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NOL HYPERVELOCITY WIND TUNNEL
Report No. l: Aerodynamic Design

Prepared by:
E., L. Harris
W. J. Glowacki

ABSTRACT: The NOL Hypervelocity Wind Tunnel will provide a high
Reynolds number turbulent flow simulaticn in the Mach number range 10
to 20, This facility, much needed for large-scale testing of hyper-
sonic vehicles, is under construction and will be operatitnal late in
1972. Supply pressures up to 40,000 psi will be maintained constant
for 1 to 4 seconds during which stable, condensation-free flow con-
ditions will prevail. Very high Reynolds numbers, ranging from 6.5 x
106 at Mach number 20 to 46 x 10° at Mach number 10 (based on the five
foot nozzle exit diameter), are obtained by operating with nitrogen
at temperatures just sufficient to avoid test section condensation.
The facility, which operates in a blowdown mode, has separate legs

for the three design Mach numbers 10, 15, and 20. Each leg is fitted
with its own storage heater, diaphragm assembly, contoured nozzle,

and diffuser. The three legs share a common gas storage supply, test
cell and model support system, and vacuum sphere. This report will
highlight the more significant considerations leading to the aero-
dynamic design of the facility and will include discussions of the
need for the facility, the initial requirements imposed on its design,
and brief descriptions of the layout and operation of the facility.
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NOL HYPERVELOCITY WIND TUNNEL REPORT NO. 1: AERODYNAMIC DESIGN

This report is the first of a series of technical reports describing
the design and performance of the NOL Hypervelocity Wind Tunnel. The
present report describes the facility and its mode of operation in

very general terms and summarizes the more significant aspects of the
aerodynamic design of the facility. Future reports in the series

will include more detailed descriptions of individual design features
or calculation methods used in the development of the facility. Tunnel
performance and test results will be reported when available.

The development of the Hypervelocity Wind Tunnel has required the
dedicated effort of many NOL personnel over a period of many years.
It is chis combined effort which has made this unique and valuable
facility possible.

GEORGE G. BALL
Captain, USN
Commander
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INTRODUCTION

This report summarizes the aerodynamic design of a new hyper-‘
velocity wind tunnel currently being installed at the U. S. Naval
Ordnance Laboratory (NOL). The wind tunnel is being built using
military construction funds appropriated by the U. S. Congress in
fiscal year 1967. It will be completed in calendar year 1972. The
Mach number range is from 10 to 20 at Reynolds numbers as high as
possible using nitrogen gas heated just enough to avoid condensation
in the test section. The tunnel operates in a blowdown mode with a
minimum running time of one second.

The emphasié in the new facility is on achieving high Reynolds
numbers along with the high Mach numbers to allow testing under
conditions of low altitude~high velocity flight. Figure 1 is a gragh
of the Reynolds number per foot variation in the earth's atmosphere
as a function of altitude and Mach number. For illustrative purposes,
the trajectory of an IRBM and ICBM having ballistic coefficients of
1000 1b/ft? has been superimposed on the figure. One sees that the
Reynolds numbers become exceedingly high at low altitude and high
Mach numbers, higher than can be duplicated in a wind tunnel. However,
one can go a long way tow'.rd achieving an adequate testing capability
in this high Reynolds number, high Mach number regime by ensuring a
turbulent boundary layer. This is because laminar and turbulent
boundary layers are essentially different and one can only hope to
extrabolate turbulent déta to higher Reynolds numbers if the boundary
layer is already turbulent. Hence, in the present facility, we are
striving to produce a turbulent boundary layer at all Mach numbers.

At Mach number 20, the possibility of doing so is marginal - at Mach
numbers 10 and 15 the boundary layers will be turbulent.

One may well ask why it is necessary to have a high Mach number,
high Reynolds number facility when re-entry vehicles arelalready
flying successfully at Mach numbers of about 20 with turbulent
boundary layers. The answer is that these are vehicles of rather
simple shapes which have been designed successfully after considerable
free-flight testing. With better ground test facilities to simulate
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the fluid mechanics, one can expect to reduce the amount of free~
flight testing considerably. Also, we expect more sophisticated
shapes such as maneuverable re-entry bodies to evolve over the next
decade, and we will want to test these shapes under conditions which
closely approximate those that occur in flight. It is very easy to
compile a list of fluid dynamic flow phenomena which are not under-
stood in a general sense, and hence we require either more research
to understand them and/or developmental testing as needed to make
sure the phenomena are being handled adequately for a particular
vehicle., Here is a partial list,

(1) boundary layer separation phenomena and their influence

. on control effectiveness,

(2) turbulent boundary layer behavior at high Mach numbers,

(3) boundary layer transition,

(4) aerodynamic forces on general shapes and control surfaces,

(5) effects of nose bluntness on vehicle stability and control
effectiveness at high Mach numbers,

(6) turbulent wakes, especially at high Mach numbers.

In the initial thinking for this wind tunnel, we set down four
requirements:

(1) Mach numbers from 10 to 20,

(2) test duration of at least one second,

(3) ability to create turbulent boundary layers on models at
Mach 10 and 15 with a Reynolds number as high as possible at Mach 20,

(4) test section diameter of at least three feet.

Before proceeding further, it is worthwhile to examine Figures
2, 3, and 4 which are based on information to be developed later in
this report. These figures were calculated on the basis of an
inviscid flow and an isentropic expansion from the supply conditions
to the test conditions. The test conditions were taken to be at the
condensation threshold of nitrogen. Figures 2,3, and 4 were used in
the initial phases of the tunnel design in. order to choose suitable
nozzle dimensions and supply conditions based on Reynolds number,
volume flow rates, size and pressure. It is apparent from the
figures that high Reynolds numbers may be achieved by operating large

2
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nozzles at high supply pressures. Hc .,ever, this also requires large
mass flow and volume flow rates -~ that is, large heater volumes to
achieve a one-second run time. The three nozzle sizes which were
finally arrived at are indicated on the figures. They have been
chosen to have the same physical exit diameter of five feet when the
boundary layer correction is included. The accompanying table
summarizes the important nozzle parameters; this information is
presented in this part of the report because it is believed that these
numbers will make the rest of the report more readable.

Mach Number

10 15 20
Nozzle throat dia. 4, (in.) 2.40 .89 .33
Nozzle exit dia. de (ft.) ‘ 5.0 5.0 5.0
Supply pressure Pq (atm.,) 430 2365 3110
Supply temperature T, (°R) 1854 3317 5040
Exit displacement thickness Gg(ft.) .31 .48 .75
Nozzle length (ft.) 40 40 40
Reynolds No. based on d_, Reg 46x10%  30x10° 6.5x10°

e

With the above information as background, we will discuss in
more detail some of the aerodynamic .information on which the wind
tunnel is based. We will not discuss the mechanical details other
than to state that some rather sophisticated high pressure vessel
design has been necessary. No discussion of the heater will be given
except in a conceptual sense in the next section. Further details on
the mechanical design of the facility are included in reference (1).
We intended this report to be the first of a series on the NOL Hyper-
velocity Wind Tunnel, Other reports will treat particular aspects of
the tunnel in more detail.

Wind Tunnel Operation
General Description and Method «f Operation
Although this report is concerned with the aerodynamic design of
the tunnel, some description of the wind tunnel and its operation will
be given here. (See reference (1) for further details) Figure 5
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shows the layout and major components of the facility. The tunnel
will have three lags, one for each Mach number, connected to a common
bank of gas driver vessels and a vacuum sphere. The main elements in
each leg will be a gas heater, nozzle, test cell, and diffuser. TFor
reasons of economy, the test cell with the model support system will
be mounted on a moveable transfer cart and will be used for all three
tunnel legs.

The method of operation will be the same for each leg and is as
follows. The three gas driver vessels, with a combined volume of
150 £t3
of 40,000 psi (2720 atm). If necessary, heater elements in the driver

, will be pressurized by mechanical compressors to a maximum

vessels can then be used to raise the gas temperature to 290°F,
creating a maximum pressure of 60,000 psi (4080 atm). At the same
time, the nitrogen in the gas heater to be used is brought to the
desired supply pressure and temperature by pumping and heating. The
gas heater is separated from the nozzle by a series of diaphragms,
which allows the nozzle, test section, diffuser, and vacuum sphere to
be pre-evacuated. When the desired conditions have been obtained in
all parts of the system, tunnel operation is initiated by rupturing
the diaphragms and opening the pressure control valves between driver
vessels and heater. The control valves are opened in such a way as
to keep the gas heater pressure (the nozzle supply pressure) constant
during the test run. The test run is terminated when all the hot

gas from the heater has been expanded through the nozzle. The
control valves are then closed, the diaphragms are replaced, and the
cycle is repeated.

Pressure and Temperature Changes in the Heater Vessel

As mentioned in the preceding section, pressure control valves
to be installed between the gas driver and heater vessels will open
at a rate such as to maintain a constant pressure in the heater during
the test run, However, it is likely that these valves will not be in
place during the initial phases of the shakedown. Hence, it is worth-
while to consider pressure and temperature changes which may occur
when the valves are of a simple open-closed type. With such valves
the nozzle supply pressure and temperature will decrease during the
run. This occurs because the pressure in the heater will fall due to

4
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the mass outflow through the nozzle, and the temperature will also
fall since the process may be considered isentropic. In order to
illustrate this we will solve the following simple problem. The
results should be reasonably close to those that occur in the actual
process in the NOL Hypervelocity Wind Tunnel.

diaphragns

(b) (a) ”

Imagine a non-heat-conducting diaphragm separating a cold gas
identified by subscript (b) from a hot gas identified by subscript (a).
Another diaphragm prevents the hot gas from escaping through the
nozzle. The pressure in the two gases is equal. The two diaphragms
are instantaneously removed. The -.actual flow process which ensues is
a complex one of rarefaction and compression waves. However, one can
calculate effective supply pressures and temperatures for the nozzle
by making reasonable assumptions as follows. .

(1) The nozzle throat opening is sufficiently small that the
Mach number in the vessel is very low.

(2) The two gases do not mix and no heat is conducted between
them.

(3) sStratification of the two gases in the neighborhood of the
interface can be neglected, That is, we neglect the fact that the
cold gas tends to flow under and ahead of the hot gas. A crude
analysis shows that the parameter % J2gh(1~5§ ) should be kept small,

L is the length of the hot region, t is the flow time, and h is the
height of the heater. Experiments are required tc determine how small
the above parameter must be.

(4) Pressure losses due to friction and heat losses to the walls
are negligible.

(5) The time scale of interest (1) is considerably longer than
the time scale for pressure adjustments in the vessel. We require
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T >>§—
b
where L is the vessel length and a
gas

b is the speed of sound in the cold

(6) The pressure in the vessel is constant at any particular
time.

It is believed that all assumptions with the possible exception
of (2) and (3) are well satisfied in the real process. The amount
of mixing will depend on the mechanical arrangement but can probably
be kept small. It is presently believed that stratification will not
be a serious problem at Mach number 10. The Mach number 15 and 20
heaters will be installed vertically in order to avoid any stratifi-
cation problem.

The above assumptions result in the following set of differential
equations.

g—E = L] --—a'—
t ~YE,a " % (1)

_ Ya a

a a a
., b (3)
P E,b pb
av, + dv, = 0 (4)
dp av

2+ 2= 0 (5)

b b
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The isentropic exponent Yg in the above equations is given by

P .gp, pa’
ETp | TP ‘5’
S

Note that gas (a) only refers to the hot gas which remains in the
vessel. Equations (1) and (3) state that thermodynamic changes in
the vessel are isentropic.” Eguations (2), (4), and (5) arise from
the definition of the mass m the constancy of the total volume of
the vessel, and constancy of the mass of gas (b), respectively. We
regard equations (1) through (5) as five equations for the five
unknowns - dp, dpa, dpb, dVa, dVb - in terms of dma.

We find

.=, 1 (7)

P
a ( a + b )
Yg,a YE,b

and similar equations for the other four unknowns.

Let us now make use of the above relations to estimate the rate
of pressure decay for the Hypervelocity Tunnel. We identify gas (b)
with the cold storage gas, gas (a) with the gas in the heater and
will assume that there is no pressure drop across the valve connect-
ing the storage vessel and heater. One concludes from equation (7)
that supply pressure changes may be decreased by

(1) increasing the volume of heated gas

(2) increasing the volume of cold gas

(3) increasing the temperature at which the cold gas is stored
since this decreases YE,b (see Figure 6).

Let us now estimate the decrease in supply pressure which
occurs when one expells all the hot gas from the heaters. We will
use Figure 6 which shows Yp as a function of pressure for various
temperatures (data taken from reference (2)). Combine equations (3)
and (5) to give
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dp _ _ av :
5 YE,b V"E (8)
b

That is, the fractional decrease in pressure is greater than the
fractional increase in volume of the cold gas by the factor YE,b’
Equation (8) will be used to estimate the pressure when the cold gas
completely fills the heater volume, For the Mach number 15 and 20
heaters, equation (8) may be used in its differential form since the
volume changes are relatively small. For the Mach 10 heater where _§
dVb is 0.37 of the initial cold gas volume, it is necessary to use
equation (8) in its integrated form. Therefore, we will estimate the
pressure changes for all Mach numbers by using an average (constant)

value for YE b and integrate equation (8) to give
’

Y
PV}, E/b_ constant (9)

We define é;) to be the supply pressure at beginning of the run, ég)

to be the supply pressure at the time when the cold gas has completely
filled the heater. The results are given in the following table.

Mach Number
A0 15 —20
Heater volume (ft3) 45 9.6 6.3
Running time ({secs) 1 1 5
Storage volume (ft3) 122 122 122 }
Temperature of stored gas (°K) 400 400 400
E, b 2.1 4.5 4.8

(1)
Pq (atm) 430 2365 3110

(£)
Po (atm) 222 1680 2440
pél) - po(r)

) X 100 (% 48 29 21
Po
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The above table shows that appreciable supply pressure changes
will occur for the Mach number 10 and 15 cases unless there is a
control valve between the stored gas and the hot gas., In the Mach
number 20 case, the change is much smaller, about 4 percent per
second. It is desirable to provide some type of pressure control by
starting the run with a pressure in the cold gas higher than that in
the hot gas and programming the opening rate of the valve between the
two vessels. The valve opening rate will not be considered further
here because any analysis would depend on having more mechanical
details of the valve than are presently available.

Let us now turn our attention to variations in supply temperature
which accompany the variations in supply pressure. The two guantities
vary together because, at least for our simplified model, the specific

entropy of the gas in the heater remains constant. We have, omitting
subscript (a),

ar/e| _p . ar
d/p| ~T " (10)
s s
Now TdS = dH - %E
= cdT + dp 35_’ -% (11)
op 7
Therefore aT _ P 9B, T
dp -7 (12)
s P

Substitution of equation (12) into (10) and use of the equation of

state P = pZRT (13)
results in
da7/7T ZR 9H I'- 1
ap pJ ° ap_l Y (4]
s P T
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The definition of y' in equation (14) is made by analogy with a
perfect gas. Figure 7 shows a graph of (%2)/(g2) as a function of
pressure and temperature derived from the tabulated results of
reference (2). Ve see that we may expect temperature variations
about one quarter the value of the pressure variations. This fact
could lead to condensation in the test section if the test-section
conditions were on the verge of condensation at the beginning of
a run.
Pressure and Temperature Changes in the Vacuum Sphere

Each diffuser is attached directly to the 200,000 cubic foot
vacuum sphere. Before each run the sphere will be evacuated to 10 mm
pressure. We shall estimate the sphere pressure as a function of the
mass of hot nitrogen which enters it on the basis of a gquasi-steady

calculation - that is, we assume that the gas mixing process in the
sphere occurs in a time short compared to the time of interest for
this calculation. This may not be strictly true, but the results
should give reasonable values for the sphere pressure for purposes of
determining whether the volume is large enough for the sphere to do

its function, namely, keep the back pressure low enough.

We define m, = mass of gas originally in the sphere at 530°R
and 10 mm pressure,
My = mass of hot nitrogen test gas which enters the
sphere at the tunnel stagnation enthalpy Ho'
E = internal energy per unit mass,
Ei = internal energy per unit mass of gas originally

in sphere,

Q = heat removed from the gas by means of a heat
exchanger at entrance to sphere,

\ = sphere volume

Subscript o supply conditions in heater.

The amount of energy which is carried into the sphere by a mass of

test gas m (if one assumes constant po) is

TG

m__E —_— -
tcfo ¥ 5 Po ~ 9

10

e mmsrnm e A e e
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The first term accounts for the internal energy which the gas has in
the heater; the second term represents the work which the cold driver
gas does on the hot gas in pushing it out of the heater; and the .
final term allows for the ‘effect which heat removal hés. The final
internal energy E of the gas in tﬁe sphere may .be found from‘energy;
conservation by adding the‘enérgy‘initially in the sphere and the

energy carried into the sphere by the mass mTG,ui.e.

. m i
' - v TG: * = - '
E (H&G + m;) = E/m, + WTGE0Y+ 3:- p, - @ i !(15)

By using the definition of the stagnation enthalpy.Ho

po ’ - . ‘
H = E + , ' (16).
o po : ' )
we obtain ' .
Bymy + Mpgl, = Q . ' ‘
E = e ‘ . A7)
mTG 1 v ‘ '
H \
We also have .
' i t
+ m. ' )
— rqI‘G 1 f ‘1 ' \ (18)

P =< ‘ . L . ‘

Since it is not presently inténded to cool.the gas entering the
sphere we set Q = 0. . ‘ i

Equations (17) and (18) along with the thermodynamic propefties
of nitrogen are sufficieqt to determine, the préssure and‘iemperatufe
of the gas in the sphere after a ma?s e of test gas with stagnation
enthalpy Ho has entered from the diffuser. Figure 8 and 9‘show the
pressure and temperature, respectively, as .a fupction'of LN for
three stagnation enthalpies. The enthalpies correspond to Mach

)

number 10, 15, and 20 opqration-

The table below shows, aﬁong.other things,.valheé of the ratio of
test section Pitot pressure/sphere pressure after all the mass in the
heater has been put in the sphere. The table has been construgﬁed for
the design conditions for the three Mach numbers. From the table, it

11




o o

T TR

o

AP L AT e

" s 27
L Sy e

S Sralaey

ST T

NOLTR 71-5

Mach Number

10 15 20
Supply pressure 128 (atm) 430 2365 3110
Supply enthalpy HO (BTU/1bm) 492.4 1016.1 1593.7
Mass of test gas Tng (1bm) 340 180 140
Pitot pressure (atm) 1.45 1.30 .315
(1b/ft?) 3067 2744 666
Sphere pressure (atm) .130 .133 .154
<1b/ft2) 275 282 325
Pitot/Sphere pressure 11.1 9.7 2.0
Gas temperature in sphere (°R) 1870 2740 3570

appears that the only condition for which there need be any concern

that the flow will break down before the completion of the run is the

Mach 20 case. Even there, a diffuser able to recover one-half the

Pitot pressure will prevent breakdown, and it is believed that a

recovery pressure higher than this can be achieved. This conclusion

has been drawn on the basis of one set of supply conditions for each

Mach number. The conclusion is also valid for operation at other than

the design conditions because the Pitot pressure and sphere pressure

will change with the supply pressure in approximately the same pro-
portions.

Properties of High Density Nitrogen
Thermodynamic Properties

Figures 3 and 4 have shown that in order to achieve the desired
range of free-stream Reynolds numbers in the tunnel test-section at
reasonable mass flow rates, it is necessary to use nozzle supply

pressures of several thousand atmospheres for operation at Mach

numbers of 15 and 20. The corresponding densities are sufficiently

high that compressibility corrections to the equation of state must

include at least the first two virial coefficients. The densities
upstream of the heater vessel (which serves as the nozzle supply
chamber) are even higher so that it may be necessary to use more than

two virial coefficients in the compressibility correction.

12
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Thermodynamic data including such virial corrections are usually
given in tabular form (e.g. references (2) - (6)) or in the graphical
form of a Mollier diagram (e.g. reference (7)). These tabulations
and diagrams were used to provide the properties of nitrogen at high
densities required for calculations concerning tunnel components
upstream of the nozzle. Since the properties from the various sources
do not differ appreciably over most of the range of interest and
since little experimental evidence exists for distinguishing among
them, the choice of source for a given calculation was based upon
convenience. Although the tabular and graphical forms mentioned
above are very useful for calculations done by hand, they are not
very well suited to computer applications such as the computation of
nozzle contours.

The need for nitroger. properties at moderately high densities in
a form suitable for computer applications was filled by adapting a
versatile computer program developed by Dr. Harold W. Woolley
(reference (8)). This program can compute the properties of arbitrary

mixtures of various components* at moderately-high densities by
treating the mixture as a Cragoe-type gas with

2 g4 (19)
Z is the compressibility of the gas and p the density. The coefficients
B' and C' have been determined by fitting experimental data. Because
of its form, this expression leads to nitrogen properties which agree
quite well with published tabulations (see Figure 10) provided that
the density is not too high. For the enthalpy and entropy required
in the nozzle supply reservoir (i.e. the heater vessel), values of
temperature, pressure, density, compressibility, and speed of sound
obtained using Woolley's computer program deviated from values
obtained from interpolations of Brahinsky's tabulations (reference
(2)) by less than 0.4 percent, 1.2 percent, and 1.6 percent for the
Mach number 10, 15, and 20 nozzles, respectively. Accordingly, the

*Subroutines for the six components, nitrogen, oxygen, argon, neon,
carbon dioxide, water vapor, were included.

13
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computer program was judged sufficiently accurate and was used to
provide the nitrogen properties reéuired for computing the nozzle
contours, It must be kept in mind that the nozzle calculations are
for moderately-high density conditions. For higher densities, such
as in the gas supply vessels upstream of the heater, Woolley's

program can be significantly in error and should not be used except
with the utmost caution.

Condensation Line Properties

In order to attain the highest test-section Reynolds number for a
given supply pressure and test-section Mach number, the test-section
temperature should be as low as possible. To see this, we anticipate
the results somewhat and assume that the temperature and pressure in
the test section are such that the perfect gas law applies, the
specific heats are constant, and the viscosity is a function of temp-
erature only. Then, for a given pressure and test-section Mach
number, the Reynolds number is proportional to about the -1.25 power
of the test section temperature and, therefore, increases as the
temperature decreases. This behavior can be seen in Figure 11 for
three supply pressures and a Mach number of 20,

In practice, a lower limit exists for the test-section temperature
for any given supply pressure because the gaseous nitrogen will
condense into the liquid phase if cooled sufficiently. This lower
limit is the temperature at which the nitrogen is on the verge of
condensing, i.e. the condensation temperature. Operation at this
limit then becomes "condensation threshold operation". Using the

temperature~pressure relation for the onset of condensation given by
Din (reference (3), p. 86)

log,, p (mmHg) = 6.49594 - -;[?,—5-?-3%%376 (20)

the Reynolds number per foot for condensation-threshold operation at
Mach number 20 is shown as a function of test-section temperature in
Figure 11, together with the curves for constant pressure operation.
The figure shows, as expected, that the minimum supply pressure
necessary to produce a given Reynolds number per foot in the test

14
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section is the pressure corresponding to condensation threshold
operation,

The expression given by Din for the onset of condensation applies
only if the nitrogen does not become supersaturated. Daum (reference

(3)) shows that a substantial amount of supersaturation can occur
when a test gas is expanded rapidly to high velocity and low pressure.
If the distance from the upstream end of the uniform flow region to
the test section is sufficiently short, the test gas will still be

in a supersaturated state when it reaches the test section. Applying
the procedure outlined by Daum, it was estimated that there could be
no supersaturation in the Mach number 10 and 15 nozzles and only a

minimal amount in the Mach number 20 nozzle. Later calculations

based on the final nozzle designs agreed with the early estimates.
Since little or no supersaturation is indicated, Din's expression

was chosen to represent the temperature-pressure relation at conden-
sation threshold.

pressure for

If a temperature is given, the corresponding

condensation threshold operation is obtained from Din's

expression. The remaining thermodynamic properties can then be

found from a Mollier diagram, perfect gas relations, or a computer

program such as the one obtained from Woolley.

Woolley's program was
used so that

the condensation line properties would be consistent
with the properties obtained by using Woolley's program to compute
isentropic expansions from the selected nozzle supply conditions.
The pressure, density, entropy, enthalpy, and sound speed for con-

densation threshold operation are shown in Figures 12-16 and listed

in Table 1. The derived quantities of mass flow per unit area and

Reynolds number per foot are shown in Figures 17 and 18.
Viscosity
The determination of the nozzle supply and test conditions required

the use of the viscosity of nitrogen for the calculation of the Rey-

nolds number at the test conditions. To obtain the required viscosi-

ties, the dilute gas relation given by Hirschfelder, Curtis and Bird
(reference (10)) was used.

For nitrogen, this relation can be written
as

= 7.0066x10"7 LE_ (“"“‘ ) (21)

Q(2,2)* ftsec
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where T is in degrees Kelvin, and the collision integral gl2.2)*
given by

is

q(2020x 3 [%.771-6.38(T*~.5)+6.6(T*-.5)2-4(T*-.5)3] (22)
with T* = T/91.46

This expression for 9(2’2’*

represents a fit of the data tabulated
by Hirschfelder, et al., for the Lennard-Jones (6-12) potential in
the range 30-80°K. The viscosity calculated using equations 21 and
22 is shown in Figure 19 and listed in Table 1.

For the turbulent boundary layer calculations, the viscosity of
nitrogen was needed at higher temperatures and pressures. The
necessary viscosities were obtained from the results of Brebach and
Thodos (reference (1ll)) who give a reduced state correlation for the
viscosity of diatomic gases at atmospheric pressure and a density
dependent correction to account for higher pressures. Since correla-
tions are given only for the viscosity for nitrogen temperatures less
than 126.2°K and greater than 441.7°K, the viscosity data in the
intermediate range and the density dependent correction data had to

be fitted with suitable expressions. The final expressions used are
given below,

Ty 0.979 T<126.2°K
" 1.78847 "
——— - ~ o
IJT 0-7884+TR 126.2< T <441.7°K (23)
C
1.196TR0'659 T > 441.7°K
Ay 1198p + 641002 -5 5
DT pT
c c

7

where uy = 1.8066X107 1bf sec/ft2
C

TR = T/126.2

16
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with y expressed in 1lbf sec/ftz, T in °K, and p in g/cm3.

To ensure that the viscosity used in the boundary layer cal-
culations was continuous, the viscosity at the lower temperatures
was obtained from the Brebach~Thodos correlation rather than the
dilute-gas relationship (equations 21 and 22). Thus, the Reynolds
numbers near the nozzle exit used in the boundary layer calculations
will be about 2 percent lower than those expected on the basis of

Figure 18.
Nozzle Design

Nozzle Supply and Test Conditions

Given the conditions along Din's condensation line, the cor-
responding nozzle supply (heater vessel) conditions can be calculated
usin§ Woolley's computer program. First, for a particular conden-
sation-line temperature, the supply enthalpy can be calculated from
the desired Mach number and the condensation-line enthalpy and sound
speed obtained either from Figures 15 and 16 or from Table 1. Since
the expansion process in the nozzle is isentropic, the supply entropy
is given by Figure 14 or Table 1, For each supply enthalpy-entropy
pair, the remaining supply conditions can now be calculated using
Woolley's computer program. The resulting supply pressure variations
with condensation line temperature are shown in Figure 20 for selected
Mach numbers between 10 and 20. Similarly, the required supply
temperatures and densities are shown in Figures 21 and 22, respectivel:.

As was mentioned previously, the particular choice of nozzle
supply and test conditions represents a compromise between a number
of desireable but conflicting features., Consideration was given to
such factors as test duration, Reynolds number capability, heater
size and strength, nozzle size, pumping and vacuum requirements,
and others, in order to find the optimum operating conditions which
could be attained within the limitations of the allocated funds,
Figures 2, 3, and 4, relating the supply pressure, Reynolds number,
mass flow rate, volume flow rate in the supply vessel, and the nozzle
core diameter, were made to simplify the search for the optimum
operating conditions at Mach numbers 10, 15, and 20, respectively.
Similar figures for these and other Mach numbers can be prepared from
the data given in Figures 17, 18, 20, and 22,

17
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The nozzle supply and test section conditions resulting from
this compromise are listed in Table 2,
Inviscid Core

The thermodynamic properties of nitrogen required for calculat~
ing an isentropic expansion from the chosen supply conditions were
obtained using Woolley's computer program (reference (8)). These
properties were then used in a second computer program* to produce
the tape input required for the Axisymmetric Core Program described
in reference (12). The latter program applies the method of character-
istics to compute the flow of a real gas in the supersonic portion
of the inviscid core. For the present calculations, the Axisymmetric
Core Program of reference (12) was modified to include a third type
of centerline Mach number distribution. This allowed the radius of
curvature at the nozzle throat to be decreased significantly, thereby
decreasing the total heat transfer to the throat region.

The subsonic portion of the inviscid core was defined by using
a fourth-order polynomial in x (axial distance) to represent the
subsonic core radius. The five constants in the polynomial were
determined by specifying the inlet length and the radius and slope
at the upstream end of the inlet, then matching at the throat (x=0)
theé radius, slope, and curvature obtained from the characteristics
calculation in the supersonic portion. The assumption of one-dimen-
sional flow was then used to obtain the inlet flow variables required
for the boundary layer calculations. The slight discontinuity in
flow variables at the throat due to the use of a one-dimensional
calculation in the subsonic region and a two-dimensional calculation
in the supersonic region has only a negligibly small effect on the
boundary layer growth in the throat region. Selected coordinates
of the inviscid core contour for the three nozzles are included in
Table 3. The coordinates for the Mach number 20 nozzle may be
significantly in error because of the neglect of the transpiration
or film cooling which may be needed to preserve the nozzle throat
(see next section).

*The details of all aspects of the nozzle design are presented more
fully in reference (13).

18
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Boundary Layer

After the contour of the inviscid core has been determined, it
must be corrected in order to account for the growth of the boundary
layer on the nozzle wall. This correction was made by adding to the
inviscid core contour the displacement thickness determined using the
real gas turbulent boundary layer calculation method presented by
Tetervin in reference (14). In addition to the integral momentum
equation and an empirical skin friction law, Tetervin's method
utilizes an integral moment of momentum equation to calculate the
momentum thickness, skin friction, and a parameter which determines
the shape of the velocity profile. From these quantities the required
displacement and boundary layer thicknesses are obtained. Vector
addition of the displacement thickness to the inviscid core contour
then gives the contour of the nozzle wall.

A FORTRAN IV computer program developed to apply Tetervin's
turbulent boundary layer method to the present nozzle design calcula-
tions is included in reference (13). The program as developed can be
used for air or nitrogen and is compatible with the method of character-
istics program of reference (12) which was used to compute the super-
sonic portion of the inviscid core contour. For convenience, the
calculation of the subsonic portion of the inviscid core contour
described in the preceding section was incorporated into the boundary
layer program. The user has the option to omit the inlet core cal-
culation and begin the boundary layer calculations at or downstream
of the nozzle throat. Reference (13) includes full details of the
program and directions for its use.

In the present calculations, the subsonic inviscid core option
was utilized. Then the turbulent boundary layer growth was computed
from the beginning of the subsonic¢ inlet to the exit of the nozzle
using the empirical Spalding-Chi skin friction law (reference (15))
and the Brebach-Thodos viscosity correlation for nitrogen discussed
previously. Selected coordinates of the resulting nozzle contours
are given in Table 3 together with the coordinates of the inviscid
core contour.

19
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The boundary layer calculations mentioned above assume that the
nozzle wall temperature <an be kept to a reasonable level without
transpiration or film cooling. This can be done for the Mach number
10 nozzle and probably for the Mach number 15 nozzle. However, heat
transfer calculations for the Mach number 20 nozzle show that massive
transpiration or film cooling may be necessary in the throat region
to keep the nozzle throat from failing early in the test run. Since
the necessary designs and calculations have not been completed,
nozzle coordinates obtained from preliminary calculations which did
not take such cooling into account are presented in Table 3.

Nozzle Dimensions

In order to be able to use the same test cell and model support
system for all three nozzles, the three nozzles were designed to have

the same exit diameters and the same lengths. Preliminary calculations

indicated that a throat-to-exit length of about 45 feet and an exit
diameter of about 5 feet would be necessary for the Mach number 20

nozzle if the maximum expansion half-angle was to be kept near 12°,

It was decided to desigr the nozzles such that at a distance of 40 feet

from the nozzle throat the nozzle diameter would be five feet. The
remaining portion of the nozzle would not be fabricated, since, if
this cut-o0ff portion was not too long, the nozzle performance would
not be appreciably affected. The optimum cut-off point is that
axial location at which the boundary layer enters the uniform flow
region inside the Mach cone (see Figure 23)., Downstream of this
point, the usable test core decreases, even though the cross-sectional
area of the nozzle continues to increase. Iterations involving the
boundary layer program only, were sufficient to produce contours for
the Mach number 10 and 15 nozzles in which the optimum cut-off point
occurred within a few inches of the 40-foot station. These small
differences made further iterations unnecessary and the nozzles were
cut-off at the 40-foot station. The length of the cut-off portion
was 1.72 and 1.50 feet for the Mach number 10 and 15 nozzles,
respectively. For the Mach number 20 nozzle, the optimum cut-off
point occurred at the 44.7-foot station or 1.88 feet from the end of
the uncut nozzle. To move the optimum cut-~off point nearer to the
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40-foot station would require a maximum expansion angle appreciably
greater than any considered acceptable.

For this reason, no
further

iterations were made for the Mach number 20 nozzle. The
diameter of the usable test core was 18.2 inches at the 40 foot cut-
off point rather than the 21 inches which would have been attained
if the nozzle had been cut-off at the optimum location. The seven
square foot test core thus obtained was considered adequate.

Principal dimensions of the three nozzles are given in Table 4.

Concluding Remarks

The NOL Hypervelocity Wind Tunnel is a unique aerodynamic
facility for hypersonic research and developmental testing. The
capability of achieving a high Mach number - high Reynolds number
flow with relatively long run times and large model sizes will
permit the accumulation of large amounts of aerodynamic test data,
greatly facilitating the design and development of advanced, high-
performance re-entry vehicles.

This report summarizing the aerodynamic design of the facility
is the first of a series.

aspects of the aerodynamic and mechanical design, tunnel performance,

and test results obtained will be published as the material becomes
available.
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TARLE 1

NITROGEN PROPERTIES AT CONDENSATION THRESHOLD

TEMPERATURE PRESSURE
o

K ATM
40,0 940327E-05
4062 1.0033E-04
4044 1.1129E-04
4046 142331E~04
40.8 1,3645E-04
41,0 1.5082E~04
41,2 1.,6652E-04
4144 1.,8363F=04
4146 2.0228E~04
4148 242258E-04
42,0 244465E~04
4242 246862E~04
4244 249464E~04
42.6 342284E-04
42,8 345339E-04
43,0 348644E-0D4
43,2 44,2217E-04
4344 4,6076E-04
43,6 | 5,0240E~04
43,8 5¢4729E-04
44,0 549566E-04
4442 644771E-04
4bgh  7,036BE-04
b4t 46 T.6382E=-04
44,8 8.2841E~06
45,0 849769E-04
4542 9.7195E~04
45.4 1.0515€E-03
45,6 1.1366E-03
45.8 102277E‘03
4640 143250E~03
4ue2 1.4289E-03
4644 1.,5398E-03
4646 1.6581E~03
‘66.8 ' 1.78‘01E-03
4740 1,9183E-03
47,2 2,0612E~03
474 2.2131E-03
4746 2.,3746E-03
48,0 2.7282E=-03
48,2 2.9214E-03
4844 3.1262E-03
6846 343431E~03
48,8 3,5729E-03
49.0 3.8161E~03
4942 4,0733E-03
4944 4,43451E-03
49,6 4.6324F-03
4948 4,9357E~03

DENSITY
AMAGAT

6e1656E=04
648140€E-04
7e5214E~04
862923E~04
9¢1315E-04
1.0044E-03
1,1035€-03
1,2111€-93
143277€-03
144539E-03
1.5905E-03
1.7380E-03
148974€E~03
2e0693E-03
242545E~03
246539E-03
2,6683E~03
2+8988E-03
341463E~03
344119E-03
346965E-03
44,0014E~03
443277E-03
446765E-03
5¢0493E~-03
5¢4473E=03
5.8719E~03
6+3245E-03
6¢8067E~03
7¢3199E-03
748659E-03
8e4462E-03
9.0626E-03
9+7170E-03
1e0411E-02
1e1147E-02
11926E~02
142752E-02
14362%E-02
144548E-02
145524E-02
1.6555E~02
1. 7642E-02

" 148789E~-02

1¢9999€-02

241274E-02

202616E~02
2+4028E~02
245514E~02
2.7076E~02

ENTROPY*

254312
254225
254136
25053
244969
244886
244804
244723
244643
244565
244487
244410
24334
244259
244185
244112
244040
234968
234898
23.828
234760
234692
234625
234558
234493
234428
234364
23301
234238
234177
234116
234055
224996
22.937
22.878
22+821
224764
220707
224652
224596
22,542
22,488
224435
22382
224230
220278
220227
224177
224127

224078

ENTHALPY
B8TU/LEBM

17755
174845
17.934
184023
184113
184,202
18,292
18,3281
184470
18560
18.649
18,738
18.828
18.917
19.n06
194095
19,185
194274
19363
194453
194542
194631
19.720
19.810
19.899
19.988
206077
20166
206256
206345
206434
204523
204612
204701
204791
20880
20969
21058
214147
214236
21,325
214414
214503
216592
214681
21770
214858
21947
224036
22@125

* ENTROPY S EXPRESSED IN DIMENSIONLESS FORM S/R

SOUND
SPEED
FT/8EC

422496
424401
425.07
4266412
427416
428621
429425
420,29
431433
432436
423,39
434442
435445
426448
437450
438452
429,53
440455
441,56
442457
443,58
444,58
445,459
446459
447458
448,458
449457
450456
451455
452454
453452
454450
455448
456446
457443
458440
459,437
460434
461430
4€24627
463,423
464419
465414
466409
467405
467499
468494
469.88
470483
471677

VISCOSITY
LBM/FT SEC

1.,8470E-~06
1.8557E~06
1.8644E~Q6
148731E-06
1.8818E-06
1.8906E-06
1,8993E~06
1.9080E-06
149168E-06
149256E~-06
1+9343E~06
le9431E-0G6
149519E=-06
149607E-06
1,9695E~-06
149783E~06
1.9871E~06
1¢9959E-06
24004BE-05
240136E-06
240225E~06
240313E~06
200402E~-06
240490E-06
200579E-06
240668E-06
2¢0757E=06
2¢0846E~06
240935E-06
2¢1024E-06
2+1114E~06
241203E~06
2¢1292E~06
241382E-06
24¢1471E-06
241561E-06
2¢1650E-06
2¢1740E~06
241830E~06
2¢1920E-06
202010c~06
242099E~06
202190E-06
242280E~06

202370E~06 -

242460E~006
242550E~06
242641E~-06
242731E~06
242821E-06




TEMPERATURE
-]

*

X

5040
5062
5064
5046
5048
51,0
512
5le
5146
5148
5240
5242
52.4
5246
2.8
53.0
53,2
53,4
5346
52,8
54,0
54,2
54,44
54,6
54,8
55.0
5542
5544
54,6
5548
5640
5642
5644
5646
5648
5740
5742
5744
57.6
57.8
5840
58,2
5844
5846
5848
5940
59,2
594
5946
59.8

PRESSURE
ATM

5.2558E-03
545934F-013
549493E~-073
603244E-02
6.7193E-02
7.1350£-03
7457246-03
8.0323E-03
845157602
9.0235E-02
9.5567E-03
1.0116E-02
1,0703E-02
1.1319€-02
1.1964E~02
142640E-02
143348F~02
1.4099F -0
14864E-07
1456 74E~02
1.5522E-0
1.7408E-02
1.8333E-02
1,9299€-02
2eN307E~02
241350E-0>
242456F=07
243599E-02
2:4791E-02
2.6033E-02
2.7325€6-02
?2+.8671E-02
3.0072E-02
3,1520F=02
3.3046F-02
3,4610F-0>
346256E~02
3.7956E-02
3.9722E-02
4,1555F=-07
443458E-02
4,54326-02
44T679E-02
4,9602E-02
5.1802E-07
544082F=02
56HL43E-02
5.8889E-02
6e1421E-0?
6,40625-07

NOLIR 71-5

TABLE 1 (CONT.)

DENSITY
AMAGAT

2.8718E~02
3004@25-02
3,2252E~02
3e4150E-02
3e6142£-02
3e8229E-02
4e0415E~02
462705E-02
4¢5101E~-02
4+7608E-02
5.02302-02
5429705-02
546833E-02
5.8823E~-02
$.1943E~02
€.5199E~02
€e8596E~C2
Te?2136E-02
743826E-02
TeQB6VE-Q?
842672E-02
8.7838E~-02
942172E-02
Ge6630E-C2
1.01376"01
1e0624E-01
141130E-01
141655E~01
1.2201F=-01
1.27678-C1
1.3355E=-01
1.39064E-01
144596E-01
1.5250E-01
1,5929F-0]
1.6631E--11
1,7358E-01
1.8111E-01
1.8890E-01
1.6696E-01
240529E~01
241390FE-02
242280E-01
2+3200E-01
2.6150E~01
245131E-01
246144E-01
2+7188E~01
248266E=-01
24?379F~01

ENTROPY*

224029
21,980
214933
21.885
21.838
214792
214746
21.701
214656
214611
214567
21,524
21.481
21438
21396
214354
214313
21.272
214721
21e191
21.151
21.112
21073
21.034
20796
20958
20.920
204883
204846
20.810
20.774
207358
20702
2CeABT
20633
20,598
20-564
204530
204497
20.464
20431
204398
20.366
20.334
204302
204271
2C¢?39
204209
20178
2001“8

ENTHALPY
BTU/LEBM

2264214
224302
224391
224480
224568
224657
224746
220834
224923
23.011
23.100C
23.188
234276
234365
234453
234541
234629
23,717
23.806
734894
23,982
244,070
244157
244245
244333
244421
244508
244596
244,684
244771
24,4858
244946
254033
254120
254,207
25,294
254381
254468
254555
25,642
2507265
25,815
254902
25.988
264075
264161
264247
264333
264419
264505

ENTROPY < =XPRFSSFD IN NIMFNSIONLERS FORM /0

SOUND
SPEED
FT/SEC

47270
47364
474457
475450
476443
477436
478428
479420
480412
481403
481495
482486
483477
484468
485458
486448
487.38
488,28
489418
490407
490,96
491485
492473
493462
494,450
495,28
496425
497,12
498,00
498.86
499,73
50059
501446
502421
503417
504402
504487
505472
50657
507441
508425
509409
509492
510476
511459
512442
513,24
514406
514,88
51547N0

VISCOSITY
LBM/FT SEC

242912E-06
243003E~06
243093E-06
243184E~06
243275E~06
243365E-06
203456E-06
243547TE~06
2¢3638E~06
2¢3729E-06
2+3820E~06
243911E-06
244002L-06
£e4094L-C6
244185E~06
204276606
2e4368E~06
244459E-06
2e4550E~08
2.&6425“06
244733E~06
244825E~06
2e4917E~06
2450C8E~06
2¢5100E-06
245192E~-(¢
245284E-05
245376E-0¢
245467E~06
245559E~06
245651E~-06
2¢57432E-05
245835606
245927E-0¢
2.6020E-06
246112E-06
2:6204E-06
206296E-06
2+6388E-06
2¢6481E~C6
246573E=~06
2.5666E~06
2.6758E-056
245850E~06
2e6943E~05
2+7035E~06
247128E~05
2¢7220E-06
24¢7313€E-08
207406E-06
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NOZZLE SUPPLY AND TEST SECTION CONDITIONS

MACH NUMBER

SUPPLY
PRESSURE
TEMPERATURE
ENTHALPY

DENSITY

TEST SECTION
PRESSURE X 10%
TEMPERATURE
DENSITY X 107
VELOCITY

REYNOLDS NUMBER
PER FOOT X 10~¢

NCLTR 71-5

TABLE 2

10

430,
1854,
492 .4

76721

lel27
94464
44567
4846,

9e2

15

2365,
3317,
1016,

18468

0448
89410
14929
7055,

6.0

20

3110.
5040.
1594,

16492

«0612
79431
0s296
8877

1e3

ATM
°R
BTU/LBM

LBM/FT3

ATM
°R
LBM/ET?

FT/SEC
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DISTANCE
FROM
THROAT

{FT)

10
12
15
20
25

30

40

SELECTED INVISCID CORE AND NOZZLE WALL COORDINATES

MACH NUMBER = 10

RADIUS
OF CORE
(FT)
009994
010057
0.10221
0e10N469
0611179
0413935
0017827
0622696

0434968
049646

0465095
0.80043
1.06701
1.28839
1447135
168795
1.93334
2407652
2415059
2017996

2418554

RADIUS
OF WALL
(FT)
0610014
010085
0410258
010516
0112456
0614077
0.18087
0.23127

0.35921
0¢51339

0467609
0.82370
1.11619
1.35378
1455363
1479674
2,08844
227842
2039696
2446516

2450000

NOLTR 71~5

TABLE 3

MACH NUMBER = 15

MACH NUMBER = 20

RADIUS
OF CORE
(FT)
003709
004370
005800
0.07626
0411516
0421255
0430935
0+40288

0456943
0.71350

0.84014
0.95284
1.14539
1.30395
1.43618
1590597
1,78532
1490504
1497496
2.00893

2,01834

RADIUS
OF WALL
(FT)
003715
004387
005839
0607699
0.11688
0.21823
0432039
0.41882

0459509
0.74908

0488592
1.00911
1,22353
1440520
1.56172
1.75977
2.01621
2020446
2.34140
2.43784

250000

RADIUS
OF CORE
(FT)
001370
002479
0.04528
0006595
0.10602
020345
0¢29259
0637231

0651100
0462961

0473345
082574
0498365
1.11425
1.22395
1.35805
1452103
1462920
1.69779
173703

1475474

RADIUS
OF WALL
(FT)
001373
002503
004606
0406755
0+10996
0+21538
0.31209
0439949

0455394
0.68870

080905
0.91821
1.11091
1.27777
1442510
161776
1.88212
2409307
2426223
2439652

2450000

* ran it S i 80
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TABLE 4

SELECTED NOZZLE DIMENSIONS

/ MACH NUMBER 10 15 20

N LENGTH (FT)

g .

E INLET 0475 045 0440

4 - EXPANSION 40,00 40400 40400
TOTAL 40475 40445 40440

g DIAMETER (FT)

4 ENTRANCE 04679 0.383 0.333

iy

i THROAT 04200 04074 0.028

. EXTT 54000 54000 54000

;1 CORE* 44371 4,037 34509

4 USABLE** 4,005 3.752 3,282

AREA (FT%)

ENTRANCE 063622 061154 0.0872

THROAT 00315 060043 00006
4 EXIT 19.635 194635 194635
CORE* 15.006 12.798 546729

I T R Py Y

USABLE** 12,596 11.059 Be4588

* INVISCID CORE MEASURED AT NOZZLE EXIT

%% USABLE DIAMETER AT NOZZLE EXIT DEFINED
AS THE NOZZLE EXIT DIAMETER MINUS TWICE
THE BOUNDARY LAYER THICKNESS AT THE EXIT
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200
(1) 1959 ARDC MODEL ATMOSPHERE 4 -
(2) BALLISTIC COEFFICIENT = 1000 LB/FT2

160

@ 120 :

e 6

” 0

< ‘ X
& TUNNEL 6

w OPERATING 2x10

2 POINTS l

-

-

40

: MACH NUMBER

FIGURE 1T COMPARISON OF FREE-FLIGHT REYNOLDS NUMBERS WITH THOSE AVAILABLE
IN THE FACILITY
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& | llillll 1 1 1 | L L

P

REp, =REYNOLDS NUMBER BASED ON D |
m = MASS FLOW RATE
—— p,=SUPPLY PRESSURE
— — D, = ISENTROPIC CORE DIAMETER
B ~=== 9 = VOLUME FLOW RATE AT p, .

: 2x]06 | ! ! B | lI | I | 1 1 [ I |
20 50 100 200 500 1000

§ m (LBM/SEC)

it e
e =2 @

FIGURE 2 REQUIRED SUPPLY PRESSURE, CORE DIAMETER, AND VOLUME FLOW RATE FOR GIVEN
REDC AND MASS FLOW RATE (MACH 10)
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g W e

100 x 10°

8 I

6

REDC = REYNCLDS NUMBER BASED ON

m = MASS FLOW RATE
4 — p, =SUPPLY PRESSURE

— — D, =ISENTROPIC CORE DIAMETER
---- U =VOLUME FLOW RATE AT p,

2x106 S N T A A | L TN BN B B
20 50 100 200 500 1000

m (LBM/SEC)

FIGURE 3  REQUIRED SUPPLY PRESSURE, CORE DIAMETER, AND VOLUME FLOW RATE FOR GIVEN
REp, AND MASS FLOW RATE (MACH 15)
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8 |

1
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10x 108 [~

RED, = REYNOLDS NUMBER BASED ON D_
m  =MASS FLOW RATE ﬂ
- —p, = SUPPLY PRESSURE .

——D, =ISENTROPIC CORE DIAMETER
Tx 100 = -=== § =VOLUME FLOW RATE AT p, -
8 =
! 1 ! L1l ! ! ! |
10 20 50 100 200 500

m (LBM/SEC)

FIGURE 4 REQUIRED SUPPLY PRESSURE, CORE DIAMETER, AND VOLUME FLOW RATE FOR GIVEN
REp, AND MASS FLOW RATE (MACH 20)
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FIGURE 6
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FIGURE 8 PRESSURE RISE IN VACUUM SPHERE DURING TUNNEL OPERATION
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FIGURE 17 VARIATION OF MASS FLOW IN TEST SECTION WITH TEMPERATURE FOR
CONDENSATION THRESHOLD OPERATION
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FIGURE 18 VARIATION OF REYNOLDS NUMBER IN TEST SECTION WITH TEMPERATURE
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