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SUMMARY

Theoretical studies have been made to determine the effect
of thermal and caloric imperfections in cryogenic nitrogen on
both laminar and turbulent boundary layers. The results indi-
cate that in order to simulate non-adiabatic laminar or turbu-
lent boundary layers in a cryogenic nitrogen wind tunnel, the
flight enthalpy ratio, rather than the temperature ratio, should
be reproduced. Under adiabatic conditions the difference between
wind tunnel and flight boundary layer parameters is negligible
except for the surface temperature ratio. No significance can
be attached to the difference in temperature ratio. The absence
of significant real-gas effects on both viscous and inviscid flows
makes it unlikely that there will be large real-gas effects on
the cryogenic tunnel simulation of shock boundary-layer inter-
actions or other complex flow conditions encountered in flight.

Experimental and theoretical studies on condensation effects
have been made to determine the minimum usable stagnation tempera-
‘ture. Considerable evidence indicates that under most circum-
stances free-stream Mach number rather than maximum local Mach
number determines the relevant saturation boundary and thereby
determines the onset of condensation effects. Under extremely
high local Mach number conditions, however, homogeneous nuclea-
tion could occur and the onset of condensation effects might be
seen at temperatures higher than free-stream saturation tempera-
ture but still considerably lower than local Mach number satura-
tion temperature.

Progress is well underway on a major application of the
ceryogenic wind-tunnel concept with the construction of the U.S.
National Transonic Facility at the Langley Research Center.

This new tunnel is scheduled to become operational by 1982. Not
only will it provide an order of magnitude increase in Reynolds
number capability over existing U.S. tunnels, but also, because
of the ability to vary pressure, Mach number, and temperature
independently, it will be able to perform the highly desirable
research task of separating aeroelastic, compressibility, and
viscous effects on the aerodynamic pdrameters being measured.

SYMBOLS
speed of sowmd C pressure coefficient
airfoil chord % local skin-friction coefficient
mean geometric chord h "specific enthalpy
specific heat at constant pressure M Mach number
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P pressure 0 momentum thickness

qQ dynamic pressure H viscosity

R Reynolds number P density

R gas constant Subscripts

T temperature - aw adiabatic wall

u velocity L local

v specific volume max  maximum

b'd streamwise coordinate min minimum

Yy coordinate normal to plate t stagnation conditions
§ boundary-layer thickness w wall

0% _displacement thickness © free-stream conditions

INTRODUCTION

During the last 10 years or so there has been an ever
increasing level of activity devoted to finding a solution to the
problem of inadequate test Reynolds number in the existing transonic wind
tunnels. The need for increased test Reynolds number and details of many of the
schemes proposed to meet the need are documented in papers presented at the
AGARD fluid dynamics panel specialists' meetings held in Gottingenl in 1971 and
in London® in 1975. Of the proposed solutions, the cryogenic wind tunnel con-
cept appears to be best in terms of capital and operating costs while offering
some unique advantages - in research versatility.

The idea of increasing the test Reynolds number and reducing fan power by
using a heavy gas &r by cooling the gas appears to have been first proposed in
1920 by Margoulis. 22 Margoulis correctly concluded that the benefits of
moderate cooling were not worth the effort. His idea of cooling the test gas
was rather widely known at the time but apparently was dismissed as impractical
and forgotten. Some 25 years later, in 1945, a theoretical study by Smelt
noted the advantages of using gases other than air and of cooling the test gas
to cryogenic temperatures. The lack of a practical means of cooling a tunnel
of any appreciable size to cryogenic temperatures precluded application of the
cryogenic wind tunnel concept at the time of Smelt's work.

In the autumn of 1971, Goodyer7, who was working at NASA-Langley at the
time, suggested, independently, the use of either air or nitrogen at cryogenic
test temperatures as a way of increasing the test Reynolds number in the small
tunnels equipped with magnetic-suspension and balance systems. By 1971, the
availability of liquified gases in large quantities and the widespread appli-
cation of cryogenic technology in government and industry made Goodyer's pro-
posal seem reasonable not only for tunnels of modest size but also for large
tunnels that would be capable of testing models at full-scale values of
Reynolds number.

An additional advantage of a cryogenic wind tunnel is offered by the abil-
ity to vary temperature independently of the usual variables of pressure and
Mach number. This makes possible the isolation of viscous, aeroelastic, and
Mach number effects on the aerodynamic parameters using a single wind tunnel
model. Also, by using the appropriate combinations of pressure and temperature,
it should be possible to match more accurately the expected full-scale wing
deformations while at the same time matching the full-scale values of Reynolds
number. In the final analysis, the additional testing versatility offered by
having temperature as a variable may be as valuable to the researcher as the
ability to achieve full-scale values of Reynolds number.

In order to verify the cryogenic wind tunnel concept, a small fan-driven
closed-circuit low-speed atmospheric tunnel at Langley was modified



for cryogenic operation using nitrogen as the test gas. This tunnel was used
for a variety of tests during the spring and summer of 1972.3 Based on the
experience and confidence gained with the low-speed cryogenic tunnel, a larger
pressurized transonic tunnel especially designed for cryogenic operation was
built and put into operation during 1973.8 This tunnel, now known as the 0.3-m
Transonic Cryogenic Tunnel (TCT), has been used since August of 1973 to develop
cryogenic instrumentation and testing techniques, determine possible operating
limits set by condensation or other real-gas effects, study various tunnel con-
trol schemes, and gain experience in the operation of a cryogenic nitrogen-gas
wind tunnel. In addition, it has been used for a variety of aerodynamic tests
that could take advantage of either the high unit Reynolds number or the ex-
tremely wide range of Reynolds number available.9,10 The
papers by Ferrisll, Rayl2 and Balakrishnal3 report on
some of the results cbtained from the 0.3-m TCT in over 2000
hours of operation since 1973. These papers include the ex-
perimental work on strain-gage balances, studies related to the tunnel control
systems, and experience gained in a variety of areas in the day to day operation
of the tunnel.

Based on extensive theoretical studies and the supporting experimental work
in the 0.3-m TCT, it was decided to build at the NASA Langley Research Center a
large transonic cryogenic tunnel to be known as the National Transonic Facility
(NTF). This new tunnel, which is now under construction, will take full ad-
vantage of the cryogenic wind tunnel concept to provide an order of magnitude
increase in Reynolds number capability over existing tunnels in the United
States. .

This paper has a twofold purpose.- The first is to review the results of
some of the real-gas studies made at Langley that are directly related to
establishing the range of operating conditions that can be used in a cryogenic
nitrogen wind tunnel and still be assured of valid full-scale simulation. In-
cluded are theoretical studies to determine if there are any changes in either
laminar or turbulent boundary layer characteristics caused by real-gas effects
and theoretical and experimental studies to determine the onset of condensa-
tion effects in order to establish the effective minimum operating temperature
boundaries. The second purpose of this paper is to describe the important
aerodynamic features, anticipated performance capability, status of construc-
tion, and projected operating date for the NTF. ‘

REAL-GAS STUDIES

For all practical purposes the behavior of the atmosphere under the condi-
tions of temperature and pressure encountered in subsonic and transonic flight
is that of an ideal djatomic gas. Thus, in general, the working fluid selected
for a wind tunnel must also behave like an ideal diatomic gas. In the cryo-
genic wind tunnel concept developed at Langley, the working fluid is gaseous
nitrogen. At ambient temperature and pressure there is essentially no
difference in the behavior of air or nitrogen and an ideal diatomic gas. TAt
cryogenic temperatures, however, both air and nitrogen depart from ideal-gas
behavior. The most obvious departure from ideal behavior is the existence of a
"saturation boundary" in the p-T plane beyond which a real gas can condense and
become a liquid. In addition to having a saturation boundary, both air and
nitrogen depart from ideal-gas behavior due to thermal imperfections (pv # RT)
and caloric imperfections (specific heats not constant). Because of these de-
partures from ideal-gas behavior, theoretical and experimental studies have
been made to evaluate cryogenic nitrogen as a transonic wind-tunnel test gas.
Boundary Layers. The main purpose of the new high Reynolds number transonic
tunnels is to obtain the proper simulation of viscous flow effects in the sub-
sonic and transonic flight regime. The real-gas analysis of cryogenic nitrogen
as a transonic wind tunnel test gas previously reportedlh indicates that there




are no significant real-gas effects in simple inviscid flows. The real-gas
analysis has therefore been extended to include a study of both laminar and
turbulent boundary layers to determine to what extent the imperfection of cryo-
genic nitrogen might affect these flows and to determine if such effects might
impose a more restrictive lower temperature limit for the proper simulation of
viscous flows in cryogenic nitrogen wind tunnels.

The prime calculation tool for the boundary-layer study was a program by
Anderson and.Lewisl® which solves both the laminar and turbulent compressible
boundary-layer equations for either ideal or real gases and is capable of
handling two-dimensional and axisymmetric configurations with pressure gra-
dients. The thermodynamic properties of nitrogen based on Jacobsen—> were in-
terfaced with the program by the use of tables. As a check on the results from
the Anderson and Lewis program, a second program based on the similar solution
procedure of Cohenl! for laminar boundary layers was used. For the second pro-
gram, nitrogen property tables based on the Beattie-Bridgeman equation of state
were used. )

For analysis purposes, a free-stream Mach number of 0.85 was chosen. A
stagnation pressure of 9atm and a stagnation temperature of 120K were used in
the analysis because any real-gas effects should be maximized under these ex-
treme operating conditions which lie near the nitrogen saturation boundary and
approximate the maximum Reynolds number conditions of the NTF.

Laminar boundary layer; flat plate. The real-gas effects on the laminar boun-
dary layer on a flat plate with zero pressure gradient were studied first be-
cause both programs described above were adequate for the analysis. For the
assumed test conditions the free-stream Reynolds number is 460 million per meter
and one would expect laminar flow only very near . the leading edge of the plate.
The magnitude of any real-gas effects calculated by the programs will be inde-
pendent of the value chosen for x, the distance from the leading edge. The
boundary-layer characteristics at x = 0.3cm have therefore been chosen to
illustrate the results in the laminar-flow region. At 0.3cm, Ry is 1.4 million.

Figure 1 is illustrative of the

laminar boundary layer results for M, =0.85 R =14 xl&,%==9dm.Tt=uﬂK

both nitrogen and an ideal gas for <107

various wall to total temperature 511 Mm%ggvg&uww
ratios. The local skin-friction T NITROGEN ...
coefficients for nitrogen as pre- 5.6 — = 0.9 COM:HMMW

dicted by the two programs are in
excellent agreement, with the co-
efficient for nitrogen always c
slightly less than the ideal-gas f
value. Although not shown, the
agreement between the two programs

for the other boundary-layer para-
meters, 6, &%, and §, is just as

good.

The deviations of the various L | ; |
parameters from the ideal-gas 0 1 g 2 3
values at the adiabatic wall con- v

ditions are given in Table I. None Fig. l.- Real-gas effects on laminar

of the deviations are significant skin friction for flat plate.
except for the deviation of the

adiabatic wall temperature itself.

As long as the other boundary-layer parameters do not differ significantly from
their corresponding ideal-gas values, there seems to be no reason for concern
over the fact that the adiabatic wall to stagnation temperature ratio, T /T
differs from the ideal or flight ratio.




TABLE I. - DEVIATIONS OF LAMINAR BOUNDARY-LAYER PARAMETERS
ADIABATIC FLAT PLATE, Rx =1.4 MILLION

The agreement in the laminar flat
plate results obtained from the two pro-
grams gives the desired confidence that

both programs are working properly and NITROGEN VALUE

PARAMETER

that the thermodynamic properties of nitro- 1DEAL VALUE
gen have been properly interfaced with the Cf ............................................................. 0.992
programs. Thus, the Anderson and Lewis

¢} 993

program was used to analyze the real-gas
effects on the turbulent boundary layer XS 1.000
on a flat plate.

Turbulent boundary layer; flat plate. The b s 999
real-gas effects on the turbulent boundary AEE ................................................... 975
layer on a flat plate with zero pressure T

gradient were studied at a distance of 30cm
from the leading edge which gives a value of
R, of 140 million, well within the range of
Reynolds numbers where turbulent flow would be expected.

Figure 2 shows the boundary-layer parameters Cp, 6, and §* as functions of
the wall to stagnation temperature ratio, T, /Ty. At adiabatic conditions the
nitrogen values agree well with ideal-gas values, but significant differences
are apparent, especially in §%¥, at the higher temperature ratios. It was noted
that these differences practically disappear if the results are correlated with
the enthalpy ratio,‘hw/ht, as shown in Figure 3, rather than the temperature

6 ratio. For the ideal gas or flight
Mg = 0.8 R =0 X 10 gy = Tatm, T = 10K case the temperature and enthalpy
ratios are equal. However, for cry-
ogenic nitrogen they are not equal
x107 x 107 due to the real-gas imperfections
(h # c_T). The laminar non-adia-
batic Pesults also correlate well
when the enthalpy ratio, rather than

—— IDEAL GAS -
—-—-- NITROGEN

7, . .
! L the temperature ratio, is used as
Ler 6 ) the correlation parameter. Thus, in
Lol — 1 B 41 order to simulate non-adiabatic tur-
L0 20 30 Lo 20 3.0 1.0 20 30

bulent or laminar boundary layers

in a cryogenic nitrogen wind tunnel,
the flight enthalpy ratio, rather
than the temperature ratio, should
be reproduced.

Tw”t TWITt TWITt

Fig. 2.- Turbulent boundary-layer
parameters for flat plate as a
function of temperature ratio.

The deviations of the turbulent

boundary-layer parameters for nitro-
gen from those of an ideal gas at the
adiabatic wall condition are given in
Table II. As was the case for the
laminar boundary-layer parameters,
none of the deviations are signifi-
cant except for the adiabatic wall
temperature. For these stagnation
conditions (9atm, 120K), the 3.3
percent deviation represents a tem-
perature difference of about LK.
Temperature differences of this mag-
nitude should be measurable and such
an experiment is planned for the
0.3-m TCT. In these tests, adiabatic
wall temperatures will be measured

at both cryogenic and ambient

- - 6 o = -
M, =085 R =140x10, p =9am, T, = 120K
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Fig. 3.- Turbulent boundary-layer
parameters for flat plate as a
function of enthalpy ratio.



temperatures and the resulting
temperature ratios, Taw/Tt’ com-
pared. These tests should provide
experimental verification of the
real-gas analytical prediction tech-
niques.

To this point, it has been
noted that skin friction and the
other integrated boundary-layer pro-
perties for cryogenic nitrogen do
not differ significantly from those
for an ideal gas. The adiabatic
turbulent boundary-layer profiles
for nitrogen are shown in Figure 4
relative to the ideal-gas profiles.
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Fig. L4.- Adiabatic turbulent boundary-
layer profiles for flat plate,
comparison of nitrogen to
ideal gas.

Turbulent boundary layer; airfoil.

TABLE 11, - DEVIATIONS OF TURBULENT BOUNDARY-LAYER PARAMETERS

ADIABATIC FLAT PLATE, Rx =140 MILLION

PARAMETER NITROGEN VALUE
| DEAL VALUE
o 0.9%
O e, .996
A, 1.001
S 999

Note that the density and velocity pro-
files, which enter directly in the in-
tegration for 6 and &% and in the de-
termination of §, are not significantly
different from the ideal-gas profiles.
However, the temperature profile is
considerably different. As can be
seen, the lower wall temperatures that
were noted earlier cause lower tempera-
tures to persist throughout the boun-
dary layer. For real gases such as
nitrogen, the boundary-layer equations
are solved in terms of enthalpy and ve-
locity rather than in terms of tempera-
ture and velocity because real-gas en-
thalpy is not directly related to
temperature (h#c,T). For this reason,
enthalpy rather Ehan temperature :
should be considered, as evidenced by
the fact that the results correlate
well with enthalpy ratio (Fig. 3).
Thus, there does not appear to be any
significant effect of the cryogenic
nitrogen temperature profiles being
diTferent from those of an ideal gas. .

The program of Anderson and Lewis was also

used to calculate the turbulent boundary layer parameters for a 2-D NACA 0012-6L4

airfoil at a chord Reynolds number of 140 million.

The pressure distribution for

zero incidence, sketched as an insert on Figure 5, was input into the program.
The Anderson and Lewis program has no provision for shock-boundary layer inter-
action but can negotiate the adverse pressure gradient caused by the shock. The
adiabatic turbulent boundary layer parameters for nitrogen are shown in Figure 5

relative to the ideal-gas values.

Nowhere along the chord of the airfoil_are the

deviations significant except near the leading edge where the numerics of the

program begin to affect the deviations.

The results of this boundary-layer analysis indicate that the deviation of
the various nitrogen boundary-layer parameters from their ideal-gas values are
sufficiently small so as not to impose a lower limit on the tunnel operating

temperatures before reaching the saturation boundary.

As would be expected, for

the less extreme stagnation pressures that would ordinarily be used the devia- -
tions of the nitrogen boundary layer parameters are even smaller than those dis-

cussed herein.

As noted above, previous studies of cryogenic nitrogen have
indicated insignificant real-gas effects on inviscid flows.

Thus, if there are



no significant real-gas effects on

viscous flows as well, as indicated 1.016
by the present study, it is not
likely that there will be large
real-gas effects on'the cryogenic L8
tunnel simulation of shock boun-

dary-layer interactions or other com- 1,004
plex flow conditions encountered in AITROGEN

Lo

1DEAL
flight. 1.000

Minimum Operating Temperatures. A
major portion of the real-gas
studies has been concerned with . 992
determining the minimum usable stag-
nation temperature. The phrase -988 - ) . L . |
"minimum usable", in this case, :
means as low as possible without wle

. . Flgure 5.= Adlabatic turbulent boundary-layer parameters for 2-D airfoll, .
getting bad data. The main reason [Nitrogen values related to Ideal values. M, =0.85, R¢ =139 x 105, Py 9atmT, - 120 K]
for operating at very low tempera-
tures can be seen in Figure 6 which shows the effect of temperature reduction
on the properties of nitrogen, the test conditions, and the drive power at

a free-stream Mach number of 1 for constant stagnation pressure. The rate of
change of Reynolds number with
temperature approaches 2 percent per
. degree Kelvin at the lower tempera-
N GAS PROPERTIES . TEST CONDITLONS AND tures. When testing at c?yogenic

p temperatures, therefore, it is
REYNOLDS NUMBER highly desirable to take maximum
advantage of reduced temperatures in
order to maximize the benefits of
cryogenic operation—either in-
creased Reynolds number for a given

»996

M= 1.0, CONSTANT Pt AND SI1ZE

VALUES
RELATIVE 2| 4
TO 322K

1+ 2}- DYNAMIC .
2 PRESSURE stagnation pressure or reduced stag-
B , , ,  [POWERS s , . nation pressure, and consequently

0 100 200 300 400 0 100 200 300 400

reduced model loads, for a given
test Reynolds number. An additional
reason to operate at the minimum
usable temperature is the reduction
in fan-drive power and the corres-
ponding reduction in the amount of
liquid nitrogen needed for cooling.

As noted in the previous section, theoretical studies have been made which
show the thermal and caloric imperfections of nitrogen at cryogenic temperatures
to have no significant effects on either inviscid or viscous flows. The lower
temperature boundary for cryogenic tunnel operation is therefore set by the onset
of condensation effects. :

A conservative approach for selecting the minimum stagnation temperature
is to operate at a temperature which avoids any possibility of saturation
occurring anywhere over the model. Since the lowest static temperature over a
model occurs at the point of maximum local Mach number, a value of Ty can be }
chosen based on pt and either the known or anticipated value of the maximum local
Mach number in order to keep the local static value of T on the vapor phase side
of the saturation boundary. However, such an approach seems to be overly con-
servative based on experience with airfoils in the 0.3-m TCT and other facilities
where condensation effects occur at temperatures lower than those based on maxi-
mum local Mach number.

While many studies not directly related to transonic cryogenic tunnels dis- .
cuss the onset of condensation in nitrogen,l =21 none cover the relatively high
range of static pressures of current interest. Consequently, a theoretical and

STAGNATION TEMP, K

Fig. 6.- Effect of temperature
reduction on the gas properties,
test conditions, and drive power.



experimental program has been underway at Langley to study the onset of conden-
sation of nitrogen at high static pressures in general and to study, in parti-
cular, the practical problems caused by condensation in transonic cryogenic nitro-
gen-gas wind tunnels.

The 0.3-m TCT has been used for two separate experiments in support of
these condensation studies. In the first experiment, a 0.137m chord NACA 0012-6L
airfoil fitted with static pressure taps was mounted in the test section and the
effects of condensation on the static pressure measurements were determined.?

In the second experiment, four total pressure probes were mounted along the
length of the otherwise empty test section and the effects of condensation on the
total pressure measurements were determined.

In both of these experiments, the condensation effects are the result of
heterogeneous nucleation, that is, droplet growth occurs on "seed" droplets
already present in the stream. These seed droplets are the result of incomplete
evaporation of the liquid nitrogen injected into the tunnel for cooling. The
first evidence that heterogeneous nucleation is occuring can be seen in the air-
foil test results. The amount of supercooling that takes place before the onset
of condensation for the different free-stream Mach numbers is nearly uniform when
the amount of supercooling is calculated based on the free-stream Mach number,
rather than maximum local Mach number. The amount of supercooling calculated by

the two methods is shown in Figures T and 8. Further evidence that hetero-
geneous nucleation is occurring on

seed droplets is seen in Figure 9
which compares the free-stream
ur- % supercooling from the airfoil tests
_ Mo M, max with the free-stream supercooling
12 % '% % 0.93 realized in the total pressure
AT, K 10}

16—

8
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eee
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.2 probe tests. This comparison
demonstrates that effects observed
in both tests are related to the

81 free-stream conditions since the

% % % airfoil was not in the test section

during the total pressure probe
tests.
As can be seen from the data

' ' ' L | J presented in Figures 8 and 9, the

onset of condensation effects

occurs Jjust slightly below the
Fig. T.- Supercooling for airfoil - free-stream saturation temperature.
relative to meximum local This same situation of heterogen-
Mach number. eous nucleation occuring just
below free-stream saturation
temperature has been seen for the three tests conducted to detect condensation
effects in the 0.3-M TCT up to this time; however, the possibility should not

be ruled out that homogenous nucleation might occur over an airfolil having

a very high local Mach number where there is sufficient supercooling for the

gas to condense even in the absence of seed droplets in the free-stream flow.

An idea of the amount of supercooling possible before the onset of homo-
geneous condensation effects has been given by Sivier.23 A curve fitted to
Sivier's predicted onset conditions is shown in Figure 10 along with the static
values of p and T based on the maximum local Mach number present at the onset
of condensation effects for the airfoil test in the 0.3-m TCT. Indeed, the on-
set of condensation effects seen during the airfoil test occur before Sivier's
predicted conditions for onset, as would be expected for the case of onset re-
sulting from the presence of seed particles. Nevertheless, the curve fitted to
Sivier's predicted conditions for the onset of condensation resulting from
homogeneous nucleation appears reasonable and can be used as a rough guide to




determine when one might expect to
see such homogeneous effects in a
cryogenic tunnel. For example, if
an airfoil were to have a maximum
local Mach number 1.7 when tested
at a free-stream Mach number of
0.9, the conditions at which the
onset of condensation effects
might occur due to homogeneous
nucleation are shown in Figure 11
by the dashed curve developed from
Sivier's prediction. Curves
corresponding to the pertinent
saturation conditions are also
shown. For this example, signi-
ficant supercooling beyond the
maximum local Mach number boundary
is predicted. However, if homo-
geneous nucleation does occur as

a result of the high local Mach

AIRFOIL
M, TESTS

PRESSURE
PROBE TESTS

0.75 (¢] e

0.8 O s
5 0.5 A A

AT, K
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Fig. 9.- Supercooling for airfoil and
total pressure probe relative
to free-stream Mach number.

THE U.S. NATIONAL TRANSONIC
FACILITY

As mentioned in the intro-
duction, the application of the
cryogenic wind tunnel concept for
high Reynolds number transonic
test capability in the United
States has culminated in a wind
tunnel project known as the
National Transonic Facility (NTF).
The rationale behind the selec-
tion of the performance, size,
and pressurization for the NTF
has been discussed previously
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Fig. 8.- Supercooling for airfoil
relative to free-stream
Mach number.

number, the onset of condensation
effects might be seen at a tempera-
ture higher than free-stream satu-
ration temperature.

The investigation of minimum
operating temperatures is continu-
ing and is now focusing on the re-
lationship between the liquid ni-
trogen injection process and con-
densation onset in the test sec-
tion. In particular, work is now
in progress to develop a numeri-
cal model to approximate the for-
mation of the liquid droplets and
their passage around the tunnel
circuit. Additional work is
planned with the aim of under-
standing the interaction between
the droplets and the turbulence
damping screens, and the role, if
any, played by impurities in the
liquid nitrogen.

1~

CURVE FITTOSIVIER'S
ONSET CONDITIONS

|
60 65 70 75 80 85 9%

Fig. 10.- Comparison of airfoil super-

cooling with predicted onset
conditions for homogeneous
nucleation. p in atmospheres.



by McK%nney and Howellzh’z5

Nicks2®. 1In essence, the objective
has been to achieve full-scale Rey-
nolds numbers for the cruise or
other design point, and to match as 1k
much of the performance envelope as

possible for current and future py. atm
commercial and military aircraft.

The sizing criteria obtained in 4
this way, combined with the con- ’ L
straints imposed by dynamic pres-
sure and cost, resulted in the per- | l |
formance and dimensional character- 2 P - 5 s 5 I35
istics shown in Table III. Ref- . .
erences 24-27 present excellent

descriptions,Of the NIF as %ts Fig. 11.- Predicted onset of homogeneous
characteristics evolved during the nucleation.

design process. What follows is
essentially a review and update of
these previous publications.

and by CURVE FIT
FREE-STREAM SATURATION, M_= 0.9/ YTO SIVIER'S ONSET

o
=)

RESERVOIR
gl SATURATION,
M=0

LOCAL
SATURATION,

ML= L7

Current Configuration. The NTF is,
in most respects, a rather conven-
tional wind tunnel with only a few
unconventional features. These fea-

TABLE 111, - NTF PERFORMANCE CHARACTERISTICS

MACH NUMBER RANGE 0.1701.2 : :
REYNOLDS NUMBER RANGE  3x10° 10120108 ATM =1.0F0RT= .25 m tures, some of which may be seen in
PRESSURE RANGE 170 8.85 ATM Flg?res 12 a?d 13, are those pri- )
TEMPERATURE RANGE 78K T0 339K magllyfaSSOCI:?ed lehfthe Cryo%enlc
TEST GAS NITROGEN, AIR mg e Oh ?peia ion. l_ew,gxami es
(o] a r r ul nictro-
TEST SECTION SIZE 2.5 m SQUARE such leatures are 1iq °©
gen injection nozzles, a gaseous
LENGTH 7.62m - - .
AREA 6.203 m2 nitrogen exhaust vent stack, inter-
) nal thermal insulation, test sec-
CONTRACTION AREA RATIO  14.95T01 . . .
tion isolation valves, and of
- CIRCUIT LENGTH 151.5m

3 ) : course, the materials of construc-

VOLUME 6600 m tion. The principal materials of

DRIVE POWER, 10 MINUTES © CONTINUOUS . :
INDUCTION MOTORS 49,2 MW 3.1 MW cons?ructlon have been various
SYNCHRONOUS MOTOR ~ 44.8 MW 3.3 MW aluminum alloys, 300 S?r%es stain-
TOTAL 94,0 MW 66. 4 MW less steels, 9 percent nickel

steel, and fiberglass reinforced

plastics. None of the unconven-
tional features have imposed any serious gas-dynamics or fluid-mechanics problems,
although many of them represent challenging engineering design problems.

As shown in Figure 1k, the NTF is a closed circuit wind tunnel with a con-
ventional fan drive capable of continuous operation. At cryogenic temperatures,
nitrogen is used as the test gas with cooling accomplished by injecting liquid
nitrogen directly into the tunnel circuit upstream of the fan nacelle. At
ambient temperature, either air or nitrogen can be used as the test gas with
cooling accomplished by a conventional chilled-water heat exchanger inside the
tunnel circuit downstream of the rapid diffuser. The need to restrict the capi-
tal cost of the pressure shell as well as the operating cost associated with
pressurizing the tunnel led to a relatively compact circuit design as shown in
the plan view sketch of Figure 1h. ’

As mentioned earlier, the thermal insulation for the tunnel is inside
rather than outside the pressure shell. Because of the internal insulation, the
pressure shell with its large thermal inertia is not directly involved in changes
in gas temperature, thus reducing liquid nitrogen requirements, and also avoiding
thermal cycling of the pressure shell which enhances its service life. The
insulation is entirely shielded from the flow stream by a flow liner through the
high speed portion of the tumnel from corner number 4 to corner number 1. In
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Fig. 13.~ Planview of the NTF circuit showing internal structures
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. the remainder of the tunned circuit
except for the fan shroud region,

I 5 |

the insulation is separated from | % m GOFFAN |
the flow stream by a thin metal ' r_Eﬂﬂlﬁiﬂlq
liner. For economy of fabrication, : S R | ——
the liner plates are flat, leading : ' '6.00 m DIA
to a polygonal cross-section in “ﬂ;m I ‘s%gm MODEL CENTER OF ROTATION .
those parts of the tunnel where L4 _ — - S | DA
these plates are installed. — i

The use of a rapid diffuser 108 ™o 25 AR ST SECTION
upstream of the settling chamber PLENUM
allowed the return duct of the ’
tunnel circuit to be relatively Fig. 1l4.- Circuit lines of the NTF.

small in diameter but still per-
mitted a large settling chamber.
The rapid diffuser itself has an exit to inlet area ratio of about 2, a length to
inlet diameter ratio slightly less than 0.5, and an exit wall angle of about 60
degrees. A downstream pressure loss on the order of 3q to 5q is required to pre-
vent flow separation from the walls of the rapid diffuser. This pressure loss
will be provided by the chilled-water heat exchanger.

Downstream of the heat exchanger, the settling chamber contains four anti-
turbulence screens spaced about 0.61lm apart. Each screen has a wire diameter of
about 0.8lmm and a square mesh wire spacing of about 0.42cm with a resulting
solidity ratio of about 0.35. The overall pressure loss through the four screens
is about 3q.

The settling chamber is followed by a 14.95 to 1 area ratio contraction.
There is an early transition from round to square cross-section with circular arc
corner fillets. About 2.8m ahead of the test section the corner fillets are
flattened and are continued flat through the test section.

The test section, as shown in
Figure 15 is T7.62m long and 2.5m
square with flat corner fillets re-
sulting in a cross-sectional area
of 6.203m°. The test section wall
ventilation consists of longitudi-

nal slots, 6 in each of the top FLOW —>

and bottom walls and 2 in each of

the side walls. The side walls are Lﬁﬂsmnow Z
parallel, with provision for 3 2.5 m SQUARE REENTRY FLAPS

large windows and several smaller
ports for lighting and viewing.

The top and bottom walls are hinged Q:mf MAX L#mwmv
- - NGE | RATE 8.23 m (dia)
with flexure plates at their up- PITCHL-11° T0 19°] 4°/sec
stream end to permit variable wall ROLL | #180°  |10°/sec
divergence, and also have lighting
and viewing ports in them. The Fig. 15.- Plan view of the NTF slotted
reentry flaps in the slots are re- ‘ test section and plenum.

motely adjustable over an angle
range of about 15 degrees.

Generally, test models will be sting supported from a circular arc strut
permitting a pitch range of 30 degrees. The pitch angle can be varied at rates
up to 4 degrees per second and will be capable of both pitch-pause and contin-
uous sweep operation. The model roll angle range is + 180 degrees at roll rates
up to 10 degrees per second. Sideslip angles are obtained from combinations
of pitch and roll. These and other operational characteristics of the NTF are
sumarized in Table IV. '

The sidewalls adjacent to the model support strut are indented to relieve
strut blockage. The top and bottom walls in the model support region are hinged
with flexure plates at the downstream end so that their divergence angle can be

12



varied. For strut pitch angles

greater than 11 degrees, doors in
the bottom wall are provided to per- TABLE IV. - NTF OPERATIONAL CHARACTERISTICS
mit the strut centerbody to pass be-

MAXIMUM MODEL LOADS, NORMAL  86.7 kN 019,500 LB)
low the level of ‘the bottom wall. AXIA

XIAL 41.4 kN (9, 356 LB)

: 000 L8)

The test section and model SI0E 4.5 KN (10,000L

. PITCH ANGLE RANGE -11 DEG TO 19 DEG

support section are surrounded by a RATE UP TO 4 DEGISEC
plenum 8.23m in diameter. Test ROLL ANGLE RANGE +180DEG

section isolation valves are lo- RATE UPTO 10 DEGISEC
ACCESS TIME TO MODEL D MIN

cated at the upstream and downstream
ends of the plenum. In order to de-
ploy the isolation valves, the con-
traction and the high speed diffuser
are retracted upstream and down-

COOLDOWN/WARMUP TIME, AT'=222K 5 HR COMPLETE TUNNEL

AT=39K NOTIMELIMIT
MODEL DATA 448 ANALOG CHANNELS

PRESSURE PORTS 276 (MECHANICAL SCANNER) |

stream respectively. With the OR 1024 (ELECTRONIC SCANNER)
isolation valves in the closed FORCE 35.G. BALANCES

.y s _ {6 COMPONENTS)
p?s1t10n the plenum and test sec‘ ACCELEROMETERS 3
tion can be brought to atmospheric THERMOCOUPLES 12

pressure. In this condition the

plenum and test section access doors can be opened, and access tunnels can be
inserted from both sides providing direct access to the model at ambient tempera-
ture and pressure conditions. Access time to the model is estimated to be about
30 minutes.

The high speed diffuser begins at the downstream end of the model support
section with a transition from rectangular to round cross-section in about the
first 9m of its length. Overall, the high speed diffuser has an area expansion
equivalent to a conieal diffuser with about a 2.6 degree half angle.

The turning vanes in all four corners have what 1s known as arithmetic pro-
gression spacing, introduced by Dimmock28 for gas turbine work, and used suc-
cessfully in other wind tunnels.

The upstream fan nacelle fairing is bent through corner number 2, with the
fan located 8.8Lm downstream of that corner. The single-stage fan has 25 fixed-
pitch blades with fan loading changed by 24 variable inlet guide vanes (IGV) and
by variable rotational speed. There are 26 fixed downstream stators.

As indicated in Figure 13, acoustic panels are located in the fan nacelle
and the adjacent tunnel walls at the nose and tail cone of the nacelle. These
panels are intended to attenuate fan noise propagating upstream and downstream
from the fan station and provide about a 13db reduction of fan noise reaching
the test section. ’

: As mentioned earlier, the liquid nitrogen injection nozzles are located
upstream of the fan nacelle as indicated in Figure 13. It has been shown29 that
liquid nitrogen injection upstream of the fan results in lower power requirements
and liquid nitrogen flow-rates compared to downstream injection. An added bene-
fit of this location may be a reduction of injection noise levels reaching the test
section. . "

The NTF fan will be powered by two variable speed induction motors (L9.2MW)
and a synchronous motor (44.8MW). As shown in the upper part of Figure s
16, the induction motors are coupled to the fan drive shaft through a two-spee
gear box with gear ratios (motor to fan speed) of 835/360 in low gear and 835/600
in high gear. The purpose of the two-speed gear box is to provide a better match
of the motor torque available to the fan torque required at different operating
temperatures. The synchronous motor is in line with the fan drive shaft and
rotates at fan speed at all times.

The maximum (10 minute rating) shaft power available from the drive motor
combination as a function of fan rotational speed is shown in the lower part of
Figure 16, for both the high and low gear ratios. The synchronous motor is
operated at the fan shaft speed corresponding to the maximum speed of the induc-
tion motors in the low gear ratio, and is brought up to synchronous speed by the
induction motors.

13



Performance. To determine the NTF FAN TWO-SPEED
performance capabilities, the power GEAR BOX
characteristics of Figure 16 must )i =
- be combined with the tunnel pres-

NEW SYNCHRONOUS

. MOTOR 44.8 MW EXISTING VARIABLE SPEED
sure ratio requirements and the fan 100 INDUCTION MOTORS 49.2 MW
. . . 10 min RATING
design characteristics. These NTF wl
characteristics have been combined SYNCHRONOUS MOTOR
. . EXISTING
by Gloss of LRC to obtain operating MOTOR SHAFT 81 INDUCTION
envelope curves such as the one POWER MW MOTORS :
shown in Figure 17 for a free- 0 mgﬁxnnw L_HIGH GEAR RATIO
stream Mach number of 1.0. The en- ok 8351600
velopes are in the form of stagna- 1,
tion pressure versus Reynolds num- 0 10 20 0 &0 50 6w
ber with lines of constant tempera- FAN rpm
ture superimposed. The maximum
operating envelope is shown by the Fig. 16.- NIF drive system power.

hatched line, with boundaries
formed on the left by maximum ope-
rating temperature or inlet guide
vane limits, across the top by power
M,=10,2=025m or shell pressure limits, and on
10 ) the right by permissable satura-
tion levels. Two saturation lines

PRESSURE

81- " AN LM s are shown, one for saturation con-
d%r o 110 ditions corresponding to a local
SN P SATURATION Mach number of 1l.l4; the other for
STAGVATION | & M Lo saturation at free-stream condi-
%-“W 4—§' t tions. The lower power boundaries
& INDUCTION MOTOR LIMIT . -
{LOW GEAR) are for the induction motors alone
? //}; Aﬁ—mmﬁ%wggyLmn in the low gear or high gear set-
0K tings. :
0 % %0 % % T Tho x 10° In general, the maximum Rey-
REYNOLDS NUMBER. R: nolds number occurs where the per-
missable saturation lines inter-
Fig. 17.- NTF operating envelope of sect either the shell pressure
' stagnation pressure and 1imit line (as is the case for
Reynolds number for a Mach Mach numbers from 0.1 to slightly
number of 1.0. above 1.0) or the maximum power
limit (as is the case for higher
Mach numbers). An envelope of maximum Reynolds number for the NTF is shdwn as a

function of Mach number in Figure 18 for two saturation boundaries. The upper
boundary is for saturation at free-stream conditions. The condensation studies
described earlier have indicated that the onset of condensation effects may not
be apparent until free-stream saturation conditions are reached or even ex-
ceeded. A slightly more conservative boundary corresponding to saturation con-
ditions at a local Mach number 0.4 above the free-stream Mach number is also
shown. With a representative chord taken as one tenth of the square root of the
test section area, the more conservative saturation boundary is seen to reach

a maximum Reynolds number based on chord of about 120 million at a Mach number of
1.0. The less conservative saturation boundary reaches a Reynolds number of
about 135 million. At these peak Reynolds numbers, the dynamic pressure is
about 3.35atm for either boundary. -

As mentioned earlier, the NTF will be capable of operating in an ambient
temperature mode using either air or nitrogen as the test gas with cooling
accomplished by a conventional chilled-water heat exchanger. The heat exchanger
capacity corresponds to a power input of about 35MW. At the lower part of Fig-
ure 18, the maximum Reynolds number for the NTF in this mode is shown along with
the maximum Reynolds number for existing wind tunnels in the U.S. The advantages
of cryogenic operation are quite obvious in comparison.
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Construction Status. Most of the
major items of construction for the
NTF are now under contract. Fig-
ure 19, an aerial view of the NTF
construction site, shows that the
foundation is now completed, and

substantial portions of the pressure

shell have been set in place. The
locations of corners 2, 3, and k4

form an outline of the tunnel cir-
cuit.

Other elements of the existing
structure and equipment are also
shown in the photograph.

The NTF construction schedule
shown in Table V lists some of the
completion dates and other major
events for the tunnel. The com-
pletion of the hydraulic pressure
test in mid 1980 is one of the
significant milestones gince the

Construction has also started
on the liquid nitrogen storage tank.

140

120

T=02m

x 100 NTF
B [N, COOLED _ _
Ty CRYOFOR 50 =20 e SHELL PRESSURE LIMIT
SATURATION AT Ve OOWER LIMIT
M =M —
Lo e \/ \ g, atm
ML:Mw+u{/ Ve

NTE —— 10
WATER COOLED™
T=339K- —— 5
=L EXISTING U.S.
- L 77T TUNNELS
4 6 .8 Lo L2
M

Fig. 18.- Maximum Reynolds number as a

function of Mach number
for the NTF.

installation of the internal insulation and final alignment of -internal struc-
As presently scheduled, initial
shakedown operation of the tunnel could take place in late 1981 or early 1982.
The completion of the operational readiness review in mid 1982 signals the read-
iness of the tunnel to be placed into routine operation.

tures cannot begin until after that time.

NDUCTION

LLN2_ STORAGEJESE MOTOR BUILDING

TANK

CORNER 2
3?“

COOLING TOWERS

Fig. 19.~ Aerial view of the NTF construction site.
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CONCLUDING REMARKS

Theoretical studies have been TABLE V. - NTF CONSTRUCTION SCHEDULE

made to determine the effect of ther-

s s X . ITEM COMPLETION DATE
mal and caloric imperfections in cry-
ogenic nitrogen on both laminar and FOUNDATION FEB. 1979
turbulent boundary layers. The re-— LN, STORAGE OCT. 1979
sults indicate that in order to simu- g:z(ggsoUTREES;HELL COMPLETED , lJ\llJJLGY 11%%%
late non-adiabatic laminar or turbu- INTERNALS FABRICATION COMPLETED DEC. 1980
lent boundary layers in a cryogenic DRIVE SYSTEM APR. 1981
nitrogen wind tunnel, the flight en- GNz VENT STACK APR. 1981
thalpy ratio, rather than the tempera- FAN BLADE INSTALLATION MID 1981
ture ratio, should be reproduced. INSULATION NOV. 198l
Under adiabatic conditions the differ- INTERNALS INSTALLATION COMPLETED NOV. 1981
N X DATA ACQUISITION SYSTEM NOV. 1981
ence between wind tunnel and fllght PROCESS CONTROL NOV. 1981
boundary layer parameters is negligi- BUILDING NOV. 1981
ble except for the surface temperature INTEGRATED SYSTEMS REVIEW NOV. 1981
OPERATIONAL READINESS REVIEW JULY 1982

ratio. No significance can be
attached to the difference in tempera-
ture ratio. The absence of signifi-
cant real-gas effects on both viscous and inviscid flows makes it unlikely that
there will be large real-gas effects on the cryogenic tunnel simulation of

shock boundary-layer interactions or other complex flow conditions encountered

in flight.

Experimental and theoretical studies on condensation effects have been
made to determine the minimum usable stagnation temperature. Considerable evi-
dence indicates that under most circumstances free-stream Mach number rather
than maximum local Mach number determines the relevent saturation boundary and
thereby determines the onset of condensation effects. Under extremely high
local Mach number conditions, however, homogeneous nucleation could occur and
the onset of condensation effects might be seen at temperatures higher than free-
stream saturation temperature but still considerably lower than local Mach num-
ber saturation temperature.

Progress is well underway on a major application of the cryogenic wind-
tunnel concept with the construction of the U.S. National Transonic Facility at
the NASA Langley Research Center. This new tunnel is scheduled to become opera-
tional by 1982. Not only will it provide an order of magnitude increase in
Reynolds number capability over existing U.S. tunnels, but also, because of the
ability to vary pressure, Mach number, and temperature independently, it will be
able to perform the highly desirable research task of separating aeroelastic,
compressibility, and viscous effects on the aerodynamic parameters being
measured.
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