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Abstract

Ground facility for hypersonic research is a key element for successful development of aerodynamically proven
hypervelocity vehicles. Design concept and diagnostics of hypervelocity flow generator (HFG) were made as a test
platform for hypersonic/hypervelocity spacecraft models at NASA Langley Research Center. The HFG is a hypersonic flow
field generator using optically heated gas which was blown into an 80-m3 large vacuum chamber. The vacuum chamber
is kept at a stable vacuum pressure with a combination of three large vacuum pumps, while the HFG is in the test
mode. The HFG provides relatively a small test section with approximately a 20 cm window. This facility was designed to
generate 2.45 km/sec of flow speed, and possibly to generate a continuous flow with the nozzle and vacuum system. The
window at test section provides a direct observation of shock wave around a model in order to measure temperature,
pressure, and density profile within the shock layer. One of the key test goals under this project was to understand why
the emission spectra from the standing shockwave plasma predicted by Lora-Loran codes are significantly different from
the measured emission spectra from the Flight Investigation Reentry Environment (FIRE Il) Flight. The correct estimate
of thermal loading on the leading edge of hypersonic vehicles greatly improves the aerodynamic design, the material
selection for vehicle, and the cooling requirement and can be obtained by the precise modeling of emission spectra
from shockwave plasma. However, the estimation of thermal loading is not an easy task due to complex non-equilibrium
radiative process within high temperature shock layers that still falls into a category of cold plasma. Direct flight
experiments are the most desirable, but not a cost-effective approach. Analysis by computational fluid dynamics (CFD)
offers many test flexibilities. However, the CFD codes must be fully tested and validated with experimental data before
the codes are effectively used for practical design. The large discrepancies between experiments and codes are appeared
in hypersonic/hypervelocity flow regime at high altitude of 60-90 km. This HFG facility offers some important parameters
for CFD code validation, such as collision cross-sections, relaxation times, reaction rate coefficients and transportation
coefficients. The HFG test facility is based on the ejection flow of high temperature gas heated over to 3500 °K through a
nozzle. The tungsten gas chamber of HFG is heated up to a desired temperature by a 60-kW optical power beam source.
This system consists of an optical power source, a thermal chamber, an expansion nozzle, a test section, and an 80 m?
vacuum tanks. Total 60 kW optical input power is obtained from the 150 kW Vortek arc lamp system. This optical beam
is focused to heat the gas chamber within which a flow media is heated. The maximum achievable temperature of the
flow medium reached approximately 3500K or even higher but is limited by the melting point of the chamber material
used. The exhaust velocity through nozzle was determined by the stagnation temperature and the molecular weight of
working medium at the test section. In order to provide design parameters, a NASA Chemical Equilibrium with Application
(CEA) computer program is used for the simulation of aero thermal data. This CEA program is able to calculate chemical
equilibrium and properties of complex mixtures using shock tube parameters. For nitrogen gas at 2666K stagnation
temperature, the maximum achievable velocity at the test section is approximately 2.45 km/sec which is within the range
of thermal velocity of 8000K shock layer. Based on the calculation through the CEA program, the design parameters of a
HFG were determined and implemented for the test section that includes an expansion nozzle. The installed test section
of the experimental facility is able to sustain a condition to perform a re-entry vehicle from the space at the altitude of
60-90 km. After installation the HFG, the system was fully tested its operation and parameters were measured. An 80 m3
vacuum chamber to keep a stable downstream condition of HFG was set at 1 torr level. The pumping time to reach the
minimum vacuum pressure (~ 1 torr) at the test chamber from atmospheric pressure was approximately an hour with
the Kinney (MBV-14,000/MB -1600/KT-300) and Stokes (Model 1772 and 412) pumps. Such a setup condition allowed a
continued operation of stable HFG experiment with the flow rate through 1, 3, or 5 mm diameters of nozzle throat. The
flow characteristics of the HFG for various operating conditions were performed using a focused Schlieren method. At
the 0.8 torr in the chamber pressure, a barrel shock was observed at the test section. With a sphere obstacle of 12 mm
diameter in the flow, a bow shock (~ 2 mm thickness) was observed by a focused Schlieren visualization method.
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Introduction

The standing-off shock pressure and temperature at the
stagnant point of hypervelocity vehicles are plotted along
with the flight velocity and altitude as shown in Figure 1
[1]. Even Figure 1 shows that the stagnation pressure and
temperature are generally increased with flight velocity. But
the shock temperature does not drastically change along
with the altitude beyond the flight velocity of 4 km/sec. As
indicated by the stagnation temperature in Figure 1, the
forebody of hypersonic spacecraft in a flight corridor receives
a tremendous thermal loading from its shock layer. The
correct estimate of thermal loading is important for optimum
design of the thermal protection system. There have been
many efforts to study the thermos-physics of shock heated
air in the vicinity of the nose of a vehicle flying at 3-6 km/
sec [2-9]. This type of work relied on the non-equilibrium air
radiation program developed by Park [2] and modified by
Laux, et al. [3] to assess the radiative emission.

The predictions by the code of pre-flight model with
experiment data show that a single-temperature (T) model is
not physically correct due to insufficient number of collisions
among the gas species to reach vibrational-translational
equilibrium [9]. Therefore, some researchers [10,11]
developed a multi-T model in order to include rarefaction
effects. However, the radiance level from the vibrational-
translational equilibrium can be predicted better by the
single-T model than multi-T model. One of the important
areas for the characterization of hypersonic/hypervelocity
flows is to describe the physical correlation with chemical non-
equilibrium and combustion effects including characteristics
of separated flows developed in regions of shock wave/
boundary-layer interaction. In this flow regime, there has
been almost no experimental research done to provide
input data for the single- or multi-T model developed. In the
experimental study of this flow regime, the dwell-time of
desired flow field in the test section becomes an important
parameter. A comparison studies of hypersonicfacilities based
on the run-time has been made elsewhere [12,13]. Mostly
well-known large shock tunnels are currently used with test
times of few milliseconds. The purpose of HFG research is to
establish a long run facility that offers a capability to measure
the collision cross-sections and relaxation times which are
regarded as important parameters for determining radiative
heating within high temperature shock layers.

A HFG facility has been designed to simulate re-entry
vehicle from space at the altitude of 60-80 km. Since the
higher the altitude is, the less the air density is, the mean
free path of the air particles is long. Fewer air molecules are
in collision and exchange momentum and resulted in less
viscosity. Therefore, the flow becomes slip and nearly is in
free molecular regimes. In the region of transition flow, a
viscous correction which depends on the Reynolds number,
the probe geometry and the thermal conditions is needed
to set reasonably right information of the hypersonic flow.
In this study, the HFG facility was designed and set up for a
continuous hypervelocity flow to provide long dwell time of
access in the area of shock layer, and also the flow field in the
transitional flow environment was characterized.

Aerothermodynamic Parameters

The velocity of 5-6 km/sec between 60 and 90 km altitude
is the region of interest to simulate the flight corridor
condition through the HFG operation. The translation kinetic
energy of a molecule is also of interest in terms of velocity
and temperature. There are three different terms in velocity
often used as average (1), root mean square (2) and most
probable velocity (3) based on their definitions [14].
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Where, k is the Boltzmann Constant, T the absolute
temperature, and m the mass of a molecule.

Atypical temperature behind the shock layer of the reentry
vehicle in the region of 60-90 km altitude is approximately
8,000 K. At this temperature, an average velocity of 2.45
km/sec is calculated from the equation (1). Figure 2 shows
the velocity profiles calculated with Equations (1, 2, and 3)
using the temperatures of behind the shock layer. There are
approximately 20% of variation in velocity depending on
which equation is employed.

In case of the equilibrium, an average temperature at
behind shock is calculated with various velocities of vehicle
from 1 km/sec through 7 km/sec using the CEA program [3-6],
as the plots shown in Figure 3. At the vehicle's speed of 6 km/
sec, the temperature behind the shock is approximately 6,160
K which is close to the data from the shock tube experiment
[13] marked as circles in Figure 3. Among the molecules of
air, Argon gas has not been used as input data for the CFD
codes even though 1.1% of argon exists at the altitude of
80 km. However, nitrogen and argon have similar ionization
potential, so that the molecular ions N+, and Ar+, may
be simultaneously produced by electron impact and/or by
a fast resonant charge-exchange reaction. The inclusion of
argon into the CEA code shows that the temperature behind
the shock increases due to its high atomic weight and large
collision cross-section. The temperatures at the behind shock
along with various vehicle velocities from the shock tube
data and the CEA code have an agreement within 15%. Even
though the temperature behind the shock does not vary
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Figure 2: Various velocities behind shock layer temperature and chamber temperature.
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Figure 4: Production pattern of equilibrium air species with and without Argon vs. Shock temperature.
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with the inclusion of Argon as compared with the absence of
Argon, the argon effects on radiation properties of molecular
ions N; , especially , produced by electron impact ionization
process could be investigated in the HFG experiment.

Figure 4 shows the mole fractions of constituent gases in
air with and without the argon effect, respectively, at shock
layers as a function of temperature calculated by the CEA
code. The mole fraction is the percentage of moles of the
particular species at the given conditions expressed as the
total number of moles at the same conditions. The results
shown are for roughly 0.1% (= 1 torr) of standard atmospheric
density. The mole fraction of NO is increased to a maximum
level at relatively low temperatures, but subsequently
decreased as the temperature rises. Among the species, NO
is the first molecule to become ionized and thus produce
electrons as temperature increases. The air at temperature
up to 8,000 K may be composed of major six chemical species:
N; (24.34 eV [14]), N (14.534 eV), O (13.6181 eV), O, (12.2

eV), NO (9.26 eV [15]) and Ar (15.7596 eV). Of the six species
listed, NO has the lowest ionization energy and is the first
to produce electron as the temperature is increased. The
number of, N;,N+, Ar+, ions is increased as the electron
does. The number of neutral, such as N, O,, and Ar, decreases
due to the low dissociation energy of the molecules. Inclusion
of argon produces more N;‘rand N from the equilibrium
calculation as shown in Figure 4. The more detail analysis of
argon effects on the production of selected species within
the shock layers is also plotted in Figure 5. At 4,000 K, the

percentage difference of argon effects is up 110 % for N;

due to the dissociation of molecules by collision of relatively
heavy argon with large cross section (i.e. 1.1 x 10® m? for
Ar-Ar at 1 eV [16]. These phenomena can also be found at
6,000 K. The results show that the presence of more argon
produces more ions such as N; rather than quenching.
However, this calculation is based on equilibrium assumption
which is used as a reference for the further experiment on
non-equilibrium state.

Thethermodynamicstate ofthe atmosphere atanyaltitude
and the desired flow velocity could lead to the estimation of
the equilibrium properties of air that can be used to define
the reservoir conditions of the HFG. In such a reservoir
condition, a flow field at the test section through expansion
can be created by emulating the chosen flight conditions.
The equilibrium reservoir conditions corresponding to the
flight regime of interest are shown in Figure 1. In Figure 1,
the temperatures and pressures are shown for a stagnated,
equilibrium reservoir condition for each altitude and velocity.
The reservoir pressures greater than 6800 atm are not shown
because such conditions are well beyond the capability of
existing facilities, and the thermodynamic properties of air
are subject to considerable departure from the ideal-gas
equation of state. In order to attain higher flow velocities
above 4-6 km/sec, some of MHD/MPD augmented facility
would be required. Advanced techniques, such as Solar
Thermal (ST), Solar Thermal and Electric (STE) and Thermal
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Figure 5: Representation of Argon effects on the production species within the Shock layers.
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and Electric (TE) facilities for the flow generation, have been
reviewed and reported in elsewhere [17]. In this HFG system
study, the flow velocity of 2.45 km/sec at the altitude of 60-
90 km was specifically considered. Therefore, the required
stagnation temperature needs to be calculated for designing a
nozzle that generates flow velocity of 2.45 km/sec. The design
of HFG nozzle for hypersonic flow requires advanced thermal
refractory material. For most of all, a kind of thermal energy
loading mechanism is necessary to raise the temperature of
working gas medium. For the aero thermodynamic condition
of HFG system, the reservoir of flow medium is heated to
3000 K level by an optical power source.

A chemical equilibrium with applications (CEA) code
originated by NASA Glen Center [3] is used to calculate
the thermodynamic properties of nitrogen gas for the
HFG nozzle design. Using the code, the theoretical nozzle
performance was estimated at a set pressure 3 atm
for nitrogen gas in terms of stagnation temperature of
chamber and flow velocity for both equilibrium and frozen
composition through expansion process as shown in Figure
6. The required stagnation temperature of chamber to
generate the flow velocity (2.45 km/sec) was 2666 K. Since
at this temperature, the temperature for both equilibrium
and frozen are the same, this result might indicate that the
effects of vibrational transition may be negligible. When the
reservoir stagnant temperature reaches approximately 3500
K, the temperatures for equilibrium and frozen state begin
to show the difference due to the contribution of vibration

temperature. The characteristic temperature of nitrogen
for vibration is reported to be approximately 3390 K [18].
For the frozen state, this would be a situation if chemical
reactions could in some way be inhibited, so that there is no
accompanying change in molecular structure, even though
molecular collisions still take place. With this assumption, the
vibrational energy of the diatomic species can be taken to be
either (a) fixed at initial value or (b) in equilibrium at its fully
excited state. Therefore, mixture of gases will behave as a
thermally and calorically perfect gas in a fixed composition.
Therefore, if gas temperature is increased, the velocity of
gas for equilibrium state is more rapidly increased due to
molecular vibration than that at the frozen state.

The quantitative relation of stagnation temperatures
and the velocities at the nozzle (area ratio of 700) is found
in Table 1. The theoretical flow velocity and temperature are
calculated in terms of area ratio of the nozzle as shown in
Figure 7. At the area ratio of 700, the flow velocity reaches
to 2.45 km/sec, and the flow temperature and the pressure
is approximately 155 K and 0.05 torr, respectively. The
calculation of various performance parameters by the CEA
code is based on the one-dimensional form of the continuity,
momentum, and energy equations for the adiabatic condition.

One-dimensional analyses for a nozzle flow do not
account of the effects on flow boundaries, boundary layers
and turbulence. To added two-dimensional effects on the
nozzle design, NOZZLE 2.BAS code developed by Korte, et al.
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Figure 6: Theoretical nozzle performance Po = 3 atm for nitrogen gas.
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Table 1: Theoretical nozzle performance at Ae/At = 700 and Po = 3 atm.

Stagnation Velocity equilibrium, Velocity , frozen, km/ | Stagnation Velocity Velocity , frozen, km/
temperature, K km/sec sec temperature, K equilibrium, km/sec sec
2000 2.0947 2.0947 4400 3.2193 3.2014
2200 2.2072 2.2072 4500 3.2638 3.2394
2400 2.3139 2.3139 4600 3.3087 3.2782
2600 2.4168 2.4168 4700 3.3558 3.3168
2666 2.45 2.45 4800 3.4044 3.3543
2700 2.4671 2.4671 5000 3.5059 3.4288
2900 2.5639 2.5639 5200 3.6237 3.5046
3000 2.6114 2.6114 5400 3.7551 3.5799
3500 2.8356 2.8352 5600 3.9043 3.6559
3950 3.0274 3.0229 5800 4.0739 3.7335
4200 3.1329 3.123 6000 4.2555 3.8145
4300 3.1751 3.1622 6200 4.4848 3.898
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Figure 7: Theoretical nozzle performance assuming equilibrium composition during expansion at T = 2,600K and P, = 3 atm for nitrogen
gas.

[19-21] was used. The two-dimensional code provides flow
parameters as function of position in the nozzle including the
boundaries, turbulence and adiabatic effects. These effects
can slow down gas velocity at the exit of a nozzle. However,
this code does not include molecular internal motion, such
as vibrational excitation and relaxation effects. The model in
NOZZLE 2.BAS code assumed that the gas medium is calorically

perfect which has a constant specific heat-capacity.

Nozzle design

Ground testing facilities for hypersonic flow generator
have been studied by several authors [22-24]. Most of
the facilities for high stagnation temperature flows have
commonly used the electric resistance heating methods but
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Table 2: Canditate materials.

Materials Physical properties Chemical properties Other information
Melting Thermal Rupture Oxidation Nitration Water Vapor | Mechanical Availability or
Point (C) Cycling Stress Properties in Use
Rhenium Re,0,at 600 C, Excellent Widely used:
1600 psiat K Meltsat 297 C Dromote ductility. Rocket
(Re) 3160 Stable 2500Crun | goil at 363 No reaction Oxidation Easy fab, Chamber
(34-37] 10 hrs C Coating |
required Easy welding | Crystal Growth
'[I';:taa;l;r;} (ta) 2996 Moderate ;%%?2 at Startsat250C Zj;'\;j:t NA :E:;):l/ ::tr)f.ning \lclvé‘iilznl:zzld.
parts
Tungsten (W) 2 orders Starts at 400 Promote Poor
& 3390 Moderate  reduction at ¢ e.md _rapld WN, at 2300 Oxidation at Machine tools
[34,37-39] 1000 C oxidation at c 500 C ductility
500 C
Excellent Crucibles
'[gj';g] I 54ss Moderate  NA At 1150 C No reaction  NA ductility Crystal
growth
Table 3: Operational requirement of HFG facility.
Test Section Parameters Vacuum Tank and Pump
Working medium Nitrogen Tank volume 80 m?
Max. Velocity 2.5km/s Pumping rate at ImTorr 10,00 CFM
Initial back pressure 10 mTorr
Flow rate 0.2g/s
Back pressure 10 mTorr Final back pressure 40 mTorr
Max. back pressure 40 mTorr Lowest vacuum pressure 1 mTorr
Average temperature 300 K
Max. run time 28 sec
Nozzle Configuration Diagnostic Tools
Material Tungsten Flow velocity Pitot tube or LDV
Nozzle throat diameter 1mm Pressure Pressure gage
Nozzle exit diameter 100 mm Vacuum Vacuum gage
Nozzle length 350 mm Temperature Thermocouples or TIS
Expansion conical angle 16 degree Flow rate Flow controller
Mach envelop diameter 700 mm

Thermal Chamber Parameters
Chamber material

Max. Gas temperature

Max. chamber pressure

Max. flow rate

Tungsten or HfC
3000 K
3.5atm
0.3g/s

Others required

Gas feeder & controller

Thermal Imaging system (TIS)
Arc Lamp: 70-600 Amp

0.2 g/s at 300K

300 K, continuous monitoring

250V, current monitoring and

with the temperature limited to around 2000 K due to the
melting point of heating element as primary heat source.
An arc heating is able to contribute higher temperatures
than 2000 K, however, it introduces not only the impurity
originated from eroded heating elements but also radical
species to the flow. Therefore, the flow generated by arc
heating is not regarded as clean as the other methods. On the

controlled with TIS reading

other hand, the HFG facility uses uniquely an optical power to
heat the working medium beyond the limits of other heating
methods and to minimize the introduction of impurity. The
optical heating method of HFG was designed to provide air
stagnation temperatures up to 3500 K. The maximum optical
power for the arc lamps is 90 kW, however it operates in
the range of 60 kW. An elliptical reflector conduit is placed
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Figure 8: The Elliptical mirror.

to collect the optical power from the argon arc lamp that
emanates the maximum 90 kW optical power is located on
one of the foci and concentrate the collected optical power
on the thermal chamber located at the other focal line. The
length of arc lamp is approximately 15 cm. The optical flux
couples with an elliptical mirror as shown in Figure 8. The
estimated optical coupling coefficient of the elliptical mirror
is 0.4 which indicates the overall thermal loading by optical
power onto the thermal chamber. The outside diameter (OD)
of the thermal chamber was determined approximately 14
mm which is close to the diameter of the arc volume (11 mm
dia.) based on the geometrical ray tracing analysis. Therefore,
thermal flux on the surface of thermal chamber is going to be
as 358 kW/cm?.

The diameter of thermal chamber is restricted to be no
more or no less than 14 mm by the geometrical image formed
from a light source and an elliptical mirror. If the diameter of
thermal chamber is too small as compared to the diameter of
arc volume, some of reflected lights may miss arriving on the
surface of the chamber, total irradiance will be reduced as a
result. In the case of larger diameter of thermal chamber than
that of the arc volume, the total irradiance on the surface will
again be small due to the reduced flux density on the larger
area. Since the thermal loading method is instantaneous by
argon plasma arc, the thermal chamber should be prepared
with the following properties: high melting point of chamber
material, high thermal conductivity, endurance over thermal

shock cycle, high strength, and lower thermal expansion rate.
Some candidate materials are listed in Table 2. Among them,
tungsten material is selected as a first choice because of the
highest melting point.

The equilibrium temperature on the tungsten surface can
be stated as:

(Optical energy absorbed = Radiation emitted + Convection
loss to gas + Conduction through nozzle).

ascﬂ;“=ﬂz“+h(7;—n)+k§— (@)

Where, a = absorptivity of heating chamber surface
o = Stefan-Boltzmann constant

T_=heating chamber surface temperature

€ = emissivity of heating chamber surface

h = heat transfer coefficient

T, = ambient temperature

k = thermal conductivity

If there are no losses due to convection and conduction,
the equation becomes a simple as

1
q4

TS = (5)
oo
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Substituting the numerical values, g = 5.37 x 10°® W/
cm? and € 0.3, the maximum surface temperature could be
approximately 4,371 K with 60% of optical coupling from the
elliptical mirror. Considering the losses due to conduction
and convection, we need to solve the equation (4) with
appropriate values. To determine heat transfer coefficient
h, let us assume nozzle has a constant heating rate. The
Reynolds number is

pv,D
Ry =" (6)
U

where, p and p are determined from the CEA program
and Vv, is determined from a continuity equation with the
velocity of 945.3 m/sec at the throat of the nozzle calculated
by the CEA program. Therefore, the velocity at the chamber
will be calculated as

A
v = A—sz (7)
1

Withv, =9.45 cm/sec, the result indicates the flow inside

tube is laminar.

K
h=4364— (8)
D

where K = thermal conductivity of working gas
D = the diameter of nozzle.

Therefore, thermal transfer coefficient, h, will be 67.55 W/

m?2 K. For the calculation of K and € at high temperatures of the
tungsten tube, the values are extrapolated with the existing
information [25,26]. The absorptivity a is obtained from the
reference [27] to be 0.51. By a try and error method, the
surface temperature using equation (5) is calculated as 3,690
K. From this result, the reduction in the surface temperature
is 681 K due to the loss mechanisms as described above.

The thickness of thermal chamber is determined
by considering not only structure safety related to the
pressurization of working medium in the chamber, but
also thermal loading effectiveness which is related to the
thermal characteristic length of the chamber material.
Therefore, a selection of material’s thickness for the nozzle
is also important factor. Using the differential equation for
unidirectional heat flow in cylindrical co-ordinates for steady
state, the heat flux can be written as

T, - T, K2nL\T, —T.
q:—KAd—T:—szL S e W i <1 2) (9)
dr 2 ) lo 2

g
rzloge— e n

n

1
p
2
qloge—
1

Tz—lei (10)

K2rnL

Using the equation (10), the temperature differences are
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Figure 10: Schematic of HFG heated by the optical lamp.

i
i
Vacuum Tank

plotted at various radii for tungsten and HfC in Figure 9. The
time required to reach an equilibrium temperature of thermal
loading chamber at stagnant conditionis determined by thermal
loading rate. The instant heat loss from the thermal chamber
by forced convection should be same as the instantaneous
change of heat energy of the chamber material as,

h24(T,-T,)=—pVC,— (11)

Where, V = the volume of the thermal chamber
A = surface area of the chamber
T=the instantaneous surface temperature of the chamber

The above equation (11) can also be written as

VC
dt = _hd—T (12)
2h A T-T,

Integrating the equation in the limit of T to T,

t poVC, | D
Jdt=-—"P| [ _& (13)
0 2hgd |5 T-Teo
PVC T -T.
t=—Plog,| L -2 (14)
2, A Ty~ Ty

Usingthe equationwith T,=3,300K, T, (mean temperature)
= 1,788 K, the time constant, t is obtained as 0.118 sec. The
velocity of the gas through the nozzle throat with 1 mm
diameter is approximately 9 m/sec. Within 0.118 second to
raise the chamber temperature to 3,300 K level, the length
of thermal loading chamber should be greater than 1 meter
in order to transfer sufficient thermal energy to the center of
gas flow. However, this calculation is only valid for the initial
state when both the chamber and gas need to be heated to
the operational level temperature, 3,300 K. Otherwise, for
a steady state operation, a compensatory thermal loading
to make up the temperature drop by 681 K due to both the
radiative loss from the surface of gas chamber and the energy
carried by working gas.

System configuration

A unique, clean-gas hypersonic flow generator (HFG) was
designed to provide maximum stagnation temperature up to
3,500 K and at least 28 sec run time. Under these conditions,
the HFG generates 2.45 km/sec flow velocity at nozzle exit
by the optical heating as shown in Figure 10. The system
consists of six major parts, such as one Vortek arc lamp as
an energy source, a thermal chamber, an expansion nozzle,
a test section, a vacuum chamber with a vacuum pumping
system, control and diagnostics system as shown in Figure 10.

The mass flow rate of nitrogen at various initial pressures
is calculated and plotted in terms of the diameters of nozzle
in Figure 11. At 1 mm diameter of nozzle throat, the mass
flow rate is approximately 0.2 g/sec at the initial pressure of
3.0 atm. With the mass flow rate of 0.2 g/sec for nitrogen, the
run time is calculated and plotted from 10 mtorr to 40 mtorr
with 10,000 CFM pump in Figure 12 As indicated in Figure 12
the run time of the system is approximately 28 sec at 0.2 g/
sec mass flow rate.

Operational procedures

The operation parameters of the HFG system are listed in
Table 3. The HFG system, in general, requires a serial mode
control of components and equipment in operation. Figure
13 illustrates the operational sequence and time events
for the HFG operation. In operation, the pumping-down
time to reach a desired vacuum pressure (10 mTorr) at the
downstream to an 80 m3 vacuum tank takes a long time as
compared to other sequences. Accordingly, the pumping-
down time will determine the test occurrence rate. In the
system operation, a computer-controlled operation of the
HFG facility was implemented using Viewdac software and
A/D conversion process in an automated mode. However,
certain components of the HFG system are in a stand-alone
mode controlled manually. The main vacuum pump station
runs autonomously to keep the vacuum tank pressure down
to 10 mTorr. For the test readiness, the 4-inch gate valve
between the vacuum tank and the test section and the flow
regulator that feeds a working medium into the heating
chamber are kept closed until the temperature of working
medium reaches a desired level. View dac software is then
used to empty the nozzle by opening the 4-inch gate valve

Song and Choi. J Aerosp Eng Mech 2022, 6(2):597-614

Open Access | Page 607 |



Citation: Song KD, Choi SH (2022) Design of Hypervelocity Flow Generator (HFG) and Its Diagnostics. J Aerosp Eng Mech 6(2):597-614

Fam tine {sec )
o]
[ ]
1

EE I I I I I
s
2.4 F o
22 J_,r"'r -
20 —— :PFo=30aim J,rf .
— — :Po=20atm
= B ——- :Po=S0atm £
E el _ 4
5
g5 14
e 12|
=l B S
]
2 08|
0.8 |
2.4 +
0.2
2.0
2.0 0.5 1.0 1.5 20 2.5 3.0
Diameter of Moz zle {mm)
Figure 11: Mass Flow rate vs. diameter of nozzle for nitrogen.
1440 T T T T T
120 | -
100 | -

0.0 0.2 0.4

Flow rate {g'sec)

Figure 12: Flow rate vs. Run time from 10 motor to 40 motor with a 10,000 CFM Pump.

0.8 0.2 1.0

for 10 seconds. The 4-inch gate valve is closed again, and the
vacuum tank is pumped back down to 10 mTorr. View dac
enables the Vortek Arc lamp [28] interlock, and the Vortek is
turned on using different computer software. At this point,
View dac begins to plot the temperature and pressure in the
vacuum tank. When the gas temperature reaches 3000 K, the
4-inch gate valve is opened. About 1 mili-second later, the

tank pressure reaches a predetermined value, at which the
flow regulator valve is opened. This flow is kept continued
until the tank pressure reaches 40 mTorr, at which Viewdac
disables the Vortek interlock. Flow continues for another
minute (to cool the heating chamber and nozzle) before the
flow regulator is closed. After another 5 minutes, the 4-inch
gate valve is closed.
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Characterizations of Hypersonic and Low-
Density Flow

Since the HFG was designed to simulate re-entry
vehicle from space at the altitude of 60-90 Km, the system
parameters are selected to satisfy the conditions of reentry
flight corridor (see Table 3). At the reentry flight corridor
where the atmospheric pressure is very low, the mean free
path of the air particles is long. Therefore, the flow becomes
slip and nearly in a free molecular regimes of the flow field at
the test section are characterized by the probes and methods
of flow visualization for low density flows (~100 mTorr) of
high temperature and high Mach number. Also, several
methods developed by others [29-31] for these specific
subjects are selected for study and analyzed to correlate
them for parametric dimensions, configurations of probes for
the HFG experiment in NASA Langley as well as a method of
the flow visualization.

Flow Visualization

For accurate rendition of flow-field at test section, the
method of visualization with little effect on the flow-field
or flow stream was introduced. In hypersonic flow, the gas
density becomes rarefied with increasing flow velocity.
Therefore, with the reduced number of molecules in the
rarefied flow-field, the sensitivity of the optical coupling is
diminished to a very low level. Since for low-density flows,
the conventional Schlieren or shadowgraph method is
not suitable. A comparison between the theoretical and
experimental investigations on the limits of visualization with
an optical path of 1 cm was made by R. A. Evans [32].

The superimposing two phase-contrast imaging method
is useful to visualize weak density differences. Veret made a
calculation in order to demonstrate that the phase contrast
method (PCM) would allow operation at altitude of 84 km,
when two PCMs are superimposed [33]. For the experiment,
Veret demonstrated to visualize the air flow density of 7 x
107 g/cm?® and Mach number of 8.2. Without a specimen
in flow, the density gradient along the axis and the radial
direction should be lowered. Therefore, these methods need
to examine carefully whether they are suitable to visualize in
low-density gradient flow. For an indirect visualized method,
the information of light, which has transversed through
a transparent flow, gives a flow pattern along the radial
distribution as well as axis distribution. This method can be
applied to Mach-Zehner Interferograms equation which
shows the density gradient along the radial direction with
the measured distribution function by this method. For flow
visualization of HFG, a Schileren method is applied at various
conditions as shown in Figure 14.

Flow Characteristics of HFG, NASA Langley

The overall layout of the vacuum tank is shown in
Figure 15. The total volume of the tank is 80 m3. The tank
was originally designed to have three 10,000 CFM capacity
vacuum pumping systems. However, one new Kinney vacuum
pump (#1) provides 11,000 CFM, and a Stokes pump (#2)
gives system with an additional 10, 000 CFM pumping speed

at 1 mtorr pressure. The vacuum pressure of vacuum tank
is kept at 10 mtorr as designed for the HFG flow field. Then
test is terminated when the tank pressure rises to 40 mtorr.
The sectional view of the detail test chamber with the probe
window is shown in Figure 15b. As shown in Figure 15b, the
maximum flow velocity is around or at 7” (~18 cm) from the
nozzle throat where the flow field is observable through the
window. while the vacuum system is running, the vacuum
pressures are measured at the tanks, section Il (from 4 “gate
valve to 30” isolation valve) and the test chamber as shown
in Figure 16. The vacuum pressure drops 1 torr within 30
minutes with two running vacuum pumps and reaches to
8 micro torr at the chamber pressure within an hour, while
the tank pressure keeps at 0.07 micro torr. The leak rate of
the system measured as 0.02 micro torr/min. To check the
flow performance of the system, a nozzle is designed and
installed as shown in Figure 15b. The size of the nozzle throat
is designed and installed as 1, 3, and 5 mm in diameters in
order to measure the pumping capacity.

In Figure 16 and Figure 17, the pressures at three sections
as test chamber, the medium chamber (section II) and vacuum
tank are shown as function of the stagnation pressure. As the
stagnation pressure is increased, the maximum (reach to the
constant) pressure is increased. With the 5 mm diameter
of the nozzle throat, the pressures at the chamber as well
as at the tank are measured as shown in Figure 17. With a
stagnation pressure of 10 atm, the pressure at the chamber
reaches 1.2 torr and keeps the pressure approximately within
7 seconds. The chamber pressure decreased 0.6 torr at the
stagnation pressure of 3 atm and it is remained as shown in
Figure 17.

At the stagnation pressure of 3 atm, the maximum flow
intensity is approximately 3.2 cm from the throat. To get
a maximum intensity of flow at 10 cm distance from the
nozzle throat, the required stagnation pressure is about
28 atm. With the 1 mm diameter of the nozzle throat, the
pressure history at chamber and tank is measured in terms
of the changing vacuum pumps, such as Kinney pump only,
Stokes only and both pumps used as shown in Figure 18. The
figure shows the difference of the pumping capacity for the
two pumps. The pressure at the chamber reaches 180 torr
within 10 seconds and keeps the constant pressure with both
pumps. Even though the pumping capacitances of Stokes
and Kinney are similar, however, the Kinney pump shows the
better performance. With an additional pump (#3), it could
improve to control the pressure of the chamber.

Based on this measurement, a continued operation of
HFG is possible with 1 mm diameter of nozzle throat that
could be used for study of shock waves. Therefore, this
continues flow could be used for shock property such as
density, temperature, cross section of gases, and relaxation
time of certain gas molecules.

For flow visualization of the HFG, a focused Schlieren
method is applied. At the 0.8 torr in the chamber pressure
with 1 mm and 3 mm diameter of the nozzle throat, a barrel
shock is observed at the 5 to 10 atm of stagnation pressure
as shown in Figure 19a. With a 1.2-cm sphere obstacle |
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Figure 19: (a) Barrel Shock (b) Bow Shock with a 1.2 cm sphere obstacle measured by a focused Schlieren Method in the chamber.

the flow, a bow shock was formed on the sphere with the
schlieren method as shown in Figure 19b. Applying a heating
method to HFG system and design of a proper nozzle will be
next step to complete the system. In the installation of the
new solar simulator to the present HFG system, the following
parameters of the flow may help to upgrade the flow velocity.
The thermal chamber can be designed for temperature of
2666 K at the exit of the chamber in order to produce as a
designed flow velocity.

Conclusions

A HFG facility for a hypersonic wind tunnel application
was designed with the optically heated chamber to raise
the medium temperature beyond 3000 K. The installed
HFG system at NASA Langley research center is able to
generate hypersonic/hypervelocity flow with reasonably
long dwell time for test. An investigation of fundamental
aerothermodynamic properties for hypersonic/hypervelocity

Song and Choi. J Aerosp Eng Mech 2022, 6(2):597-614

Open Access | Page 613 |




Citation: Song KD, Choi SH (2022) Design of Hypervelocity Flow Generator (HFG) and Its Diagnostics. J Aerosp Eng Mech 6(2):597-614

flow through the nozzle of the HFG was successfully
performed with a simulated condition at the altitude of 60-
90 km. The pumping system of HFG is capable to maintain
1 torr of pressure at the test chamber within 45min and
maintained approximately 0.01 torr to generate a continuous
flow with a 1 mm dia nozzle. This could provide a continuous
flow of approximately 2.45 km/sec for nitrogen gas at the test
chamber. With a focused Schlieren flow visualization, a shock
structure was visible for the verification. The experimental
set up for HFG could be offered a capability to provide basic
important physical parameters such as collision cross section
of molecules, relaxation times, and transport coefficients for
simulating the environment of 2.45 km/sec flow velocity.
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