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The flow through the two-dimensional nozzle of a hypersonic 
reflected shock tunnel was exemined experimentally. Sohlieren pictures 
taken with the aid of a Cranz-Schardin apparatus, show the start and 
development of the nozzle flow. Stagnation point heat-transfer records 
show the useful tunnel running time and pressure traces give the axial 
Mach number distribution along the nozzle. 

Finally the temperature was measured at two points along the 
nozzle usmg the line reversal method. These measurements were difficult 
to make and must he regarded as preliminary. 
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1. Introduc t Ion 

Stagnation temperature measurements spade at the nose of a body in a 
hypersonic wind tunnel using the S.L.R. method have suggested that 
vibrational freezing occurre d in the tunnel nozzle. Subsequent theoretical 
calculations2 using experimentally measured vibrational relaxation times 
confinned that in all practical hypersonic nozzles non-equilibrium flow will 
occur with the vibratIonal energy level freezing at an artiflcidly high level. 
A simple two-dimensional glass-sded nozzle was therefore desIgned and fitted 
to the N.P.L. 3 in. hypersonic shock tunnel so that reversal measurements 
could be made throughout the nozzle and test section. With helium driving 
rntmgen the tadoring incdent Mach number, Ms, is only 3.4 giving a 
reflected temperature of 1557%. Since this is rather low it was aecided to 
operate in the over-tallored condition at Ms1 = 4. Previous work3 had 

shown that steady reservoir conditions P = 290 p.s.i.a., T = 2100°K 
would then exist for the period. of 1 to 1.6 mS after shock reflection. 
Calculations showed that the frozen vibrational temperature would be 1950%. 

2. AJparatus 

2.1 The shock tunnel 

The shock tube and nozzle sre shown in Fig. 1. The 3 in. diameter 
tube has a 14 ft driver section separated from the 18 ft channel by an 
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unscribed aluminium diaphragm. The second diaphragm held at the nozzle 
throat by a clamping ring was of 0.00025 in. 9delinex". The 2 in. wide 
straight-sided nozzle has a divergence semi-angle of 15' and leads to a closed 
5 m. test section 2 ft long. The n?zzle throat, initially a 0.020 in. slit 
was later widened to 0.10 in. to raise the density level throughout the 
measuring srea. 

For normal operation the channel was evacuated and then filled with 
nitrogen to 100 mm Hg. The nozzle, test section and dump tank were evacuated 
to 40~ but cwing to leakage the pressure had risen to 150 - 200~ by the time 
the tunnel was fired. Bottled helium fed to the evacuated chamber burst the 
first diaphragm naturally, at around 455 p.s.i.a. The incident shock 
velocity was measured by feeding the signals from two thin film resistance 
thermometer gauges placed 1 ft apart near the end of the channel to a 
micrcseccnd counter chrcncmeter. 

2.2 Cranz-SchanIin equipment4 

The apparatus, designed by R. J. North at N.P.L. utilised five 
argon-stabilised sparks which could be fired consecutively at intervals from 
2lls upwards. The sequence was triggered from the second of the two thm film 
gauges mentxned above. The two mirrors used in the Schlieren arrangement 
were both 12 in. 111 diameter with focal lengths of IO and 20 ft respectively. 

2.3 Pressure measurements 

A quartz SIM Pi&6 transducer was mounted in the end of a 0.4 in. 
diameter tube 9 in. long mounted axially in the working section from a pedestal 
mount. The arrangement is shown in Fig. 1. The transducer was coupled via 
oil filled cable to an SUd PVl7 amplifier. The output signal was dzsplsysd 
cn a Tetrcnix 502 cscdlcsccpe and photographed using a Land Polaroid camera. 

The gauge was calibrated using a dead weight tester. The 
calibration curve was perfectly linear ever the range O-300 p.s.i.a. 

2.4 Stagnatlcn point heat-transfer rate 

A platinum thin film resistance ga,auge painted a-98 the end of a 
Pyrex rod was mounted in the same way as the pressure transducer. Signals 
were recorded direct and also after passage through an electronic analogue 
to give heat-transfer rates Immediately. Fzwsicn of the gauge caused by 
the salt and by alumtium particles from the first diaphragm prcved so severe 
that eventually the thin fdm was placed off centre. Erosion then virtually 
ceased. 

2.5 Line reversal equipment 

Previous very successful S.L.R. temperature measurements behind 
the lncdent and reflected shock waves are fully described in Refs. 3 and 5. 
The apparatus used there was taken ever, as was the method of intrcducing the 
salt. Wine solution was deposited on a warm coil tiich was subsequently 
placed in the side of the channel about 1 f't from the nozzle entrance. The 
channel was filled with nitrogen then a current of 5 amps passed through the 
coil. Thus ws~ sufficient to vaporise the salt and the resultant smoke was 
drawn through the tube when the channel was sucked dcwn to 100 mm of mercury. 
Despite the previous success, this method of introducing the salt proved 

rather/ 
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rather unreliable for measurements III the tunnel nozzle. It was impossible 
to control the salt concentration and for the maJority of runs the 
concentration was inadequate. Other methods of introducing the salt were 
attempted. Powdered salt was placed in the channel at various positions, 
powdered salt was rubbed on the end face of the channel, salt was heated in a 
Pyrex tube and the nitrogen drawn over the molten salt into the channel. 
In general all these attempts resulted in concentrations which were either SO 
low that the resulting signal was swamped by the photomultIplIer-background 
source noxe level, or so high that a false absorption sxgnal was recorded. 
Usable results were obtained by making sufficient TUTIS wxth the original 
heater coil technique for introducing the salt. 

In the few runs made using chromium csrbonyl the compound was 
introduced in powder form at the end of the channel. The chsnnel was 
evacuated and held for 30 seconds below 0.25 mm Hg, the vapour pressure of the 
compound.. The channel was then filled with nitrogen to 100 mm Hg. 

3. Results 

3.1 The nozzle startrng process 

Two possible wave patterns formed by the nozzle starting process 
have been discussed by Holder and Schultz 111 Ref. 6 and are sketched III Fig. 3. 
Although It was possible to evacuate the nozzle to 4.0 microns the leak rate 
was 50 microns per minute so that the tunnel was seldom started against a 
back pressure less than 150 - 200~. Under these conditions the flow pattern 
expected is that shown in Fig. 3b. 

To see how rapidly the nozzle started Schlieren pictures were taken 
at approximately 40 microsecond intervals after shock reflection from the 
nozzle entry, usmg the Cranz-Schdin equipment. With the origd 0.02 in. 
throat the density levels in the nozzle were so low that it was very difficult 
to see even the bow shock sround a blunt-ended cylinder mounted in the test 
sectlon. By widening the throat to 0.1 in. the density level was raised by a 
factor of five and Fig. 2 shows a sequence of Schlieren pictures taken during 
two tunnel-. On frames A and B the first (downstream facing) shock can be 
seen as a thrn convex black line. On picture B both shocks are clearly vxsible 
bracketing the nose of the model. Although the flow IS supersonic It is 
difficult to see a bow shock wave. However in the thud picture, C, the bow 
shook 1s clearly visible with the second starting shock Just upstream of It 
(flow region b, Fig. 3). In frame D the flow seems completely established 
wxth the bow shock wrapped sround the model. The oblique shocks springing 
from the nozzle wall change of slope at entry to the parallel test section, 
are more clearly vlslble in E. 

In most pictures of the nozzle starting process the upstream facing 
shock was the more clearly visible. From an analysis of 15 runs (75 frames) 
the passage of this rearmost shock was plotted and is shown in Fig. k The 
first shock was tracked photographically where possible and by measuring the 
delay on both pressure and heat-transfer records taken at various posltlons 
along the nozzle. These results are also shown in Fig. I+. The time interval 
between the two shocks passing the model station 1s only 20~6. However, the 
nozzle starting tune, defined as the interval between incident shock 
refleotlon at nozzle entry and arrival of the second stsrtlng shock at the 
model, is 15ObS. There is 

2 
further period required for the establuhment of 

steady flow around the model though when operating the tunnel in the 

wer-tailored/ 
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over-tailored oonditlon this is usually accomplished by the time the 
reservor pressure has reached a steady value. 

Extrapolation towards the ongin tiloates that the starting shocks 
must decelerate in the first 4 in. of nozzle expansion. The shock velocxty 
is sensibly constant over the rest of the nozzle and Fig. 4 suggests a speed= 
up once the parallel test section is entered. Using (I) wave speeds suggested 
by Fig. 4, (il) nozzle reservoir conditions, PS and Ts, measured previously, 
(111) the nozzle Mach number deduced from measured pitot pressures, (iv) the 
simple one-dimensional. representatxm of the starting process shown in Fxg. 3, 
(v) the fact that the nozzle back pressure into which the flow starts lies 
between 150 and 200~, then typical theoretxal gas flow propertIes have been 
calculated and listed on the figure. One point of interest emerges from the 
figures, namely, the variation of pitot pressure PO through the starting process. 
There is a large increase at the contact surface and a small decrease through 
the second shock. Thus the starting loads on any model in the working section 
will be similar to the steady value. The pitot pressure recorded is shown in 
Fig. 5. The trace IS poor because of the gauge "ringing" but during the first 
50~s it is possible to see a varution of PO that 1s similar 111 form, though 
not necessardy 2.n magnitude, to that suggested in Fig. 3. 

3.2 The useful rwnlng time 

After shock refleotxm from the end of the channel there are 
subsequent reflectIons from both the contact surface and from the tube face as 
shown in the theoretical x-t diagram of Fig. 6. In praotxe the contact 
surface broadens into a mixzng region and the reflected shock 1s re-reflected 
as a compression fan. Thus from p, upwards compressxm is accomplished 
gradually rather than ~fl dxcrete steps. Previous measurements3 had shown 
that the reservoir pressure reached a steady level between 1 and 2 mS after the 
first shock reflectIon and that during this period the temperature reached Its 
maxmum value of 2100'K. Fig. 7 compares the theoretxal and experunental 
pressure and temperature hlstorles. Both the reduction in Pa and the cl.zvp in 
temperature are probably due to attenuation of the reflected shock resulting 
from interaction with the boundary layer as ducussed in Ref. 6. It is 
important to note that whxlst the pressure subsequently rises close to the 
"equlllbrxum interface" value 6 7 the temperature does not mcrease. 2 In fact 
it decays at a rate of approximately 50°K per millisecond. ThlS throws SerlOUS 
doubt on the ability of the equilibrium mterface teohnlque for increasing 
the reservoir enthslpy as suggested in Ref. 7. 

For the purposes of SLR measurements the higher the temperature the 
greater the signs.1 to noise ratlo for any given degree of temperature mumatch. 
The 'useful' running tzme was therefore the period 0 to 2 mS whxch included two 
separate periods when the reservoir temperature and pressure were sensibly 
constant. Stagnation point transfer records taken m the nozzle also showed 
two 'steady' perx& wlthln the fu?st two mAllseconds of flow. Fig. 8 shows 
the stagnation pornt heat-transfer rate m the lower trace whxh was obtarned 
tiI;ectly from the surface temperature measurement m the upper trace using 
an electrical analogue. 

For other types of measurement it would no doubt be an advantage to 
use the longer cooler steady flow period that occurs later m the m between 
4 and 8 mS from the start. 

3.3/ 
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3.3 The pressure distribution along the nozzle axis 

The steady pitot pressure recorded (during the time interval l-2 mS 
described above) at various points along the axis of the nozzle is oompared 
with one-dimensional theory in Fig. IO. Both the fmzeng and equilibrium9 
pitot pressures were calculated and proved to be virtually identical if plotted 
against nozzle area ratio. Despite the fact that the real flow is neither 
one-dimensional nor inviscid the theory gives a reasonable picture of the 
pressure distribution along the nozzle. The difference between the calculated 
frozen and equilibrium static pressures amounted to 13% in the working section 
and in sny future investigation it would be worthwhile attempting to measure 
these pressures. 

At all stations along the nozzle the variation of pitot pressure 
with time is very similar to a scaled down reproduction of the reservoir 
pressure history. The ccrmparison is made in Fig. 9. The rapid decrease in 
pressure after 8 mS is caused by the reflected head of the expansion fan 
propagating through the nozzle. However, Sohlieren pictures taken 15 mS after 
the stat-t still show flow, by now muoh cooler and at lower pressure, fully 
established in the working section. 

3.4 Anslysls of the SLR results 

Measurements were attempted at two stations along the nozzle axis, 
namely, 7 in. and 15 IL from the throat. A double beam technique was used, 
each beam lying at 15' to the normal as shown in Fig. 1. Separate 
"Pointolite" background sources were employed. Owing to the difficulties of 
salt dxtribution the strength of signal varied greatly from run to run. 
Fig. lla shows the best trace obtained at the 7 in. station with both signals 
indicating emission relative to background source temperatures of 16C@K and 
1800°K. Extrapolating linearly the temperature history can be calculated and 
is shown in Fig. Ilb. As might be hoped it bears a striking resemblance to 
the reservoir temperature record which is included in the figure for comparison. 
The tentative conclusion is that at this position in the nozzle where the 
translational temperature IS approximately 300°K, the vibrational temperature is 
frozen at lYCW=K. 

Many of the signals recorded were too small to Justify interpolation 
or extrapolation but showed whether the gas was in absorption or emission. 
Fig. 12 collects the usable results and confirms the value of 1900'K given 
above. The smilar picture for the 15 in, statlon IS shown in Fig. 13. It 
was found impossible to obtain useful S~~J%LS if the mismatch between source 
temperature and gas temperature was less than 200°K. The only conclusion was 
that at this nozzle position the vibrational temperature lay between 1700 and 
ZIOC'K. 

The value of 1900°K [measured at the 7 in. station compares very 
favourably with the theoretical value of 1950°K calculated using Ref. 2. 

The theoretical distribution of vibrational te.nperature, shown in 
Fig. 14, demonstrates that freezing occurs Just downstream of the nozzle throat. 

4. Conclusions 

1. Electronically-excited sodium atoms hove a radiative lifetime of 
IO-' seconds which is very small in comparison with the nossle flow 

transit/ 
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transit tine. There is therefore no question of such atoms being 
convected downstream in a state dictated by the reservoir conditions. 

2. The vIbratIona energy of the gas freezes at a level similar to that 
predicted by a simple one-dimensional flow analysis. 

3. 'Be nozzle started in 15OpS against a back pressure of 2041. 
The starting shock system closely resembles the I-D model 
discussed. m Ref. 6. 

4. A much better method of introducing sodium atoms unto the nozzle 
flow is needed. If this could be found then it would be very 
interesting to alter the reservoir conditions and/or nozele 
geometry so that freezing occurred further downstream, within the 
glass-walled temperature measuring section. 
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6. Postscript 

Further work at N.P.L. by Lapworth and Townsend has shown the danger 
of radiation from the reservoir gas passing through the nozzle throat, 
scattering from the nozzle side walls and entering the photomultipller tube. 
It is clear that much more needs to be done before really reliable results for 
the distribution of vibrational temperature through a nozzle can be obtained. 

7. List of Symbols 

a 

P 

pO 

P 

T 

U 

U 

M 

Ms% 

x 

c 

t 

sound speed 

pressure 

pltot pressure 

density 

temperature 

flow velocity 

wave velocity 

Mach number 

Incident shock Mach number = 
USi /* 1 

&stance along the shook tube 

distance along the nozzle measured positive downstream from 
the throat 

time. 

For other notation and suffxes see Figs. 3, 6 and 7. 
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development of the nozzle flow m a two-dlmenslonal war% 
section. StagnatIon point heat-transfer anl pressure 
records show useful runrung tune and axzal Mach number 
dlstrlbutxm. 

Temperature was measured at two points using the line 
reversal method. The results lndxate that the 
vlbratlond energy freezes as theory suggests. 
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