 620, four calibrated wall type
resistance thermometers were placed at stations A,, By, B, and Fy, and a
further stagnation point type at Wg. In addition, two further wall
resistance thermometers were installed at B, and F,, diametrically
oprosite B, and F,. The outputs of these gauges were displayed on
oscilloscopes and photograrhed in each run, This addition to the data
ebtained from each run has proved invaluable.

The results of these runs are displayed in Figs., 8, 9, and 10
where the shock speeds over the distances AB, AF and EF respectively
are compared with the theoretical value for the experimental diaphragm
pressure ratio, The ordinate and abscissa of Figs. 8, 9, and 10 are twice
that of the corresponding Figs. 2, 3, and 4 for runs 1 to 232; this
emphasises that the scatter in the experimental results has been greatly
reduced. Fig.11 compares the shock Mach numbers as measured 13 ft
(MSAB) and 31 ft (MSEF) from the diaphragm; the shock attenuation is

clearly shovm to be about 105 for all values of shock Mach number. It
may be noted in passing that the value of MSTﬂ for the higher shock

speeds may be subject to a proportionately greater error than at the
lower shock speeds, This is due to difficulties in measuring the initial
channel pressure accurately when it is of the order of 0,1 millimetre of
mercury,

One criterion which may be applied to the evaluation of the gas
dynamic performance of the shock tube will now be described, The
measuring intervals AB, AF and EF arc 1 foot, 19,125 fecet and 1 foot
respectively and thus for no shock-wave attenuation the ratios

AR B BE AR
= TTs 7T and --
AB AB ERF ERF

should be 19,1255 17.125, 17.125 and 19,125 respectively, A simple
calculation shows that if the speed over AB 1is the theoretical speed
and if we postulate 10, attenuation between AB and EF, then the four
ratios above become 20,0, 17.9, 16,2 and 18.1 respectively. If 5o
attenuation is the case then the ratios are 19.5, 17.5, 16.6 and 18,6
respectively, As Fig,10 shows, the attcnuation observed at a distance
31 feet from the diaphragm is approximately 10%, Thus the majority of
all runs in this shock tunnel should exhibit the following feature; the
time ratios should be

LF AF BE BE

—— > M D sam > e

AB EF AR EF

This assumcs that the shock attenuation is about 10,5 and that the shock
velocity continuously decrcascs between AB ond EF, The latter point
is almost certainly satisfied since Fig, 9 shows the velocity over AF is

slower than theoretical,

1r/
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If the attenuation in a given run is greater than 104

AR BB
~— L -
Er AB

and if the attenuation is less than 10%

AR EE
-— > -,
ER AB
AR BE
Normally -- 1is approximately equal to --.
EF AB

This criterion has been applied to all runs after No. 233 and
found to be very satisfactory. More than 905 of all runs have time ratios
in agreement with the above inequality. PFurther useful data have been
obteined from the wall resistance thermometers B, and F, mentioned
above, As an example of the use of these instruments we may refer to the
experimental data collected into Table 1, These are a number of runs made
during an investigation of the starting process in the hypersonic nozzle
of the sheck tunncl, In these experiments a constant shock Mach number at
entry to the nozzle was desired; and the pressure ratio P, across the
diaphragn was chosen to give a shock Mach number of 10.0. The variations
of P, from run to run are given in Table 1, and it is scen that the shock
velocity over AB is approximately the theoretical value, whilst over
EF a 10 attenuation has occurrcd. The mean values of the results over
AB, BE, EF and AF are 87,7, 170€.3, 95,9 and 1888,7, whilst the stendard
deviations are 1.14, 13,6, 1,32 and 16,7 respectively. The two runs 317
and 322 have been left out of these average values since they do not
comply with the time ratio criterion developed above. Moreover, an
inspection of the wall resistance thermometer trace at B, for run 322
shows that it is very different from that for run 321 -~ a 'normal' trace¥,
repeatable from run to run. From rccords such as these in Fig,12, positive
proof’ can be obtained that the shock tunnel did not function correctly in
run 322. It is thercfore suggested thzt any run which does not conform
to the time ratio criterion and which also shows irregularities in the
wall resistance thermometer traces should be disregarded, Since over
90,5 of the runs made in the N,P,L. hypersonic shock tunnel are acceptable
on this basis, a good degree of confidence can be placed in the shock
speed measurements made with our calibrated films (runs 233 onwards), On
the other hand, less than 50,5 of the early runs (up to No.232) are
acceptable on the above basis and the results given in Pigs. 2, 3 and 4
should be viecwed with caution.

Future practice at N,P,L, will be to disregard any run which
shows these irrcgularities in shock speed and wall resistance thermometer
traces.

5. Running Time Measurements

We may define the running time of a shock tunncl as the time
interval between the passage of the primary shock wave and the passage of
the contact surface past a given measuring station along the channel.

Measurements of the running time of the shock tunnel have been
made from both wall and stagnstion point resistance thermometer records,
Details of the detection of the passaze of the contact surface from the

observed/
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*A detailed investigation of the effccts of ionisation on the output of

thin film resistance thermometers in high enthalpy shock tube flows is to be

reported in Ref, 5.
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observed oscilloscope trace are given in Ref,5; it is found that there
is reasonable agreement betwcen the running time as measurcd from
stagnation point records and from the corrcsponding wall traces., It
appcars that the most accurate indicaticn is obtzained from the stagnation
point rccords, Our results to date ave summarised in Figs, 13 and 1L,
Considerable scatter is to be expected in these results since the contact
surface postulated in idesal shock tube theory is actuslly a mixing region
which extends for several tube diamcters along the tube, Theoretical
calculations of rumning time using real gas theory~ are also nlotted in
Figs. 13 and 1L,

Channel pressures above and below 2 millimetres of mercury
have been plotted with different symbols; at very low channcl pressurcs
there is a shorter running time than that at the same shock Mach number
into a pressure of 5 or 10 millimetres of mercury., 1ig.15 shows this
clearly for two runs with nearly equal shock Mach numbers and channcl
pressurcs of 10 and 0.65 millimetres of mercury. The running time
decrcases catastrophically as the shock Mach number is increased and 1s
only 7 microscconds at a station 13 fect from the main diaphragn at a shock
Mach number of 16 into an initial chamncl pressure of 0,0k millimetres of
mercury.

Prom theoretical considerations the rumning time 31 {eet from
the diaphragn should be 31/13 times the running time 13 feet from the
diaphragm, An inspection of Pigs, 13 and 14 shows that this is not the
case and we may analyse the results in the Collowing mamncr, Firstly,
we decided on a 'working curve! of running time as a function of shock
Mach numbcr for each measuring station. For obvious rcasons we should
be conservative in the choice of this curve, so that the 'working value!
represents a near minimum value of the expected rumnning time. Normally
we would expect to get a slightly greater running time than this 'working
value',

Pigs. 13 and 14 show our proposcd working curves and the ratio
of' the running time T3 feot measurcd 31 feet {rom the main diaphragnm
to the running time 7 Pect measured 13 foet from the main diaphragm
has been derived from %gese'working curves, Two separate viewpoints are
of intercst: firstly the ratio for the samc shock Mach number at both
measuring stations (and hence diffcrent runs due to the shock attenuation)
and secondly the ratic for the same run (where MS will be avout
50 of g,
The rcsults illustrate that the rolation betwecn shock attenuation down
the channcl and thc essocizted variations in available running time is an
cxtremely complicated one and is capable of scveral interpretations., It
appears to the writer that the viewpoint adopted in ¥ig.16 is the most
relevant oncy it would therefore scem that there is an oplimum length of
channcl for every shock tunncl, For an increasc of channel length beyond
the optimum, a2 smzll increasc of running time would be achieved but
this occurs in zssociation with a considerable decreasc in shock Mach
number due to atitenuation,

). These two cases arc shown in Figs. 16 and 17 respectively.

e Conclusions

From an analysis of somc 600 runs in the N,P,L. hypersonic
shock tunncl, a procedurc has been deviscd to ensurc that non-repeatable
runs with strange featurcs arc rejected. It has been found that this
shock tunncl can produce extremely rcpeateble gasdynamic conditions from
run to run (as illustratcd in Tablc 1). The use of calibrated wall
resistance thermomcters as shock trismer timing detectors and as monitor
probes to study the flow is strongly recommended and has led to a
significant improvement in the quality and rolisbility ol the results
from thc shock tumncl,
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Table 1

Shock Speed Measurements in the
N, 7 L. Hypersonic fhock Tunnel

Time taken by shock

Diaphragnm between measuring stations
mmdo. RN W A
o 1 foot 474 feet 1 foot | 19% feet
oo, 6200 86 1695 9k 1875
290 6250 87 1698 96 1856
291 6100 86 1715 97 - 1898
292 6050 88 1708 96 1892
305 6205 86 1685 95  186F
306 6050 87 1698 95 1880
314 6250 . &7 1716 97 1900
315 6120 88 1723 97 1907
516 6130 58 1715 9% 1899
318 5995 88 170L 96 1887
319 6360 87 1700 9 1881
320 6360 87 1673 93 1853
321 - 6360 87 . 1695 95 1877
323 6360 88 1698 95 . 1881
i 6250 89 1710 95 1893
325 6300 89 1719 97 1905
326 6250 88 1707 97 1892
327 . 6300 88 1697 97 1882
328 6300 &8 1716 97 . 1901
329 6350 89 . 1709 96 189L
330 6050 89 . 1735 99 1925
334 6300 89 1727 97 . 1913
332 | 6350 87 1702 . 95 1884
M7 6100 75 1871 100 2048

22 6150 1 6l 1061 59 2026
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FIG. 6.
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