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The article describes some aerodynamic features of hypersonic speeds and how

& hypersoni¢ flight is 1nvestigated in wind tunnels and impact tubes by means
of models.
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THE FEATURES OF HYPERSQNIC spén% AERODYRAMICS

A continuous progress of supersonic aviation presents & serles of nsw pro-
blems associated with the flight of flying devices at high Ms, For in-
stance, to be sure that the range of the rocket will reach 10,000 i, the
speed must correspond to M= 20 (Ms are based on the sonio speed in strato-
sphere). For an Earth's satellite M should be about 25. It should be re-
minded that the meteors travel at M equal to frem 30 to 100. Thua, because
of the development of missiles, rockets, and the possibility of interplane-
tary communication the aerodynamics of hypersonic speeds acquire greater
and greater importance. T

A hypersonic flow possesses, & series of characteristic features which appear
at high Ms. To explain them, one shagld investigate the physical picture of
the streamlinea’of hypersonic flow around a body. It is known that the angle
of inclination of the shock and the angle of disturbances decrease with the
rise of M. Purthermore, at high Ms these angles are so small that the shocks
as well as the lines of disturbances strive to adjoin the surface of the body
over which the flow proceeds. It is possible to say that the shock becomes
almost perallel to the diréction of motion. In this case the region of dis-
turbances is very smell and can be compared with the region occupied by the
boundary layer.

For instance, if at M = 5 the angle of disturbances for a thin body is equal
to 11.54°, then at M = 10 this angle will be equal to 5,7° The calculations
show that at M = 10 the angle of inclination of the shock for a double-wedge
airfoil amounts to 8.2°%. ‘ s

In Fig 1 is shown the flow over & plate at very high M. Since the increase
of pressure outside the shock at high M by far exceeds the decrease of pres-
sure in the rarefied flow, omne can approximately assume that over the upper
surface of the plate is a vacuws., On the lower surface of the plate an-
oblique shock adjoins the plate very closely. Therefore the flow suown in
Fig. la excellently correspond with the flow about a plane plate shown in
Fig. 1b, which proceeds according to the Newton's theory of impact. Thus,
it was found that the Newton's theory vhich ylelds wrong results at low
apeeds, fits well for very high Ms, Presently, the so-called linear theory,
which is based on the assumption that bodies (wing fuselage) of small thick-
nesses at small angle of attack are treated, is widely used for practical
problems of supersonic aerodynamics. In such case the existing shock can be
.} replaced by a line of disturbances, For
instance, according to this theory

proportion to the angle of attack.

For a hypersonic flow the linear theory becomes useless. TI

planation of this can be given: this theory can be applied -only

maximum angle at which the flow is declined due to the presence of “the y
1 small in comparison with the angle of disturbance of the free—stream. Butl
in a hyperscaic flow the cone of disturbances is so ‘set that their angle can
be compared with the angle of inclination of the plate'!s nose. ST

- This leads to a fact that the cosfficient of the air pressure-becomes pro-
portional to the square of the local angle of attack. Hence, the linear
theory appears to be approximately correct only for small angles of attack, &

up to Ms between 4 and 5, F’f‘om Fig. 2 it ia seen that already at M };igt;oréu;b
: 3' .4

-t -
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than 3 the linearity of the graphs, representing the coefficients of the
1ift foroe of a plane plate, is distorted. In addition, it should be borm
in mind that according to the linear theory the aercdynamical coefficients
do not depend on the nature of ‘the gas and the character of the thermo-
dynamic process. However, at higher Ms the nature of the moving gas changes,

Due to a strong impact during the collision of molecules traveling at high
.speeds, thelr compound atoms start te vibrate respectively to their m '
position. Additional degrees of freedom will appearWhich:wvAlL: Yeed

to an increase of:spscific hea constant volume and to a decreass of the
154 to ] ' :

ratio K, from X =234 toK 3

As to the term 'hypersonic!" flow itself, the results of the linear theory
allow to set the conditjonal limits of this flow. At M greater than 5 it
can be;sm)zmed that VM = 12 M (for instance, at M= 5 YMS — 1 =

V35 =1 % 5),

This leads to a simplification of some known formulas of the 11ft force and
the head resistance of a double-wedge airfoil. It can be assumed that the
term "hypersonic" concerns Ms higher than 5,

The following law of similarity of hypersonic flow can be defined. If
bodies having similar forms, but a different relative thickness ¢, are
placed into a flow of a different M so that the paramster MC will remain
congtant, then the flow will be also similar, 1. 6., the sireamlines will
.be alike. This means that if a hypersonic flow is over the alrfoils whose
thickness and curvature are distributed identically while the angle of
attack is proportional to the relative thickness, then their asrodynamic
coefficients depend only on the criterion of 's‘ﬂnﬂa,r:ity Meo

To illustrate this law, an example is given,

Suppose that coefficients and cx of a symmetric airfoil with a thickness
By = 10% at an angle of attack o = 5°, tested at M = 5, are known. The
qﬁastion is: what will be the aerodynsmic coefficients of a geometrically
similar airfoil whose relative thickness &, = 5%, and to which M will they
correspord. Since there is a similarity, %he parameters of similarity
should be equal, i. e., MT] = MySp. It follows that Mp = 10; in addition,
the similarity of the airfolls will be at _% & B2 , i. e, &= 2,5
[- P
From the formulas for the coefficients it follows that

c c c
2 - b 4 2 .
_cy_z :( 2 2 0.25 2_ =" = 0,125,
cxl Lak

Thus, the criterion- of eimilarity by the aid of the known coefficients of
one airfoil pé;‘qtt{q"ui ‘leagily to determine the coefficients for similar
airfoils., For an ?mnqtra_t' lon, polars of various airfoils, computed for three
values of similarity parameter, are given in Fig. 3. .

Although the hypersonic theory of similarity is only an approximste one, it,
nevertheless, corresponds well with the experiment and allows to compute
the aerodynamic characteristics of the wings and the bodies of revolution,

An important distinctive feature of the hypersonic flow is the strong effect
of viscosity which leads to an essential interaction between ‘the boundary
layer and the shock wave. L
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Duging‘éﬁe inves* sation of a supersonic flow, a general approa!;:,h' can be
apflied-kith r card to the analysis of visgosity. We assume that the effect
of Yigor-v".t' concentrates in a thin layer'@fjoining the surface: of the body,

" the so-pe.ied bour lary layer, and that it can be determined as & correctiom-’
to a nonviscous flow. At small supersonic 'speeds the boundary layer and the
shook” wa.fb in the forward p.r% of the airfoil are located-far from each
other, o thet the effect of their interaction can.be neglected. It is
true that, in thi. case, the effect of the boundary layer shows up near the
irailing edgs, =ivte in this region the shock wave and the boundary layer
may be the cause o the geparation of the flow. This occurs because the
incredsed prassure behind the tail shock Py, being unable to propagate
forward (at supersouic speeds the: disturbances do not spread forytb.‘rd),

. pengtrates into region BDC (Fig. 4) through the subsonic part of the
boundary layer. fhe raised pressure in this region causes a separation
vhich prevents a further expansion of the flow, and thus, the presgure in
the region BDC appears to be greater than the theoretical calculationg
would show. This is clearly seen from the curvea representing the distri-
bution of the pressure. From Fig. 5 it is seen that the theory and the
experiment coincide well in the forward part of the airfoil; they differ
only in the rear part of the airfoil-in the region of an increased pressure
{decrease in rarefaction).

A different picture appears at hypersonic speeds. Firstly, the boundary
layer behind a strong head shock wave over a very thin airfoil has a larger
thickness as compared to that of the body over which the flow praceeds.

The fact is that the shock wave at high supersonic speeds adjoins the sur-
face of the airfoil so clogely that the entire region between the surface
and the shcck wave should be considered as a region of viscous flow. Con-
sequently, when the parameters of a shock wave are being determined, the
effect of viscosity should be considored, and when the friction on the sur-
face of the plate is being evaluated, the effect of the shock must be es-
pecially taken into acuount.

Thus the flow in a bound:.vy layer strongly affects the stream in the region
between the ocuter surfacs of the boundary layer and the shock wave. For
instance,.neaz-the noss of the plate the boundary layer has a blg curvature
id':ich\g; An tuin,: bends the haed sbiock. Disregard of viscosity would lead to
a‘ﬁj@;ﬁ;ﬁg}h&re the shock weitld appear as rectilinear. Because of this,
the region ‘of the boundary layer and the region between the shock and the
outer surface of the bouniary leyer cannot be investigated separately, since
their interaction must be tskesn into account.

If, for insiauce, oné wiil,“examine the flow around a plane plate at hyper-
sonic speed; then the entire field of the flow, disturbed because of the
presence of ihe plate, can te divided into three regions (Fige 6).

strong. L . .
From the nose of. this-plEUEHN - shock wave appears; at
the ncse of the plate i & ' is big, afterwards it
sharply decreases and, for instance, at high M the shock wave looks like
drifting along the plates A region of undisturbed stream is above the
shock wave, T :
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Finally, between the shock wave and the outer torder of the boundary layer
18 a small region of the flow in which the effect of viscoslity can be
neglected; across this flow a big change in pressure and density can be
observed. ' .

Owing to that the boundary leyer thickens, the shock wave 'at the leading
edge has a curvilinear form. 4s a result of this, the pressure along the
plate- 15 not constant and can be higher than that of the surroundings.
Furthermore, this excess of pressure depends on M and Re (Reynolds num-
ber - & dimensionless magnitude defined by the ratio of the inertia forces
and the viscosity forces in the flow)s For instance, at M=5.8 and a
distance of 0.63 cm from the leading edge the pressure incresses by 70%.
The increase of the thickness of the boundary layer can be characterized
by the following: at M = 7 the thickness of the boundary layer is 10 times
greater than at M = 1 at the same Re (Reymolds). At great distances from
the leading edge the shock wave and the boundary layer drift apart by a
considerable distance so that statically the pressure does not change any
mOTree

It was already shown (Fig. 5) that the boundary layer at low ‘supersonic
speeds (and also at subsonic) affects the distribution of pressure, first
of all, in the tail part of the body. At hypersonic speeds the thickening
of the boundary layer bacomes so considerable that it provokes an essential
change in the distriltution of pressure over the nose part of the airfoil.
At the same time the usual occurences of seperation in the tail part of the
body may atill happen. C——

The rise of pressure leads to a situation that the surface friction becomes
higher than it would be according to the theory of the boundary layer in
supersonic flow, The rezistauce coefficient of the laminar friction Cp
decreases with the rise of M vhen the interaction is not taken into account,
and it increases at hypersonic speads when the intsraction is taken into
account (Fig. 7)o

In addition, at low supersonic speeds (up to M = 3) the coefficient &p
does not depend on Re, while at hypersonic speeds it essentially depends
on Re.

For characterization of the mutual interaction of. the:boundary layer and the
shock wave the idea of,"the distance.of interaction" 1§ introduced, which is
expressed as a ratio o _where X, is the diastance from the noss to the point

I S

where the shock ¥ o) ﬁtﬁl}into disturbance wave, and L is the chord

of the body™(Mgs 6). From the graph in Fig. 8 it follows that for a given

Re the effect of the shock propagates ferther downstream when M is higher,

A special importance acquires the effect of the temperature at hypersonic
speeds. A considerable 4ncrease of temperature along the head shock leads

to a large altérnate heatitransfer to the body over which the flow proceeds,

oLy WL AR
This also affects the flow close to the surface of the body.

Thus, behind the shock and along the boundary layer the temperature may become
8o high that the chemical features of the gas may change. This loads to a
breach in the static .equilibrium betwsen different kinds of internal energy
of the gass -
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- Indeed, if ‘the Jbamgeratnz"e of the gas after crossing the shock is suffi-
cient to cause some . ditional degrees of freedom of molecules, then &
dissociation of gas May happen, 1. e., a change in the chemical compound
will occur as & result of disintegration of its molecules into more sim-
ple molecules or atoms. '

A still higher tepperature may cause the ionization of molecules. A
change in the structure of gas cvanm be seen during the tests of models onm
ballistic installations or by free £iring. So, for instance, by firing
a ball in Xemon)at M higher than 10 one could see the ionization of Xenon.
During another experiment, when a steel ball, 13.5 mn in diaméter, was
fired into e reservoir filled with Freon at a speed corresponding to
M = 9,27, the disintegration of Freon was clearly seen. It shows how
important is the- problem assogiated with the investigation of the chemical
‘featurgs gf gas near the shock waveo

3
The effect of additional degrees of freedom of intermolecular motion on the
Peatures of gas depends on the temperature and the pressure and varies with
the altitude. .

<

retardanion LOI' > Stk
at different altitudes. The'diagram-of an-ddeal gas (parsbolic law of the
temperature rise with the rise of M) does not reflect the real features of
a resl gas at high temperatures. So, for instsnce, at M = 10 an ideal gas
shows a temperature of retardation equal to 4700° K, while a real gas de-
-pending on the altitude has considerably lover temperature of retardation.

3

. 1,-,: weoo b ,R, P T R ;::3;}‘:.‘,.' . t
In Fig. 9 is shown the tempeFature ofiretardatl u;tor.ﬂ;ggg;gg_;!om?j; .

Presently, several metho qg.:} geqni.ring 8 hypersonic flow can be recommended.

To the first method beloné & ballistic installation and s free firing. Here
the models are tested on ballistic installations which catapult the models
into motionless air at high spesds.

Recently, the installetions for free firing have been also used. As an
example, a cannon which can provide a speed up to 20,000 kilometers per hour
can be taken. The cannon may also fire into a tank in which the pressure
-of the gas or the air is variable, thus creating the conditions of necessary
pressure or altitude. The firing can be alsoidons Yy. & high-speed cannon
into a supersonic stream generated by & apec %)"pipe;, In this way the cannon
can fire the models in free-flight at Ms o “'tha order of 20 and more.

s £0 ‘Tédording of time, it is possible to photo-
graph the st en'e tof one ten-millionth of a second. Although

such carmnons creats TkeDoas a real flight and real temperature,
nevertheless measurement of aerodynamic for: tl;ﬁxg_ml;i:k.;_in Jballistic
installations, is rather difficul o ? 3 .

Striving to approach the real conditim wi¥o=ca

o rocket "vehicle" had to be developed. This is a special railroad path of
3-7 ¥m length with some auxiliary mechanlsms. Vehicles of the present de-
signs can reach a speed up to 1500 n/sec, while the acceleration rises up to
100 g. :

_V ‘——“_-"‘_—‘-—_—__—_- . :, P ry
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Recently, investigating the hypersonic flow impact pipes were ueed, usually
designated for the study of explosions (primarily atomic explosions), since
the wind tunnels do not provide results comparable to those reached under
conditions of a free flight. The most important problem assoclated with

a wind tunnel is the sharp drop of temperature between the receiver and

the working part, which is the result of the expansion of the gas at high M.

If the air is delivered at a normal temperature (for instance, at To = 300%K),
then the air temperature in the working part at M= 5 and M = 10 will de-
crease up ta 50°K and 14.5°K, respectively. At an atmospheric pressure the
temperature of liquefaction of the air is 789K. It means that in cases

under consideration a condensation will oceur. To prevent such phenomenon
the flow must be heated.

Even haw:ing a well developed heating system it is difficult to acquire a
temperature of retardation in the working part comparable to that generated
in a free flight.

An impact pipqigonsists, essentially, of a long channel closed at both ends
and divided by ‘a“diaphtagsiinto two "seations: which contain gases at different
pressures. During i Tapture of the diaphragm a straight shock appears which
propegates into that part of the pipe where the pressure is lowere The ex~
pension ef the compressed gas creates & region of & high speed flow. It is
obvious that a settled motion proceeds only during & short period of time
(1000 microseconds at a pressure difference equal to 2500 atm).

A steel cylinder (1) in Pig. 10, which is able “to-withstand e pressure up to
from 150 to 200 atm, serves as & compression chember of the, pips. It is
connected with a chamber of constant expansion (3). Between the compression
and expansion chambers is a plastic diaphragm (2).

Along the section of constant expansion are two observation points in which
either piezoelectric transmitters or glass windows, to meke photographs of
the flow, are srranged. The chamber of constant expansion is connected with
the divergent part of the pipe (4) in which the expansion of the flow beyond
the shock is going on, thus ensuring a high M in the working parte

In the working pert (5) there are also windows for both the optical study
of the flow around the models, and for investigation of the preasure in the
flow or over the model.

_ Different Ms are;h&qquix;-e@; by changirg the ratio of pressures in the sections

of compression anndxgngl and also by changing the degree of the
nozzle's divergence, B SR

Hypersonic Ms can;:\?o- ;5139‘51 in the impact pipes by using & mixture of hydro-
‘he {a’ working -gas “Phe dpficiency of impact pipes lies in
iy, of mpesuring |the ‘aercdynamic forces which affect the model,
e _short ff’- _?'Kf”s‘é fone = 7 .

53y g e« mBidedgy

'

Presently, ﬁyperéc-:inic wind tumnels are widely used for investigation of flow
at very high Mso .

e rn_— " - - R
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'merej"il 1o esgential difference between the g rsonic and hypersonic
tunnels, (for instance; at M= 2 and M = 10); both cases the divergent
nozzle, where the necessary supersonic .speed is reached, 1is beyond the
crit__icgl-,ug%ion. However, there are qualitz}tive differences.

i Y | ' !

WY 4 =

ey .
Inability to get sufficient power and necessary cooling is the basic diffi-
culty in dealing with the ordinary supersonic wind tunnels. The same diffi-
culties appear also when the hypersonic speeds have to be reached.

The main }ecml,iarity of & hypersonic tunnel is the variation of the, tempera-
ture and pressuie -depending on M, which leads to a ligquefaction of* the
cooled’sir. This creates conditions in the flow which are different from
the natural ones: the liquefaction which affects the aerodynamic charac~
teristics, the rise of the inclination angle of the shock, the change of M.

To prevent the ligquefaction of the air, the compressed air must be heated
before it goes to the working part. However, the compressed air camnot be
heated above 250°C since the ability of the steel reservoir to withstand

the pressure decreases with the rise of tho temporature. Therefore, in a
wind tunnel, working with air, it is not possible to obtain M higher than 10.
To get higher Ms, other gases must be used: nitrogen, hydrogen, helium, freon,
xenon. "

A series of problems appear in connection withiihe low. density of hypersonic
flow. Low densities and temperatures increasse’¥very greatly:the thickness
of the boundary layer in the tunnel. Béside the difficulfy in selscting
the nozzle, a large thickness of the boundary layer, which distorts the
posture of the shocks and angles of disturbances, makes impossible to detdr-
mine M of the flow by means of the shock's inclination or by the-line of
disturbance. :

For visual observations of the flow at high Ms the phenomenon of the
luminosity of nitrogen due to its electrification (oxygen or argon can be
also used but their luminosity is less bright) is used,

The new branch of aerodynamics, the serodynamics of hypersonic speeds, pre~
sently under development forms the theoretical basis of flight of inter-
continental and ballistic rockets and missiles at high supersonic speeds.
By investigating tlhieir characteristics one encounters a series of new and
interesting problems the majority of which require special methods.
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1) Expansion
2) Shock
3) Vacuum
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Fig. 2 - Coefficients of the Lift
force of & plane plate for
difi‘erelit Ms.

1) Linear
2) Hypersanic
3) Angle of attack

4) Uncompressible
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Fig. 1 - Schematic diagram of the flow
arcund a plate at high M.
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Fig. 3 - Folars for a double-
wedge, triengular and
convex profiles, cal-
culated for different
parameters of similarity K.

1) Relative coefficient of
1ift force.

2) Relstive coefficient
of head resistances
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Fig. 8

action" on Re and M

1) The distance of interaction
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Fig. 4 - Separation of the flow at - - |
the trailing adge of a super- Fig. 5 - Pressure distribution
soni¢ airfoil. _over’a couvex airfoil
whose-thickness is 8.8%,
1) Boundary layer the angle of attack =0
" 2) Shock and M z 2.13. On the dia-
3) Subsonic part of boundary gram can be seen the in-
layer creased pressure at the ’
trailing edge of the air-
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Fig. 6 - Three regions of hypersonic Es L §“"o. i.,'f'&ﬂ:y},
flow around a plane plate. * o \ |
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2) wave of disturbance
Fig. 7 - Dependence of median pressure
coefficient of a plane plate on
X M with and without the comsidera-
o > tion of interaction.
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2) ldeal gas
3) Real gas
4) Dissociation

2) Diaphragm

5) Working part
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Empomocgape

1) Temperature of retardation

$) Fluctuating temperature
6) M of flight based on the speed of sound in the atratosphere

1) Pressure chamber
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Fig. 9 - The temperature of retardation for bodies moving at different
Ms and different altitudes.

Fig, 10 - Schematic drawing cf hyversonic impact pipe.

3) Section of e constant expansion 8) Amplifiers
4) Divergent section
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6) Ubservation section
7) Counter

9) Transmitters
10) Spark dischsrger
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