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ABSTRACT 

The main uncertainty concerning the value of shock tunnels 
for research on hypersonic flow arises from the brevity of the 
useful test flow that they provide. The duration of this flow 
depends on the time during which the gas properties remain 
constant at entry to the expansion nozzle, and on the times re-
quired for establishing the flow through the nozzle and past 
the model under test. The present paper discusses recent Nation-
al Physical Laboratory research on these topics, and demonstrates 
that useful results can be achieved if the shock tunnel is 
suitably designed. 

FACILITIES AT THE NATIONAL PHYSICAL LABORATORY FOR RESEARCH ON 
HYPERSONIC FLOW 

The NFL High Speed Laboratory is concerned with fundamental 
research on most aspects of gasdynamics, and is equipped with 
ten wind tunnels operating at transonic and supersonic speeds, 
and a range of apparatus for studying problems of hypersonic 
or low density flow. In keeping with the fundamental charac-
ter of the work, the scale of the equipment is relatively small , 
as indicated in Tables 1 and 2. Referring to Table 1, there 
is to be one wind tunnel using air heated to avoid liquefaction 
at Mach numbers up to 7; and intended for routine aerodynamic 
research. A second tunnel is to operate continuously to higher 
temperatures, but the Mach number is limited to about 5*5 by 
the available pressure ratio of the compressor which was in-
stalled original 1 y for other purposes; the tunnel is intended 
for research on heat transfer and transpiration cooling. There 
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is also a helium tunnel, which is to be used mainly for research 
on boundary layers and slender configurations, and for studies 
of dynamic stability derivatives. The low density tunnel listed 
in Table 1 is driven by booster diffusion pumps of total speed 
23,000 litres per sec, and is described fully in Ref. 1. A 
small "Hotshot" tunnel has been built for research on the uni-
formity and properties of the test flow, and a large facility 
may be constructed if these tests give promising results. 

The leading dimensions and details of the shock tubes and 
shock tunnels that are at present in use at the NFL are set out 
in Table 2. The shock tubes are used for fundamental investi-
gations of high temperature gases, including work on their 
spectrographs (Ref. 2) and ionization (Ref. 3) properties, and 
on vibrational relaxation and dissociation rates. The shock 
tunnels are used for aerodynamic studies, and the present knowl-
edge of the testing conditions that they provide is next re-
viewed. 

No new principles are involved in the construction of the 
shock tunnels, and it will suffice to give a brief description 
of one of them which is illustrated in Figs. 1 to 3· The 6-
in. diam driving tube has a total length of 57·5 ft, with al-
ternative diaphragm positions giving higft pressure chamber 
lengths of 6 ft and I8 .5 ft. A telescopic joint allows the 
tube to recoil from the nozzle entry, which may be arranged for 
either "straight-through" or "reflected shock" operation. A 
system of hydraulic jacks rotates the diaphragm clamping rings, 
seen in Fig. 2, and automatically retracts the tube to allow 
insertion of the diaphragm. The conical nozzle is terminated 
in a l 6 in. or alternatively a 30-in. diam test section, and a 
large dump chamber is provided to reduce the equalization pres-
sure to 5 atm. An all mechanical pumping plant is provided 
which reduces the dump chamber pressure to about 1μ in approxi-
mately ^0 min. The cold hydrogen driver gas is supplied at 25Ο 
atm and compressed to 1000 atm, at which pressure it is stored 
in 12 cylinders with a total volume of 10 cu ft. The maximum 
driving pressure is limited to 75° atm in the 18.5-ft section, 
although the 6-ft section is stressed for 1000 atm. There are 
ten shock detector locations over the final 25 ft of the driver 
tube, and the customary facilities for measuring pressure at 
the nozzle entrance. 

THE FLOW PROVIDED BY A SHOCK TUNNEL 

In many laboratories, considerable effort has been devoted to 
research aimed at assessing the duration and properties of the 
test flow provided by shock tunnels. The useful duration of 
flow depends on the duration at entry to the expansion nozzle, 

514 



HYPERSONIC FLOW RESEARCH 

and on the losses of testing time associated with the expansion 
process in the nozzle, and in the establishment of steady flow 
past the model under test. The properties of the test flow de-
pend on such factors as the boundary layer growth in the nozzle 
and, at high stagnation enthalpies, the extent to which recom-
bination or deionization occur in equilibrium with the local 
temperature when the flow is expanded. These latter effects 
are, of course, not peculiar to the shock tunnel, but are en-
countered in most high enthalpy hypersonic facilities; they 
have been examined theoretically (Ref. k), and also by experi-
ments (Ref. 5) which suggest that equilibrium flow can be a-
chieved at high enthalpy provided that the operating pressure 
is sufficiently high. 

The variation of the flow properties with time has formed 
the subject of several investigations at the NPL. Early work 
was confined to shock tunnels of the straight-through type, be-
cause this method of operation has several advantages. Thus, 
the temperature and pressure of the air in the driving tube 
upstream of the nozzle entry are considerably below the total 
temperature and total pressure, so that nonequilibrium real-gas 
effects are reduced, and increased Reynolds numbers are achieved 
for a given safe working pressure in the driving tube. Also, 
the properties of the gas entering the nozzle can be computed 
with confidence from the measured velocity of the primary shock. 
Unfortunately, it was found (Ref. 6) that the loss of testing 
time arising from the presence of the expansion nozzle was often 
comparable to the duration of uniform flow at its entry, so that 
the useful testing time was extremely short. As in most other 
laboratories, recent NPL work has, accordingly, concentrated on 
reflected shock operation; after a brief account of the results 
of relevant theoretical studies, typical results will next be 
reviewed. 

THE FLOW DURATION IN A REFLECTED-SHOCK TUNNEL 

For reflected-shock operation, the end of the tube is closed, 
as sketched in Fig. k, apart from the small nozzle entry, and 
the primary shock is reflected in order to bring the flow and 
contact surface approximately to rest, apart from the small 
velocity required by continuity considerations to compensate 
for the mass flow into the nozzle. Provided that the conditions 
behind the reflected shock remain sufficiently uniform, the 
whole of the shock heated gas can then be used to supply the 
nozzle, in contrast to the straight-through shock tunnel where 
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most of it is wasted.3 in the by-pass system. The flow duration 
is, thereby, greatly increased (from t Q to t ? ) . 

The uniformity of the conditions at the nozzle entry may be 
affected by disturbances reflected from the contact surface 
after it meets the reflected primary shock, or by the arrival 
of the expansion wave originating at the primary diaphragm. 
The conditions may also be affected by the interaction of the 
reflected primary shock with the boundary layer on the wall of 
the tube, because this may affect the reflected shock velocity. 

Disturbances Reflected from the Contact Surface 

When the shock, reflected from the effectively closed end of 
the tube, strikes the contact surface, there will be a trans-
mitted shock and a reflected disturbance which may be either a 
shock or an expansion wave. Because the reflected disturbance 
will eventually reach the nozzle entry, it is important to 
understand the factors that influence its strength. Values 
computed (Ref. 7) by perfect-gas theory are shown in Fig. 5 £or 
hydrogen driving air, both initially at atmospheric temperature. 
It is seen that, for one value of the primary shock Mach number, 
the reflected disturbance is a Mach wave (i.e., the pressure 
ratio is unity). The potential importance of this condition in 
shock-tunnel operation was first suggested by Wittliff et al. 
(Ref. 8) , who referred to a contact surface arranged to produce 
no wave reflection as "tailored." Schlieren photographs (Ref. 
9) taken in a tube of 6 in. by 3-1/2 in. cross section, and il-
lustrating the motion of the reflected shock, and its interac-
tion with the boundary layer and the contact surface are repro-
duced in Fig. 6, and wave-speed camera records are reproduced 
in Fig. 7. As predicted by simple theory, the contact surface 
is brought effectively to rest at the tailored condition (M SI» 
6) , and no reflected disturbance can be detected. A pressure 
record measured near the reflecting wall, and reproduced in 
Fig. 8, shows that the pressure remains substantially constant 

3To reduce viscous effects on the motion of the primary shock, 
it is necessary to keep the ratio of the length to the diameter 
of the driving tube below a value of order 100. For straight-
through operation, the length of the tube must be large in order 
to provide adequate time between the arrival of the shock and 
contact surface, and the result is that the diameter of the 
driving tube cannot be very small. On the other hand, the 
nozzle area ratio is large for hypersonic operation, and, if 
the working-section diameter is of reasonable size, it follows 
that the diameter of the nozzle entry is small compared with 
that of the driving tube. Accordingly, it is necessary to by-
pass most of the shock heated gas in straight-througji operation. 

516 



HYPERSONIC FLOW RESEARCH 

until the arrival of the head of the expansion wave originating 
at the diaphragm. 

It appears from Fig. 5 that the pressure change associated 
with the disturbance reflected from the contact surface can be 
accepted only at shock Mach numbers very dose to the tailored 
value (e.g., 5»7<M s l<6 .3 , if the pressure is to be constant to 
+10 per cent with unheated hydrogen driving air ). It is also 
clear that if the flow duration (tj in Fig. ̂ r) is limited by 
the arrival of the reflected disturbance it will be little 
greater than for straight-through operation. At first sight, 
it appears, therefore, that reflected-shock operation has ad-
vantages only over a narrow range of shock Mach number, and 
this would be a severe limitation because adjustment of shock 
Mach number provides the means of varying the stagnation en-
thalpy of an experiment. 

This difficulty can be overcome (Ref. 8) by heating the driver 
gas in order to change the shock Mach number for tailoring. 
An alternative approacĥ " has, however, been studied at the NFL, 
in order to avoid possible difficulties in uniformly heating 
high pressure hydrogen, which is the most readily available 
driving gas in the United Kingdom. Here the strengths of suc-
cessive disturbances in the reflection process between the end 
of the tube and the contact surface have been studied (Refs. 
7 and 10) , in the hope that they will rapidly become weak. A 
typical calculated wave pattern is presented in Fig. 9 together 
with the associated pressure changes at the nozzle entry. It 
is seen that, after the first reflected disturbance, successive 
disturbances are relatively weak; the contact surface is brought 
effectively to rest, and the pressure rapidly approximates to 
the value P7 computed on the assumption that the flow behind 
the first transmitted shock is brought isentropically to rest. 
Calculations for other shock Mach numbers lead to similar con-
clusions . 

These results suggest that, if the time after the first re-
flected disturbance is used for test purposes, long running 
time can be achieved by reflected-shock operation even under 
conditions far removed from tailoring. Thus, referring to Fig. 
k, the duration of uniform conditions at the nozzle entry is t Q 

for "straight-through'Operation, t x if the uniform flow is ter-
minated by the first disturbance reflected from the contact sur-
face, t 2 if subsequent disturbances are negligible, and t$ if 
tailored conditions are achieved. As discussed in the fourth 

The authors are informed that this approach has also been 
investigated by the Cornell Aeronautical Laboratory who referred 
to the method as "equilibrium interface" operation. 
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section, the rate of movement of the contact surface towards 
the nozzle entry is determined on consideration of the contin-
uity of mass by the rate of flow into the nozzle throat, an ap-
proximate relationship between (or, with sufficient accuracy, 
t2 ) and t Q being for hydrogen driving air t^A0 >«0.8 A D / A T (Ref. 

7) , where the ratio of the cross-sectional area, A D , of the 
driving tube to that, A T , of the throat may be typically of 
order 100. The time before the arrival of the first reflected 
disturbance is not wasted, because it can be used in the estab-
lishment of the flow in the nozzle and past the model under 
test. 

Simple theory suggests that, after meeting the reflected 
shock, the contact surface moves initially towards the reflect-
ing wall for shock Mach numbers above tailoring and away from 
the wall for shock Mach numbers below tailoring (see Fig. 9)· 
The wave-speed camera photographs of Fig. 7 show that this be-
havior is observed in practice, and that subsequently the con-
tact surface is brought effectively to rest. No well-defined 
disturbances reflected from the contact surface are, however, 
visible in these photographs, although the pressure record5 re-
produced in Fig. 8 shows that the observed pressure near the 
reflecting wall follows the general trend predicted by simple 
theory. In these experiments the reflected disturbances appear, 
therefore, to be diffuse, which is not unexpected in view of 
the nature of the contact surface revealed by Fig. 6. It seems, 
however, that the nature of the reflections may depend on the 
cross-sectional shape and operating pressures of the driving 
tube because (see Ref. 7) they are more clearly defined in driv-
ing tubes of circular cross section working at the high pres-
sures that are typical of shock-tunnel practice. 

Pressure records measured near the end of the 6-in. shock 
tunnel are reproduced in Fig. 10 for shock Mach numbers of ^ .15 , 
6.0 and 8.69. The pressure transducer was located 6 in. from 
the reflecting wall, and the pressure0 rise p2i through the in-
cident shock is seen first, followed by the rise p 5 2 through 
the reflected shock. Subsequently, the pressure either falls 
(Fig. 10a), remains substantially constant (Fig. 10b), or rises 
(Fig. 10c) depending on whether the shock Mach number is below, 

^No pressure record is reproduced for M s l - k because the tube 
was designed for use at high shock Mach numbers, and, for low 
values, the pressures are subject to the effects of the head of 
the expansion wave from the diaphragm (see Ref. 9 and the per-
tinent subsection of the present paper) · 

DThe flow regions referred to are illustrated in Fig. 5> and 
the notation p b a is used to indicate the ratio of the pressure 
in a region b to that in a region a . 
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at, or above the tailored value as predicted by simple theory. 
Because the pressure p5 is ill defined in the pressure records, 
the comparison with theory shown in Fig. 11 has been made for 
the pressure ratio psi , and the agreement is seen to be gen-
erally good. The total variation of pressure during the run-
ning time t 2 is best illustrated by the pressure ratio p7 *8which 
is seen in Fig. 12 to be somewhat larger than the theoretical 
value at shock Mach numbers above the tailored conditions. It 
appears from this diagram that, if the pressure is to remain 
constant to+ 10 per cent, the maximum shock Mach number is re-
stricted to about 8 for unheated hydrogen driving air. 

In experiments where it is unnecessary to simulate high stag-
nation enthalpy, large Reynolds numbers can be achieved in re-
flected-shock operation by running the tube at low shock Mach 
number, and using the flow immediately after shock reflection 
to supply the nozzle. This is because the pressure p5 then ex-
ceeds the initial driver pressure, as is illustrated in Fig. 
13 where the theoretical pressure ratio P54 is plotted; for ex-
ample, if the tube is used at M s l =2.5, the value of P54 is ap-
proximately 2.2. The duration of condition 5 is, of course, 
usually limited to a relatively brief value by the arrival of 
the expansion wave reflected from the contact surface as shown, 
for example, in Fig. 10a. As shown in Figs. 1^ and 15, the 
observed driving pressure ratio for a given shock Mach number 
is in good agreement with theory in the 6 in. shock tube, and 
there is little shock attenuation, so that the predicted results 
can be achieved in practice. 

On the other hand, it has been shown that, for shock Mach 
numbers below tailoring, the pressure P5 exceeds the pressures 
p 8 or P7 used to supply the nozzle during equilibrium interface 
operation. It follows that, if the tube is designed to with-
stand pressure p5 , the Reynolds numbers of tests using equil-
ibrium interface operation at shock Mach numbers below tailor-
ing will be less than those obtained if the operation is tailored 
at these shock Mach numbers, or if the flow immediately after 
shock reflection is used for test purposes. 

The uniformity of pressure during equilibrium operation has 
been discussed previously, but it is also necessary to consider 
the temperature, since this will be affected by the wave reflec-
tions between the end of the tube and the contact surface. A 
series of temperature measurements using the sodium line re-
versal method is now in progress at the NEL. The conventional 
backing source for such measurements is a Pointolite which has 
a maximum temperature of 3000 K, and cannot, therefore, be used 
to provide measurements for shock Mach numbers greater than 5· 15· 
Preliminary results are included in Fig. l6 where the length of 
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the vertical line through the measured points represents the 
maximum temperature variation before the arrival of the expan-
sion wave from the diaphragn. It is seen that the temperature 
remains constant to within about±k per cent, but that the 
measured temperature levels are about 12 per cent above the 
theoretical values of T g . Further work is in hand to explain 
this discrepancy, and to extend the work to higher temperatures 
by using a carbon arc or water-stabilized arc as backing source. 

Interaction of the Reflected Shock with the Boundary Layer on 
the Wall of the Tube 

In this discussion viscous effects have been ignored whereas, 
in practice, the reflected shock is seen in Fig. 6 to interact 
with the boundary layer formed on the wall of the tube after 
the passage of the primary shock. If the velocity of the re-
flected shock is affected by the interaction, the conditions 
of the shock-heated gas used to supply the nozzle may not be 
constant. The problem has been studied in Refs. 9 and 11 for 
interactions with laminar boundary layers, and it is demonstrated 
that shock attenuation results soon after reflection, but that 
this is followed by reacceleration of the shock to approximately 
its theoretical velocity for inviscid flow. This feature is 
illustrated in Fig. 17 which compares the observed and calcu-
lated wave patterns for the flow depicted in Figs. 6 and 7. In 
spite of this variation of shock velocity, the pressure at the 
reflecting wall is seen in Fig. 8 to remain substantially con-
stant. Again, however, it seems probable that the cross-sec-
tional shape and operating pressure (i.e., Reynolds number) of 
the driving tube have important effects, because in tubes of 
circular cross section, such as the 2, 3 and 6-in. diam tubes at 
NPL, there is a pronounced decrease in pressure immediately 
after shock reflection which has been ascribed to attenuation 
of the reflected shock. This decrease is not apparent in such 
records as Fig. 10, because the transducer was 6 in. from the 
closed end of the tube, and the only evidence is a rounding of 
the corner of the trace. A record taken (Ref. 7) in the 3-in. 
diam tube at 0.5 in. from the reflecting wall is, however, re-
produced in Fig. l 8 , and here there is a marked decrease in 
pressure immediately after shock reflection, followed by the 
expected increase associated with the disturbance reflected 
from the contact surface. Moving the transducer to a distance 
of 12 in. from the end wall resulted in pressure records simi-
lar to those of Fig. 10 . 

If equilibrium interface operation is used, this pressure 
drop is unimportant, because the flow immediately after shock 
reflection is not used for test purposes, although, as remarked, 
it may be employed in establishing the flow in the nozzle and 
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past the model under test. 

Effects of the Expansion Wave Originating at the Diaphragm 

The limitation to the duration of quasi-uniform conditions at 
the reflecting wall associated with the arrival there of the 
reflected head of the expansion wave has already been noted in 
several of the pressure records reproduced in the present paper. 
In a shock tunnel of fixed proportions, the reflected head of 
the expansion wave will usually arrive at the reflecting sur-
face before the tail at low shock Mach numbers, whereas the 
tail will arrive first at high shock Mach numbers. This is il-
lustrated in Fig. 19 where measuredî and calculated values for 
the NPL 3-in. diam shock tunnel are reproduced. Results for 
two chamber lengths are included, and the effect on the uni-
formity of pressure at entry to the nozzle at low shock Mach 
number is illustrated in Fig. 20 where the duration of uniform 
pressure is increased from about 1 to about 7 millisec by doub-
ling the chamber length. This demonstrates the important point 
that it is necessary to have several alternative diagraphm sta-
tions if a shock tunnel is to be used efficiently over a range 
of shock Mach number. This point is further illustrated by 
Fig. 21 where the limitations to the duration of uniform condi-
tions imposed by various phenomena are plotted against shock 
Mach number (a scale of flight Mach number for simulation of 
stagnation specific enthalpy is appended). Three curves, or 
families of curves, are shown. A single curve (because the 
duration is expressed in terms of the channel length) represents 
the limitation associated with the arrival of the tail of the 
expansion, and a family of curves for various values of the 
ratio of chamber to channel lengths represents the limitation 
imposed by the arrival of the head of the expansion wave. A 
second family of curves for a range of values of the ratio of 
the diameter of the driving tube to that of the nozzle throat 
indicates the limitation associated with the arrival of the 
contact surface^ at the nozzle entry. The lower diagram in 
Fig. 21 shows the optimum value of the ratio of chamber to chan-
nel length for a driving tube of fixed overall length, and it 
is clear that the chamber should occupy most of the total length 
for low shock Mach numbers, but should be relatively short for 
high shock Mach numbers. 

The provision of means for changing the length of the chamber 

^No measurements are included for the tail of the expansion 
wave, because the associated pressure gradient is too small to 
permit its accurate detection. 
^Allowance has been made for viscous effects on the motion of 

the contact surface by the method described in Ref. 1 2 . 

521 



HYPERSONIC FLOW RESEARCH 

adds to the cost and complexity of a shock tunnel, and alterna-
tive methods for overcoming the limitations imposed by the ex-
pansion wave have accordingly been studied. In theory (Refs. 
8 and 1 3 ) , it is possible to eliminate the tail of the expan-
sion wave by inserting a nozzle near the diaphragm position in 
order to produce a steady expansion to the flow Mach number 
behind the contact surface. Experimental results for this ar-
rangement are reproduced in Fig. 22 for a shock Mach number 
that is sufficiently large for the tail of the expansion wave 
to reach the end of the tube before the reflected head. It is 
seen that, when the nozzle is absent, the pressure at the re-
flecting wall rises as expected after the arrival of the expan-
sion tail, but that this pressure rise is largely eliminated 
when the nozzle is present. Unfortunately, however, the initial 
pressure ratio required for the production of a given shock 
Mach number is greatly increased by the presence of the nozzle, 
as illustrated in Fig. 23. Attempts have also been made to 
suppress the reflection of the head of the expansion wave by 
the use of a partly open boundary at the end of the high pres-
sure chamber. This has, however, not yet proved successful, 
and, for the present, reliance is placed on the use of the al-
ternative diagraphm positions that are provided on all of the 
NPL shock tunnels. 

THE TIME REQUIRED TO ESTABLISH THE FLOW IN THE NOZZLE AND PAST 
THE MODEL UNDER TEST 

The useful testing time at the working section is determined 
not only by the duration of uniform conditions at the nozzle 
entry, but also by the time required for the flow in the nozzle 
and past the model under test to be established. When the gas 
expands in the nozzle, there will in general be an initial shock, 
and then a contact surface separating the gas initially in the 
nozzle from that initially in the driving tube. The gas from 
the driving tube will expand in the nozzle to a pressure that 
usually differs from that behind the initial shock passing 
through the nozzle, so that the contact surface is followed by 
a further wave, or system of waves, that restores equality of 
pressure. The time required for this disturbance system to pass 
through the nozzle and over the model cannot be used for test 
purposes, and is usually reduced by placing a light diaphragm 
near the nozzle entry, so that the initial pressures in the 
nozzle and driving tube can be different. In addition to this 
time, a further period may be required for the flow pattern 
near the model to become steady, especially after it has been 
subjected to the pressure variations of the system of distur-
bances created by the nozzle. 

Preliminary investigations of these aspects are discussed in 
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Refs · 10 and lk} where it is concluded that the time scale of 
the starting process is dominated by that of the wave system 
set up in the nozzle, and that considerations of factors like 
the diffusion time (Ref. 15) through the boundary layer of the 
model play only a secondary part. In this work attention was 
concentrated on the flow development past slender bodies, and 
further results are illustrated by Figs. 2^ and 25 which are 
schlieren photographs taken in the 6-in. shock tunnel for a 
flat plate of k in. span at zero incidence. 

For Fig. 2k the initial pressure in the nozzle and working 
section was 1μ of mercury, so that the Reynolds number of the 
initial flow is very low. In this case, however, the second 
wave formed in the nozzle must be a strong upstream-facing ex-
pansion as sketched in Fig. 27(a) in order to restore equality 
of pressure. When this passes over the model, the pressures 
and Reynolds numbers increase strongly, so that the observed 
development of the boundary layer from a very thick or sepa-
rated layer to the relatively thin steady profile is not unex-
pected. To enable the initial low pressure boundary layer to 
be visualized, the schlieren knife edge had to be parallel to 
the surface of the plate, so that the disturbance system from 
the nozzle is hardly visible. 

In the schlieren photographs of Fig. 25, the initial nozzle 
pressure was 100 μ of mercury, and it was possible to use a 
schlieren knife edge perpendicular to the plate for the first 
three photographs. The initial shock, contact surface and up-
stream-facing final shock are now visible, and are shown more 
clearly in Fig. 26; in view of the high initial pressure in the 
nozzle, the latter is required instead of an expansion wave to 
give equality of pressure as sketched in Fig. 27(b). When this 
second wave passes the model, the pressure would be expected to 
fall, but nevertheless, the model boundary layer appears to de-
velop from a thick towards a thin profile. The reason for this 
behavior is still being investigated, but it seems possible that 
the thick or separated layer may arise from the effects of the 
pressure rise to which it is subjected by the second shock. 
Thus, if one were to superpose a velocity equal and opposite to 
the shock velocity on the system, a situation would arise simi-
lar to that for a flat plate boundary layer in supersonic flow 
subjected to the effects of a stationary normal shock. In such 
a case, large upstream effects would be anticipated for laminar 
boundary layers from the results of research on the interaction 
between shock waves and boundary layers in steady flow. 

For both of the examples discussed, the heat transfer rate to 
the upper surface of the plate reaches a steady value within 
approximately 1 millisec, which agrees with the time observed 
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from the schlieren photographs for the achievement of steady 
boundary-layer thickness. This time is an appreciable part of 
the total duration of uniform conditions at the nozzle entry, 
but unless the shock Mach number is too high, leaves adequate 
time for measurements in a shock tunnel of reasonable propor-
tions . 
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Table 1 Hypersonic and low density tunnels at the 
National Haysical Laboratory 

Working 
section 

dimensions 

Range of 
Mach 
number 

Range of 
stagnation 
pressure 

Range of 
stagnation 

temperature 
Remarks 

Inches °K 

15 x 10* 0 to 7 1 to 15 atm 288 to 620 Intermittent 

6 χ 6
X 

1.5 to 5 .5 1 to 25 atm 288 to 720 Continuous 

5 dia. 5 to 20 50 to 120 atm 288 Helium 
tunnel 

7 dia.
+ 

0 to 8 20 to 100 μ 
of mercury at 
test section 

288 to 800* Continuous 
low density 
tunnel 

There is also a "Hotshot" tunnel with an 8-in, diam working sec-
tion, an arc chamber stressed to kOOO atm, and driven from a 
capacitor bank of 5 x Joules· 
^Geometrical diameter for M=2. 
ΓΑ plasma jet is available for the provision of higher tempera-
tures · 

xIn course of construction 
Table 2 Shock tubes and shock tunnels at the 

National Physical Laboratory 

Cross 
section of 

tube 

Overall 
length 
of tube 

Maximum 
driving 
pressure 

Cross section 
of expanded 

working section 

Inches Feet Atmospheres Inches 

6 dia. 57.5 1000 30 or l 6 dia. 

3 dia. k6.0 130 16 or 8 dia. 

2 dia. 21 .0 1 0 0 0
+ 

8 dia. 

6 by 3-5 1 8 . 0 5OO -
2 dia. lk.0 I 3 0 -
2 dia. 2 1 . 0 I30 -
2 dia. I3.O kO0^ -

A magnetically driven shock tube is being developed for research 
on magnetogasdynamics. 
+Can be operated as a gun tunnel by using a piston to separate 
the driving and driven gases. 
rThe1 hydrogen may be heated electrically to 300 C. 
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Fig. 2 NFL 6-in. shock tunnel showing alternative diaphragm 
positions in the driver and the recoil absorber (left). 

Fig. 3 NPL 6-in. shock tunnel working section (30-in. diam), 
nozzle entry and dump chamber. 
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Distance 

tQ Straight-through shock tunnel, limited by a r r i v a l of 

contact surface, 

tj Reflected-shock tunnel, limited by f i rs t disturbance 

reflected from contact surface, 

t j Limited by arr ival of contact surface assuming 

subsequent reflections weak, 

t. Limited by arr ival of contact surface assuming 

no reflections (^Tailored 

Fig. k Wave diagram for a reflected shock tunnel. 
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4 5 6 7 β 
Mach number of primary shock, M s, 

Fig. 5 Pressure ratio across the disturbance reflected from 
the contact surface. 
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p( . 1-5 mm Hg 

Time 
2 00 μ sec 

Full lines represent observed pressure, broken lines predictions 
of theory* and R.H. time of arrival of reflected head of 

expansion wove. 

Fig. 8 Typical pressure records near the reflecting wall of 
the 6 χ 3-I/2 in. shock tube. 

10 
(ο) χ - 1 dioqrom 

Shock or compression wave 
Expansion wave 
Contact surface 

Equilibrium pressure I 

to Pressure at 1 

closed end 
of tube 

2 0 25 χ feet 30 IOO % 

15 

2 0 0 

Fig. 9 Calculated x-t diagram and pressure variations for the 
tube closed at χ = 32 feet; Μ8χ 5 · 09> H 2 /air. 
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Fig. 10 Pressure behind reflected shock in 6-in. shock tunnel. 
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r 2-0 

4 5 6 7 8 9 

Fig. 1 2 Ratio of equilibrium pressure p̂  to pressure pg after 
first reflection from contact surface. 
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^THEORY H 2/ O I R 

• OBSERVED VALUES 

IO| ι ι ι 
7 

- I I I I I I 
1 0 

IFig. Ik Shock Mach number and diaphragm pressure ratios in 6-
in. shock tunnel. 

M ^THEORETICAL 

Ι-
Ο 

T - i 
Ο 

c 

r = 2: 

c 
i 

2» s φ : 

Γ r = 2: 

! 

c 

2μ S 
= ΖΠ : ζΐΕ 

Fig. 15 Attenuation of shock in 6-in. shock tunnel; the effect 
of accuracy+ 1̂ S limit of timing equipment shown. 
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4 0 0 0 . 

4 0 0 , 

Fig. 17 Comparison between observed and calculated wave motions 
in the 6x3-1/2 in. shock tubejMsl = 6j Ρι β7 ™ HgJH2/air. 
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Fig. 18 Decrease in pressure at end of 3-in. shock tunnel 
caused by deceleration of reflected shock vavs. 

Fig. 19 Time of arrival of expansion wave from the primary 
diapihragm at the end of the 3-i&- diam tube of total 
length k 6 ft. 
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Fig. 20 Pressure records in 3"in« shock tunnel showing effect 
of increasing driver length. 

(o) L ond l ' odjutted independently 
\ Diaphragm 

Flight Mach number 

Fig. 21 Limitations to the uniform conditions at the nozzle 
entry imposed by the arrival of the contact surface 
and the tail and reflected head of the expansion wave. 
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Fig. 22 Use of a steady expansion in a shock tube; area ratio 
A/A* appropriate to flow Mach number in region 3. 

5^1 



HYPERSONIC FLOW RESEARCH 



HYPERSONIC FLOW RESEARCH 

Fig. 24 Establishment of flow over 4-in. span flat plate in 
NFL 3~in · shock tunnel. Times shown are in μ secs from 
instant the primary shock passes the leading edge. 
Μ~ 7 · 8 ; Re/ft~8.85 χ 1θ5; dump chamber, 1 micron Hg . 
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Fig. 25 Establishment of flow over V-in. span flat plate in 
NPL 6-in. shock tunnel. Times shown are in μ secs from 
instant the primary shock passes the leading edge. 
M^7«5j Re/ft^2.66 χ 10^; dump chamber, 100 microns 
Hg . Schlieren knife edge was vertical in first three 
photographs. 
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Position of 
nozzle diaphragm Contact 

surface Shock 

(a) Low initial pressure in working section. 

Second Contact Initial 
shock \^ surface y/shock 

(b) High initial pressure in working section. 

Fig. 27 Possible wave patterns formed by the nozzle starting 
process. 
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