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Radiatively Driven Hypersonic Wind Tltnnel
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This paper outlines a new approach to the design of hypersonic wind tunnels. This new approach is motivated by
fundamental limitations of conventional isentropic expansions that arise from the very high temperatures required
to achieve the necessary enthalpy for hypersonic flow. These high temperatures lead to excessive throat degradation
and contaminated air in the test section. The consequence is that the run times of conventional facilities must be
short, and tests are conducted in "air" of unknown composition containing exceedingly high concentrations of
radical and superequilibrium species such as NO as well as ablated plenum and throat material. The radiatively
driven wind-tunnel approach takes advantage of the real gas properties of air to achieve high enthalpy at low
temperature in the plenum, thus minimizing throat degradation and suppressing the formation of unwanted
species in the plenum. Additional energy is radiatively added downstream of the throat in the expansion section
to achieve the desired test conditions. The temperature of the air is kept low throughout the expansion, so that
the formation of superequilibrium species and radicals is kept to a minimum. Radiative sources that couple to air
include high-power lasers and microwave devices. A one-dimensional model including optical coupling is developed
using, as an example, an HF laser coupled to the naturally occurring CCh in air.

Introduction

T HE testing and evaluation of hypersonic airplane components
and air-breathing propulsion systems are seriously limited by

the availability of satisfactory ground test facilities. At Mach num-
bers higher than approximately Mach 10, tests under true simu-
lated flight conditions, including correct atmospheric temperature
and density, cannot be done with current or projected facilities. This
limitation occurs because, in the conventional isentropic expansion-
type wind-tunnel facility, temperatures in excess of 3000 K are re-
quired to achieve static temperatures on the order of 200 K or higher
associated with true flight conditions. At these temperatures, the air
cannot be contained for long periods of time due to materials lim-
itations, and significant throat erosion occurs during wind-tunnel
operation. In addition, radical and superequilibrium species such as
NO are formed at high temperature and are frozen into the flow-
field in the expansion, contaminating the flow. The solution to these
problems has been to operate with very short run times to pre-
serve the throat and to accept whatever contamination is present in
the airflow. This short time operation severely limits the validity
of component tests, and air contamination calls into question any
propulsion measurements.

In this paper we examine a new approach to the design of a hyper-
sonic facility. This approach leads to the possibility of long run times
with properly constituted air (no significant contamination) at static
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temperatures and pressures characteristic of flight conditions. The
basic concept is to maintain the air at moderate temperature but at ul-
trahigh pressure in the plenum, generating a cold, high-density flow
at the throat. After an initial expansion to achieve supersonic flow,
additional energy is radiatively coupled into the air as it expands
through the nozzle, further accelerating it while simultaneously in-
creasing the enthalpy and entropy. A final expansion to high Mach
number brings the flow to the test conditions. With this approach,
the air temperature is maintained low throughout the expansion so
that thermally induced reactions and throat erosion are minimized.

An important aspect of this approach is that the ultrahigh pressure
air in the plenum region has very high density and can no longer
be treated as an ideal gas. The associated real gas effects cause
the enthalpy to become pressure dependent, and so very high en-
thalpies can be achieved at modest temperatures. In addition, the
speed of sound increases significantly, reaching values more typical
of the speed of sound in liquid than in gas-phase air. As a conse-
quence, the kinetic energy of the fluid passing through the throat at
Mach 1 is much higher than would be possible for an ideal gas at a
similar temperature.

A feature of this approach is that many parameters may be varied
to achieve the desired flow. For example, the absorption of the air
depends on its density, temperature, and pressure, as well as on the
wavelength of the particular radiative source chosen. A change in
the absorption will affect the length of the tunnel, which directly
impacts the time the air spends at high temperature and, thus, the
chemical dynamics, and so the choice of the wavelength can be op-
timized for the minimization of oxides of nitrogen. Other variables
include the plenum pressure, the plenum temperature, the expan-
sion profile, and the energy addition profile. More flexibility may
be achieved by using multiple radiation sources, each optimized for
a particular portion of the flow. A practical limit for the run time
will be determined by the volume of high-pressure air that can be
contained and the total stored energy of the radiative source. Run
times in excess of 0.1 s are the goal of this approach.

Technical Approach
Overview

A convenient way of viewing the operation of such a facility is
with the help of a Mollier diagram (Fig. 1). In this diagram, the
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Fig. 1 Concept definition: thermodynamic comparison of wind-tunnel philosophies.
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Fig. 2 Equilibrium mole fractions of NO, NOi, and N2O in air at 1
and 50,000 atm. For 1 atm, the ideal gas equation of state was applied,
and for 50 atm, the Becker- Kistiakowsky-Wilson equation of state was
assumed.1

enthalpy is plotted vs the entropy. For a conventional wind-tunnel
facility, the expansion is assumed to be isentropic, and so the static
temperature and pressure and the Mach number in the test cham-
ber mandate a unique temperature and pressure for the gas in the
plenum. For example, for a Mach 16 flow with a static tempera-
ture of 200 K and a static pressure of 10~3 atm (point C on the
diagram), the plenum must be held at a temperature of 6300 K and
at a pressure of 4000 atm (point A). Clearly, at this temperature,
air is highly dissociated, and severe problems with containment
and throat erosion occur. In contrast, the radiatively driven wind
tunnel begins with a plenum pressure on the order of 30,000 atm
but a plenum temperature on the order of 1000 K. The point on
the Mollier diagram (point B) associated with this initial condi-
tion corresponds to significantly lower entropy and lower enthalpy
than that of the isentropic wind tunnel. That remaining enthalpy
and entropy are then added downstream of the throat using the
radiative source.

Chemistry is an important consideration in the design of the ra-
diatively driven hypersonic facility concept. In the ideal case, the
temperatures will be kept low enough so that the chemical kinet-
ics can be ignored. In reality, however, there are two regimes in
which chemical kinetics must be taken into account. The first is
in the ultra-high-pressure plenum, where even at modest tempera-
tures the formation of polyatomic molecules that have lower specific
volume is favored. This effect is illustrated in Fig. 2. If equilib-
rium codes are extrapolated to 50,000 atm at 1000 K, the predicted
equilibrium mole fraction of NOi increases by two orders of mag-
nitude above its one atmosphere equilibrium concentration. The
mole fraction of NO, on the other hand, is unaffected since it is a

diatomic molecule and occupies the same molar volume as oxygen
and nitrogen, which are both diatomic. At temperatures on the order
of 1500 K or below, the rate of formation of those species is very
slow, even at high pressure, and so a facility pulsed for times on the
order of a second or less may never reach chemical equilibrium in
the plenum.

The second regime of concern is in the region of heat addition
where the temperatures increase substantially, and the formation
rate of superequilibrium species is nonnegligible. Since the flow
is moving at high speed (several kilometers/second), the residence
time of the molecules in the high temperature regime is relatively
short (milliseconds), and so the kinetic rate of formation of various
molecular species becomes an important parameter. In particular, it
is important to realize that the slow kinetic rate of formation of the
nitric oxide molecule may suppress the nitric oxide concentrations
for short times even though the temperature may be high.

One can generate an estimate of the temperature at which the ad-
ditional enthalpy must be added downstream by recognizing that the
total enthalpy (kinetic energy plus static enthalpy) and entropy are
determined by the desired test conditions. Therefore, we can iden-
tify an enthalpy deficit Ah, which is the difference between the total
enthalpy in the test chamber and the enthalpy in the plenum, and
an entropy deficit As, which is the difference between the entropy
of the gas in the test chamber and the entropy in the plenum. In the
conventional isentropic facility, the enthalpy and entropy deficits
are zero. Assuming an isentropic expansion, the total enthalpy in
the test chamber is equal to the plenum enthalpy in the conventional
facility, and so the enthalpy deficit is just the enthalpy difference
between the plenum enthalpy of the conventional wind tunnel and
the plenum enthalpy of the radiatively driven wind tunnel, as shown
in Fig. 1. Similarly, the entropy deficit is the difference in plenum
entropies as shown in the figure. When energy is added downstream
of the throat, the ratio of these two deficits (Ah/As) gives an "ef-
fective" temperature Te. This is the effective temperature at which
the additional enthalpy must be introduced downstream of the throat
to achieve the proper entropy.

To minimize the formation of oxides of nitrogen and radicals in
the nozzle section, it is desirable to keep this effective tempera-
ture as low as possible. This is accomplished by either decreasing
Ah (increasing the enthalpy in the plenum) or increasing As (de-
creasing the entropy in the plenum). From Fig. 1 it is apparent that
increasing the enthalpy in the plenum can be achieved by increasing
the temperature or by increasing the pressure. Decreasing the en-
tropy is accomplished by increasing the pressure or by decreasing
the temperature. It is evident that high pressure is needed to keep
the effective temperature low. Figure 3 shows the effective tem-
perature as a function of plenum pressure for various plenum
temperatures needed to achieve a Mach 16 flow at 200 K
and 10~3 atm.
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Table 1 Compressibility factor constants

K ( l ) = 6.243238 x 10~2

K(2) = 1.272148 x KT1

K(3) = -9.363323 x 1CT1

K(4) = 7.018441 x KT1

K(5) = -3.516090 x KT1

K(6) = 5.645003 x 10~2

K(l) = 2.995615 x 1(T2

#(8) = -3.181744 x 10~2
K(9) =-1.682111 x 10~2

£(10) = 1.602041
K(\ !) = -!. 099967 x 10~3

K(12) = -7.271550 x 1(T4

£(13) = -4.524547 x 10~3

£(14) = 1.304687 x 1(T3

£(15) = -2.221651 x 1(T4

£(16) = -1.981405 x 10~3

£(17) = 5.975740 x 1(T5

£(18) = -3.641353 x 1(T6

£(19) = 8.413648 x 10~6

£(20) = -9.828689 x KT9

£(21) = -1.576831
£(22) = 4.007290 x 10~2

£(23) = -8.451945 x 1(T2

£(24) = -3.409313 x 10~3

£(25) = -1. 951270 x 1(T3

£(26) = 4.938999 x 1(T5

£(27) = -4.932646 x 1(T5

£(28) = 8.856666 x 1(T7

£(29) = 5.347880 x 10~8

£(30) = -5.934206 x 1(T8

£(31) = -9.068133 x 1(T9

£(32) = 1.618224 x 10~9

£(33) = -3.320448 x KT10

= £ £(i)T1' and A, = 0.0588

p and T are defined in terms of the critical values for the substance to be modeled:

RTcP

PC
and T = —

where the critical parameters for air are approximated as

Tc = 132.5 K Pc = 3.77 MPa pc = 343.3 kg/m3

E ̂

!s~I

0 5000 10000 15000 20000 25000 30000 35000

Plenum Pressure
(atm)

Fig. 3 Effective temperature vs plenum pressure for various plenum
temperatures.

Balanced against this effective temperature are the maxi-
mum temperature reached in the expansion and the temperature
in the plenum. In general, it is these temperatures and the time over
which the flow is at these temperatures that determine the concentra-
tion of nitric oxide in the test region. Since the effective temperature
is an average temperature at which the energy is added, if a signif-
icant amount of energy is added below the effective temperature,
then an approximately equal amount must be added at a tempera-
ture higher than the effective temperature to achieve the proper test
conditions. The maximum heating rate downstream of the throat is
at constant pressure, since an increase in pressure will cause the
flow to choke. Thus, to minimize the peak temperature, the flow
should be heated isobarically until it reaches a temperature some-
what higher than the effective temperature, and then the remainder
of the energy added. In the models presented here, we have cho-
sen an initial expansion to Mach 2 before energy is added to avoid
instabilities near Mach 1. Because of real gas effects, in the initial
constant pressure heating region the Mach number does not drop
significantly, even though the temperature increases by a factor of
3 or more.

Flow Model
A more accurate description of the operation of the wind tun-

nel can be developed using a one-dimensional real gas model. The
governing equations are the continuity, momentum, and energy

equations that are derived from a control volume analysis with heat
input q, expressed in joules per unit mass per unit length,

dA du dp
pu — + p — A + -j-uA = 0dx dx dx

dp

(1)

(2)

dh\ dp fdh\ dT du

where p is the density, h is the specific enthalpy, and u is the velocity.
The equation of state is2

P = Z(p, T)pRT

where the compressibility factor is given as

Z =

(4)

i=7 i =

+ r4K(U)r + r5[K(l5)r2 + K(l6)r3]

x r6K(ll)T2 + r7[K(lS)r2 + K(l9)r3]

(5)

f K(32)r4 •
with r being a dimensionless density based on the critical tempera-
ture Tc and the critical pressure Pc,

RTCr = p—— (6)
rc

and T being a dimensionless temperature,
Tc (7)

The constants K(i) are listed in Table 1. To find the other thermo-
dynamic state variables, the ideal gas specific heat, c°(2"), is used to
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find the low-density (p = p£) (ideal gas) conditions at temperature
7\ and then the real gas equation is used to integrate at constant T
to the desired density.2 Therefore, for enthalpy and entropy,

Conventional Hypersonic Tunnel

iz*!=rif^d r +CLii)
RT< I, r\^)r *

High T
(8) Moderate P/

and

where re = pe(RTc/Pc) is effectively zero for the lower limits of
the integrals, and h° contains the low-density specific enthalpies of
oxygen and nitrogen and contains the low-density specific entropies
of oxygen and nitrogen plus the entropy of mixing.

This model has been found to give an accurate reproduction of
the Arnold Engineering and Development Center (AEDC) Mollier
diagram that is derived from tabulated data, and it is consistent
with similar real gas models published by the Soviet Bureau of
Standards.3"5 This equation of state is solved using a finite differ-
ence solution to generate an aerodynamic model to describe the flow
evolution with heating in the nozzle section. The model does not ac-
count for dissociation or high temperature and has been developed
based on nitrogen data only up to 10,000 atm pressure at tempera-
tures between 50 and 1200 K. Extrapolations to higher pressure and
temperature are smooth but have not been experimentally verified.
The application of this model to air rather than nitrogen involves
a single substance approximation for the critical pressure and tem-
perature. To our knowledge there are no experimental data for air
above 4550 atm.6

This model was tested in several manners. First, with no energy
addition and at constant area, calculated values of the density, tem-
perature, and velocity were checked to confirm that these quantities
remained constant throughout the flow. A second check was done
modeling a diverging conical profile with initial conditions corre-
sponding to the Mach number just greater than 1 and no energy
addition. Calculated p/p*, T/T*, P/P*, and A/A* profiles pro-
duced by the model were compared with tabulated solutions for an
isentropic expansion. There was no perceptible deviation from the
isentropic case. A third verification used the exactly solvable prob-
lem of energy addition into a flow with a constant cross-sectional
area. The exact solution in this case is given by the expression

ds (10)

where a is the isobaric expansion coefficient,

(ii)

and v is the specific volume (1/p) . Both a and the specific heat
cp were calculated numerically, and the ratio (dh/dx)/(ds/dx) was
normalized by Eq. (10) and checked to be sure that the value re-
mained unity as the flow evolved down the constant area duct. The
result was accurate to one part in 106, independent of p, T, v, and
q for appropriately small step sizes. The computation uses as an in-
dependent variable either the area profile A(JC), the pressure profile
p(x), or the temperature profile T(x). The energy deposition rate
q(x) can either be specified, or it can be derived from the absorp-
tion characteristics of the air, which are modeled as a function of
temperature and pressure.

Energy Addition
The performance of the wind tunnel depends on both the plenum

conditions and on the mechanism for energy addition. Using current
technology, the maximum plenum pressure achievable is estimated
to be between 20,000 and 30,000 atm. Energy must be added to
the moving flow, and so radiative coupling is an obvious approach.
This coupling must be accomplished via absorptive energy transi-
tions that occur in air. The very high pressure of the air just down-
stream of the throat will lead to significant pressure dependence

Radiation-driven Hypersonic Tunnel Ring of Laser Beams

HighP
Moderate T

Throat

Fig. 4 Schematic comparison of wind-tunnel philosophies.

(both pressure narrowing and pressure broadening) of absorption
features, and at these high pressures, pressure-induced absorption
phenomena are often dominant. Transitions occurring in the infrared
region are accessible to various high-power lasers, and those in the
microwave region can be pumped by high-power gyrotron devices.
Of particular interest are pressure-induced transitions in oxygen in
the near infrared that overlap diode lasers and diode-pumped, solid-
state lasers; CO2 transitions that overlap hydrogen fluoride (HF) and
reactor pumped xenon laser lines; H2O transitions that overlap the
chemical oxygen iodine laser (COIL); and the oxygen microwave
transition at 60 GHz. Other transitions to be explored include H2O
and CO2 lines that overlap CO2 and CO lasers and pressure-induced
oxygen and nitrogen transitions throughout the infrared. Ultravio-
let transitions, particularly those in oxygen, might also be explored
with high-power light sources and, possibly, with ultraviolet lasers.

As a test case, the possibility of adding energy optically with
high-power HF lasers was studied. Although the calculation is one
dimensional, a possible tunnel geometry is sketched in Fig. 4. The
lasers are assumed to enter the tunnel from downstream, passing
through the test section and into the nozzle. They are arranged in
a ring so as not to interfere with the model. Since most of the ab-
sorption occurs where the air is at high pressure, this configuration
has the potential of efficiently coupling energy into the flow just
downstream of the throat. To compute the flow, an initial guess
of the energy deposition parameter q through the nozzle is given,
and the model is integrated in the forward direction to solve for
the air density and temperature through the expansion, and then
in the backward direction (from the test section back toward the
throat) to give a second iteration on the energy addition profile
based on the energy absorbed by the air at the computed temper-
ature and density. This procedure is carried out repeatedly until
convergence is achieved. Following convergence, the energy addi-
tion rate profile is consistent with the absorptivity profile of the
expanding airstream.

Although the thermodynamic properties of the gas appear to be
good approximations to the actual thermodynamic state of air over
these ranges of pressure and temperature, the absorption constant is
only a crude estimate. In the example worked here, the high-power
HF lasers are assumed to be operating on a single transition near
2.76 /z (3623 cm"1). Absorption occurs through the small amount
of CO2 that is present in air and reflects the upper atmospheric mole
fraction ratio of 330 parts/million. The absorption is directly into
a bending/asymmetric stretch (021) combination band, and absorp-
tion data are taken from the HITRAN database, extrapolated to high
pressure using conventional pressure broadening.7 Since pressure
narrowing effects are ignored, the values that are used only serve to
illustrate this approach to energy addition and cannot be interpreted
quantitatively. Figure 5 shows the absorption profile in the vicin-
ity of the HF line at a pressure of 1000 atm. To accommodate our
uncertainty in the absorption line shape and magnitude, a pressure-
dependent absorption constant equivalent to one-half of that shown
on the figure for the P2(4) line was used for the calculation.
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Table 2 Computed gases

Stagnation conditions Cases 1 and 2

Temperature, K
Pressure, atm
Density, kg/m3

Enthalpy, J/kg
Entropy, J/kg • K
Flow rate, kg/s

Throat conditions (Mach 1)
Velocity, m/s
Temperature, K
Density, kg/m3

Area, m2

Pressure, atm

Exit conditions

Mach no.
Velocity, m/s
Temperature, K
Density, kg/m3

Area, m2

Pressure, atm
Static enthalpy, J/kg
Total enthalpy, J/kg
Entropy, J/kg • K

Casel

14.5
4.05 x 103

194
1.82x 10~3

10.7
l.OOx 10~3

1.90x 105

8.40 x 106

8.40 x 103

1500
2.51 x 104

1.12x 103

3.54 x 106

5.56 x 103

79.0

1.86 x 103

1080
8.17 x 102

5.19 x 10~5

8.33 x 103

Case 2

15.0
4.25 x 103

201
1.76x 10~3

10.6
l.OOx 10~3

1.90 x 105

9.22 x 106

8.44 x 103

Equivalent isentropic plenum conditions (from AEDC Mollier diagram)
Temperature, K 5550 5800
Pressure, atm 2.24 x 103 2.82 x 103

P2<4) P10) P2(3)

3500 3550 3600 3650 3700 3750 3800
Frequency (I/cm)

Fig. 5 CC>2 absorption (percent per meter) for air at 1000 atm and
1000 K. Vertical lines correspond to HF laser lines.

Two examples are given to demonstrate the effect of different ex-
pansions. Both cases begin with the same plenum pressure, 25,120
atm, and temperature, 1500 K, and are expanded to roughly 200 K
and 10~3 atm. Mach numbers of 14.5 and 15.0 are achieved by
cases 1 and 2, respectively. The stagnation conditions, throat con-
ditions, and conditions in the test section for the computed cases
are shown in Table 2. The constraint applied for the calculation was
initial energy addition at constant pressure, followed by isothermal
energy addition, and a final expansion to the test cell that has ap-
proximately a 3-m diameter. In the first case, the flow is heated at
constant pressure to 2000 K and then heated at constant temperature.
Since the code is one dimensional, the length and shape of the final
expansion are arbitrary. The shape of the final expansion is chosen
here to produce a smooth pressure drop to 10~3 atm pressure, and
the length of the tunnel is chosen to be 40 m. In the second case, the
flow is heated at constant pressure up to 2500 K and then heated at
constant temperature until the proper entropy is reached. The initial
conditions for the energy addition portion of the computation begin
at Mach 2 in both cases, and so the flow passes through the throat
and expands to Mach 2 before heat addition begins. In both cases,
the optical energy is fully absorbed downstream of the Mach 2 po-
sition by allowing sufficient separation between the nozzle location
and the energy addition regime, and so there is no truncation error
associated with these initial conditions.

Fig. 6 Mollier diagram for cases 1 (2000 K—solid line, solid dot) and
2 (2500 K—dotted line, open dot).

Figure 6 shows the trajectories of cases 1 and 2 on the Mollier
diagram. The points at the top of the diagram show the initial condi-
tions for an isentropic expansion to achieve the same test conditions.
These numbers are taken from the AEDC Mollier diagram since our
model is not designed for exceedingly high temperature.

Figures 7a-7f show the pressure, temperature, tunnel radius,
Mach number, flow velocity, and heating profile as a function of
the axial distance downstream for these two cases. It is particularly
striking to note the large change in tunnel radius as a function of
axial distance. Figures 8a and 8b show an expanded view of the ra-
dius and the heating profile over the first few meters. Because of the
very high density of the fluid at the throat, the radius at that location
is less than 5 mm. Apparent discontinuities in these curves are due
to discontinuous changes in the modeled expansion profiles or en-
ergy addition constraints. As the flow proceeds downstream, energy
addition occurs primarily over the first few meters, after which the
secondary expansion increases the radius to on the order of 1.7 m.
The fluid flow characteristics at the throat are shown in Table 2. Note
that the velocity at the throat is 1,860 m/s. This sonic speed would
correspond to an "ideal gas" at a temperature in excess of 8000 K,
whereas the flow temperature is actually 1080 K.

In case 2, significantly more energy is coupled into the flow since
it is heated to 2500 K rather than 2000 K before the isothermal
energy addition begins. This is reflected both in the test conditions
and in the effective temperatures. In case 1, the effective temperature
is 1740 K, the flow velocity in the test section is 4.05 km/s, and the
static temperature is 194 K. For case 2, the effective temperature is
1970 K, the flow velocity is 4.25 km/s, and the temperature in the
test section is 201 K.

Flow Chemistry
An important design goal for this wind-tunnel facility is to match

the molecular concentrations that are found at the flight altitudes
simulated. Particular difficulty arises with regard to the molecu-
lar concentration of nitric oxide, since that species is formed in
abundance at high temperature and tends to freeze into the flow.
Nitric oxide concentrations in the upper atmosphere range from on
the order of 50 parts/billion up to 80 km (260,000 ft) and then in-
crease to a maximum of approximately 200 parts/million at 110
km (360,000 ft).8 These mole fractions correspond to equilibrium
temperatures ranging from approximately 600 to 1200 K, according
to the equilibrium diagram shown in Fig. 2. An important feature
of this facility is that, even though the air must reach temperatures
higher than these numbers, the time at which it remains at those tem-
peratures is short, and therefore the nitric oxide concentrations are
significantly suppressed below their equilibrium levels. This occurs
both in the plenum where, even though the pressure is very high,
the temperature is low, and so the kinetic formation rate of nitric
oxide is on the order of seconds, and in the expansion, where the
temperatures are higher but the times for formation are only on the
order of milliseconds.

To compute the NO concentrations, we have applied an elemen-
tary chemical kinetic model based on 23 principal air reactions and
the real gas Becker-Kistiakowsky-Wilson equation of state. These
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Fig. 7 Tunnel parameters for cases 1 (2000 K—solid line) and 2 (2500 K—dotted line).

reactions and the pressure-dependent rates are given in Table 3.
Nitric oxide, oxygen radical, and NO2 concentrations for the two
cases discussed earlier are shown in Figs. 9 and 10. It is important to
note that the equilibrium molar concentration for nitric oxide at 2000
K is approximately 10~2 (1%). Here we see that in case 1 the for-
mation of nitric oxide has been dramatically suppressed by the slow
chemical formation rates. In case 2, however, the flow is maintained
at 2500 K for a relatively long period of time, and the nitric oxide
concentration comes close to its equilibrium value. These curves
suggest that various different scenarios for energy addition will
have a significant impact on the level of nitric oxide formed. The
concentrations of other nonequilibrium species are lower than NO
but cannot be neglected.

In this model, the time delay between the excitation of the CO2
molecule and the deposition of energy into the kinetic motion of
the flow is modeled assuming a single vibrational temperature.
Although the exact mechanisms for this energy transfer remain
to be explored, it is expected that the CO2 molecule will rapidly
transfer its energy to nitrogen by exciting the vibrational mode of
the nitrogen molecule. At low pressure, vibrationally excited ni-
trogen has a very long relaxation time. At high pressures, how-
ever, nitrogen rapidly transfers its excitation to oxygen, which is
rapidly thermalized. Accurate modeling of both the collisional en-
ergy transfer from CO2 to nitrogen and the nitrogen relaxation mech-
anism will be important since many photons must be transferred
to each CO2 molecule to achieve the required heating rates. The
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Table 3 High-temperature air reaction mechanism"

Reaction5 Ao
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

02(+M) = 20(+M)
0 + 02(+M) = 03(+M)

O + O3 = 2O2
CO + O -f M = CO2 + M

CO+O2 = CO2 + O
NO(+M) = N + O(+M)
NO + O(+M)=NO2(+M)

NO + O = O2 + N
2NO = N2 + 02

NO2 + O = O2 + NO
NO2 + O(+M) = NO3(+M)

NO2 + NO = N2O + O2
2NO2 = NO3 + NO
2NO2 = 2NO + O2

N20(+M) = N2 + 0(+M)
N20 + 0 = N2 + 02

N2O + O = 2NO
N2O + NO = N2 + NO2

N + NO = N2 + O
N + N2O = N2 + NO

N + NO2 = 2NO
N + NO2 = N2O + O
N+NO2 = N2 + O2

0.15 x 1012

0.17 x 1013

0.12 x 1014

0.25 x 1013

0.15 x 1012

0.13 x 1016

0.18 x 1010

0.13 x 1015

0.39 x 1013

0.13 x 1014

0.10 x 1013

0.96 x 1010

0.16 x 1013

0.13 x 1012

0.10 x 1015

0.66 x 1014

0.10 x 1015

0.33 x 1013

0.10 x 1014

0.40 x 1013

0.50 x 1013

0.10 xlO13

0.0
0.0
0.0

0.0
0.0

-0.75
1.0
0.0
0.0
0.0
0.0
0.73
0.0
0.0
0.0
0.0
0.0
0.3
0.0
0.0
0.0
0.0

118,000.0
—— 0.0
—— 4.5

47,690.0
148,000.0

0.0
38,760.0
75,630.0
-238.4

0.0
60,000.0
20,920.0
26,120.0
59,610.0
28,020.0
26,630.0
49,675.0

0.0
19,870.0

0.0
0.0
0.0

0.98 x 1025

0.18 x 1022

——
0.25 x 1014

——
0.15 x 1016

0.47 x 1025

——
——
——

0.15 x 1029

——
——
——

0.72 x 1018

——
——
——
——
——
——
——
——

-2.5
-2.8
——

0.0
——

0.0
-2.87
——
——
——
-4.08

——
——
-0.73
——
——
——
——
——
——
——
——

118,000.0
—— 0.0

-4,541.0
——

148,400.0
1,550.0

——
——
——
1,467.0

——

62,790.0
——
——
——
——
——
——
——

0.65 ——
—— ——

—— ——
—— ——
0.95 1.0 x 10~4

—— ——
—— ——
—— ——
0.79 2.5 x 10~4

—— ——
1.17 1.25 x 10-4

—— ——
—— ——
—— ——
—— ——
—— ——
—— ——
—— ——
—— ——

aUnits are cm3-mole-s-cal, k = ATn exp(-Ea/RT).
bFor pressure-dependent reactions with the total concentration, M listed in parentheses, fall-off behavior is included as follows:

*o + (W[Af]>

k^ = AT" Qxp(-EfRT)

Fc = a-bT

0.5

a) Radius b) Heating profile

Fig. 8 Expanded scale wind-tunnel parameters for cases 1 (2000 K—solid line) and 2 (2500 K—dotted line).

scale of this energy deposition problem can be better appreciated
by realizing that the enthalpy deficits in cases 1 and 2 are 4.9 and
5.7 million J/kg, respectively. This corresponds to approximately
10,000 photons per CO2 molecule, all of which must be absorbed
in a few milliseconds, and so collisional transfer rates shorter than
0.1 ji6S are required. In a large-scale facility such as this, a flow rate
on the order of 80 kg/s will be necessary. Thus, a total energy de-
position rate of 400^-50 MW must be achieved over the run time
of the tunnel. This involves a significant scaling of candidate laser
sources and the use of multiple lasers. Ibnnel operation for 0.1 s
will require a total energy of 50 MJ to be deposited into the flow. By
comparison, this is approximately the amount of energy stored in

20 gal of gasoline and is well within the current total energy capa-
bility of existing high-power hydrogen fluoride/deuterium fluoride
(HF/DF) lasers.

Alternate Approaches
The use of an HF laser to achieve energy addition via a CO2 transi-

tion has the advantage that very high-power HF and DF lasers have
already been developed through Department of Defense support.
For example, the MIRACL laser currently is capable of operating
at power levels in excess of 1 x 106 W. Further scaling of that
laser to power levels on the order of 300 x 106 W will constitute
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Fig. 9 Nonequilibrium concentrations for case 1.
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Fig. 10 Nonequilibrium concentrations for case 2.

a major engineering challenge. Other candidate laser sources for
energy transfer include the nuclear reactor pumped Xe laser oper-
ating at 2.76 /i, the free electron laser with its variable frequency
operation, the chemical oxygen iodine laser that runs at 1.4 /z, high
efficiency diode lasers operating in the near infrared, the carbon
dioxide laser in the 10-/z region, and the carbon monoxide laser in
the 5-/z region. In all cases, significant scale-ups will be required to
generate enough power to drive a full-scale facility.

Other aspects that must be examined include optical propagation
through the high-temperature air and the possible interaction of
high-power laser beams with the walls. Of particular concern is
electric-field-generated breakdown in the energy-addition region of
the flow. Although this occurs at very high intensities for laser radi-
ation, the variation of breakdown as a function of pressure is of con-
cern. It is, perhaps, encouraging to note that the breakdown threshold
reaches a minimum with pressure, which in air at the CO2 laser wave-
length occurs at approximately 20-atm pressure. At pressures higher
than that, the breakdown threshold begins to increase since the
breakdown dynamics become dominated by collisional processes.9
Breakdown is also very strongly dependent on the frequency of the
electric field, with the breakdown threshold being much higher for
high frequency, i.e., near infrared and visible lasers, than for low
frequency, i.e., far infrared lasers or microwave devices. Another
complexity that will have to be investigated is the interaction of the
source radiation field with the two-dimensional flow structure in-
cluding the boundary layer. The high-temperature boundary layer
near the walls will cause the air density to be lower there than in
the central portion of the flow. This density variation will lead to
an index-of-refraction contour that may be used with the geometry
shown in Fig. 4 to help guide the lasers and avoid excess wall heating.

Alternate methods for depositing energy downstream of the throat
need to be examined. A particularly attractive approach is to use
very high-power microwave gyrotrons to drive molecular oxygen in

the vicinity of 60 GHz.10-11 The very rapid coupling of the oxygen
molecule to the translational kinetic modes in air suggests that this
approach can potentially be used to deposit large amounts of energy.
Microwave gyrotron sources in the megawatt region are currently
available, and an increase of power on the order of a factor of 10 can
be anticipated in the near future, particularly given that continuous
operation may not be required for this facility.

Conclusions
These preliminary examples suggest that a radiatively driven

hypersonic air facility may be feasible. Major questions still re-
main, particularly regarding the effects of transport phenomena at
high pressure, the energy-addition mechanism, and the associated
chemical kinetics. The basic concept of achieving high enthalpy by
using ultrahigh pressure and coupling energy in downstream of the
throat does, in principle, lead to a wind-tunnel apparatus in which
the air remains cool compared with other approaches. High-pressure
plena have been constructed in Russia, and ultrahigh pressures have
been achieved in small-scale laboratory devices. Issues relating to
gas transport also must be further examined. These include such crit-
ical considerations as nozzle erosion, wall cooling, and nonequilib-
rium phenomena. Although these questions will require significant
research to be done in a variety of fields, it is worthwhile to point out
that the development of a true air hypersonic test facility will have
a major impact on the design and testing of hypersonic vehicles.
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