THE U.S. 2.5-METER CRYOGENIC HIGH REYNOLDS NUMBER TUNNEL

Robert R. Howell and Linwood W. McKinney
NASA Langley Research Center
Hampton, Virginia 23665
U.S.A.

Abstract

The U.S. 2.5-Meter Cryogenic High Reynolds
Number Tunnel is a fan-~driven transonic wind tunmnel
scheduled for operation in 1981. It will operate
at Mach numbers from 0.1 to 1.2, stagnation pres-
sures from 1 to 9 bars, and stagnation temperatures
from 352 to 80 Kelvin. The maximum Reynolds number
capability will be 120 million at a Mach number of
1.0 based on a reference length of 0.25 meter.

This paper describes the basis for the conceptual
approach, the engineering design including unique
features, and the performance operating envelopes
for the tunnel.

Symbols
A Cross-sectional area
c Average wing chord
hp Horsepower
hrs Hours
K Kelvin
LN2 Liquid nitrogen
M Mach number
m Meter
mm Millimeter
MW Megawatt
N Newton
P Pressure
AP Loss in static pressure through the
—— screen divided by dynamic pressure at
4 the screen face
q Dynamic pressure
RNE Reynolds number based on average wing
chord
T Stagnation temperature
€ Turbulence level, root mean square of the

fluctuating velocity component

Subscripts

L Referenced to local conditions

SC Stilling chamber

TS Test section

T Referenced to conditions in stilling
chamber

L-10634
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Introduction

As man hones the perfection of his technology,
his design tools must become more sophisticated. So
it is with the field of aerodynamics. The continual
review, both in the United States and in Europe, of
our understanding in this field has identified areas
where improvements in our testing and research tools
will result in markedly more accurate predictions
of the flight performance of full-scale vehicles.
The implementation of some of the improved tools,
however, involves significant capital investment.

Over the past decade, the United States has
wrestled with the problems of inadequate Reynolds
number in its wind tunnels, particularly for tran-
sonic aerodynamic testing. Starting in 1967, a
number of different approaches have been proposed
for the solution of this facility problem — most of
which were prohibitively expensive. 1In 1974, a
panel of experts was convened to review, again, the
high Reynolds number testing requirements for the
United States and make recommendations as to the
criteria for a single facility to satisfy those
needs. This panel worked for a period of 6 months
and produced criteria and recommendations summarized
in Figure 1.

The cost of obtaining high Reynolds number data
was a driving factor in the establishment of prac-
tical limits. Thus, this figure reflects the panel's
view of the minimum acceptable criteria rather than
all that was desirable. The criteria define a tran-~
sonic wind tunnel (Mach range between 0.1 and 1.2)
which has the Reynolds number capability at M = 1.0
of 120 million based on a length equal to 0.1 vAgg.
A test-section size of 2.5 meters by 2.5 meters was
identified as the minimum acceptable size. Addi-
tionally, since it is viewed as a national facility
and therefore required to do the necessary testing
for the nation, it must have a relatively high test
and data productivity. Lastly, because of the broad
range of types of research and development testing
envisioned for the facility, it was specified to
have essentially continuous running capability
(10 minutes minimum).

These criteria were accepted as guidelines for
the design and construction of what is currently
known as the National Transonic Facility. The
National Aeronautics and Space Administration was
given the responsibility for the design and con-
struction of the facility and the Langley Research
Center was selected as the site.

This paper will describe the results of the
process used in selecting the facility to satisfy
these requirements, and the engineering design and
facility performance that has evolved.

Selection of Approach

The NASA Langley Research Center had, during
the period between 1972 and 1974, established the
practicality of the cryogenic approach to achieving



high Reynolds numbers.1~9 As a result of their
review of the experimental demonstrations of this
concept, the panel endorsed the approach in their
recommendations. Although the cryogenic concept
would afford about a fivefold increase in Reynolds
number at near atmospheric pressure,l the concept
would not meet the maximum Reynolds number criteria
by itself and operation at elevated pressures was
an obvious requirement. Thus, in the selection of
the baseline wind-tunnel design, the leading
factors considered were: maximum operating pres-
sure (which directly affected the loads on models),
facility cost or capital investment, energy con-
sumption, and productivity.

At this point, basic decisions and selection
of concepts regarding the baseline facility were
made. These are shown in Figure 2. First, to
cover the Mach range between 0.1 and 1.2, a slotted
test-section approach was selected based on design
and performance experience with existing tunnels;
second, to satisfy the 10-minute minimum run time
and to minimize energy consumption, a closed-
circuit fan-drive wind-tunnel concept was selected;
third, we incorporated the cryogenic approach to
high Reynolds number as the only practical means
available to achieving desired Reynolds number goals
with manageable capital costs and model loads; and,
fourth, we would require highly automated controls
and data acquisition system to satisfy productivity
requirements.

In reviewing this set of design concepts it was
recognized that the only really new technology that
is being incorporated was the cryogenic approach to
achieving high Reynolds numbers. Additional
studies were made, therefore, to assure that the
incorporation of this concept did not render the
design impractical.

Energy Considerations

A comparison of the cryogenic approach with
the conventional fan-driven tunnel, which is recog-
nized as the most efficient form of wind tunnel, is
shown as Figure 3 where the energy for 1 hour of
running is presented as a function of operating
(stagnation) pressure for a constant Reynolds
number of 120 million at a Mach number of 1.0. For
the cryogenic tunnel, the energy required is broken
into that part required to drive the tunnel (elec-
trical energy) and that required to keep the tunnel
cold. 1In this case, cryogenic cooling is accom-
plished by injecting liquid nitrogen into the
circuit and using it to absorb the heat of compres-
sion. There is, therefore, a continual flow of
liquid nitrogen into the tunnel while it is operat-
ing. In this study, it was assumed that 1000 kWh
are required to produce a ton of LN9. In the con~-
ventional tunnel, the energy is associated with the
electric drive only. It is noted that for the con~
stant Reynolds number of 120 million the energy for
the conventional wind tunnel is considerably larger
than the cryogenic tunnel at the same stagnation
pressure and that the drive energy is larger than
the combined drive and cooling enmergy for the cryo-
genic tunnel. Moreover, the drive energy for the
cryogenic tunnel is relatively insignificant in
this comparison. This fact, that the drive power
required goes down with decreasing temperature, is
one of the features that makes the cryogenic tunnel
practical.
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Dynamic Pressure Considerations

The impact of the cryogenic approach on dynamic
pressure is shown as Figure 4. In this figure,
dynamic pressure is presented as a function of test-
section height (assuming a square test section) for
a conventional operating temperature (T = 320 K )
and a cryogenic temperature (T = 122 K) and for a
Reynolds number of 120 million at a Mach number of
1.0. It is observed that the dynamic pressure is
reduced by about a factor of 4 in going from a stag-
nation temperature of T = 320 K to T = 122 K.
Additionally, the test-section size required to
produce a Reynolds number of 120 million is reduced
by a factor of 4 by reducing the temperature from
T=320K to T = 122 K. Thus, the cryogenic
approach affords a more reasonable dynamic pressure
as well as a more practical (less costly) facility
size.

Variable Temperature Considerations

Another highly desirable feature of the cryo-
genic tunnel is that it affords temperature as a
test variable. This additional test variable per-
mits independent control of dynamic pressure and
Reynolds number. A typical operating map for the
cryogenic tunnel is compared with the conventional
tunnel operating curves in Figure 5. In the conven-
tional fan-driven tunnel, since stagnation tempera-
ture is relatively constant, there is a fixed rela-
tionship between Mach number, dynamic pressure, and
Reynolds number. Thus, as you traverse the Mach
number range, model deformation (due to change in
dynamic pressure) and Reynolds number also vary and
it is impossible to experimentally separate these
effects with a single model. In the cryogenic tun-
nel, because of the ability to vary temperature, the
dynamic pressure (model deformation) can be held
constant and Reynolds number and Mach number can be
varied. Also, Reynolds number can be held constant
and dynamic pressure and Mach number varied. As a
consequence of this new capability, the effects of
model deformation, Reynolds number, and Mach number
can be completely separated. The cryogenic approach,
therefore, in addition to providing practical solu-
tions to otherwise costly requirements also affords
a new research capability heretofore unavailable.

Selection of Size-Pressure Combination

Since it was clear that elevated pressure oper-
ation was required for the tunnel to keep the initial
cost within bounds, an engineering consultant was
hired to provide cost estimates for a series of fan-
driven cryogenic tunnels scaled in size and pressure
to meet a common test requirement. From these data
empirical cost curves were developed (Fig. 6). The
cost numbers given by the curves represent U.S.
dollars as of January 1975 and do not include any
contingency or escalation. The dashed line shows
the various tunnel size and pressure combinations
that provide 120 million Reynolds number at a Mach
number of 1.0. The significant cost reduction
associated with increasing the operating pressure of
the tunnel for a given design Reynolds number is
graphically illustrated. It is clear that the tun-
nel designer is forced to design for a maximum
practical dynamic pressure from capital cost con-
siderations. For the NTF, the maximum dynamic pres-
sure was chosen as 3.3 bars at a Mach number of 1
and Reynolds number of 120 million. This resulted
in a 2.5-meter square test section and maximum stag-
nation pressure of 8.96 bars.



Engineering Design

The definition of the desired wind tunnel has
evolved through the establishment of a set of cri-
teria and the exercising of cost and dynamic pres-
sure constraints. The resulting wind tunnel will
have a 2.5-meter test section, operate at pressures
up to 8.96 bars, over a temperature range from
352 K to 80 K, and a Mach number range from 0.1 to
1.2. At this point, engineering design has been
applied to further define the physical characteris-
tics of the tunnel. To minimize initial costs, the
NTF will be constructed on the site of the deacti-
vated 4-Foot Supersonic Pressure Tunnel. The exist-
ing drive motors and their associated control sys-
tem, as well as existing office building and cooling
towers will be utilized.

Test Section

The NTF will have a slotted test section
(Fig. 7) similar to the existing Langley 8-Foot
Transonic Pressure Tunnel which is known to be
efficient and have good quality flow. The length
of the slotted region is approximately three test
section heights. The top and bottom walls have six
longitudinal slots each and the wall divergence
angle is adjustable to compensate for boundary-
layer growth. The parallel sidewalls are fixed
with two longitudinal slots in each wall. The
design will allow the slot open width and edge
shape to be easily modified. Remotely adjustable
reentry flaps are provided at the end of each slot.
The position of these flaps during tumnel operation
will be programed to control Mach number gradients
through the test section and minimize power con-
sumption. The model support system is an arc
sector with a nominal travel of 30°. The arc
sector is located downstream of the test-section
reentry flaps to minimize interference effects and
power consumption. The center of rotation is
3.96 meters downstream of the test-section throat.
This places the model well ahead of the aft end of
the test section for minimization of interference
effects over the base of the model. This combina-
tion has the attendant disadvantage of making the
model support sting long which creates problems
particularly at the high loads which the NIF is
capable of generating. Additional angle-of-attack
range is provided by offset stings over a reduced
load range. The sting will have a roll mechanism
capable of rolling the model through 270°. Model
pitch rate is controllable in either a continuous
or pitch-pause mode at rates from 0 to 4° per
second.

Contraction Ratio — Screens

The attainment of satisfactory flow quality is
influenced by the contraction ratio from the still-
ing chamber to the test section from both a direct
effect of contractionl® and an indirect effect on
antiturbulence screen design. Analysis of the data
of Reference 10 indicates that to achieve turbulence
levels in the test section of 0.1%, turbulence
damping screens are required. Therefore, a compre-
hensive analysis of screen design including the
effects of contraction ratio, number of screens,
wire diameter and pressure loss through the screens
was made. The results of this analysis are summar-
ized in Figures 8 and 9. The symbols on Figure 8
indicate various contraction ratio-screen combina-
tions that satisfy the turbulence requirement of
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0.1%Z in the test section for an initial turbulence
of 1.7% in the stilling chamber. (This initial
level was assumed based on Ref. 11.) It will be
noted that the turbulence requirement is met over a
range of contraction ratios from about 8 to 16. The
effect of increased contraction ratio is to reduce
the pressure loss through the screens which impacts
the wire stresses and horsepower loss. This effect
is summarized in Figure 9. The symbols correspond
to conditions where the test-section turbulence
requirement was met in Figure 8. The stresses vary
from about 415 x 106 N/m2 down to 120 x 106 N/m? at
contraction ratios from 8 to 16 with associated
horsepower losses from well in excess of 8000 down
to 1000. The yield stress for 0.762 mm wire with~
out joints is about 520 x 108 N/m2. Limited data
available indicate joint efficiencies for butt-
welded joints of about 70%. This results in a yield
stress of about 365 x 106 N/m2 for a screen system
with joints.

Based on the considerations of adequate safety
margin on wire stress and conservation of horsepower
due to losses through the screens, a contraction
ratio of 15 was selected for the NIF. To insure
flow quality requirements can be met, up to five
screens are provided for.

Overall Tunnel Circuit

With the test-section size and the upstream
contraction ratio established, the rest of the tunnel
circuit layout was accomplished using near optimum
conical diffusers (Fig. 10). In the case of the
National Transonic Facility, however, there was
concern to keep the volume of the circuit as small
as practical in order to keep the cost of the pres-
sure shell within bounds and to minimize nitrogen
fill costs during operation. To achieve this goal,
a "rapid diffuser," an approach used in several
European wind tunnels, was employed as a method of
final deceleration into the stilling chamber. This
method of deceleration requires a resistance in the
flow at the diffuser exit equal to approximately

five times the local dynamic pressure (ég = 5) to
assure absence of separation. 9

In the current design, the resistance of a
water-cooling coil is used for this purpose. This
coil will be used as a heat exchanger only when the
tunnel is operated at relatively high (near atmos~-
pheric) temperatures. The resistance could have been
supplied by a number of other techniques.

The projected overall circuit performance in
terms of compression ratio is presented as Figure 11
where the compression ratio is presented as a func~
tion of Mach number. This curve was generated by
accumulating losses in the circuit including losses
in the turning vanes, screens, cooling coil, test
section, and diffusers. Losses include both viscous
and momentum losses. The test-section loss estimate
is based on experimental data obtained from a 1/5-
scale model of the tunnel high-speed leg from the
rapid diffuser upstream of the test section to the
end of the high-speed diffuser. These data have
been corrected for differences in Reynolds number.
This compression ratio curve (Fig. 11) has been used
in defining the tunnel performance maps to be pre~
sented later.



Test~Section Isolation System

Although the cryogenic approach using LN;
has been proven to require the least capital invest-
ment and be the most energy conservative approach
to high Reynolds number testing, the cost per data
point for high Reynolds number tests will be con-
siderably higher than for usual low Reynolds number
data. Consequently, every step possible is being
taken to conserve nitrogen which is the largest
contributor to operating costs. One of the provi-
sions made to conserve nitrogen is test-section
isolation valves (Fig. 12) which will be capable of
isolating the test section so that the pressure can
be reduced to atmospheric and personnel entry can
be made to service models without venting the entire
circuit.

The operation of the system requires that, with
the flow at rest, the contraction upstream of the
test section and the high-speed diffuser downstream
of the test section be disconnected from the pres-
sure bulkhead at either end of the test-section
plenum and moved away from the test section. Iso-
lation valves are then remotely moved into the
closed position and locked to the pressure bulk-
head. The test section can then be vented to the
atmosphere. When the pressure has been reduced to
1 atmosphere, the test-section sidewalls are
lowered and work access tummels are inserted from
either side capturing the test model and sealing
around the model support sting. A "shirt sleeve"
work enviromment is maintained by fans which cir-
culate air through the access tunnel and heaters
which are used to warm the cold model to an accept-
able level. After the model change or service has
been completed, the process is reversed. The work
access tunnels are withdrawn, the outer shell
access doors are closed, the test-section walls
are raised to operating position, and the pressure
is equalized across the pressure bulkheads. When
the pressure differential is zero, the isolation
valves are remotely moved to the stored position;
the contraction section and high-speed diffuser are
returned to the operating position and locked to
the pressure bulkheads, and the tunnel is ready to
resume operation.

Drive System

The cryogenic concept requires that the drive
system be capable of producing a constant compres-—
sion ratio over a large temperature range. This
requirement has a major impact on the design of the
drive system, since with a fixed geometry fan, the
rpm required for a constant compression ratio
varies as the square root of the gas temperature
entering the fan. The desired performance in the
NTF will be obtained by using a single stage fan
with variable inlet guide vanes and fixed outlet
stators in combination with a two-speed gear box.

The fan will be driven by two existing variable
speed motors (70,000 horsepower) and one inline
synchronous motor (60,000 horsepower) as shown in
Figure 13. The two variable speed motors are on a
single shaft which drives the fan through a two-
speed gear box. The gear box provides the ability
to match the maximum motor rpm (maximum horsepower
output) to the required fan rpm at both ambient and
cryogenic temperatures. The gear ratios are such
that maximum motor rpm (maximum horsepower) pro-
duces fan rpm's of 600 and 360. This gear arrange-
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ment combined with the variable inlet guide vanes
will provide the required constant compression ratio
over the wide range of tunnel operating tempera-
tures. The synchronous motor is on the fan shaft
and, consequently, rotates at the fan shaft speed.
It has a synchronous speed of 360 rpm which corre-
sponds to the maximum speed of the variable speed
motors driving through the low-speed gear. Thus,
it can be brought up to speed and synchronized with
the variable speed motors. In the synchronous or
constant rpm operating mode, fan compression ratio
(Mach number) will be controlled by use of the
variable inlet guide vanes. Analytical studies
have shown that the guide vanes are capable of con-
trolling Mach number over a range between M = (0.6
and M = 1.2 with an acceptable level of effi-~
ciency. Below M = 0.6, the power of the synchron-
ous motor is not required, therefore, the variable
speed capability of the existing motors can be used
for Mach number control.

The power available from this system is shown
in Figure 14, where maximum fan-shaft horsepower is
presented as a function of fan rpm. To maximize the
horsepower available from the existing variable
speed motors, liquid rheostats will be added to
provide constant torque at rpm's down to about two-~
thirds of the maximum. In the high gear ratio, a
maximum of 65,000 shaft horsepowr is available to
the fan. 1In the low gear ratio (used for cryogenic
operation) a maximum of 125,000 horsepower is avail-
able to the fan.

Tunnel Performance

With the drive motor-gear arrangement described
above, the wind-tunnel performance at selected Mach
numbers of 0.8 and 1.0 are presented as Figures 15
and 16. The operating maps at each Mach number are
presented as stagnation pressure versus Reynolds
number for varying temperatures down to the tempera-—
ture where saturation of nitrogen will occur at a
local Mach number of 1.4. The boundaries of the map
are defined on the left by the compression ratio
limit of the fan-drive system, by the available
horsepower limit (125,000 horsepower) in the upper
left corner, by the maximum operating pressure
(8.96 bars) across the top and by the saturation
boundary on the right. The tunnel wlll operate
anywhere in the shaded region of these envelopes.
The variable speed induction motors combined with
the high-speed gear cover the lower pressure range
underneath the dashed line (dark shaded region).

The total drive is required to cover the region
above the 65,000-horsepower line. The maximum
Reynoclds number usually occurs where the condensa-
tion boundary intersects the shell pressure limit.
This maximum Reynolds number is plotted as a func-
tion of Mach number in Figure 17. This overall
maximum tunnel Reynolds number capability is bounded
by the shell operating pressure limit for Mach num~
bers up to 1.0. Between M = 1.0 and 1.2 the per-
formance is limited by the maximum horsepower
available. Above M = 1.2 the fan maximum compres—
sion ratio limits the performance. Note that the
goal of a Reynolds number of 120 million for

M= 1.0 is achieved.

At the bottom of Figure 17 is an overall enve~-
lope of the Reynolds number capability of all wind
tunnels in the United States. The NTF will be
capable of increasing ground-test Reynolds number by
about one order of magnitude over currently existing
capability.



Unconventional Features

Internal Insufation

As mentioned previously, the NTF will employ
in its design an internal insulation. Although
internal insulation complicates the design, it
affords many overriding advantages. Its principal
advantage is that it minimizes the temperature
excursions of the large pressure shell. In doing
so, it (1) greatly reduces the liquid nitrogen
required to approach steady-state operating condi-
tions and thus reduces operating cost, (2) it mini-
mizes the thermal stress in the pressure shell
thereby alleviating thermal fatigue as a major
problem and enhances the service life of the pres-
sure shell, and (3) it affords an opportunity to
combine thermal insulation and acoustic attenuation
functions into a system which will reduce the
noise in the tunnel circuit. The baseline design
of the insulation system (Fig. 18) employs about
15 centimeters of fibrous insulation with perforated
aluminum foil laid in at about 2.54 cm thicknesses.
The aluminum foil is included to inhibit free cir-
culation. The insulation system is enclosed by
glass cloth and covered with a corrugated flow
liner which is supported by tee-shaped rings welded
to the pressure shell and insulated from the liner.
The liner is corrugated to absorb the circumferen-
tial thermal strain. Slip joints are provided for
the longitudinal movement. The tee rings are about
1.2 meters apart. Filler blocks are used under the
corrugation to block flow from one insulation seg-
ment to the next. The possibility of a fire inside
a pressurized wind tunnel is always a concern and
a concerted effort is being made to minimize the
accumulation of flammable materials. Obviously,
there are a number of additional concerns such as
the impact of noise on the service life of the sys-
tem as well as the thermal performance of the system
under a flowing cryogenic enviromment. These con-
cerns are the subject of an extensive verification
test program.

Model Loads

Another somewhat unconventional feature of the
NIF will be the model loads it will be capable of
generating. The dynamic pressure is independent of
temperature and is a function only of stagnation
pressure and Mach number. In Figure 19 lines of
constant dynamic pressure are superimposed on the
overall performance map of the tunnel. Most exist-
ing transonic wind tunnels operate at dynamic
pressure levels up to about 0.5 bar. There are a
few tunnels which have dynamic pressure capability
up to about 1 bar. The NTF will have a maximum
dynamic pressure capability of 3.3 bars. Although
the NTF, by virtue of employing the cryogenic
approach, will have a much lower dynamic pressure
to Reynolds number ratio as compared to the other
approaches to high Reynolds number testing, it can
still produce model loads of more than three times
those experienced in existing wind tunnels.

Technology appears to be in hand to accommo-
date these loads. However, force measuring bal-
ances, sting deflections, and model deformation
will tend to take on more importance as we attempt
to use this new facility up to its maximum Reynolds
number capability.
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Cryogenic Operation

As previously discussed, the requirement for
tunnel operation at temperatures down to about 80 K
requires the use of liquid nitrogen as a heat
absorber, The operation utilizes the vaporization
of LN» sprayed into the circuit to absorb the heat
of compression of the fan. Venting of gaseous
nitrogen is then required to control pressure. The
operational system, Figure 20, therefore, includes
a bulk storage of liquid nitrogen (250,000 U.S. gal)
with pumps capable of supplying liquid nitrogen at:*
rates up to 545 kg/sec to spray nozzles in the cir-
cuit upstream of the fan, and a large vent stack to
properly disperse the gaseous discharge. The vent
stack poses some unusual design problems since it is
required to operate over a very wide range of flow
rates and pressure ratios. Additionally, it is used
to provide a means of alleviating hazards associated
with cold nitrogen gas both with regard to leaks in
the valves and piping and from the discharge.

Cryogenic Nitrogen Environment

Although nitrogen is the major constituent of
air and is readily acceptable as an aerodynamic test
gas under usual conditions, its use at cryogenic
temperatures presents some unusual considerations.
At cryogenic temperatures its density is high, and
it can accumulate in low areas and create a hazard.
To alleviate this concern, special procedures and
equipment are required when the test section is
opened to allow model servicing. As discussed pre-
viously, special access tunnels incorporating
environmental conditioning equipment are necessary
to allow personnel to enter the space around the
model in a reasonable length of time. Oxygen moni-
tors will be provided to assure breathable air
(proper oxygen content).

Models for testing in this cryogenic environ-
ment will also require some extension of technology.
The cryogenic temperature and higher loads will
result in the selection of high strength alloy
steels which have acceptable levels of ductility at
cryogenic temperatures. Because of the thin bound-
ary layer at high Reynolds number, the materials
must be machinable to a very smooth finish. Methods
of fastening and filling suitable for this environ-—
ment are being identified.

Productivity

The NTF is being designed to satisfy a national
need for high Reynolds number test capability at
transonic speeds. Moreover, as a national facility
it must accommodate the projected workload of NASA,
the DOD, and industrial users. As a consequence of
this, as well as the need to conserve energy, the
NTF is being designed to produce data at a relatively
high rate. Typical existing wind tunnels produce
data at about 26,000 specific sets of test conditions
in a year where a set of test conditions per year is
defined by a combination of Mach number, Reynolds
number, angle of attack, angle of yaw, and so forth.
The NTF is targeted to produce measurements at
104,000 sets of test conditions or four times the
conventional rate. To achieve this goal, the tunnel
control and data acquisition system will be highly
automated. Computer control will be used exten-
sively to insure optimum procedures and safety in



the tunnel operation. Modern data acquisition will
be provided with "quick look" data capability to
minimize retesting due to improper measurements.

Integrated Facility

The current concept of the National Transonic

Tunnel is shown in perspective as Figure 21. The

- tunnel will be constructed on the site of the
Langley 4~Foot by 4-Foot Supersonic Pressure Tunnel.
This tunnel will be removed and the new facility
erected in its place. As mentioned previously, the
NTF will make use of the existing drive motors and
their drive control, the cooling tower and its
mechanical equipment, and the office building.
Also, as pointed out previously, the unusual fea-
tures of the facility are the large liquid nitrogen
bulk storage which will be used to achieve cryogenic
temperatures and the large vent stack for the dis-
charge of gaseous nitrogen to maintain constant
operating pressure.

Full-Scale Reynolds Number
Testing Capability

An indication of the ability of NTF to perform
the desired high Reynolds number development test-—
ing is found by assessing its ability to test at
full-scale Reynolds numbers for various aircraft
configurations. In Figures 22 and 23, the Reynolds
number capability of the NTF is compared with the
flight Reynolds number of current and future air-
craft. The comparison is made on the basis of
Reynolds number based on the average chord of the
configuration, RNz. RNz is presented as a function
of Mach number for the flight vehicle (solid curve)
and for the model in the NTF (dashed curve). The
cruise point for the vehicle is indicated by the
solid dot. At the bottom of each figure, the cross-
hatched envelope indicates the corresponding
capability of existing wind tunnels.

In sizing the models for the NTF, the span was
limited to 0.6 of the width of the test section and
the blockage was limited to 0.5% — whichever was
reached first limited the model size.

In Figure 22 comparisons are made for a large
subsonic transport, a future supersonic transport,
an advanced subsonic transport, and the space
shuttle. The boundaries of the airplane flight
envelope are determined by sea-level flight (upper
left), flutter or buffet (upper right), thrust
limitations (maximum Mach number), and maximum 1lift
(lower boundary). The maximum lift and maximum
Mach number boundaries are the more critical from
aerodynamic performance considerations.

For large subsonic transports of the Boeing 747
category, the NTF will provide full-scale test
conditions for the cruise point as well as for the
high-speed "max q" load condition. The high
Reynolds number peak at M = 0.6 cannot be met by
the design NTF performance envelope. This is not
considered a significant deficiency, however, since
the Reynolds number effects for unseparated, fully
subsonic flows are usually small and predictable at
high Reynolds number levels. For the advanced
transport concept, such as the "span loader" in the
1.0 million kg gross weight category, the NTF can
attain full-scale test conditions at the cruise
point. The high-speed "max q" load condition will
require the use of half-span model techniques,
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which are a generally acceptable approach for
obtaining loads data on relatively -high-aspect-
ratio configurations.

For the large supersonic transport type con-
figurations, full-scale test conditions can be
attained for the subsonic cruise point (M = 0.95).
The high Reynolds number requirements at the sub-
sonic Mach numbers (M £ 0.5) can largely be covered
by the use of larger sized models, acceptable for
testing at the low subsonic speeds. Full-scale test
conditions for the space shuttle type configuration
can be attained throughout the subsonic/transonic
flight regime.

The ability of the NTF to meet full-scale test-
ing requirements of current and advanced military
aircraft is illustrated in Figure 23. 1t will be
noted that the NTF design performance envelope pro-
vides essentially full-scale test capability at
subsonic/transonic speeds for a typical variable-
sweep bomber in both the subsonic cruise and high-
speed configurations.

The flight envelope of a typical fighter is
also well covered. The cruise point for the con-
ceptual large transport, however, falls slightly
above the Reynolds number capability of the NTF.

The use of the previously considered half-span model
techniques, combined with limited Reynolds number
extrapolation, will largely close the Reynolds num-
ber gap for this type of configuration as well as

the off-design areas of the other airplane envelopes.

Summary

In summary, this paper has described the
approach being taken in the United States to achieve
Jfull-scale Reynolds numbers in a transonic wind tun-
nel. The facility design and planned comstruction
represents a significant step forward in the contin-
ual requirement for new and improved research and
development tools for aeronautics. It involves the
incorporation of the cryogenic approach to high
Reynolds number which brings full-scale Reynolds
numbers within practical reach insofar as capital
costs and drive horsepower are concerned. There
appear to be no insurmountable design problems.
facility is projected to be operational in 1981.
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U.S. 2.5 METER HIGH REYNOLDS NUMBER TRANSINIC V/IND TUNNEL
(NATIONAL TRANSONIC FACILITY - NTF)

RN = 120 X 100 AT M- 10

MACH NUMBER RANGE - 0,1 TO 1.2
CONTINUOUS OPERATION{((10 MINUTE MINIMUM)
HIGH PRODUCTIVITY

Figure 1. Basic high Reynolds number testing
requirement as specified by Facilities Review
Panel.

® SLOTTED TEST SECTION
® FAN-DRIVEN CLOSED-CIRCUIT PRESSURE WIND TUNNEL
® CRYOGENIC CONCEPT”
® HIGHLY AUTOMATED CONTROLS AND DATA ACQUISITION
SYSTEM
*ONLY NEW TECHNOLOGY

Figure 2. Approach selected to meeting high
Reynolds number testing requirement.
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Figure 3, Comparison of the energy consumed in

1 hour of operation for conventional and cryo~
genlc tunnels (RNE = 120 million; M = 1.0;
c = 0.1 test section height).
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Figure 4. Effect of cryogenic temperature on

dynamic pressure and test-section size (RNz = 120

million; M = 1.0; ¢ = 0.1 test-section height).
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Figure 5. The impact of having temperature as a
test variable on research test capability.
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Figure 6. Variation of tunnel cost with test-

section size and dynamic pressure (M = 1.0;
T = 122 K).
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Figure 7. Plan view of the slotted test section.
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wire diameter; M = 1.0; Pp = 8.96 bars; isolation system for the National Transonic

0.61 m sag). Facility.
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Figure 13. Schematic of National Transonic Facility 3

drive system.
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Figure 16. NTF operating envelope in terms of
140 — x 103 operating pressure, temperature, and Reynolds
number for a Mach number of 1.0.
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Figure 17. Maximum Reynolds number as a function
of Mach number.
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Figure 19. Maximum Reynolds number envelope with

levels of dynamic pressure as a function of Mach
number.
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Figure 20. Schematic of the nitrogen supply and

Figure 21.

vent system for the NTF.

Perspective of the National Transonic
Facility.
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Figure 23. Comparison of Reynolds number-Mach
number envelopes for full-scale flight vehicles,
the NTF, and existing wind tunnels (typical
military aircraft).



