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ABSTRACT

A resume of the work cf the AVCO Research Laboratory
during essentially the first year of its existence in the field of
high temperature gas dynamics is presented. This laboratory was
organized early in 1955 by Dr. Arthur Kantrowitz to investigate the
physical gas dynamic problems associated with the high tempera-
tures involved in flight at hypersonic Mach numbers The central
concept of this work is that the important elements of the environ-
ment anticipated could be duplicated in shock tubes.

The advantages of the straight shock tube for investigation
of high temperature gas dynamics are discussed For many
phenomena, such as boundary layer problems (other than transi-
tion), the parameters important in classical, low temperature
aerodynamics, such as Mach number and Reynolds nurnber, are
shown to lose much of their importance in the high temperature,
dissociating gas, situation. Instead, the flow chemistry is shown
to be a critical simulation parameter The kinetics of the flow
chemistry are simulated if the enthalpy and pressure of the gas
are reproduced.

The enthalpy and pressure attainable at the stagnation point
of a blunt model in a shock tube are given and are shown to
duplicate those encountered at the stagnation point in flight up to
the satellite velocity In addition the condition in the hot gas
behind both the moving shock wave and behind a shock wave re-
flected from the closed end of the tube are shown to be applicable
to the study of many hypersonic flight phenomena.

Several investigations, conducted in shock tubes, into
critical gas dynamic problems asscciated with the high tempera-
ture are described. Heat transfer measurements in the laminar,
dissociated, boundary layer at the stagnation point are discussed,
Measurements of the radiative emissivity and electrical conduc-
tivity of high temperature air are described. Other investigations
into the properties of high temperature gases, including prelimi-
nary studies of magnetohydrodynamics are summarized.




INTRODUCTION

At a previous meeting of the AGARD Wind Tunnel and Model
Testing Panel in Paris the shock tube as a high temperature aero-
dynamic research and development tool was discussed by Colonel

Dodge(l). Much of the discussion centered about ways of producing
hypersonic Mach numbers to completely simulate the flight environ-
ment. More recently in Ottawa, Dr. Kantrowitz'®’' addressed this

group and outlined a program designed to answer many of the prob-
lerns of high temperature hypersonic gas dynamics by the use of
straight shock tubes without high Mach number nozzles, and within
the state of shock tube technology as it then existed.

Since early 1955, the AVCO Research Laboratory has been
working on implementing this program under the direction of Dr.
Kantrowitz The work of this group, over essentially the first year
of its existence, will be reported in this paper. It has been our
philosophy in this research not to attempt to develop a facility with
the maximum flexibility for investigating hypersonic problems, but
to consider specific areas and design apparatus which could be quickly
constructed and which through theoretical analysis and experimental
verification may shed some light on high temperature phenomena

The relative kinetic energy of the air intercepted by a hyper-
sonic vehicle flying at the satellite velocity is large enough to dis-
sociate all the oxygen molecules into atoms, _dissociate about half of
the nitrogen. and thermally ionize a considerable fraction of the air
The presence of free-atoms, electrons, and molecules in excited
states can be expected to complicate heat transfer through the bound-
ary layer by additional modes of energy transport such as atom dif-
fusion carrying the energy of dissociation Radiation by transition
from excited energy states may contribute materially to radiative
heat transier There is also a possibility of heat transfer by elec-
trons and ions The existence of large amounts of energy in any of
these forms will undoubtedly influence the familiar flow phenomena.

Exploration of the relationship between the high temperature
phenomena and gas dynamics requires careful consideration of both
the environment and the problem, because the usual, non-dissociating
gas, aerodynamic parameters are not necessarily required for sim-
ulation, Aerodynamic heat transfer, like other boundary layer
problems, does not require the simulatidon of Mach number ahead of
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the bow shock so long as the pressure distribution is similar in
the test and flight situations*. This can easily be seen by con-
sidering the boundary conditions for the boundary layer. In the
shock tube one can simulate the stagnation enthalpy and pressure.
Thus, if the pressure distribution is the same in flight and shock
tube, the absolute values of the gas properties at every point
outside the boundary layer are identical for the two cases if ther-
modynamic equilibrium exists. For boundary layer problems
simulation is thus complete in equilibrium, but are departures
from equilibrium identical? In the shock tube the incident shock
may leave the air in a non-equilibrium state, i.e., partially dis-

sociated However, as the air passes through the bow shock at
the nose of a model it is immediately raised to a very high tem-
perature where dissociation proceeds very rapidly The high

temperature will effectively erase any memory of the gas state
upstream from the shock wave, since dissociation will proceed
very rapidly until the translational temperature is reduced to a
value low enough to slow up the reaction rate. Thereafter the
chemical state of the gas is determined by the pressure time
history This depends only on the initial state and the pressure
distribution, which are both reproduced in the shock tube. The
chemical state is therefore simulated correctly at every point.

However, in a dissociated gas in a realistic shock tube,
the model size must be different from the flight vehicle, and,
because the degree of dissociation depends on both tempera-
ture and pressure, the pressure and model size cannot be used
to compensate each other as, for instance, Reynolds No. simulation
in classical aerodynamics Thus both Reynolds number and Mach
number lose some of their significance as simulation parameters.

Realization of this fact eliminates one of the most impor-
tant difficulties in the application of the shock tube to hypersonic
aerodynamics Complete simulation is theoretically possible in
shock tubes by the use of the expansion nozzles hut demands

¥ It will be shown in a later section that for certain blunt bodies,

such as a hemisphere- cylinder, the shock tube pressure distribu-

tion is Newtonian and therefore identical to the estimated flight

pressure dietribution at Mach three or more As a result, the )
pressure digtribution simulation is independent of Mach numbers.

4-
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excessive driver pressures and nozzle expansion ratios of the order
of 10 However, when the large total pressure loss across a high
Mach number bow shock is eliminated, as in the straight shock tube,
the smaller degree of irreversibility allows stagnation pressures and
pressure distributions typical of many hypersonic flight situations to
be achieved.

For radiation studies shock tube simulation is more obvious.
It has been stated that the thermochemical state of the air is cor-
rectly reproduced in the shock tube. However, the thickness of the
hot gas region is much smaller and the conversion to flight must be
made by geometric consideration of the two cases.

Like radiation, other physical gas properties can be studied
in the known state of the hot gas in the shock tube, and consequently
applied to the flight situation

Based on this philosopby., the staff of the AVCO Resecarch
Laboratory have investigated many of the critical questions of hyper-
sonic flight and, through exploitation of the straight shock tube,
have obtained engineering answers which are being used for design
and development of hypersonic vehicles (30" The research we have
conducted has been aimed at answering the most critical questions,
i.e.; (1) Can we learn enough about the chemical kinetics of the high
temperature air and component gases to define the thermodynamic
state in both the shock rube and flight; (2) Is the aerodynamic heat
transfer, as determined from a laminar boundary layer theory in-
cluding diffusion of atoms., a good approximation to the high temper-
ature situation or are there unanticipated phenomena present; (3)
What is the radiative emissivity of high temperature air; and (4) Do
the other high temperature gas properties, such as the electrical
conductivity, complicate hypersonic flight?

The results of these investigations and the techniques and
instrumentation emploved will npow be summarized. These descrip-
tions demonstrate the versatility of the shack tube as a facility for
conducting hypersonic research better than any broad review of
shock tube technology and speculation about its pogsible applications.
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GENERAL DESCRIFTION

. -

The schematic diagram shown in Fig ({1} gives the notation
and nomenclature of this paper The shock tubes used iu these ex-
periments have been described in the literatyre 2y, 13), (4, 15)

In general, thev consist of high pressure drivers depending on coms-
bustion of oxygen., hydrogen and h=lium to rreate the strong shack
waves™ Systematic experiments bave shown that capecially for large
shock tubes the mixing of the combustibie gases 19 exfremely impor-
tant and difficult I the gases are properly mixed thern controlled,
non-detonating., complete bur:ing bas been found possible for mixtures
of oxygen and hvdrogen fin stoichiometsic ratic) with a dilueat belivm
forming between 70 and 80% of the total mass of the mixrture. The
strongest shock waves which can be created by combustion of oxygen
and hydrogen are produced by mixtures coni2ining 00% bhelium. which
burn quite violently with unpredictable detonations. Not much shock
strength is lost by diluting the mixture to 70% helium

The performance of constan' volume cormbustion drivers is
quite predictable Th= speed of scund in th= hot dr-ivev gas bas been
measured from the time interval hetween the massage of the expansion
wave at two pressure gages n the driver Tre tneasurement is in
good agreement with sound speeds calculated conside ring dissociation
of water vapor in the combustion producrs

The resultant shock strengths at:ainable are shown in Fig (2).
The experimentally achieved velocities auoree reasonably with the

calculated predictions However this 1s not a particularly impor-
tant feature because 1n general the skock Mach number i1s not a
critical variable as it is usuallv not required precisely Repro-

ducibility of a half a Mach number 1s average tor experiments where
no special emphasis has been placed on controlling this scatter

The speed of the shock wave is montteored as it travels down
the tube This measvrement has beer accompl:shed in 4 number of
wavs Shock waves are easily detected hv presoure. heat transfer,
gas conductivity, dengity and a number of optical measurements in

* Of the many different metheods of ¢reating strong shock waveas,
such 28 heated ligh® gas¢s, double diuvphragms, detonations, solid -
explosives and electrical discharge. only controllable combustion ap-
pears to be at present at the state of development where it can be used

reliably
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— (a) Schematic diagram of shock tube.

(b} X-T diagram showing the progress of the shock wave
and the expansion wave following the diaphragm burst.
The pases which were originally scparated by the dia-
phragm are separated by the contact discontinuity
{interface).

{c} Pressure distribution at several typical times i{n the
shock tube. (Time t; and t} from (b}).
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air, in the range of shock wgave speeds H to l6 times the apeed of
gound at roem ternperature, the ionization-sensitive pickup which
measures the change of resistance of an awr gap, is simple and ex-
tremely useful. Almost any degree of accuracy can be achieved by
praperly choosing the time resolution and pickup spacing. A typical
oscillograph is shown in Fig. (3) The sweep of a normal oscilloszope
has been extended as a raster so that very long times, reasolvable ta
very small intervals, are displayed  Besides ionization-seaasitive
pickups, hoth heat transfer gages and phototubes have been used to
measure the shock velocity in the experiments described.

In order to perform experiments in air free of impurities, it
has been found advisable to flow gas through the low pressure shock
tube section, instead of using a static test gas This procedure is
especially important in spectroscopic work It has been found that a
large amount of extraneous material can diffuse out of the shock tube
walls, "o''-rings, etc., if a statie, low pressure gas is used. A typi-
cal flow system comnsists of a throttling valve and a check valve (which
is closed by the pressure behind the shock wave) near the diaphragm
in the gas inlet line, and another check valvae aft of the station where
measurements are made in 2 line from a vacuum pump The flow
velocity of the test gas is kept insignificantly small compared to the
shock wave speed. -

The properties behind a normal shock can be calculated from
the conservation laws. i.e., the Rankine-Hugoniot equations. For
high temperature applications thermodynamic equilibrium properties
of the gas, derived from statistical mechanics. must be substlitured
for the equation of =stats. For air. Hilseunrath and Backeft -), }
Gilmore(48)  and l.ogan and Treanor'??? have calculated the proper-
ties of air 1u thermodynamic equiltbrium. ~ These data have been used
by F:eldman!?) to solve the normal shock and other typical shock tube

and hvpersonic {light situatious.

o-9u




Fig. 3 — Typical oscillograph from the shock velocity timing circuit.
The oscilloscope sweep starts at the top and makes a complete
cycle, left to right and back, every 100 microseconds. The
bright spots are produced by the output from a crystal oscil-
lator, spaced exactly 10 microseconds apart. The time of
arrival of the shock wave at each successive ionization-sensi-
tive pickup is denoted by the sudden break in the sweep (change
in gap resistance caused by the rapid thermal ionization of the
gas). Sample oscillograph has signals from 12 pickups, spaced
approximately a foot apart.
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THERMCODYNAMIC EQUILIBRIUM

Almost all shock tube measuraments in high temperature
gases by nature of their short steady state depend fo some degres
on the asswnption that thermochemical equilibrium exists in all of
the hot gas region. Much rescarch has been pointed at ascertaining
this fact. Thie work has mostly been directed toward measuring
vibrational relaxation time or toward studying the dissociation or re-
combination process, At the lowest temperatures in the region cov-
ered by these investigations, Mg - 6.0, the vibraticnal relaxation
titnes in air are already very fast. These rates have been measured
by Blackman(26) and others,( 3. (24) ip oxygen and nitrogen, and are
shown in Fig. (4) applied to air under the assumpticn that the rates
applicable are those at the total pressure of the gas, not at the par-
tial pressure of each component. It can be seen that using the
rates for the component gases, the vibrational relaxation process is
fast enough to leave the test gas in equilibriwrmn. The data available
for the relaxation time of either the dissociation or recombination
process are not as well defined at the present time.

At the AVCO Research Laboratory two different types of
measurements have been made to establish the rates imnvolved in the
dissociation and recombination process. First, the Mach angles of
very weak waves created b{ very small surface irregularities have
been measured by Feldman 9) on schlieren photographs. The Mach
numbexr of the flow is a strong function of the gas state. This meas-~
urement has been employed in a number of ways. In the original
experiments the Mach number in the flow behind the moving normal
shock was measured by inserting a flat plate with a sharp leading
edge into the flow. The experimental setup and representative
schlieren photographs are shown in Fig. (5). Results from this ex~
periment are plotted in Fig. (6). It can be seen that the Mach
nmumber predicted from the equilibrium assumption is actually meas-
ured within the scatter of the data, The results from this experi«
ment are conclusive but not very quantitative for obtaining rates.

In an attempt to measure the rate constant for recombination
of dissociated air precisely, a shock tube experiment was conceived
to give 2 very rapid expansion of a dissociated gas. A two-dimen-
stonal Prandtl-Meyer expansion, after a compression on the leading
edge of a wedge, was used. In ordexr to gain the maximum change

-11-
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SHOCK MACH NUMBE R-M‘

4¢ -~ Relaxation times behind a moving normal shock wave in a

shock tube. The relaxation times {for vibrational relaxation

of O2 and N, from Ref. (26) and a dissociative relaxation
based on a recombination rate constant, k,, of 1017 cm® sec-l
mole~2 and the equilibrium properties of air (6) ) are given

in terms of the length of shock tube required for a paxticle
toc be immexsed in the hot flow, region 2 in ¥ig. (1), for a
tengtbh of time equal to the relaxwtion time.
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A“I SECTION A-A

(a)

MODEL SCRIBED WITH HEAVY LINES IDENTICAL TO EACH OTHER

Fig.

5 —(

F'y
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a)

b)

— | | [ '{!n
e—o1 CM—+

P,=1 CM OF MERCURY; T, =300°K; M, =13.85

(b)

Experimental arrangement of model in schlieren test
section in shock tube chernical kinetic experiments.

Schlieren photcgraph of flow over model showing Mach

Jines and direction of lines predicted from equilibrium
assumption.
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of Mach number between the extreme chemical processes, 1.e.,
equilibrium and "frozen'"* flaw, the wedge angle was adjusted to give
very nearly sonic flow on 1ts forward edge. Various turning angleo
of the expansion were used. Tbhe general concept of the experiment
is that if recaombination of atoms takes a long enough tume, then
small disturbances aft of the corner will creaie Mach waves which
index the local state of the gas. Unfortunatelv, all measurements of
the Mach angle. even from the first disturbance behind the corner,
have agreed with values which are predicted from the equilibrium
assumption, as shown mn Fig, (7). As a result, a rough estimate of
a lower limit for the recorbination rate constant 18 the only informa-
tion that has been obtained from this experiment to date.

As a by-product of this experiment it was observed that the
oblique shocks on the forward portion of the wedge assumed an angle
predictable from equilibrium theory. This condition 1s very nearly
the same as at the stagnation point of a blunt body. Th: comparison
of the observed and calculated oblique shock angles are shown on
Takle {1}, Details of this work have been reported in Ref, (9).

The second methond used by Camm and Keck‘zs} to observe the
rate processes 18 2 system which monmtore the radiative relaxation
behind a moving normal shock. The radiation behind a moving normal
shock 13 observed through a vertical slit collimated to produce time
resolution better than 0.5 & sec., when the signal 1s observed by a
photomultipliex. The radiation has also been dispersed by a mono-
chromator and viewed over several limited wave length bands.

Results have been obtained in oxygen and nitrogen. The re-
combination rate constant. kr, at or near equilibrium, obtained from
these experiments appzars to be in general agreement with the re-
sults of Glick and Wurster{24), A typical oscillograph showing the
radiation relaxation is presented in Fag., (8). The rate constant, kr,
{in cmb sec. -1 moles"z) estimated to be of the order of 1016 for
the component gasss and essentially independent of temperature by
several investigators, appears to be approximately as estimated.

* The '"frozen' and "equilibrium! situation can best be distingurshed
by considering the relaxation time for recombination of atomns Te as
compared to a characteriatic flow time, T, . The irozen flow 1s de-

fined as Te D) T, and equlibrium as Tr D) Ta.

=15~




p=1Cm. OF MERCURY; T = 298°K; M =14.72;

Fig. 7 — Comparison of experimental Mach lines with equilibrium
and frozen Mach angles. (Mequil = 2.56, fequil = 23,0°).
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TABLE 1 - OBLIQUE SHOCK EXPERIMENTS

Rua P] Mg & 2 exp Pee ﬁeffaxp.ﬂee Isexp'/fef
cm. Hg. exp ee ef
F-145 0.1 5.6 26.0 3%.5 39.% 48.1 0.0 -8.6
F-146 0.1 16.0 26.0 39.0 39.2 47.9 -0.2 -8.9
F-70 0.1 14.75427.0 41.0 41.0 50. 2 0.0 -9.2
F-141 0.1 14. 15| 33.0 49.0 49. 6 D -0.0 —
¥-74 0.1 12.57t 41.0 63.0 63.0 D 0.0 —
F-50 0.1 14. 151 43.0 63.7 64. 3 D 0.4 -—
F-140 0.1 16.90; 43.0 59. 6 59.4 D 0.2 —_
¥-232 i 13.15120.0 37.5 37.5 40. 1 0.0 -2.6
F-142 i 13.351 25.0 41.5 41.9 46. © -0. 4 -5.1
F-l43 1 14.60]1 25.0 40. 7 40. 7 45. 8 0.0 -5.1
F-47 1 13.85] 25.7 41.8 42. 1 47. 3 -0.3 -5,5
F-129 1 13.65] 26.0 43.0 42. 4 47. 8 0.6 -4.8
F-130 1 14 40| 26.0 41.5 41.9 47. 4 -0.4 -5.9
F-131 1 14. 65| 26.0 42.0 41.7 47. 2 0.3 -5.2
F-133 1 15157 26.0 40.7 41,2 47. 0 -0.5 -6.3
F-76 1 13.65] 26.7 43.3 43.2 48.9 0.1 -5.6
F-8 1 14 10} 28.8 45. 6 45.0 52.1 0.6 -6.5
F-53 1 14 85} 33.0 50.8 49. 4 63.7 1.4 -12.9
F-56 1 15,25 36.3 54.0 53.5 D 0.5 —
F-20 1 14,401 37.0 55,3 55.7 D -0.4 -
F-19 1 15.304 37.0 54,8 54.5 D 0.3 —
F-25 1 14.91] 38.0 57.0 56.7 D 0.3 —
¥-27 1 14. 721 41. 0 63.7 63.2 D 0.5 —
F-54 1 15,65 43.0 67.0 67.1 D -0.1 —
F-147 10 g.801| 20.8 40.0 40.0 41.7 0.0 -1.7
Fr-138 10 8.10] 26.0 49.8 50.2 58.2 -0, 4 -8.4
F-144 10 8.10| 30.0 56.0 56,3 D -0.3 —
F-139 10 8.40]| 30.0 54.9 55.4 D -0.5 —
F-137 10 8.80| 30.0 53.8 53.8 D 0.0 —_
F-136 10 9.80| 30.0 52.7 52.3 D 0.4 -—
D: detached
8: deflection angle
73 obligue shock angle
Subscripts
exp experimental
ce full equilibxium
ef equilibrium through incident shock and frozen chemistry,

vibration fully excited across oblique shock.
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The relaxation rates in aim 2re likely to be considerabdly faster
than they are for the component gases, due to the possibility that
recombination is not a simple three-body process, but proceeds by
intermediate steps. As a result definitive results will not be avail-
able until direct measurements have been made in air. Incdications*
are that the rates are at leagt a factor of ten better than the 10
measured for the component gases. As» a result a recombination rate
constant of 1017 has been used in a calculation to determine the dis-
sociation relaxation time in the shock tube. The results are shown
in Fig. (4) and imply that the gas in the phock tube is in chermnical

equilibrium

* Some of these indications are, besides the direct experiments
described above, heat transfer, electrical conductivity and
radiative e¢missivity mecasurements, all independent and abso-
lute, which each agree only with theoretical predictions based
an the fact that the air behind the moving normai shock is in

equiltbrium




HYFPERSONIC AERODYMNAMICS

The inviscid flow at hypersonic Mack numbets is one problem
for which the shock tube is geverely limited. Still there are advantages
because in the flow about blunt bodies, where essentially all the air
whith enters the boundary layer went through a strong normal shock,
the inviscid fiow Mach number does not exceed values arcund three
evan at Mach 20. As a result the shock tube boundary layer is never
radically different from flight. However, the straight shock tube
cannot give exactly correct answeres for pressure distribution at the
proper fiow Mach number or density ratio across the bow shock.

Our effort in this field has been lunited because other types of facil-
ities, such as ballistic ranges, by the use of optical techniques in-
volving measurement of Mach number distribution from Mach lines,
appear to be suited for producing significant results. In the shock
tube it will suffice to measure the pressure distribution to define the
inviscid flow parameters which exist during experiments.

Boundary layer problems which can be separated from the
inviscid flow are particularly suitable for investigation in shock tubes.
The firet and most serious problem studied was the heat transfer
through a laminar bouandary layer at the stagnation point of blunt
- bodies(3), (10),  The stagnation point of a blunt body has several
J advantages which make it particularly attractive for heat transfer

experiments. First, the most severe heating occurs at this point,
l secondly, direct simulation of the {light conditions is possible; and,
thirdly, the problem of conductive, convective, and diffusive (diffu-
sion of atoms as differentiated from molecules) heat transfer has
been treated theoretically at the laboratory by Fay and Riddell (10).
' | rrobably the only example of a boundary layer solution which is
: capable of including non-equilibrium gas effects.

Considering this problem, it can be shown that the heat
~ transfer rate through a laminar boundary layer at the stagnation
J point at low speeds, wherc the product of the density and viscosity,
( /)4 ), in the boundary layer does not vary from the free stream
J to the wall and density varies inversely with temperature(“), can
| be expressed in 2 non-dimensional form, by

’ ‘ NL%E_e = const. 2 0763 o4 (1)
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where Nu ., Pe , and O are the Nusseit, Reyrolds,
and Prandtl numbers, respectively.

The numerical solution of the equilibrium boundary layer
probletn treated by Fay and Ridael2{10) can be correlated by ceon-

sidering the ratio of (/O/U ) at the edge of the boundary layer to
(/O/(,L ) at the wall, pﬁ’% , as follows:

X 5, 0763 cr"’“i% {: ) I} (2)

where . is the Lewis number, and -plp is the fraction of the total
enthalpy which is in dissociation. hs

From this expression the heat transfer rate, .]65 , at the
stagnation point can be expressed by

(3)

AeQ

’%fom{(f/‘ﬁ'(f’f"s [1+ @) J(%cr&‘) d:

where wa is the enthalpy of the gas at the wall tempera-
ature and O.u./dxix is the velocity gradient at the stagnation
Y (1)
point,

It can be seen from Eq. (3) that simnulation of heat trans-
fer requires that the conditions at the edge of the boundary layer
are properly reproduced, that the wall conditions be similar, and
that the velocity gradient at the stagnation point have the same
value in a model test as in the flight situation simulated. In addi-
tion, the chemical state of the air in the boundary layer must be
considered.

The solutions of the Rankine-Hugoniot equations, Ref. (7)
and Fig. (2), make it evident that the stagnation density and en-
thalpy encountered in hypersonic flight are easily accessible in
ordinary shock tubes. In addition, material limite demand that the
wall temperatures be similar in the two situations.

The velocity gradient at the stagnation point is derived from

wlle~
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the pressure distribution. In hypersonic aerodynamics the MNewtonian
estimate has been found to predict the correct pressure distribution
very closely even at surpgisingly low Mach numberas for blunt bodics.
This estiznate s i1ndependent of the Mach number of the flow. Opti-
cal measurements of Mach angles in the flow from schlieren photo-
graphs have been used mostly® From the Mach number dist-ibution
the pressures can be calculated by following an isentropic expansion
on a graphical representation of the equilibtium properties of air,
such as the Mollier diagram of Ref. (7) A typicat Schlieren photo-
graph and the pressure distribution calculated therefrom are shown

in Fig (10) The pressures are compared to the Newtonian estimate
and show reasonable agreement. In particular the pressure near the
sonic point 1s in good agreement. As a result. 1t is concluded that

the velocity gradient at the stagnation point can be taken as the
Newtonian value in the shock tube as well as in hypersonic flight
and therefore is indepefident of the Mach number in front of the bow
shock

As a result of these arguments, 1t is seen that the shock
tube car produce the environment encountered at the stagnation point

in hypersonic flight The i1nitial shock tube conditions, and the
flight velocity and altitude at which the same stagnation enthalpy
and density exists, can be specified Fig. (11) 1s a plot of such

simulation. The region covered by the stagnation point measurements
described 1s outlined Trajectories for a number of contemplated
hypersonice vehicles have been added to this chart from Ref. (12).
The straight shock tube 15 secen to cover much of the critical heat
transfer region

The considerations outlined so far are complete if the flow
chemistry is similar. i.e., if the boundary layer in both the shock
tube and {light 18 either frozen or in equilibriuvm. ~ In 8mall scale
tests, the boundary layer 1s much thinner than it i8 on the larger
body and an atom therefore spends less time diffusing from the
bourndary layer edge to the wall. As a result there are situations
in which the chemistry ig not exactly simulated

The case where the boundary layer i@ neither in equilibrium
nor comptetely frozen, but has a finite recombination rate far atorns,
has been analyzed by Fay and Riddell 10) " In this reference it is
shown that the laminar boundary layer problem can be solved by
considering a recombination rate parameter A ¢onstant value of
* In our high Mach number shock tubes. the testing time is so small,

Fig. (9), that the requirements on a preseure transducer are very
scvere.

-22




EXAMPLE
N = 10; B = lem Mg,
GIVES ¢/0 =10.8;
FOR L=2% FEET THEN

=270 » SECS
- 3600
2800
’.—
2000 =
3 20 W
[re 1800 e
~ 100
o 1200 280 2
z 1000 g 80 E
=
3 goc Z 7 =
O a
o L2 o
% 5 so 2
' 400 @ 45 b
o = a0 W
&
o 300 = 35 =
> ~——_z o
= 30 2
£ 200 ~~ a
w ~—
4 = 23 =
S 10 = e
® -4- 20 *3
.r oo = =
- — <1
T E 15 &
70 W -
B0 1
ul
4,5 4= so * w
10 o =
> 4
30 8
o 25 7 8
e SHOCK VELOCITY x 10 ~(FPS) 20 e Z
T 8 5 10 1 12 13 14 15 16 17 18 19 o
L B (1.1 +3% B
6 7 8 9 0 ¥ 12 13 14 15 16 T 8 o

SHOCK MACH NUMBEP-Ms

Fig. 9 = Time interval between the arrival of the shock wave and
the drivex gag at a given station in a shock tube. Calcu-
lations have been carried out considering air an ideal gas,
(¥ & 3.4), and in equilibrium. ¥For equilibriwm air the
testing time 48 grentiy reduced,




()

1.0
l
R e — / ? ! - ! J S S
/' SHOCK TUBE M, =88, P,=I0CM, =119
;O TOP SURFACE MACH LINE MEASUREMENTS
{ O BOTTOM SURFACE
61— . fooe ! I !
SONIC PRESSURE RATIO FOR ¥ = 1.19
1} ]
4
i i
22— — - i
! | ]
’é |
] T D ) yNeENEREN e
,_J A | |
T p |
L o L LJ Ll o
o’ ) 30 4as 60 75 | 90 1
L | il 1 14 1 11 L |
0 5 10 .5 20 28 30
x
R

Fig. 10 — (a) Schlieren photograph of the flow over the nose of a
hemisphere-cylinder :nodel in a 1-1/2 inch I.D. shock
tube. Note fine Mach lines whose inclination to the
body is accurately measurable,

(b) Pressure distribution calculated from Mach line measure-
ments compared to the Newtonian pressure distribution,

lhe agreement is reasonable, especially on the aft

portion of the body and near the sonic point.

Stagnation conditions are equivalent to a flight velocity
{ approximately 13,000 ft/sec and an altitude of 25, 000 ft.

a2 0 Mac number is approximately 2
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¥ig. 11 — Shock tube conditions, Mg and p;, compared to the flight
velocity and altitude at which the same etagnation enthalpy
and pressure are encountered. The outlined region is
covered by the present experiments.

Typical trajectories of several types of hyperasonic vehicles
are shown from Ref. (12).
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this parameter implies that in addition to the stagnation enthalpy, the
flow chemistry in the boundary layer is simulated. At 2 given flight
velocity, and therefore stagnat:on temperature, the reccombination
rate parameter is proportiponal to the square of the density and a
model body radius. Experiments performed on a scale model at a
given density simulation, actually produce the density which occurs
in flight at much higher .altitudes. depending an the scaling, even if
the boundary layer 18 not completely im equilibrium. The altitudes
at which the e“ermastry is simulated for a 1/1000 scale model are
shown in Fig 12}

In order to make significant heat transfer measurements, an
instrument capable of microsecond response was required The most
promising schemes considered, both variations of the resistance
thermometer principle, were {1) surface temperature measurements

as used by the Princeton group (26) and others(su, and (2) calorime-

etric measurements devised and introduced by this laborataory.

From considerations of the one-dimensional heat conduction
problem for a finite metal thickness backed by a semi-infinite elec-
trical insulator, the heat flux into the gage for both these schemes
can be found

The two extremes for the ratio of the gage thickness, ,Q , to
the characteristic diffusion depth, 2(,= k;t , yield the results for
the two types of gages If the gage thickness, { . is very small
compared to Ji in the metal then the gage has essentially no heat
capacity and assumes the surface temperature of the insulator(13)(31)(32).
A constant heat flux, q , gives a voltage, E{t), which is proportional
to the instantaneous surface temperature. The shape of E(t) is
simply a parabola since the surface temperature rises with the square
root of time.

% = const, E{.@.
it (1)

In the other extreme, where the thickness, ,2, , is much
larger thar the characteristic diffusion depth, the temperature at
X - 8§ is not affected during a test so that no heat is transferred
from X=0-aX to =4 In this case the total heat input must
be retlected in the average temperature rise and the heat capacity of
the gage, The gage integrates the total heat input, therefore, the

.26~
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voltage output varies directly proportional to the total heat input. The
instantaneous heat flux is determined from:

4 = const. d~£ (5}
v dt

Both the above analyses can be extended to the case where the
heat flux varies with time, i.e., q = qft).

Each type of gage has limitations which must be considered. The
thin gage cannot be so thick that it has significant heat capacity and
causes surface temperatures noticeably different from the one-dimen-
sional semi-infinite case. The thick gage in turn must be thick enough
so that the heat loss from the rear of the gage is small. The detailed
analysis and investigations made to evaluate the two heat transfer gage
principles are given in Ref. (13)

The advantages of the calorimeter gage are that much higher
total heat inputs can be handled without creating excessive surface
temperatures and that the data reduction, especially for time depend-

ent heat transfer rates, is much simpler. In addition, the calorime-
ter gage requires no calibration because the bulk properties of chemic-
ally pure metals, such as platinum, are well-known. For the thin

gage a calibration technique in which a known electrical energy pulse
of the same time duration and energy content is used to determine the

constant in Eq. (4)

Both types of gages have been made as simple as possible
because at the stagnation point of blunt bodies very strong shock waves
produce severe erosion, and destroy the surface and gage element.
However, the damage occurs only after the contact surface has passed,
as seen from the smooth variation ¢of resistance with time, for both
the thin and the calorimeter gages. Typical oscillographs for both
types of heat transfer gages are shown in Fig. {13).

The results of the stagnation point heat transfer experiment
are shown in Fig. {14). The experiment was conducted at three con-
venient initial pressures in the low pressure section, p; =« 10, 1.0,
and 0.1 cm of Hg., corresponding to flight altitudes of approximately
206,000, 75,000, and 120,000 feet. The velocity range covered by
these experimenis extends from velocities at which essentially no
dissociation oceurs to velocities beyond the satellite speed, 2bout
26,000 {t/sec., where more than 607 of the cnergy 18 investicd in

-28-
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13 — Typical oscillographs and data.

On all three oscillographs time increases from left to
right. The sweep speed is 10 wsec/interval. The oscillo-
scope is triggered before the moving shock arrives at the
stagnation point. The break in the horizontal trace denotes
the arrival of the shock at the gage. The break of the
curve accompanied by the end of the constant heat transfer
denotes the arrival of the interface.

(a)
(b)

{c)

Record from a thin heat transfer gage at a relatively
low shock Mach number (Note parabolic signal rise)
Record from a thin heat transfer gage at a higher shock
Mach number. Note that the extreme conditions at the
high stagnation enthalpy degrade the quality of the signal,
Calorimeter gage record. (Note linear signal rise).
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are piotted from the equation which correlates the equilibrium boundary
layer golutians of Fay and Riddelt {10), Eq. (3). The YLewis number
has bren estimated and taken to be 1.4 and the Prandtl number 0. 71.
The theory and data can be seen to agree within the scatter of the
data. An uncertainty in the absolute value of the theoretical predic-
tiogn, due to the uncertainties in predicting the viecosity and Lewis
number of the hot gas, is of the same order as the scatter of the data.

As discussed previously the significance of this data can be
extended to higher altitudes if simulation of the boundary layer chem-
istry, based on the recombination parameter is considered. The best
available esatimates of the recombination rate, such as tne data of

‘Ref. (9) and (23), introduced into the non-equilibrivm boundary layer .

solution of Fay and Riddell (10}, indicate that the boundary layer is
neither in equilibrium nor completely frozen for the experiments per-

- formed at initial pressures of 0.1 cm of Hg. However, the total heat
‘transfer by conduction and convection is very nearly the same for the

frozen and the equilibrium boundary (at Lewis number of 1. 4) except
in the extreme case where the boundary is completely frozen and the
wall is non-catalytic to the atom recombination. Because for present
recombination rate estimates, the boundary layer is still only partially
frozen at p; = 0.1 cm., the present experiments are not capable of
defining the flow chemistry from heat transfer measurements. These

eifects are discussed in detail in Ref. (10).

I the air were not to equilibrate across the bow shock at the
stagnation point, the stagnation pressure would be reduced and the
heat transfer lowered correspondingly. At the extreme of the condi-
tions covered by these experiments, this would amount to a reduction
of 20% in the heat transfer rate, However, in view of the evidence
presented earlier indicating that equilibrium is attained on the leading
edge of a two-dimensional wedge, the gas state is not seriously in
doubt. Further, it was shown that thermodynamic eguilibrium is
reached across a inoving shock and therefore equilibration across the
bow shock, where even higher temperatures and pressures exist,
will be much more rapid.

-3}-
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EMISSIVITY OF HIGH TEMPERATURE AIR

A second major investigation,undertaken by Keck, Kiwvel and
Wentink(l4), was the determination of the radiative emissivity of high
temperature air. Prior to the performance of these experiments,
rough estimates were made by H. Bethe and H. Meyer at AVCO and
others elsewhere which indicated that the NO /3 and 0' bands might
have a transition probability ({ number of the order of £.1) which
would give a considerable amoaunt of radiant heat transfezr. In fact,
radiative heat transfer was estimated to be roughly of the same order
as the aerodynamic stagnation point heat transfer for a one foot nose
radius sphere flying at Mach 20 at 100,000 ft. altitude.

Because radiation,for optically thin layers with small emis-
sivities, scales in direct proportion with the thickness of the radiating
gas layer, the direct model test technique is not applicable, mainly,
because the radiative energy would be extremely low and difficult to
detect. It was decided to study the radiation from a layer of gas
shock-heated to the temperature, density and thermodynamic state of
interest to hypersonic flight problems by reflecting a strong shock
wave from the c¢losed end of a shock tube. The extension to flight
canfigurations remains a geometric problem. A quartz window was
inserted in the end of the .tube for observation. The original meas-
urements were performed by using the 'thin'' heat transfer gage,
as used for acrodynamic heat transfer measurements, bechind a quartz
window These experiments established the order of magnitude and
temperature dependence of the integrated radiative energy flux.

For identification cf the radiating species and quantitative
emissivity measuremeats, time resolved spectrograms and calibra-
ted monochromator-photocell measurements were made The spec-
troscopic work was devoted mainty te identification and measurement
of relative intensities of the radiating species. Time resolved emis-
sion spectra were obtained in order to separate the radiation which
occurs after the driver gases (or mixed region) encounters the re-
flected shock Time resolutian of about 10 M sec. has been used.

The experimental setup is showa in Fig. {15} and a typical
spectrum in the region of 2700 to 4000 K is shown in Fig. (26).
The second positive band system of nitrogen and CN apre clearly
detectable. Especially at wave lengthe smaller than 3090 A the
NQO baad sysiems 8re expecied to have appreciable inteneity tas),
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Positive identification of NO bands at 8000°K is difficul? because of
the lack of characteristic structure.

In the visible and near-infrared regign, the radiation shows
little siructure. The radiation ahove 5500 can best be attributed
to the Firat positive system of nitragen. The CN violet and red
band aystems are also visible. The lack of structure in the whole
region may be due to the reaction of O &4 electron—» O hv, however
the continuous distribution makes identification difficult.

Absolute measurements of the spectral emissivity of high
temperature air in the region of 2300 K to 9500 A have been made,
using a calibrated monochromator and photocell. The measurements
were made at a shock Mach number of 13.2 £ 0.5 and an initial pres-
sure of 1 ¢cm of Hg., resulting in an equilibrium temperature of
8050°K and a density of ~., 85 * .04 normal atmospheric, sea level
density. The measured wave length dependence of radiation from air
at a temperature of 8050°K is plotted in Fig. (17). The significant
contributing species are tabulated in Table 1lI. where the f numbers '
and the emissivity of a one cm. thick layer are given. In this table
positive spectroscopic identification can be claimed for the CN and
N, band systems.

TABLE 1T

Emissivity of optically thin air attributed to six radiating species.
The f numbers except for CN are deduced from absolute emissivities
at appropriate wave lengths. They are subject to the assumption
that the large number of lines in the molecular bands can be treated
as a continuum. They are defined as the f numbers per initial elec-

tronic state. (Air at ~ 8000°K and £ /f = 0.85)
Source f number % emiscs/i:zity el

NO (B and ¥ )(Z2mu<c ) . 0025 1.1
N, (2 nd. pos.) .07 1.1
CN (violet) .1 Y
O~ (free-bound) .4
N, (lst. pos.) (A < M) . Q2 .6
O ¢ & (free-freec) { A< 1) .1
Total Theoretical Emissivity (.2 £A L T4 ) 3.4
Total Experimental Emisaivity {2 <AL ?} 3.5




Pt pemed  pees  EEEl VNS NG RN Nase eeee

e

SPECTRAL STERRADIANCY wscM® STER #

Fig.

700 =
™ T2 8000 °K, #/P, » .85
600 + N EXPERIMENTAL POINTS
* 4 935 PHOTOTUBE
'l ] b e 97 PHOTOTUBE
- / \ CN and N,' (1-) OMITTED
400 1
300 1
200 4
100 +
0 T
1 2 3 A 5 @ ? 8 9 10 1l
WAVELENGTH (MICRONS)
17 — Monochromator-photocell measurements of the diatribution

and absolute intensity of the radiation from 1 cm af air
at approximately §30¢ °K and .85 %p compared to the
estimated radiation
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For the continuum radiation, the theoretical cons:iderations of l*l:.velK )

coupled with the gencral features of the spectra make these emis-
sivities plausible*. The theorctical analysis (273, results of which are
shown in Fig. (17) together with the measurements, has as free par-
ameters only the f number af the bands of N2 and NO. These have
been adjusted to fit the spectral distributions measured in the appro-
priate region of the spectrum.

It is important to notice that the f number for NO is consid-
erably less than the estimated 0.1. In addition, the total emissivity
is approximately .050/cm. at 8000°K and fyp. - 9.85. Measurements
of the temperature and de¢nsity dependence of the radiation were made
using the monochromator and photocells The resultant temperature
and density dependence of the absolute emissivity per cm. of air is
shown in Fig. (18). The results of Fig. (18) can be used to compare
the heating at the stagnation point due to radiative heat transfer to
the laminar aerodynamic heat transfer rates. It can be shown that
in flight at a Mach number of 20 at approximately 120, 000 ft., the
radiative heat transfer for a one foot radius sphere will be only about

'10% of the aerodynamic Stagnation point heat transfer

* The CN and free-free and free-bound radiation associated with
oxygen have been estimated based on other data.
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ELECTRICAL CONDUCTIVITY OF HIGH TEMPERATURE AIR

pet® i

Zinother investigation carried on at this laboratory is the
work of 8. Q. Lin 15), a study of the eclectrical conductivity of
thermally iomiged air.

The techniques employed in this experiment are similar to
those reported in detail in Ref. (4). An axisymimetric magnetic field
is produced in a glass shock tube section. When the shock heated
gas, which is made conducting due to thermal ionizatiogn, arrives at,
and enters the stationary magnetic field, the magnetic lines of force
are displaced. By measuring this displacement of the magnetic field
through the use of a small pick-up coil nearby, the electrical con-
ductivity of the gas can be deduced from the known gas velocity and
the strength, geometry and displacement of the magnetic field. It
is convenient to calibrate the system by shooting a slug of metal of
known conductivity through the field at a known speed. A schematic
representation of the experimental arrangement is shown in Fig. (19).

Typical oscillogram traces from the pick-up coil signal of
this experiment performed at a shock Mach number of 12. 0 are shown
in Fig., (20), along with the signals obtained in the calibration using
an aluminum bar. From the amplitude of the voltage peak and the
velocity of both calibration and experiment, and also the known c¢on-
ductivity of aluminum, the gas conductivity can be calculated.

It can be seen from the oscillogram traces that the positive
and negative pulses are the same amplitude in the shock tube, as
well as for the aluminum bar, which implies that the electrical con-
ductivity distribution must be quite uniform throughout the hot gas
region. Furthermore, since the experimental pulse shape, normal-
ized to the same sweep speed as the calibration, ig very similar to
the aluminum result, the electirical conductivity and hence the degree
of ionization must have built up very rapidly behind the shock front.
Since the electrical conductivity or degrae of ionization behind the
shack froat built up very sharply at all shock Mach numbers inves-
tigated (Mg = 10 to 18), it may be concluded that the equilibrium de-
gree of ionization was reached gimost immediately and maintained
for all these experiments

um—!_llnll-ammmm—a
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The measured electrical conductivity in practical units (Mhos/cm
is plotted in Fig. (2!) compared to theoretically calculated conductivities.
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Fig. 19 ~ Schematic diagram showing the prihcipal elements of the
shock wave-magnetic field interaction experiment.
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Fig, 21 =~ Comparison of measured electrical conductivity of

shock-heated air with theory based on equilibrium
degree of ionization, molecular cross sections and
thearetical atomic cross sections,

{}) Atomic cross sections calculated from Ref. (18).

(2) Atomic cross sections calculated by Hammerling,
Shice, and Kivel (72,
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For thig calculation it is necessary {and sufficient) ta know the eompo-
sition and density of the ionized gas, the electron temperature, and the
average electron diffusion cross section of all species which contribute
appreciably to the total eleciron collision probability. Since the results
indicate thermodynamic equilibrium has been achieved in those experi-
ments, the temperature, density and cornposition of the iomized gae at
a given shock welocity and initial air density, and thus the concentra-
tions of speciees which may contribute appreciably to the total electron
crose section are known (7). For the molecular species and for Argon
the electron diffusion cross section is available in the literature (16).
For atomic oxygen and nitrogen, the electron diffusion cross sections
have not been experimentally determined, and only somewhat contra-
dictory theoretical estimates on the total electron collision c¢roas sec-
tions of atomic oxygen seem to be available in the literature (17} {18},
Calculations have been made at this laboratory by Hammerling, Kivel
and Shine (19) on the electron collision cross sections ofi oxygen and
nitr¢ggen atoms. The results are consistent with the measurements,

The electrical conductivities shown on Fig. (21), particularly
in the strong shock region, are of an order of magnitude greater
than the conductivity of sea water. As a result, the ''thin'' heat trana-
fer gage must be insulated from the hot gas for very strong shocks by
a thin layer, a fraction of a micron, of silicon monoxide.

Ancother product of this experiment is the indication that this
experiment may possibly be used to determine the electron collision
craoss sections of individual species if the experimenis are made in.
the component gases. It appears that even in measurements in a
complex mixture such as air, cross sections calculated in Ref. (19}
are clearly preferred over thuse calculated from simpler atomic
models.
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MACGNETORYDRODYNAMICS

Work in high temperature gag dynamics and the exploitation
of the shock tube as a research tool naturally lead us to the thresh-
hold of magnetohydrodynamics. Until recently this field has been
the private domain of the astrophysicists and those concerned with
fusion reactors, but the interest of the aerodynarnicist in the flow of
partially ionized gases has injected new paints of view,

The study of the interaction between magnetic fields and
the flow of elecirically conducting fluids covers a very wide range of
phyeical phenomena from partially to completely ionized gases. At
the AVCO Research l.aboratory activities in both extremes of this
area are in progress.

Research in the lower temperature, partially ionized gas
regime, is aimed at exploiting the fundamental advantage offered by
magnetohydrodynamics, i.e., being able to exert body forces on a
fiuid without any solid surface pushirngon the fluid boundaries. Magne-
tohydrodynamics, therefore, changes the basic flow equations so as
to open a new field in fiuid dynamics. At the present state of devel=-
opment of this field, it is still impossible to foresee even its most
important engineering applications 20) (21),

Experiments conducted at the AVCO Research Laboratory by
Patrick, Brogan and Rousa (22) are designed to check the one-dimen-
sional flow ecuations, including the effect of body forces due to the
interactions beiwzen the conducting fluid and magnetic fields. This
work can be done in ordinary shock tubes with gas thermally ionized
by strong shock waves. It is a convenient simplification to ciose the
current loops in the gas, eliminating the electrode problem and
greatly simplifying analysis.

The principle of these experiments is to create an electric
field due to the V x B interaction (velocity and magnetic ficld) in a
direction perpendicular ta both the magnetic field and the flow. In
the schematic of the experimental arrangment shown in Fig. (22)
this field closes a loop in the annulue. This current lQop in turn
produces & body force on the flow in a direction opposing the flow,
The strength of the magnetic field ia arranged so that the flow can-
not be decelerated smoothly to sonic velocity by the body forces.
As a result a standing shock must form in the field region, decel-
erate the flow to subsonic velocity and cause a loss in total pressure.

cdd-
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When the flow Icaves the field region it expands (like the driver of

a shock tube} but due o the total pressure loss in the standing shock,
it does not recover the full velocity ¢f the flow before interacting
with the field., The change in flow velocity and the location of the
standing shock can be calculated and compared with the experimental
results. A mirror camera picture of the flow in the annulus under
the action of the magnetic field is shown in Fig. (23) together with a
schernatic explanation of the process.

At the other extreme, in the fully ionized, low density gas
regime efforts are being made to extrapolate our knowledge to con-
ditions interesting to the astrophysicist and neuclear physicist. Pro-
ducing new understanding in this region requires first a method of
producing in the laboratory a controlled sample of this gas for study.
Experiments perfarmed at this laboratory to date by Janes and
Petschek have achieved temperatures up to 400,000°K in the gas.
Having created such a gas sample, the basic {low properties are

now being studied.

The problem of producing this hot gas sample has been ap-
proached through use of essentially an electromagnetically driven
shock tube. A changing magnetic field is used to accelerate an
ionized mass of gas to a high velocity, The stationary coid gas ahead
of the moving gas then has a high relative kinetic energy which is
converted into thermal encergy in a shock wave by collision with the
meoving gas and the magnetic field. Knowing the initial gas density
and shock velocity, as in the conventional shock tube, the conditions
behind the shock front can be calculated from the conservation laws.

Omne device which has been constructed for these experiments
is illustrated schematically in Fig. (24) and shown in Fig. (25) in
the illumination of its own light. The discharge of a high valtage
capacitor through the primary coil causes current in the sccondary
split coil to produce an electrodeless ring discharge in the annular
glasa tube. This discharge is expelled down the tube by the magnetic
field. OQur capacitive power supply operating at 65 kv is capable of
10! watts. In order to obtain temperatures of 16° ©K it is necessary
to accelerate deuterium, D3, to a velocity of approximately 23 cm{;usec.
Our velocity measurements to date have indicated temperatures of
up to 4 x 10° OK (14 cm//asec). D2 13 used because it can he raised
to high stagnation temperatures with a minimum of energy.
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steady, standing shock in the field region.
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temperature gas accelerator. (Power delivery system
not shown}.
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Fig. 25 — Photograph of the existing experimental arrangement
illuminated by light from the annular discharge tube.
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CONCLUDING REMARKS

The work discussed is representative of some of the work of
the AVCO Research Laboratory during the past two years. It is
typical of many other projects in which the laboratory is precsently
engaged and demonstrates the broad field of application for the shock
tube in high temperature gas dynamics. It has been shown that the
proper environment can be simulated to study many aspects of hyper-
sonic flight problems. As an example of an aerodynamic problem, the
heat transfer through the laminar boundary layer at the stagnation
point has been discussed A somewhat more physical phenomena,
the emissivity of high temperature gir, has been investigated and its
role in hypersonic flight has been established. In addition, the elec-
trical properties of high temperature air have been studied. In the
analysis of all high temperature experiments, the c¢hemical kinetics
problem has been invalved due to the dependence of the flow param-
eters on the thermochemical state of the gas. Experiments which
have defined this state for the shock tube, and give order of magni-
tude answers for other siftuations, have been described. In addition,
the preliminary results of our venture intoc magnetohydrodynamics,
over a large temperature range, are presented. The scopc of the
work described shows the versatility of the shock tube as a research
tool and the need for aerodynamicists to broaden their consideration
to include new and previously unrelated fields in their attempt to
understand the problems of hypersonic flight.
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