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CALIBRATION OF THE LANGLEY 16-FOOT TRANSONIC TUNNEL
WITH TEST SECTION AIR REMOVAL

By Blake W, Corson, Jr., Jack F. Runckel,
and William B. Igoe
Langley Research Center

SUMMARY

The Langley 16-foot transonic tunnel with test section air removal (plenum suction)
has been calibrated to a Mach number of 1.3. The results of the calibration, including the
effects of slot shape modifications, test section wall divergence, and water vapor conden-
sation, are presented. A complete description of the wind tunnel and its auxiliary equip-

ment is included.

The relatively wide slot, which was near optimum without test section air removal,
did not yield uniform distributions of static pressure in the test section at the higher Mach
numbers obtained with test section air removal. After some experimentatic., this wide
(13.5 percent open periphery) slot was subsequently replaced by a relatively narrow
(3.9 percent open periphery) slot which permitted the achievement of acceptably uniform
flow at Mach numbers to 1.3. For most operating conditions, increased wall divergence
angle caused a positive increment in the test section static-pressure gradient; this incre-
ment permitted cancellation of the negative static-pressure gradient caused by water
vapor condensation effects due to operation with moist air at near maximum speeds.

The wind-tunnel drive power required at subsonic speeds was reduced by about
10 percent with the narrow slot. At supersonic speeds, operation of the tunnel with moist
air required 3 to 5 percent more power than was required with relatively dry air, and
operation of the tunnel with test section air removal required less power than would be
required if all the power were expended through the main drive fans,

INTRODUCTION

The 16-foot transonic tunnel at the Langley Research Center of the National Aero-
nautics and Space Administration is a single-return atmospheric wind tunnel having a
slotted transonic test section with a Mach number range from 0.2 to 1.3. Because the
configuration of the present wind tunnel is the result of several major revisions, a brief
resume of this development is presented.
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The original wind tunnel v as designed and built in the expansion period of the
National Advisory Committee for Aeronautics (NACA) prior to World War II and was put
into operation in November 1941 as the Langley 16-foot high-speed tunnel. The original
tunnel had a closed circular test section 4.88 m (16 ft) in diameter and was driven by two
5.97-MW (8000 hp) electric motors mounted in the return passage. The drive motors
were directly coupled to counterrotating fans operating in tandem at the extremities of
the motor nacelle. The wind tunnel was cooled by air exchange, the control room was
operated at test section pressure, and the maximum test section Mach number was 0.71.
The facility was designed and used primarily teor aircraft engine cooling and cowling tests
and for investigation of the aerodynamic characteristics of full-scale propellers, as typi-
fied by the work of references 1 and 2. No description and calibration report was pre-
pared for the original wind tunnel.

The need for increased air speed capability led to major revision of the original
tunnel, and this redesign and alteration proceeded for several years prior to 1950. Dur-
ing this time the development of the slotted-wall transonic test section by the NACA was
reduced to practice (refs. 3 and 4) and this type of test section was selected for the
revised tunnel. The major revisions which were incorporated in the modification con-
sisted of a 44.76-MW (60 000 hp) drive system, the installation of air filters in the air
exchange system, acoustical treatments, a new control room, and an octagonal slotted
transonic test section. The repowered facility, designated the ""Langley 16-foot transonic
tunnel,’ was placed in operation on December 6, 1950. (See ref. 5 for description of the
wind tunnel and its calibration to a Mach number of 1.10.) Work planned for the repow-
ered tunnel pertained to the extension of propeller aerodynamic data to supersonic speeds
(ref. 6) and to extensive study of jet effects on aircraft performance For the jet-exit
research, a special hydrogen peroxide monopropellant system, described in reference 7,
was developed.

After the repowering of the tunnel in 1950, several factors combined to indicate the
need for a further increase in maximum speed. In tests of models of moderate size in
the Mach number range from 1.03 to 1.10, flow disturbances generated at the nose of a
model and reflected from the test section walls back to the model afterbody frequently
resulted in force measurements, especially drag, which were not representative of free-
flight conditions. The uncertainty involved in the application of aerodynamic theory in
the transonic speed range made desirable the attainment of a low but clearly supersonic
speed from which there might be a tie-in with data obtained at higher spceds in super-
sonic wind tunnels. Also, the rapid development of aircraft and missiles having super-
sonic speed capability and the necessity for these and reentry vehicles and spacecraft to
negotiate the transonic speed regime emphasized the importance of experimental aerody-
namic research at transonic speeds. Design studies, based on work of which reference 8




is typical, indicated that the application of test section air removal was the most economi-
cal method for extending the test section air speed to a low supersonic value.

The most recent repowering of the Langley 16-foot transonic tunnel, which is the
subject of this paper, required primarily the provision of a 26.86-MW (36 000 hp) com-
pressor capable of removing about 4.5 percent of the tunnel mass flow by way of the test
section wall slots and surrounding plenum, the removed dr being exhausted to the atmo-
sphere. The wind tunnel with this test section air removal system was placed in opera-
tion on March 9, 1961. The maximum test section Mach number is slightly greater than
1.30.

This report presents a description of the Langley 16-foot transonic tunnel and its
auxiliary equipment, a description of the calibration procedures, and the results of the
initial wind-tunnel calibration with test section air removal. Inasmuch as the attainment
of a satisfactory axial distribution of Mach number within the test section required the
investigation of 11 additional slot configurations, the results of these studies are also

included.
SYMBOLS

Values are given in both the International System of Units (SI) and U.S. Customary
Units. The measurements and calculations were made in the U.S. Customary Units.

A cross-sectional area

Ap cross-sectional area of surge control valve pipe

Ay area of sonic surface between valve disk and pipe wall of surge control valve
A197 test section cross-sectional area at station 107, 18.502 m2 (199.15 ftz)

a surge control valve inlet loss, fraction of total pressure, Apt/pt

b function of surge control valve position, (1 - cos 6) (Ap /Av,max)

c a function of the ratio of motor operating speed to synchronous speed (see

fig. 7 of ref. 9)
H equivalent pressurea altitude

M Mach number




dM/dx

MacH number gradient
mass flow at wind-tunnel throat
mass flow through air removal compressor, n'15 + n'lv

secondary mass flow (mass flow scavenged from plenum surrounding test
section)

mass flow through surge control valve (bypass air)
compressor rotational speed

power

static pressure

atmospheric pressure

standard atmospheric pressure, 10.13 N/cm2 (2116 1b/ft2)
stagnation pressure

tunnel wall static pressure at station 107 (throat)

dynamic pressure

gas constant; for air, 287 (m/sec)z/K (1716 (ft/sec)2/°R)
fraction of radial distance from tunnel center line to slot center line
stagnation temperature

average stagnation temperature at given Mach number on or near tunnel
center line

axial distance

ratio of specific heats, 1.4 for air




) test section wall divergence angle with respect to tunnel center line

6 surge control valve disk angle (valve closed at 6 = 0°9; valve full open at
6 =907

" relative mass flow through surge control valve, my /fnv,max

T plenum valv- setting, percent open

Subscripts:

e compressor exit

corr corrected

i compressor inlet

l local

max maximum

meas measured

ref reference

WIND TUNNEL AND EQUIPMENT

Wind Tunnel

Arrangement.- The Langley 16-foot transonic tunnel is a single-return atmospheric
wind tunnel having a slotted transonic test section. An exterior view of the facility is
shown in figure 1, a phantom view (without air removal equipment) in figure 2, and a
schematic diagram in figure 3. Starting at station 0 (fig. 3), the major components are
the quiescent chamber, entrance cone, test section, diffuser, power section, return pas-
sage, and air exchange section. There are four sets of turning vanes located at the
respective 900 elbows in the tube and two antiturbulence screens, one in the air exchange
section and another in the quiescent chamber. The length of the tunnel circuit along the
center line is 283.46 m (930 ft), the maximum inside diameter of the large end of the tun-
nel is 17.68 m (58.0 ft), and the test section is a regular octagonal cylinder having a
cross-sectional area slightly less than that of a 4.88-m-diameter (16 ft) circle. The test




section air removal equipment is located outside the tunnel between the diffuser and the
return passage. The axia. locations and dimernsions of the major components of the wind
tunnel are given in table I.

Quiescent chamber and entrance cone.- The dimensions of these components provide
a contraction ratio of 13.31 between the large end of the wind tunnel and the test section.
At test section Mach numbers above 1.0, the average air speed in the quiescent chamber
is 16.46 m/sec (54 ft/sec). This low velocity region downstream of the antiturbulence
screen permits further decay of residual turbulence prior to acceleration of the airstream
through the entrance cone and into the test section. The 2ntrance cone incorporates a
transition from circular to octagonal cross sections and includes a slowly converging

accurately finished entrance liner which terminates at the upstream end of the test Section.

Test section.- The test section is an octagonal cylinder vented to a surrounding
plenum through slots at the corners of the octagon. This component is described in
detail in a subsequent section of this report.

Diffuser.- The overall diffuser extends from the downstream end of the test section
to the power section. Because the diffuser entrance, which begins at station 42.06 m
(138 ft), includes the diffuser entrance vanes, the cross section of the tunnel in this region
has 16 sides and is of variable geometry. Downstream of station 46.94 m (154 ft), the
diffuser geometry is fixed except for expansion joints. The function of the diffuser is to
decelerate the airstream after its passage through the test section and thereby to convert
as much as possible of its kinetic energy into pressure energy.

Power section and drive fans.- The wind-tunnel tube at the drive end has a constant
diam eter of 10.36 m (34 ft), and the power section includes two 90° elbows which incorpo-
rate, respectively, the first and second sets of turning vanes. The arrangement of the
major components of the tunnel drive end is indicated in figures 2 and 3. The two :nain
drive motors, housed outside the tunnel, are each connected directly to one of the drive
fans through a shaft about 18.29 m (60 ft) long. The enclosure which houses the fan hubs,
jack shafts, and bearing pedestals for both units has a streamlined shape with a maximum
diameter of 6.10 m (20 ft) in the vicinity of the fan stations. The leading edge of this
enclosure at station 107.90 m (354 ft) is just downstream of the first set of turning vanes.
Downstream of the fans, however, the requirement of a gradual tapering of the afterbody
resulted in an enclosure length extending downstream of the second set of turning vanes.
The enclosure afterbody has a 90° elbow at the turning vanes to maintain its alinement
with the airstream and terminates at station 152.49 m (500.3 ft). The drive shafts are
enclosed in 4 streamlined fairing between the tunnel wall and the enclosure, and quick
access to the shafts and hubs is provided by rail cart (prone) through these fairings.

The two main drive electric motors are of the wound rotor type and each is rated
for continuous operation at 17.16 MW (23 000 hp) at a rotational speed of 340 rpm, for




2 hr of operation at 22.38 MW (30 000 hp) at 366 rpm, and for 1/2 hr of operation at
25.36 MW (34 000 hp) at 372 rpm. The rotational speed of the motors is controlled by a
modified Kramer system which permits essentially continuous variation of speed from
60 rpm to 372 rpm.

The drive fans constitute a two-stage axial-flow compressor having two sets of
counterrotating blades with no stator blades. A photograph of the drive fans and of the
tunnel interior in this region is shown as figure 4. The fans are 10.36 m (34.0 ft) in
diameter less 5.1 mm (0.2 in.) radial clearance between blade tip and tunnel wall. The
fan blades are made of laminated spruce. The upstream fan has 25 blades and the down-
stream unit has 26 blades. The blades have Clark Y airfoil sections and the average
solidity of each fan is about 0.8. The adiabatic efficiency of the {an system is 96 percent.
The aerodynamic design is based on the procedures outlined in reference 10, with blade
interference corrections obtained from reference 11. The axial space between the two
fan hubs is occupied by a floating spinner 2.44 m (8.0 ft) long and 6.10 m (20 ft) in diam-
eter which represents a continuation oi the shaft enclosure contour. This spinner is sup-
ported or. bearings housed in the ends of the fan drive shafts and is restrained from rotat-
ing by two small cables.

Return passage.- The return passage upstream of the air exchange section is a large

conical diffuser and downstream, a cylinder. Dimensions of these components are given
in table I. The primary function of the return passage is to duct reenergized air from the
power section through the air exchange section back to the quiescent chamber. Air veloc-
ities throughout the return passage are too low to yield much pressure recovery in the
diffuser portion of the return passage. The cylindrical portion has two 90° elbows which
incorporate the third and fourth sets of turning vanes.

Air exchange section.~ The air exchange section serves to cool the wind-tunnel air-

stream and to provide scavenging of exhaust gases when engines are under investigation
in the test section. All the energy expended through the main drive fans is eveniually
converted into heat which elevates the airstream temperature. With no cooling of the
wind tunnel during operation at high power, the airstream temperature would increase
rapidly to a dangerous level. In most high-speed wind tunnels, the airstream is cooled
by a water-cooled heat exchanger. An important advantage of that method of cooling is
that the wind tunnel may be a closed circuit charged with dry air to avoid condensation.
The Langley 16-foot transonic tunnel was designed primarily for investigation of propul-
sion system effects on airframe aerodynamic characteristics. Investigations of this type
frequently entail the operation in the test section of real engines emitting hot and toxic
exhaust gases which must be scavenged continuously from the wind-tunnel airstream.
The process of cooling by air exchange consists of exhausting a part of the wind-tunnel
airstream which has become heated and by replacing the heated air with cool ambient air.
The air exchange section which perform: this function is shown in figures 2 and 3. A




photograph from inside the return passage looking downstream (fig. 5) shows in the fore-
ground the air exchange exhaust openings which duct the heated boundary-layexr i out of
the wind-tunnel tube and into the exchange tower. Farther downstream mav L' swe. e
inner surfaces of the intake louvers, and in the far background are the thir. et of tur:. g
vanes. The air exchange section basically is a constriction in the ceturn passage with
exhaust and intake openings located, respectively, upstream and downstream of the con-
stricted cross section. Both exhaust and intake openings are essentially annular, each
having 36 segments equipped with adjustable louvers. The interconnected intake louvers
are manually adjustable and are generally left in an open position. The interconnected
exhaust louvers are mechanically actuated, and heated air exhaust is subject to quick
adjustment during a test for partial control of airstream stagnation temperature. Air
exchange can be varied between 5 and 20 percent of the tunnel mass fiow. When test sec-
tion air removal is applied, the air exchange intake mass flow exceeds the exhaust by the
amount being removed from the test section pleaum. The air exchange section is housed
in a rectangular tower with baiffles which duct the heated exhaust out of the top of the towar
while cool air is taken in at the sides near the top. Dust is removed from the intake air
by filters. In both intake and exhaust, acoustic baffles are used to attenuate tne noise

which issues from these openings.
Antiturbulence screens.- Two antiturbulence screens, each composed of a single

layer of square mesh woven wire, are installed one in the air exchange section and the
other in the quiescent chamber (fig. 3). The screens have the following dimensions and

characteristics:

Quiescent chamber Air exchange section
Axial station . . . .. ... 0.70m  (2.3ft) | 227.75m  (T47.2 f1)
Screen diameter . . . . .. 17.68 m (58 ft) 17.07" m (56 ft)
Wire diameter . . .. ... 1.37 mm (0.054 in.) 2.03 mm {0.080 in.)
Wire center-line spacing . . 4.24 mm (0.167 in.) 11.28 mm (0.444 in.)
Screen solidity . . . . . . . 0.56 0.325
Pressure loss, Ap/q . . . 2.5 | 0.650

In addition to reducing turbulence, the screen in the air exchange section also increases
the effectiveness of the air exchange by creating a slight pressure drop between exhaust
and intake,

Test Section

General description.- Overall views of the test section incorporating the axial
center-line survey tube : re shown in figure 6(a), a view from the quiescent. chamber, and
in figure 6(b), a view frem the diffuser. The test section and diffuser entrance, which are




the portions of the wind tunnel having variable gcometry, extend from station 32.61 m
(107 ft) to station 46.94 m (154 ft) as indicated in figure 7. The cross section at station
32.61 m (107 ft) is a closed regular octagon having an area of 18.50 m2 (199.15 ftz).
Other sections are also octagonal but a.'- open at the corners, and cross-sectional area
varies with test section wall divergence. The feature which gives the tunnel transonic
capability is the venting of the test section to the plenum. In this tunnel, the vents are
eight longitudinal slots located at the intersections of the wall flats. The plenum is a
sealed tank 9.75 m (32 ft) in diameter which encloses the test section and diffuser
entrance.

Test section wall.- The test section wall is made up of eight longitudinal flats sym-
metrically disposed about the tunnel center line. For convenience, the flats are num-
bered in clockwise order for a viewer looking upstreari, number 1 being on the tower left
as shown in figure 7. The surface of each flat is a continuous steel plate from station
32.61 m (107 ft) to station 46.94 m (154 ft), the width being 195.38 cm (76.92 in.) at the
upstreain station and less at other stations by the amount of the slot width. Each f{lat is
rigidly supported by a main truss and strongback between stations 34.75 m (114 ft) and
42.06 m (138 ft) and by a second truss and strongback between stations 42.67 m (140 ft)
and 46.94 m (154 ft). (See figs. 8 and 9(a).) The trusses are attached to the tunnel struc-
ture through flexure plates at stations 34.14 m (112 ft) and 46.94 '~ ‘54 ft) and are

jointly supported at station 42.06 m (138 ft) through an actuate 1 provides radial
motion with respect to the tunnel center line. The long steel * which form the walls
are attached rigidly to the tunnel structure between stations 3. ~ .n (107 ft) and 33.52 m

(110 ft). These plates have flexural regions centered at stations 34.14 m (112 ft) and
42.37 m (139 ft) and a sliding joint at station 46.94 (154 ft), where there is a sealed trans-
verse gap which varies with wall divergence. The region where the tunnel walls are flat
therefore extends from station 34.75 m (114 ft) to station 42.06 m (138 ft). The eight
wall divergence actuators are interconnected and are driven by a single electric motor.
At zero wall divergence, the test section walls form an octagonal cylinder between sta-
tions 32.61 m (107 ft) and 42.06 m (138 ft), bending occurs between stations 42.06 m

(138 ft) and 42.67 m (140 ft), and the upstream portion of the diffuser starts at an angle
of 2.750 to the tunrnel center line. When the test section walls are diverged, bending takes
place between stations 33.53 m (110 ft) and 34.75 m (114 ft) and divergence is measured
as the angle between the tunnel center line and the rigid portion of the wall from station
34.75 m (114 ft) to station 42.06 m (138 ft). As divergence increases, the wall bending
between stations 42.06 m (138 ft) and 42.67 m (140 ft) decreases and the divergence
angle of the diffuser entrance decreases. Actuation is provided for a maximum angular
divergence of 0045'.

Slots.- The test section slots, located at the intersections of the wall flats, are eight
longitudinal openings generally parallel to the tunnel center line which provide vents
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between the test section airstream and the plenum which surrounds the test section. The
slot width or opening is nominally zero between stations 32,61 m (107 ft) and 32.77T m
(107.5 ft). Each slot proper starts at station 32.77 m (107.5 {t) and extends to station
46.94 m (154 ft) but is closed by the diffuser entrance vanes between stations 43.10 m
(141.4 ft) and 46.94 m (154 ft). Some structural details of the wall flats and slots are
shown by the sectional views of figures 7 and 8 and by figure 9(a). Longitudinally, the
major portion of the skin of each wal .iat is made of a single steel rlate extending from
station 32.61 m (107 ft) to station 46,94 m (154 {t); in cross section, however, the con-
struction is composite. Each edge of a flat is trimmed with a strip which carries a skirt
60.96 cm (24 in.) wide normal to the plane of the flat. In cross section, the skirts adja-
cent to a slot form a channel with walis mutually inclined at 45° completely open to the
plenum. At the test section wall, the edges of these skirts form a basic rectangular slot
having a half-width of 13.23 cm (5.207 in.). The actual slot shape is determined by the
contour of the slot-edge strip which is effectively an extension of the flat in width as showrn
in figure 8. The slot half-widths (table II) are measured in the plane of the flat suvface
from and normal to the intersection of two adjacent flats when the wall diver~ence angle

is zero,

Diffuser entrance vanes.- The purpose of the diffuser entrance vanes and lips is to
reintroduce into the tunnel airstream the low energy axial flow existing in the plenum
adjacent to and at the downstream end of the slots. The diffuser entrance vanes and lips,
which are integral and are adjustable as a unit, form a part of the tunnel wall serving to
close the openings between the plenum and airstream in the region where the downstream
end of the slots would otherwise ex.end into the diffuser. The slot width increascs
abruptly just aheac of the diffuser, near siation 42.67 m (140 ft), so that in plan view the
leading edge of the diffuser entrance lip at station 43.10 m (141.4 ft) is 40.64 cm (16 in.)
wide. The vane width increases linearly with distance downstream to a value of 53.34 cm
(21 in.) at station 46,94 m (154 ft). In longitudinal section, the vanes are flat between
stations 43.59 m (143 ft) and 46.94 m (154 ft), and the lips between stations 43.10 m
(141.4 ft) and 43.59 m (143 ft) are deflected 20° away from the tunnel center line to form
scoops extending into the plenum. The diffuser entrance with vanes and lips installed is
shown in figures 9(a) and 9(b). The vanes are hinged at station 46.88 m (153.8 ft) to per-
mit, in a radial plane, angular motion with respect to the tunnel center line, and each vane
is individually supported by an adjustable strut connecting the underside of the vane to the
plenun: wall near station 43.89 m (144 ft). When the flats are diverged, the approximately
paralle! walls of the channel in which the diffuser entrance vanes are installod separate
laterally and thereby create a channel of greater width. The sealing of the vane edges is
maintained by spring loaded blocks which take up the change in width as the [lats are
diverged. Vane setting is specified as depth of the entrance lip leading edge into the
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plenum, measured from and normal to the plane of the flat surface at station 43.10 m
(141.4 ft). (See fig. 9(b).)

Model support strut.- Although various methods have been used for mounting models
in the test section, each depending on the natrre of the investigation, the type of mounting
most commonly used in this wind tunnel is a sting which is cantilevered from a strut, as

shown in figure 10(a). A sketch showing the critical dimensions for locating a model in
the test section is presented in figure 10(b). The part of the -upport strut exposed to the
airstream is a cast steel circular-arc segment surmounted by a short straight swept
strut carrying at 1is uoper end the strut head which is a cylindrical body 2.13 m (7.0 ft)
long and 35.56 cm (14 in.) in dian.eter, terminated downstream by a tail cone. At zero
angle of attack, the strut head is coaxial with the tunnel center line. The upstream end of
the strut head falls at tunnel station 43.26 m (141.94 ft). Forwa.d of this stationis a
sting butt and interchangeable knuckle extending to station 42,34 m (1:8.90 ft). The
knuckle is a coupling that attaches the model sting to the sting butt. The sting from
knuckle to model can be supplied from a wide assortment of standard stings or can be
fabricated to suit specific model requirements. The support strut penetrates the tunnel
floor (fiat 8) in the diffuser entrance region through an unsealed opening and is attached
to a carriage which moves on a circular-arc track located in the plenum. The support
system moves in a vertical plane containing the tunnel center line and is centered on this
axis at station 40.84 m (134 ft). A model station, therefore, located at that station on the
tunnel center line will remain at that point as angle of attack is varied. The model sup-
port system is actuated through an angle-of-attack range of 209, from -5° to +15° with a
straight knuckle. The angle-of-attack range can be shifted by the use of interchangeable
knuckles incorporating positive or negative bends of 2°, 52, 109, 150, 209, 309, and 45°.
These knuckles installed with the bend in a lateral plane also provide fixed angles of side-
slip. Alternatively, models can be installed with the wings in the vertical plane so that
the strut pitch mechanism can provide variable angles of sideslip and the bent knuckles
can provide fixed angles of attack. The roll mechanism in the strut head is manually
variable at fixed angles of 90° increments.

Windows and access hatches.~ Twc windows (1.83 m (6 ft) loug and 0.91 m (3 ft)
high), centered at station 40.84 m (134 ft), are located in wall flats 2 and 6, (See fig. 7.)
In line with these windows are others of equal size in the walls of the plenum, The win-

dows are used primarily for model observation. They have been put to limited use for
schlieren observation and more extensively for shadowgraph observation. For this latter
application, the window in wall flat 2 is replaced by a steel plate which, with a larce por-
tion of the adjacent test section wall, is finished in a flat white. Small circular windows
in the ceiling (flat 4) at stations 41.45 m (136 ft) and 41.76 m (137 ft) are used for visual
and motion-picture observation of flow on a model defined by tufts, oil, or dyes.
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The model installation hatch for this wind tunnel was made unusually large to per-
mit free use of the hoist required for handling heavy models. Approximately the upper
three-eighths of the plenum with the upper three flats (flats 3, 4, and 5) can be raised as
a unit and stowed overhead to permit free movement of a 13 608-kg (15 ton) traveling
hoist over the entire control room and test section area. The open hatch is thus 4.72 m
(15.5 ft) wide and 15.85 m (52 ft) long, extending from stations 32.31 m (106 ft) to
48.16 m (158 ft}). One reason for the length upstream was to avoid transverse cuts in the
test section wall in the region of supersonic flow. A view of the test section with the
upper hatch open is shown in figure 11. Quick access walk-through hatches are located
as follows: one in the floor of the tunnel wall downstream of the plenum at station
49.68 m (163 ft) leading to the test section, and one on each side of the plenum leading to
the region surrounding the test section.

Test Section Air Removal System

Arrangement and function.- Figures 1, 3, and 12 show the general arrangement of
the test section air removal equipment with respect to the wind tunnel proper. Basically,
this is a large motor-driven axial-flow compressor which removes low energy air (up to
4.5 percent of test section mass tlow) from the plenum surrounding the test section and
discharges this air to the atmosphere.

Test section air removal is beneficial primarily for the attainment of low super-
sonic speeds in a transonic wind tunnel. As indicated in reference 3, properly sized lon-
gitudinal slots in a test section wall and the plenum around the test section serve to
reduce or eliminate solid blockage of a model and thereby permit testing of the model at
sonic speed without choking the airstream at the station of model maximum cross-
sectional area. By application of sufficient tunnel drive power and by creation at the dif-
iuser entrance of a sufficiently low static pressure related to the local supersonic flow on
the curved wall between test section and diffuser, it was found that low supersonic speeds
could be established in the test section. The low static pressure in the vicinity of the dif-
fuser entrance is transmitted through the slots at their downstream end into the plenum
and establishes in that reyion a low static pressure corresponding to a supersonic speed.
Because air in the plenum is relatively stagnant, the low pressure in the plenum is
exerted directly through the slots and test section boundary layer to the test section air-
stream along the full length of the siots. The result is an expansion of a portion of the
test section airstream through the slots into the plenum and, when airstream velocity is
sonic at the upstream end of the test section, supersonic speeds are established through-
out the length of the test section. The air which flows from the test section into the
plenum loses most of its kinetic energy in the process. With no test section air removal,
this low energy air is reintroduced into the tunnel airstreai.. at the diffuser entrance and
causes further energy loss by reducing the effectiveness of the diffuser. In this case the
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tunnel main drive is required to overcome the energy losses in the test section due to
slot mixing and terminal shock as well as increased diffuser losses and the friction and
turbulence losses in the remainder of the wind tunnel. Thus, without test section air
removal the maximum supersonic speed attainable in a slotted or vented test section is
limited by the power of the tunnel main drive. In applying test section air 1emoval, the
compressor is sized to pump stagnant air from the pienum and to exhaust it to the atmo-
sphere. The pressure difference and compressor mass flow are determined by the test
section Mach number and air state. The compressor pumping redirects the slot mixing
losses and some of the tunnel skin-friction loss because boundary-layer air is removed.
The tunnel main drive then, aided by this quasi-boundary-layer coutrol, is required to
overcome only the normal friction and turbulence losses of the wind tunnel and the test
section terminal shock. Thus, as shown in a subsequent section, to achieve a specified
low supersonic speed in a slotted wind-tunnel test section, less total power is required
when applied partly in the main drive and partly in a test section air removal system than
when all the power is applied through the main drive.

Compressor.- The air removal compressor is a nine-+tage axial-flow compressor
rated as follows:

Total pressureratio. . . . . . .. 3.33 (3.33)
Inlet volume flow. . . . . ... .. 451 m3/sec (956 000 ft3/min)
Rotational speed . . . . .. .. .. 2290 rpm (2290 rpm)
Inlet pressure . . . .. ... ... 3.24 N/cm? (4.7 psia)
Inlet temperature . . . .. .. .. 49° C (120° F)
Power . .. . ... .. ... 26 100 kW (35 000 hp)
Mass flow . .. .. .. ...... 170 kg/sec  (11.65 slugs/sec)
Throatarea .. .. ........ 3.4 m2 (36.6 ft2)

The compressor installation is shown in figure 13(a) and the open compressor is
shown in figure 13(b). The normal operating range in this application is between 80 and
100 percent of rated speed. The pressure ratio and efficiency as functions of corrected
mass flow are presented in figure 14 for this range of operation, The performance data
presented in figure 14 are from measurements made during acceptance tests.

Motor.- The compressor is driven by a wound rotor induction motor through a
speedup gear. The drive and pinion gears have 328 and 79 teeth, respectively; this gives
a ratio of compressor to motor speed of approximately 4.15. The motor rating is
26 855 kW (36 000 hp) at 552 rpm. Speed control is obtained by a slip regulator incorpo-
rating a brine tank rheostat.

Valves and controls.- The compressor inlet consists of a dual-passage manifold
with protective screens and bell mouth (fig. 12). The manifold air passages consist of a
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central 2.66-m-diameter (12 ft) pipe leading from the 4.88-m (16-ft) tunnel surrounded
by the 5.49-m-diameter (18 ft) wall of tae manifold which forms an annular passage as
indicated in figure 12. The annular passage carries air brovught by a lung 1.83-m-
diameter (6 ft) pipe from thc Laugiey high-speed 7- by 10-foot tunnel which in the past
used this equipment for test section air removal in common with the 16-foot transonic
tunnel, but not simultaneously. The annular passage also receives and distributes to the
compressor inlet the air taken in through the surge control valve. The dual-passage
manifold was arranged as indicated to minimize the generation of turbulence when flows
from separate sources mix ahead of the compressor inlet.

The surge control valve, located on top of the compressor inlet manifold, is a
1.219-m-diameter (4 ft) hydraulically actuated butterfly valve. Because surge pressure
ratio varies with rotational speed, the electronic component of the control accepts signals
from a compressor drive tachometer and from a pressure transducer in the inlet mani-
fold, combines these signals, and through a servo maintains the surge control valve posi-
tion. The valve is modulated at compressor rotational speeds from 80 to 100 percent of
rated speed to maintain a safe margin between maximum operating and surge pressure
ratios. At a pressure ratio closer to surge and at speeds below 80 percent of rated
speed, an overriding or surge limit control tauses the valve to move to the full open posi-
tion. During operation of the wind tunnel at near maximum air speed, the surge control
valve remains closed. An additional 1.219-m-diameter (4 ft) relief valve, remotely
operated, is provided for emergency control.

The flow of air from the test section to the compressor is controlled by a 3.048-m-
diameter (10 ft) hydraulically actuated butterfly valve located in the air removal duct just
outside the test section plenum as indicated in figure 12, This valve can be controlled
either automatically to maintain preselected values of compressor pressure ratio as a
function of rotational speed, or compressor inlet suction pressure can be set manually to
any value less than that established by the surge control.

Compressor cooling is not required under normal operating conditions. The com-
pressor is rated for inlet air at 49° C (1200 F), and the blading is capable of safe opera-
tion with even higher inlet temperatures. However, a water injection cooling system for
the compressor is provided which acts automatically when the inlet air temperature
reaches 49° C (120° F), and the rate of water injection is regulated to maintain that tem-
perature. The water spray nozzles are located in the air removal duct a short distance
downstream from the 3.048-m-diameter (10 ft) main flow control valve, as indicated in
figure 12, This method of cooling the compressor, by direct evaporation of water in the
compressor airflow, is less efficient than cooling by heat exchanger but is effective and
economical in that only intermittent use is required.

14
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Instrumentation

Wind-tunnel air state sensors.- The plenum-static-pressure orifices located in the
plenum wall behind flats 2, 6, and 8, at station 33.68 m (110.5 ft), are completely open to
the plenum interior but are protected from air gusts by adjacent tunnel structure. Air-

stream stagnation pressure is sensed by four shielded total-pressure probes carried by a
cruciform support (fig. 15). The probes, located at axial station 1.31 m (4.30 ft), are
0.61 m (2.0 ft) downstream of the antiturbulence screen and 0.46 m (1.5 ft) from the tun-
nel center line. Airstream stagnation temperature was measured with electrical-
resistance temperature probes located on the fourth set of turning vanes at four points
near the tunnel center line. At the time of these wind-tunnel calibrations, 1961 to 1965,
the dewpoint was measured outside the wind tunnel, near the air exchange tower, with a
lithium chloride type instrument and was recorded manually. Dewpoint currently is mea-
sured with a condensation mirror-type dewpoint indicator using continuously sampled air
from the wind tunnel and is recorded on magnetic tape for each data point.

Center-line static pressure.- The principal iest sect’on instrumentation consisted

of the center-line survey tube shown in figures 6, 7, and 9(a). This tube is 10.16 c¢cm

(4 in.) in diameter and extends from station 22.71 m (74.5 ft) in the entrance cone to sta-
tion 43.13 m (141.5 ft) at the downstream end of the test section where it is fastened into
the special strut head shown in figures 9(a) and 16. The upstream end of the center-line
survey tube is supported by eight cables anchored to the tunnel shell, which exert on the
tube b~ h tension and bending. Deflection of the tube under its own weight resulted in an
angle between the tube axis and the tunnel center line which nowhere exceeded 1°. In the
vicinity of the supporting cables, airstream Mach number never exceeds about 0.35. The
survey tube carried 54 static-pressure orifices 0.508 mm (0.020 in.) in diameter spaced
22.86 cm (9.0 in.) apart. The orifices lie on the tube surface 90° from the vertical plane
containing the tube axis in order to minimize the effects of tube curvature in that plane on
the tube surface pressures.

Wall static pressure.- Static-pressure orifices were provided also on the test sec-
t.iua wall flat 1, as shown in figure 7. The orifices lie in an axial plane displaced above
and 15.24 ¢cm (6 in.) from a plane containing the tunnel center line and the center line of
flat 1. The orifices were 0.508 mm (0.020 in.) in diameter with centers spaced 15.24 cm
(6 in.) apart axially from tunnel station 29.11 m (95.5 ft) to station 46.79 m (153.5 it).
This row df static orifices was extended into the diffuser, with axial spacings of 0.61 m
(2 ft), 1.83 m (6 {t), and 3.66 m (12 ft), to station 97.54 m (320 ft). The axial locations of
the orifices on both the center-line survey tube and on wall flat 1 within the test section

are given in table IIL

Data acquisition.- For the calibrations of 1961 and 1963, pressures were measured
with mercury manometers, recorded photographically, and read manually on a photoreader
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which entered the data into punch cards. In the calibration of 1965, pressures were mea-
sured with remotely actuated scanning valves in conjunction with electrical pressure
transducers and were recorded on magnetic tape. Temperatures of the tunnel airstream
flow and of the flow through the air removal compressor were sensed ky thermocouples
and were recorded on self-balancing potentiometers and on magnetic tape.

TEST SECTION DEVELOPMENT AND CALIBRATION PROCEDURE

Test section walls have primary control of the flow conditions provided for the test
model. Because of this well recognized fact, considerable study and effort were applied to
the develonment of the walls which are presently installed in the Langley 16-foot transonic
tunnel. A historical explanation is presented to show the reader how the 16-foot slotted-
wall test section was developed. After the final slot shape was chosen, the test section
flow conditions were examined with respect to the effects of test section wall divergence
angle, tunnel drive power, moisture content in the tunnel airstream, model blockage,
shock reflection, and several other smaller related effects. Before launching directly
into a wall-slot development program, it was believed important to perform some initial
exploratory tests to establish operating procedures and to obtain data using earlier
designed slot shapes. The following description begins with the discussion of some early
work (1950) and the exploratory tests {1961).

Slot Shape Studies

When the 16-foot tunnel was repowered and converted from a high-speed wind tun-
nel to a transonic wind tunnel in 1950, the objective of slot shape development at that time
was to minimize test section wall interference related to model solid blockage at near
sonic speeds. Studies by Wright and Ward (ref. 3) indicated that for an eight-slot octag-
onal test section, an open porosity of about 12 percent of the test section periphery would
be near optimum. The theory of Goethert (ref. 12) indicates that for M < 1.0, the slot
width should be about one-half that indicated by Wright and Ward. For the test section
modification of 1950, slots providing a 13.5-percent open periphery (slot shape 18) were
developed by using a cul and try method to obtain uniform flow in the region of model
tests. This original slot development work is reported in reference 5. The geometry of
slot shape 18 is also defined herein in table II, This original slot shape continued in use
until the wind tunnel was provided with the test section air removal system in 1961,
Before installation of the test section air removal system, the maximum test section
Mach number with uniform flow was 1.08. When test section air removal was made avail-
able, the maximum Mach number was found to have been increased to about 1.3; however,
it was observed that slot shape 18 did not provide a uniform flow in the test section at the
higher supersonic speeds. As a consequence, a new objective was established to devise
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a slot shape which would yield the highest feasible test section Mach number with the
largest possible testing region over the complete Mach number range.

Criteria for Flow Uniformity

The general criteria of acceptability applied to Mach number distribution in evalu-
ating slot shapes were that the average Mach number gradient be less than about
+0.003 per meter (+0.001 per ft) and that the standard and maximum deviations of Mach
number from a straight-line fit by the method of least squares be less than £0.005 and
+0.010, respectively, within an approximate length of 1.8 m (6 ft).

Exploratory Investigations

Before proceeding with an experimental study of the effects of slot shape on test
section Mach number distribution and on tunnel power, exploratory investigations were
required to determine the factors essential to the wind-tunnel operating procedure with
test section air removal. At this stage of the work, there was no test section calibration;
consequently, visual data Mach number was determined directly from airstream stagna-
tion pressure and test section wall static pressure at station 40.84 m (134 ft) without
regard to Mach number gradient in the test section.

Power balance between drive motors.- To determine the extent to which test section

air removal affected the power balance between the main drive motors, an initial test with
the test section empty, except for the support strut with a conical nose fairing (fig. 16),
was made at near ton power of the two main drive motors and with the compressor at top
speed. Power of these two drive motors was measured first with the plenum valve closed
and then full open. The 4.5-percent reduction in mass flow of air through the drive fans
caused by removal of air from the plenum surrounding the test section had no noticeable
effect on the power balance between the two main drive motors. This finding eliminated
power imbalance as a potential operating problem. For further investigations, the center-
line survey tube (figs. 6, 7, and 9(a)) was installed in the test section which still incorpo-
rated slot shape 18.

Diffuser entrance vane setting.- Two tests which differed only in position of the dif-

fuser entrance vanes (fig. 9) showed that this variable had relatively small influence on
maximum speed at constant power (fig. 17). A vane lip depth of 27.94 cm (11.0 in.) was
arbitrarily chosen subsequently as a permanent setting.

Diffuser entrance leakage.- Between stations 43.10 m and 46.94 m (141.4 ft and

154 ft), the juncture between the edges of the diffuser entrance wall flats and the adjacent
tunnel structure was a sliding fit. Some leakage of air from the diffuser into the plenum
surrounding the test section was possible. Results obtained = *th and without sealing of

these joints (fig. 18) showed that at the higher speeds with the air removal system in use,
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the leakage was immaterial. At lower speeds without test section air removal, sealing

was slightly beneficial.

Test section wall divergence.- Remotely controlled test section wall divergence had
been incorporated in the design of 1950 as a means to control the effect of boundary-layer
growth on longitudinal distribution of Mach number. In general, the variation of test sec-
tion wall divergence was not required as an operating procedure prior to the use of test
section air removal when the maximum practical Mach number was 1.08, In a final
exploratory test, the main drive motors were operated at maximum power, with the com-
pressor at top speed, and the plenum valve set full open. With no further adjustment of
these controls, the test section walls were diverged in angular increments of about 095’,
Results are shown in figure 19. An increase in wall divergence angle from 0°5' to 0926
increased the Mach number from 1.28 to about 1.33 (visual data) without regard to Mach
The slight decrease in power with increasing Mach number .s pos-

number distribution.
sibly related to an improvement in diffuser efficiency with increas«d wall divergence

angle. Inasmuch as Mach number gradients in the test section varied with wall diver-
gence angle, this test showed that test section wall divergence angular setting would be a

(X P

critical parameter in operation of the wind tunnel.

Effects of Slot Modifications

Slot shapes 18 to 23.~ After completion of the exploratory tests, the experimental
study of the effect of slot shape on maximum speed and power and on test section Mach
number distribution was begun with slot shape 18. All the slot shapes treated in this
investigation are presented in figure 20, and their coordinates are listed in table II. The
variation of slot half-width increment with test section wall divergence angle is shown in
figure 21. The effects of the slot shape changes or Mach number distribution in the test
section are shown in figures 22 to 31. For slot shape 18 at speeds not requiring test sec-
ticn air removal, the Mach number distributions are similar to those of reference 5,
although not at identical values of Mach number. At the higher speeds, test section air
removal was applied fully and tunnel air speed was varied by controlling rotational speed
and power of the main drive fans. At supersonic speeds, the usable length of testing
region provided by slot shape 18 (fig. 22) was regarded as too short, with excessive drop-
off in Mach number at the downstream end of the testing region. Slot shape 19 was
obtained by an arbitrary approximate douiling of the open area of slot shape 18 over the
upstream one-third of its length. Although the modification had a beneficial effect on the
flow ahead of the testing region (fig. 23), the flow in the testing region proper was not
improved, Shape 20 was obtained by reducing the slot width over the downstream one-
third of the slot length and this shape did yield an increase in Mach number at the down-
stream end of the testing region (fig. 24). The results obtained with €lot shapes 18 to 23
(figs. 22 to 27) indicate that (1) at near maximum tunnel air speed, an increase in width of
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the upstream one-third of the slots increased air speed upstream of the testing region but
had an adverse effect on uniformity of flow at the downstream end, (2) a general increase
in slot width (shape 22) adversely affected flow in the test section, and, conversely, (3) a
reduction in slot width over the downstream one-third of the slot length (shapes 20, 21,
and 23) improved flow uniformity at the downstream end of the test section. At maximum
tunnel air speed, the Mach number distributions produced by slot shapes 18 to 23 were not
regarded as acceptable either in length of testing region or in uniformity of flow.

Slot shapes 24 to 26.- Results of the foregoing investigations of trial slot shapes
seemed to indicate that uniform flow would be achieved only through a reduction in slot
width. For slot shape 24, the width was reduced to approximately 7.62 cm (3 in.) over
most of the slot length. The Mach number distributions at ma..mum and at lower air
speeds obtained with slot shape 24 (fig. 28) we.r ' 2garded as acceptable for test section
lengths both of 1.83 m (6 ft) and of 2.29 m (7.f _.;. An increase in width of the upstream
end of the slot which resulted in slot shape 25 again was found to have an adverse effect on
uniformity of flow in the test seciion (fig. 29). Accordingly, a trial reduction in width of
the starting section of slot 24 produced slot shape 26. The test section flow obtained with
slot shape 26 (fig. 30) was regarded as the most uniform thus far achieved. In compari-
son with the earlier slots of greater width, the narrow shapes 24, 25, and 26 seemed to
greatly reduce the operating noise and turbulence of the wind tunnel. Slot shapes 18
through 26 were investigated with no sealing of the diffuser entrance joints; however, for
the final calibration of slot shape 26, and as a permanent fixture of the test section, the
sliding joint at the downstream ends cf the flats (station 46.94 m (154 ft)) was provided
with a thin metal strip labyrinth seal. The wind tunnel incorporating slot shape 26 was
operated over a wide range of test section wall divergence angles at each ol several nom-
inal values of Mach number. For each value of Mach number, test section wall divergence
angle was selected to yield zero axial gradient of static pressure. Axial distributions of
Mach number for slot shape 26 are presented in figu.'e 30, and from these data was estab-
lished the wind-tunnel calibration of 1961 which continued in use until 1963.

Slot shapes 27 to 29.- Slot shapes 27, 28, and 29 are shown at the top of figure 20,
and coordinates for these shapes are given in table II. These shapes are the same as slot
shape 26 except in a short region downstream from station 40.23 m (132 ft) where shape 26
incorporates slightly reduced width and shapes 27, 28, and 29 have uniform width. In slot
shape 27, the active narrow portion of the slot was extended downstream slightly into the
diffuser with a view toward improving diffuser efficiency and, thereby, increasing maxi-
mum speed. Because shape 27 presented a mechanical problem where it traversed the
flexure in the test section wall at station 42.37 m (139 ft) and because no increase in max-
imum speed was realized, shape 27 was converted to the simpler shape 28. Separate Mach
number distributions for slot shapes 27 and 28 are not presented because neither is signif-
icantly different from that for shape 29 (fig. 31). The wind-tunnel calibration of 1963
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included an abbreviated verification of the performance of slot shape 26, an investigation
of slot shape 27, and a complete calibration of the wind tunnel incorporating slot shape 28.
Slot 28 was fabricated with wooden edge strips fastened to the remnants of the steel edge
strips of miscellaneous obsolete slot shapes. Although regarded as temporary, slot
shape 28 continued in use until the wind tunnel was calibrated in 1965 with slot shape 29.
The coordinates of slot shapes 28 and 29 are identical (see table II); however, the slot
edge strips for shape 29 are almost entirely of steel and the new designation '"29"" was

given primarily for physical differentiation of these slot installations. Under all operating
conditions, the most uniform flow in the test section was achieved with slot shape 29 which
is defined over the upstream one-third of the slot length by an approximately triangular
starting section that faired into a relatively narrow slot having a constant width (3.9 per-
cent open periphery) over the downstream two-thirds of its length.

Calikration With Slot Shape 29

Operating variables.- Experience acquired in operation oi the wind tunnel with test
section air removal prior to 1965 had establisned the techniques for obtaining any pre-
selected value of Mach number uf to 1.30. Speed of the main drive fans, compressor
speed, plenum vaive and surge control valve positions, and approximate values of test sec-
tion wall divergence angle were known. This experience had shown also that although
moisture content of the airstream did not have a large effect on aerodynamic data (ref. 13),
it did have some effect on the axial gradient of static pressure in the test section. Although
the gradient does not affect the mean value of Mach number in the test section, a static-
pressure gradient can exert horizontal buoyancy on a model and may thereby cause an

error in drag measurement. In the wind-tunnel calibration of 1965, resort was made to
empirical determination of the effect of air humidity on static-pressure gradient in the
test section and on selection of the proper angle of wall divergence to eliminate the
gradient,

Presentation of data.- Two sets of calibration data are presented for slot shape 29.
Data designated as 'low dewpoint'* were obtained when air dewpoint was less than 4° C
(40° F), and for the "high dewpoint' data the corresponding dewpoint was greater than
180 C (64° F). The data for these calibrations are identified by run number and point
number for cross-reference between figures and tables. Distributions of Mach number
along the tunnel center line are shown in figure 31, and the values of Mach number for both
the center line and test section wall are given in table III. There is generally very good
agreement between the center-line and wall Mach number distributions except in the icin-
ity of station 42.37 m (139 ft) where the curvature of the wall between test section and dif-
fuser causes local Mach number on the wall to exceed that at the center line. 71he wind-
tunnel operating conditions for each data point are given in table IV, and a discussion of
table IV including a description of each item of the table is given in appendix A, Item 23

20




I 2
. itl.-

of table IV requires also the use of information given in appendix B. Results of a least-
squares analysis of Mach number distributions on the center line for two lengths of test
section are presented in tahle V.

Calibration test and precedure,- Since 1950 all calibration tests of the 16-foot
transonic tunnel test section have had test number 100. Designation of test number, run
number, and point number identifies a unique set of data. A typical calibration "'run"
includes all testing performed between start and stop of the wind-tunnel drive motors. A
single run may include many values of Mach number and appropriate variation of opera-
ting parameters at each Mach number. A "test point' provides data for a unique value of
each of the several operating parameters. When the wind tunnel is brought to a prede-
termined speed, that speed is held nominally constant while data are recorded at each of
several preselected values of test section wall divergence angle. For each test point all
pertinent data, outside air state, wind-tunnel operating conditions, test section pressures
and {emperatures, and wind-tunnel air state and humidity are recorded simultaneously.
Generally for a test section calibration, critical runs are repeated to verify repeatability
of measurements.

Data reduction and analysis.- Static pressures measured on the test section wall
and center-line survey tube are expressed as Mach number, as follows:

y-1 1

o\ ¥
A2 Py )
M= ;—_—13> 1 (1)

For air, y=1.4 and

pt2/'7 1
M= 53 -

Initial study of the results may be made with a graphic presentation of center-line Mach
number distributions given in figure 31 for slot shape 29. The data reduction also includes
the fit of a straight line by the method of least squares to values of Mach number in the
test section. Two lengths of test section are treated:

Short (1.8 m (6 ft) long) test section: Stations 39.93 m (131 ft) to 41.76 m (137 ft)

Long (2.3 m (7.5 ft) long) test section: Stations 39.70 m (130.25 ft) to 41.99 m
(137.75 it)
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Typical results of this least-squares analysis are listed in table V. In this tabl>. the
test section Mach number is the value of M at tunnel station 40.84 m (134 ft) (corre-
sponding to the midpoint of the test section) of a least-squares straight-line fit to the
Mach number data over the chosen length of test section; the slope dM/dx defines the
Mach number gradient; the standard deviation of Mach number from the straight line of
best fit is a measure of average discrepancy; and the maximum deviation represents the
worst departure from the line of bect fit of a single value of Mach number on the center
line within the selected length of test section. A least value of Mach number gradient
was generally the criterion used to select the test paints listed in tables III, IV, V, and VI
for establishing the wind-tunnel calibration. Test points obtained over a wide variation
in wall divergence angle at each Mach number were screened to select those falling
closest to zero gradient in Mach number., This procedure also established the wall-
divergence-angle settings for subsequent wind-tunnel operation.

Wind-tunnel calibration.- As mentioned in the section entitled ""Wind-tunnel air
state sensors," the wind-tunne! reference measurements are airstream stagnation (total)
pressure and plenum static pressure. The value of Mach number computed from these
reference pressures is designated ""Plenum Mach number.” The basic calibration is a
correlation of test section airstream Mach humber with the plenum Mach number. The
calibration may also be regarded as a comparison of test section airstream average
static pressure with the reference static pressure measured in the plenum. The values
of test section airstream Mach number selected for the calibration and the corresponding
values of plenum Mach number are compiled in table VI and presented graphically in fig-
ure 32. This single calibration defines test cection airstream Mach number with no more
deviation than +0.001, for both the long and short lengths of test section and for high and
low dewpoints. The absolute error of the calibration, however, is believed to be no worse
than AM = +0.004. (See table V.)

Selection of test section wall divergence angle.- In addition to ability to operate at a
predetermined value of Mach number, it is desired also to reduce the axial gradient of
static pressure in the test section to a minimal value. A typical procedure is outlined as
follows: During the calibraticn test under low dewpoint conditions, M = 1.3 was achieved
with test section wall divergence angles of 0925', 0927', and 0029'. The distributicns of
Mach number in the test section for these three test points are shown in figure 33 with
their respective values of Mach number gradient evzluated by the least-squares analysis.
This variation of Mach number gradient with test section wall divergence angle for
M = 1.3 is shown in figure 34, The curve indicates that an average pressure gradient of
zero would be achieved under the specified operating conditions with a wall divergence
angle of 0928'. The closest angle at whict actual data existed was 0027, and that data
point therefore was selected for the calibration. Similar data for lower values of test
section airstream Mach number are also presented in figure 34. Although the d:ta for
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M = 1.02 and 1.15 appear to be anomalous, the values are believed to be correct; in any
case, no large values of gradient were encountered at these speeds. The data of figure 34
and similar results have been compiled in table VII, which presents a corrclation of test
section wall divergence angle, airstream dewpoint, and Mach number for use in operation
of the wind tunnel. Table VII also contains interpolated values obtained from plots sim-
ilar to figure 35. In figure 35 the variation of test section vall divergence angle with dew-
point required to achieve zero axial gradient of static pressure at Mach number 1.15 does
not follow the systematic trend of the data for the higuer v !ves of Mach number. Although
the data for M = 1.15 in figure 35 also appear to be a1 . -2 Jus, as was mentioned in the
discussion of figure 34, the data are believed to be corre~:. The authors are aware that
the trend of the data for M = 1.15 is different from tha: .ur tre higher Mach numbers
and offer no technical explanation for this lack of consistency with the other data. Itis
apparent from figure 34 that, in general, between M = 1,00 and 1.15 no large values of
static-pressure gradient were encountered at any value of test section wall divergence
angle investigated. Therefore, except for the low supersonic Mach number range up to

M = 1.15, an increase in test section wall divergence angle caused a positive increment

in the test section static-pressure gradient, a phenomenon which offers a means to
achieve zero gradient. At near maximum tunnel speed, an increase in moisture content
of the airstream results in a negative increment of static-pressure gradient in the test
section; the test section static-pressure gradient can be eliminated, however, by adjusting
test section wall divergence angle by an amount indicated as optimum by wind-tunnel
calibration.

Strui-head blockage.- An inspection of the Mach number distributions on the test
section center line (fig. 31) shows generally that at supersonic speeds the distributions
are uniform almost to station 42.67 m (140 ft), but that at high subsonic speeds the indi-

.Jdual values of Mach number decrease progressively downstream of station 41.76 m
(137 ft). To investigate this phenomenon, a "dummy" strut head (fig. 36) was fastened
around the center-line survey tube; this addition effectively extended the strut-head shape
upstream by 0.457 m (1.5 ft) or hy two spacings of the pressure orifices. Some of the
calibration runs were then repeated with this modification to the strut head. Mach num-
ber distributions obtained with the strut-head extension are compared in figure 37 with
those obtained during the regular calibration. At M =1.01 and M = 1.06, positive pres-
sure at the leading edge of the strut-head shape appears to be transmitted upstream
through the boundary layer on the tube for a distance of slightly more than one orifice
spacing or approximately 1 strut-head diameter. At these low supersonic speeds, tne
comparisons may be confused by expansions generated at the curvature of the test section
wall (station 42.37 m (139 ft)) and radiated to the center line. At subsonic speeds,
upstream extension of the strut-head shape resulted in a corresponding translation of the
Mach number distributions by an almost equal amount. It appears that in the regular
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calibration at subsonic speeds, the Mach number distributions at the downstream end of
the test section indeed are depressed by interference from the strut head. This inter-
ference does not extend upstream of station 41.76 m (137 ft) but is always considered in

choosing the axial position of a model in the test section.

Diffuser wall pressures.~ A few data pertaining to flow in the xind tunnel dow.-
stream of the test section are presented in figures 38 and 39, in the forin of Mach number
distributions. Mach number is computed in the same manner as for the test section with
airstream total presstre assumed to be the sume as that measured in the quiescent
chamber. Loss of total pressure in the diffuser is caused by skin friction and air tur-
bulence at all speeds and, at supersonic speeds, Ly shock losses at the downstream end
of the tost section. The values of local Mach nur * er shown are nearly true values just
downstream of the text section but are not true values in the downstream half of the dif-
fuser because stream total pressure in this region is much less than the assumed value.
The data presented in ligure 38 were obtained during calibration of slot shape 26. Local
Mach numbers obtained from diffuser wall pressures measured during the calibration of
slot shape 29 are presented in figure 39(a) for low dewpoint conditions and in figure 39(b)
for high dewpoint conditions. Most of the pressure recovery in the diffuser appears to
have been obtained within a length of about 4 test section diameters (20 m (64 ft)) from
the downstream end of the test section. Differences in moisture content of the airstream
appear not to have had a large effect on pressure recovery in the diffuser.

Airstream stagnation temperature.- Representative values of the stagnation tem-
perature of the wind-tunnel airstream, as these vary with air speed, are presented in
figure 40. Temperatures shown by the dash-line curve are taken directly from refer-
ence 5. The temperature at each air speed represents the average obtained from many
runs at near stabilized conditions during the calibration of 1951 and these data are
assumed to remain valid for operation without test section air removal. When the wind
tunnel is operated above M = 1,0 with test seciion air removal, energy expended through
the drive fans is greatly reduced from that required during operation without test section
air removal, ex~ept at top speed, and temperature rise of the airstream is correspondingly
reduced. The solid curve in figure 40 presents calculated values of stagnation tempera-
ture with test section air removal, using values of Mach number, tunnel and secondary
mass flows, and drive fan shaft power from table IV and assuming an air exchange raie
of 18 percent with a reference outside air temperature chosen to yield a match of the 1951
calibration data at M = 1.0. The values of tunnel stagnation temperature (item 27 in
table IV) are not stabilized but were measured generally when the airstream was heating
or cooling rapidly and therefore do not agree with the values presented in figure 40, Com-
parisons of power required for operation, when needed, are to be made at identical tem-
peratures and pressures. One purpose of figure 40 is to provide an "average,” or arbij-
trary standard, temperature at ~ach Mach number to which power data may be corrected.
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Power requirements.- A fairly thorough breakdown of the actual power required

for operation of the wind tunnel during the calibration tests is listed in table IV. Atten-
tion is given here to the "aerodynamic’™ power requirement represented by the flow sus-
tenance power (item 20 in table IV) which is shaft power to the main drive fans and to the
air removal compressor. The estimated values of flow sustenance power, derived from
measured values niinus estimated losses. have been corrected to standard atmospheric
pressure and to airstream avcrage stagnation temperature, defined in figure 40, by use
of the following equation:

p T
Peorr = 2.0y _LA Preas (2)
pe | Ty

The corrected values of flow susteaance power are presented in figure 41(a) for operation
with both low and high dewpoint air. At subsonic speeds, the power measurements for
these different conditions are in excellent agreement. The dash-line curve in this figure,
taken directly from reference 5, represents power measurements made in 1951 with slot
shape 18 which had about three times the width of slot shape 29. The power reduction of
approximatelv 10 percent achieved with slot shape 29 is attributed to reduced air mixing
in the slots and to the consequently improved diffuser performance.

At the supersonic speeds which require test section air removal (M = 1,10 to
M = 1.31), operation with moist air requires 3 to 5 percent more power than operation
with the relatively dry air. The breakdown of power compcnents in table IV shows that
the power increase required for operation with moist air is expended through the main
drive fans and not through the compressor. It is conjectured that in operation with moist
air, condensation may occur between the quiescent chamber and the Jdrive fans with a con-
sequent loss of total pressure which must be restorad by the fans; this pressure loss is
never sensed by the wind-tunnel stagnation-pressure probes and is therefore not accounted
for in the correction applied by use of equation (2).

At speeds where the surge control valve is partially open, the compressor mass
flow m, (item 24 in table IV) remains at a nearly maximum value even though the sec-
ondary mass flow mg being pumped from the plenum (item 23 in table IV) may be much
less. At supersonic speeds somewhat below maximum, a large portion of the compressor
power is being wasted in pumping bypass air (m; - r'ns). From M =110 to M=1.26
the power required to pump the surge control bypass air has been cstimated and sub-
tracted from the power data of figure 41(a). The resulting values ¢f power presented in
figure 41(b) include shaft power to the main drive fans and compressor shaft power
required to pump only the secondary flow from the plenum. At maximum speed the surge

25




L)

control (bypass) valve is closed and the power measurements require no adjustment, The
data of figure 41(b) then represent the estimated power requirement for operation of a
wind tunnel with test section air removal having a system which would not require the
pumping of bypass air. The rate of power increase with increasing Mach number is con-
siderably less when test section air remov2! is being used (M = 1.10 to M = 1.31) than
for operation solely with the maiin drive (M = 1,00 to M = 108). The significant indi-
cation of the data of figure 41(bj is that a transonic wind tunnel incorporating an efficient
system for test section air removal can be operated at low supersonic speeds with less
power than would be required if all power were expended only through the main drive fans.

Test section temperature distribution.- With the present system for cooling the
wind tunnel by continuous air exchange in which the cool air is introduced in an annulus
adjacent to the wall of the cylindrical return passage, a radial gradient of temperature in
the test section airstream is almost inherent. After having passed through the drive fans,
the airstream in the return passage is of uniform temperature. On the downstream (inlet)
side of the air exchange, the step difference in temperature between the cool incoming air
and the recirculaied airstream is equal to the difference between stagnation and outside
air temperatures. By the time that the airstream has traversed the third and fourth sets
of turning vanes, an antiturbulence screen, the quiescent chamber, and the entrance cone,
the region of radial gradient of temperature extends inwardly from the test section wall
for about one-half of the test section radius. Radial distributions of stagnation tempera-
ture in the test section for several values of Mach number are shown in figure 42. The
temperature of the airstream core is very uniform and is identical with stagnation tem-
perature indicated by the probes located in the quiescent chamber. The difference
between test section core and wall temperatures is about 0.99 of the difference between

stagnation and outside air temperatures.

The gradient of temperature in the test section airstream is not a desirable feature
but, in general, has no adverse effect on most investigations. The temperature gradient
has no effect on Mach number distribution but does result in a velocity gradient directly
related to the temperature gradient. Most models are much smaller than the airstream
hot core and are therefore not affected. Except in special cases, the temperature gradient
effectively eliminates consideration of the investigation of wall-mounted models,

On a trial basis for a short time, the test section temperature gradient was elimi-
nated by mixing of the tunnel airstream and inlet air. Of the 36 inlet vanes in the air
exchange, 30 were closed fully and six were extended at 45© into the airstream. The fore-
going alteration resulted in uniform temperature both in the quiescent chamber and in the
test section, but the rzlated increase in airstream turbulence had a very adverse effect on
measurement of aerodynamic forces on models, and tunnel operating noise was greatly
increased. The air exchange was restored to the configuration shown in figure 5.
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Air moisture condensation.- During tests made with high dewpoints, condensation
of water vapor in the test secticn airstream occurs in varying degrees. The tendency
toward the formation of fog in the test section airstream increases with absolute humidity
and with increasing air speed, and this moisture condensation decreases as air stagnation
temperature is raised. Because of the radial gradient of temperature, condensation
occurs first in the annular layer of air adjacent to the test section wall as shown in fig-
ure 43(a), which is a view of the test section from the downstream end of the diffuser.

At supersonic speeds when air moisture content is very high, condensation will occur
throughout the entire test section as illustrat-d in figure 43(b). Under such conditions,
the condensation cannot be completely eliminated by increasing the airstream stagnation
temperature. Limits to airstream stagnation temperature have been set at 82° ¢ (180° F)
for about 30 min and at 88° C (120° F) for 10 min.

The extent to which moisture condensation in the test section airstream may invali-
date aerodynamic data is controversial. For the 16-foot transonic tunnel, the effects of
air moisture content on the wind-tunnel test section static-pressure gradient are accounted
for in the calibration procedure through test section wall divergence. There remains,
however, the effects of local condensation adjacent to model curved surfaces. The inves-
tigation reported in reference 13 shows very little difference in data obtained with the
same model tested first in moist air and subsequently in relat'ively dry air. Another
facet of this problem related to moisture effects is the validity of the procedure of apply-
ing wind-tunnel data obtained in desiccated air to aircraft performance estimation when
the aircraft must operate in air having a natural moisture content frequently sufficient to
cause visible condensation locally on curved surfaces of the aircraft.

Airstream Reynolds number.- The variation with Mach number of Reynolds number
per unit length is presented in figure 44 for the corresponding range of operating air stag-
ration temperatures. The information is presented in SI Units in figure 44(a) and in U.S.
Customary Units in figure 44(b). The variation of static pressure, dynamic pressure, and
equivalent pressure altitude with Mach number in the test section is presented in SI Units
in figure 45(a) and in U.S. Customary Units in figure 45(b).

Airstream turbulence.- During the wind-tunnel calibration of 1950 — 1951, with slot
shape 18 (ref. 5) and on several occasions prior to use of test section air removal and
before an antiturbulence screen was installed in the quiescent chamber, attempts were

made to measure airstream turbulence., The wire elements of hot-wire anemometers
broke at Mach numbers above 0.60. Fluctuating flow angle was measured with a three-
degree cone pitch and yaw meter, but interpretation of the data was uncertain. If isotropic
turbulence can be assumed, those early results indicated that the stream angle fluctuation
expressed in radians ranged from about 0.003 to 0.008. (See fig. 6 of ref. 14.)

27

- PR S PP .

* AT sitran G o

S LU T IR, _,‘.‘.!,' w

araps




No comparable mepasurements of fluctuating flow have been made sinc ¢peration with
test section air removal was started with slot shape 29. However, subsequent te he instal-
lation of the antiturbulence screen and slot shape 29, measurements have beer m2de of the
length of run of laminar flow on a highly polished 10° core, and some of .ne resul's are
reported in reference 15, These measurements in the Langley 16-foot transonic annel it
Mack numbers vp to 1 30 were made hy the same investigators using the same techniguas
and equipment as for the other investigations reported in reference 15. The analysis of
the flow transition data presented in reference 15 indicates that longer runs of laminar
flow were obtained in the Langley 16-foot transonic tunnel than in the other wii.l tunnels
investigated. A long run of laminar flow is interpreted to indicate a low letei of air-

stream turbuience.

Boundary-reflected-disturbance length.- The experimental studies made in the
16-foot transonic tunnel by Couch and by Brooks (refs. 16 and 17) with slots (shape 29)
which have a width of only 3.9 percent open periphery indicate that no serious wall inter-
ference occurred at subsonic Mach numbers up to M = 0.985.

At low supersonic Mach numbers, boundary-reflected disturbances tend to limit the
useful test section length. Surface static-pressure measurements on several cone-
cylinder or ogive-cylinder bodies of revolution were used to determine the location of the
reflected bow shock which determines the extent of the interference-free region. These
results, taken from reference 18 and including some unpublished data, are presented in
figure 46. The disturbance length is seen to depend on the strength of the bow shock as
affected by the body nose angle and change in nose shape from conical to ogive. At Mach
numbers greater than 1.15, aircraft models of reasonable length (1.8 m (70.87 in.)) are
generally free of boundary-reflected disturbances.

OBSERVATIONS AND CONCLUSIONS

The Langley 16-foot transonic tunnel is a single-return atmospheric wind tunnel,
having a slotted transonic test section, and operates at stagnation temperatures up to
about 82° C (180° F). Temperature control with airstream scavenging is obtained by the
use of an air exchange system. A test section air removal system is available which can
pump a preselected amount of flow (up to 4.5 percent of test section flow) from the plenum
which surrounds the test section. Specially shaped longitudinal slots in the test section
wall are used to aevelop a uniform flow and also to prevent test section blockage at
transonic speeds.

Detailed wind-tunnel calibrations made under a wida range of flow conditions and
geometric changes have led to the following conclusions:
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1. The relatively open (13.5 percent porosity) slot shape (shape 18), which was
optimum for near sonic speeds ‘vithout test section air removal, did not yield uniform
distributions of static pressure in the test section at the higher Mach numbers obtained
with test section air removal.

2. At near maximum air speed, an increasc in width of the upstream one-third of
the slots increased air speed upstream of the testing region but had an adverse effect on
uniformity of flow at the dowr:<t eam end. A general increase in slot width degraded the
uniformity of flow in the test section; conversely, a reduction in slot width over the down-
stream one-third of the slot length improved flow uniformity at the downstream end.

3. Under all operating conditions the most uniform flew in the test section was
achieved with a slot shape (shape 29) defined over thc upstream one-third of the slot
length by an approximately triangular starting section that faired into a relatively narrow
slot having a constant width (3.9 percent open periphery) over the downstream two-thirds
of its length.

4. A single calibration defines test section Mach number with no more deviation
than £0.001, for both the lo.:g and short lengths of test section and for high and low dew-
points. The absolute error of the calibration Mach number, however, is believed to be no
worse than +0.004.

5. Except for the low supersonic Mach number range up to Mach 1.15, an increase
in test section wall divergence angle caused a positive increment in the test section static-
pressure gradient, a phenomenon which offers a means to achieve zero gradient.

6. At near maximum air speed, an increase in moisture content of the airstream
results in a negative increment of static-pressure gradient in the test section; the test
section static-pressure gradient can be eliminated, however, by adjusting test section
wall divergence angle by an amount indicated as optimum by wind-tunnel calibration.

7. At low supersonic speeds (Mach 1.01 and Mach 1.06), positivz pressure at the
leading edge of the strut-head shape appears to be transmitted upstream through the
boundary layer on the survey tube for a distance of approximately 1 strut-head diameter.
At subsonic speeds, upstream extension of the strut-head shapc resulted in a correspond-
ing translation of the Mach number distributions by an almost equal amount.

8. Most of the pressure recovery in the diffuser appears to have been obtained within
a length of about 4 test section diameters from the downstream end of the test section.
Differences in moisture content of the airstream appear not to have had a large effect on
pressure recovery in the diffuser.

9. Replacing slot shape 18 with shape 29, a reduction of slot open periphery from
13.5 percent to 3.9 percent, resulted in a reduction of power required to operate the wind
tunnel at subsonic speeds of approximately 10 percent.
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10. At the supersonic speeds which require test section air removal (Mach 1.10 to
Mach 1.31), operation of the wind tunnel with moist air (dewpoint, 18° C (64° F)) requires
3 to 5 percent more power than with relatively dry air (dewpoint, 4° C (40° F)).

11. A transonic wind tunnel incorporating an efficient system for test section air
removal can be operated at low supersonic speeds with less power than would be required
if all power were expended only through the main drive fans.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., May 14, 1974,
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APPENDIX A
CALIBRATION AUXILIARY DATA

For tunnel operation at speeds which require the use of test section air removal,
achievement of a specified test section Mach number with near zero axial gradient must
be accomplished by setting the test section wall at a specified divergence angle which is
a function of the airstream dewpoint. However, the foregoing conditions of air speed and
Mach number gradient can be achieved within limits with various combinations of main
drive power, test section wall divergence angle, compressor speed, and plenum valve
setting. An attempt to reduce main drive power excessively at supersonic speeds by use
of increased plenum suction can result in unstable flow with movement of the test section
terminal shock upstream into the testing region. Table IV presents for each test point of
the calibration the settings of the wind-tunnel operation controls, the physical conditions
of the test, and several calculated quantities. The purpose of this appendix is to indicate
the sources of the information presented in table IV,

Items 1, 2, and 3: Identification of data for correlation with the Mach number distribu-
tions of figures 31 and 32, and the tabulated calibration data of
tables III, V, and VI.

Item 4: Dewpoint of tunnel airstream from instrument reading.

Item 5: Test section wall divergence angle from control setting indicator
(counter).

Item 6: Plenum valve position (3.048-m-diam. (10 ft) valve) from control

setting indicator (potentiometer).

Item T: Surge control valve position (1.219-m-diam. (4 ft) valve) from valve
position indicator (potentiometer).

Item 8: Air-removal-system compressor motor speed from tachometer.

Item 9: Air-removal-system compressor power from instrument reading in
MW of overall system power. Includes motor shaft pcwer, motor
losses, and liquid rheostat losses; does not include power for c¢ool-
ing tower, water pumps, and oil pumps.

Item 10: Air-removal-system compressor shaft power — Estimated with use
of figure 7 of reference 9 for a motor having secondary resistance
control, maximum rated power of 26.855 MW (36 000 hp), and a
synchronous speed of 600 rpm. Item 10 = Item 9 - ¢ X Maximum
rated power where c¢ is a function of the ratio of motor operating
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Item 11;

Items 12 and 16;
Items 13 and 17;
Items 14 and 18:

Items 15 and 19:

Item 20;

Item 21:

Item 22:
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speed to synchronous speed. At 475 rpm, c¢ = 0.172; at 552 rpm,
¢ = 0.130.

Air-removal-system power — For this calibration, the same as
item 9.

Main drive fan rotational speed from tachometer,
Electrical power to main drive motor from panel meter reading.

Shaft power Pg;, to maindrive fan — Electrical power to main
drive motor minus estimated rotational and copper losses.

Pgj, = 3.27 (Rotational speed in rpm) (Power in MW)
- [0.269 (Rotational speed in rpm)
+ 0.0000428 (Rotational speed in rpm)2'5365]

Main drive unit system power — Sum of shaft power, rotational
losses, and losses for a modified Kramer system having a maxi-
mum shaft power of 25.364 MW (34 000 hp) and a synchronous
speed of 400 rpm. The modified Kramer system losses have been
estimated from information given in figure 7 of reference 9 and
are presented in figure 47.

Flow sustenance power — Sum of shaft power delivered to the air
removal compressor and to each main drive fan. Wind-tunnel
energy ratio is the ratio of kinetic energy per second traversing
the test section to the flow sustenance power (item 20) expressed
in the same units.

Total system power — Sum of electrical power supplied to the main
drive systems and to the air removal compressor drive system.
Item 21 represents the overall energy rate required for operation
of the wind tunnel. The ratio of item 20 to item 21 in a sense
represents the electrical system efficiency.

Wind-tunnel airstream mass flow ~ Calculated for isentropic flow of
air, with a flow coefficient of unity assumed. Generalized equation:
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When units are in SI, that is, A in mz, p in N/mz, and T, inK,

When units are in U.S. Customary, that is, A in ftz, p in 1b/it2, and T; in OR,

Item 23:

Item 24:

Item 25:

Item 26;

Item 27:

Item 28:

Item 29:
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Mass flow of air removed from plenum surrounding the test section

s r'ns vy Where m,, is the calculated mass flow of

air through the surge control valve (fig. 48 and appendix B).

m =mg - m
Compressor mass flow m¢ is mass flow at compressor throat cal-
culated from measured total and static pressures and throat area.

Air exchange louver setting from louver position indicator. Always
full open for the data of table IV, but a significant variable when
wind-tunnel stagnation temperature must be controlled. Wind-
tunnel calibration data obtained with louver settings from 17 per-
cent open to 100 percent open showed no deviation from the single-
curve wind-tunnel calibration of figure 32.

Outside air temperature from thermocouple used with recording
potentiometer.

Tunnel stagnation temperature — Average of readings from four stag-
nation themocouple probes in quiescent chamber near tunnel cen-
ter line indicated on a recording potentiometer.

Tunne!l stagnation pressure — Average of readings from four pitot-~
pressure probes in quiescent chamber near tunnel center line, mea-
sured with ¢ : automatic mercury manometer with a backup mea-
surement from an electrical pressure transducer; both recorded on

the tunne) data readout.

Atmospheric pressure — Recorded signal from an automatic mercury
manometer with a backup measurement from a barometer,
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Item 30: Test section plenum pressure — Recorded signal from electrical
pressure transducer with a backup measurement from an auto-
matic mercury manometer; both recorded on the tunnel data

readout.
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APPENDIX B
FLOW THROUGH SURGE CONTROL VALVE

During operation of the wind tunnel at speeds that require test section air removal,
the surge control valve may be fully closed or, if partially open, operates with choked
flow. The mass flow through the surge control valve m, is computed basically as flow
through a choked orifice of variable area, with atmospheric total pressure at the inlet
reduced by a small loss through the inlet screen and pipe elbows.

With the plenum valve closed, mass flow through the surge control valve was com-
puted from measurements of pressure and temperature at the compressor inlet. For
atmospheric pressure of 10.13 N/cm2 (2116 b/ft2) and temperature of 152 C (599 F),
the surge-control-valve maximum mass flow ﬁlv,max corrected to the foregoing stan-
dard conditions is 187.97 kg/sec (12.88 slugs/sec).

With mass flow, temperature, pressure, and inlet dimensions known, dynamic pre:-
sure at the surge-control-valve tee inlet was computed and used to determine loss of total
pressure across the inlet screen (for which Ap/q = 1.14), Dynamic pressure within the
inlet pipe (tee) was similarly used to determine pressure loss in the bends (Ap/q = 0.25)
just upstream of the valve, At maximum mass flow, the net loss of total pressure ahead
of the surge control valve was estimated as

Apt = 0.022pt = apy

The foregoing loss was assumed to be maximum at maximum mase flow and to vary as the
square of the relative mass flow; that is,

Ap; = 0.022“2;)t = auzpt

where pu = fﬂv/fnv,max- The total pressure which determines mass flow through the
valve is

py = (1 - apd)p, (B1)

If Ap is the cross-sectional area inside the valve pipe (body), Ay is the area of
choked flow between the edge of the valve disk and the valve pipe inside wall, and 6 is
the angle between a plane normal to the valve pipe center line and the plane of the disk
(valve closed at ¢ = 09, full open at 6 = 90Y), then the area of sonic surface between
valve disk and pipe wall can be expressed as
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Ay = Ap(l - cos §) (B2)
Because the valve disk is lenticular with a thickness-to-diameter ratio of 0.156 and

is supported by a relatively large spindle, the effective flow area reaches a maximum at
6 = 79% and remains essentially constant for values of & between 79° and 90°. The

measured and computed areas for the surge control valve are

Ap = 1.167 m2 (12.56 ft2)

Ay max = 0.935 m2 (10.06 ft2)
The flow area through the valve then relative to the maximum flow area is Av/Av,max-

From equation (B2),
A A
VP __(1- cos 6) (B3)
Ay max Av,max

The relative mass flow u is proportional to the relative flow areas and to the
Combining equations (B1) and (B3)

total pressure relative to atmospheric pressure.

yields
e By B
Av max Pa
A 2
o =~—-P———-(1 - cos 6)(1 - au*“)
Ay max
Let
A
P (1-cos6)=b
Ay, max
then
w=b(1 - ap?) (B4)
36
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APPENDIX B

for which the solution is

“=._1_<J:;:b2+1-1> (B5)

2ab

Because of the geometry of the valve, the solution is valid only for 0° < ¢ = 79°. Note
that the relative mass flow g may n t exceed unity. The product #fnv,max, which is
the mass flow my through the surge control valve corrected to standard conditions, is
presented in figure 48 as a function of valve position.
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TABLE I.- MAJOR DIMENSION: OF LANGLEY 16-FOOT TRANSONIC TUNNEL

I I'igluivalent
Axial circular
Component station diameter, Shape
\4A/n
Meters Feet Meters| Feet
. S — — —_ N—
Quiescent chamber begins . . . .. . .. ... 0.00( 0.0 17.68 [58.0{Circular
Antiturbulence screen . . . .. ... .. ... 0.70| 2.3 17.68 |58.0 [Circular
Quiescent chamberends . . . . .. ... ... 12.19¢{ 40.0 17.68 {58.0{Circular
Converging fillet begins . . . . . . ... ... 12.19 40.0 17.68 158.0 !Circular
Corverging transition begins . . . . . . . .. 13.72 ] 45.¢ 16.86 |55.3 |Circular
Converging octagon begins. . . . . . . . ... . 21.34} 70.0 8.25 |27.1 |Octagonal l
Entrance liner begins . . . . . .. ... ... | 29.11) 95.5 4.91 ;16.1 \Octagonal !
Entrance coneends . . .. .. .. ...... 32.611107.0 4.85 |15.9 {Octagonal 1
Test section begins . . . . . . ... ... .. 32.611107.0 4.85 |15.9 'Octagonal '
gTest sectionends! . . . .. .. ... ... .. 42.06 '138.0 4.85 15.9 Octagonal
iDiffuser entrance begins! . . . ... ... .. 42.06,138.0 4.85 115.9 é‘,Octagonal
'Diffuser entranceends. . . . . .. ... ... 46.94 154.0 5.27 117.3 %Polygon having 16 sides
;Diverging transition begins . . . . . ... .. | 46.94}154.') 5.27 117.3 jPolygon having 16 ".i.es
(Diverging transitionends . .. . ....... 54.56 {179.0 6.25 {20.5 Circular
IConical diffuser begins . . . . . ... .... 54.56 [179.0 5.25 |20.5]30 half-angle
iDiffuser continues . . . ... ... ... 87.14|285.9 9.66 |31.71.640 half-angle
‘,Dxffuser ends. . . . . ... e e e 99.40 |326.1 10.36 34.0 lCircular
iPower sectionbegins . .. .. .. ... ... 99.401326.1 10.36 }34.0 {Circular ‘
|1“'1rst set turning vanes on @ 106.41349.1 10.36 |34.0 |Ellipse ‘ﬁ:l
Drivefan 13 . .. .. ... ... ... ... 117.84 386.6 10.36 |34.0 |Circular ;
Drivefan2d . . ... ... | 120.88 |396.6 10.36 |34.0 |Circular §
|Second set turning vanes on 23 132.311434.1 10.36 134.0 [Ellipse {5:1 !
'Power sectionends . .. ........... 139.32(457.1 10.36 |34.0 |Circular i
’Return passagebegins . . .. ... .. .. .. 139.32 |457.1 10.36 |34.0 (1,67 half-angle
IReturn passage continues ., ., . . . ... ... 152.49 1500.3 11.19 [36.7|3.0° half-angle
'Return passage ends . . . . . .. ... .. .. 214,27 (703.0 17.68 |58.0 [Circular /
¥;Lips of air exitvanes?. . . . ... ... ... 214,27,703.0 16.46 |54.0 |Polygon having 36 sides '
| Antiturbulence screen . . . . .. ... ... 227.75(747.2 17.07 |56.0 {Polygon having 36 sides
;Lips of airinletvanes? . .. ... ... ... 235.61,773.0 16.46 |54.0 |Polygon having 36 sides
{Cylindrical return begins . . . ., . . .. .. 235.61|773.0 17.68 |58.0 (Circular ;
Third set turning vanes on €. 248.17(814.2 17,68 |56.0 |Ellipse '\"5:1
Fourth set turning vaneson ¢ . .. ... .. 274.08899.2 17.68 58.0 Ellipse 2:1
Cylindrical returnends . . . .. .. ... .. 283.46(930.0 (0.0)| 1'7.68 |58.0 |Circular
lyest section wall divergence angle, 0°.
ZMinor axis.
3Includes nacelle cross-sectional area.
4Air exchange full open.
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TABLE II.- HALF-W(DTH DIMENSIONS FOR TEST SECTION g
TONGITUDINAL SLOT SHAPES 18 TO 29 f§
H
(a) SI Units H
%"
Slot half-widths 1n centimeters for - 5
Tunnel i - B Sl BRI 3
station,| Slot | Slot | Slot | Siot | Slot | Slot | Slot | Slot | Slot | Slot { Slot | Slot E
m shape j shape | shape | shape |shape | shape shape]shape shape Lhape shape |shape 3
18 19 20 21 l 23 ; 24 ) }5 24 1 27 28 29 ;
2.6 ) 0 |0 |0 o o |o o 0 lo Jo Jo Jo i
32.918 | .381] .792] .792] .607, .607, .607' .607! .792: .394| .394| .394| .304 !
33.071 .T11] 1,506 1.506| 1,128 1.128]1 1.128{ 1 128& 1.506| .737 137 .73’7I 137 :
33.223 .973| 2.144| 2.144| 1.575| 1.575] 1.5751 1.5751 2.144: 1,067 1.067 1,067 1.067 .
33.376 | 1.207{ 2.708; 2.708| 1.986,; 1.986! 1.986: 1.9861 2.708! 1.384 1.384| 1.384| 1.384 :
33.528 | 1.397| 3.238! 3.238| 2,355/ 2.355| 2.355| 2,355, 3.238| 1.702| 1.702| 1.702| 1.702
33.680 | 1.562} 3.675) 3.675| 2.657| 2.657 2.6571 2.657’ 3.675{ 1.981] 1.981| 1.981] 1.981 ;
1 33.833 ) 1.709 4.039{ 4.039) 2.880! 2.BBOj 2.880! 2.880; 4.039] 2.261] 2.261) 2.261| 2.261 !
i 33.985 ! 1,829| 4.331; 4.331 3.066] 3.666| 3.066‘ 3.066] 4.331) 2.515; 2.515] 2.515]| 2.515 :
34.138 } 1,030, 4.0i6; 1.516 3.198' 3.198! 3.198| 3.213| 4.516| 2.781} 2.781} 2.781) 2.781 '
34.290 | 2.032) 4.572 4.572) 3.299 3.2991 3.299 3.365: 4.572; 2.959| 2.959) 2.959) 2.959
34.442 | 2.108] 4.542' 4.542| 3.371 3.371? 3.371& 3.492) 4.542; 3.162| 3.162; 3.162 3.1§2 g
34.595 | 2,184 4.465| 4.465' 3.424 3.424} 3.424, 3.614. 4.465, 3.353} 3.353 3.353! 3.353 :
34.747 2.245, 4.313] 4.313! 3.454] 3.454| 3.454/ 3.708! 4.313} 3.505| 3.505] 3.505| 3.505
34.900 | 2.311| 4.082| 4.082} 3.454| 3.454| 3.454| 3.772| 4.082| 3.658| 3.658| 3.658| 3.658 ,
35.052 | 2.350 3.767} 3.767) 3.452! 4.452! 3.452' 3.810| 3.810 3.759; 3.759| 3.759| 3.759 :
35.204 | 2.393 3.416‘ 3.416| 3.406] 3.777; 3.771| 3.810| 3.810| 3.810| 3.810 '
35.357 | 2.438| 3.086) 3.086, 3.327| 4.105 4.105 ‘
35.509 | 2.477| 2.802| 2.802| 3.238| 4.430, 4.430
35.662 | 2'515.1 2.598) 2.598| 3.152) 4.757| 4.757 !
35.814 2.555‘ 2,555 2.555; 3.071] 5.083! 5.083
35.966 2.593“ 2.5981 2.598/ 3.000| 5.408| 5.408
| 36,119 2.6372 2.637| 2.637} 2,939} 5.735] 5.735
36.271 | 2.680. 2.680| 2.680!| 2.891, 6.060| 6,060 !
{ 36.424 { 2.723] 2.723} 2.723| 2.857| 6.388) 6.388 i
| 36.576 | 2.794| 2.794! 2,794| 2.845| 6.713] 6.713
136.728 | 3.023| u.ozsf 3.023| 2.850| 7.038 7.038
' 36.881 [ 3.353] 3.353 3.353( 2.903| 7.366{ 7.366
|37.033 ' 3.762) 3.762 3.762| 3.086| 7.691| 7.691
[ 37.186 | 4.293 4.293! 4.293| 3.386| 8.019! 8.019
137,338 | 4.877 4.877 4.877) 3.843] 8.344] 8.344
37.490 | 5.524 5.524j £.324} 4.519
37.643 | 6.223| 6.223! 6.223| 5.433
37.795 | 6.934| 6.934' 6.934| 6.457 |
37.948 | 7.620( 7.620, 7.620| 7.460 l
38.100 | 8.344) 8.344| 8.344| 8.318
38.252 | 8.974) 8.974; 8.974| 8.974| 8.974| 8.974
38.405 | 9.627| 9.627| 9.627| 9.627| 9.627 9.627
38.557 (10.287/10.287(10.287(10.28[10.28710.287
38.710 |10.904|10.904 |10.904/10.904{10.904]10.904) | | v | v | v | ¥
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TABLE II.- HALF-WIDTH DIMENSIONS FOR TEST SECTION
LONGITUDINAL SLOT SHAPES 18 TO 22 - Continued

(a) SI Units — Concluded

Slot half-widths in centimeters for -

gg:ﬁ\l. Siot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot
S e e e e e e

38.862 | 11.468/11.468/11.468|11.468)11.468/11.468| 3.810| 3.810] 3.810| 3.810} 3.810 3.810

39.014 | 11.968]11.958/11.882(11.882(11.958(11.882

39.167 | 12.395/12.395/11.557|11.557|12.395/11.557

| 39.319 | 12.76312.763]10.731/10.731{12.763|10.731

1 39.472 | 13.081/13.081| 9.423| 9.423]13.081| 9.423

;39.624 13.226(13.226{ 7.739| 7.739 13.226| 7.739

39.716 6.241] 6.241 6.241

39.929 4.895| 4.895 4.895

40.081 3.171| 3.117 3917 v | v | v

40.234 3.193] 3.1903 3.193| 3.193| 3.193| 3.193

40.386

40.538

40.691

40.843

40.996

41.148 JV v v iv v v

41.300 3.828| 3.828 3.828| 3.828| 3.828| 3.828

41,453 5.250| 5.250 5.250| 5.250| 5.250| 5.250 vl v

41.478 4.056| 4.056

| 41.504 4.387| 4.387

| 41529 4,717 4717

41,555 5.072] 5.072
41.580 5.530| 5.530

41.605 1.079] 7.079 7.079| 7.079| 7.079| 7.079 6.368| 6.368

41.631 6.673| 6.673
41.656 S R 7.181| 7.181
41.682 ; 7.714] 7.714
41.707 N S 8.187| 8.197
41.732 | 8.654} 8.654
41,758 9.060| 0.060 9.060| 9.060| 9.060| 9.060 9.060| 9.060
41.910 11.295(11.295 11.295/11.295]11.295/11.295 11.321{11.321
42.062 13.226(13.226| |, |13.22615.226{15.226,13.226! [ [13.226/13.226
42.215 |13.261/13.261/13.261]13.261/13.261(13.26113.261/13.261{13.261| 3.846/13.261|13.261
42.367 | 13.373(13.373|13.373|13.37313.373{13.373|13.373(13.373(13.373 | 3.957(13.373(13.373
42,520 [13.556(13.556(13.556(13.556 13,556 13.556 {13.556 13.556]13.556 | 4.140(13.556{13.556
42.672 |13.815/13.815/13.815/13.81513.815]13,81513.815{13.815/13.815 |10.259/13.815/13.815
42.754 |13.98513.985(13.985(13,985(13.98513.985|13.985|13,985| 13,985 |13.985|13.985|13.985
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TABLE U.- HALF-WIDTH DIMENSIONS FOR TEST SECTION
LONGITUDINAL SLOT SHAPES 18 TO 29 ~ Continued

{b) U.S. Customary Units

Slot half-widths in inches for ~

;It‘:?igil, Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot
At A A AL an A Ak an Ay ak

107.5 |0 0 0 0 0 0 0 0 0 0 0 0

108 150 1 3120 312 239! 239 239 .239 | .312| .155| .155| .155| .155

108.5 .280 | .593 | .593 | .444 | .444 | .444 | .444| .593 | .290| .290| .290| .290

109 483 | 844 | .B44| 620 | .620 1 .620; .620 | .B44 | .420| .420| .420| .420
1 109.5 .475 | 1.066 | 1,066 | .782 | .782 | .782 | .762 |1.066 | .545( .b45| .545| .545
‘ 110 .550 | 1,275 |1.275 | .927 | .927 | .927| .927{1.275| .670| .670| .670| .670
f 110.5 .615 [ 1.447 | 1,447 | 1.046 | 1.046 | 1,046 | 1.046 | 1.447 | .780| .780 | .780 | .780

111 .673 | 1.580 | 1.590 | 1.134 | 1,134 | 1,134 1.134 | 1.590 | .890| .890| .890 | .890

111.5 .720 | 1.705 | 1.705 | 1.207 | 1.207 | 1.207 | 1.207 | 1.705 | .990| .990 | .9%0 [ .990
: 112 .760 [ 1.778 | 1.778 | 1.259 | 1.259 | 1,259 | 1.265 | 1.778 | 1.095 | 1.095 | 1.095 | 1.095

112.5 .800 | 1.800 | 1.800 | 1,296 | 1.299 | 1,299 | 1.325 | 1.800 | 1.165 | 1.165 | 1,165 | 1,165
, 113 .830 1,788 | 1,788 | 1.327 | 1.327 | 1.327 | 1.375 | 1.788 | 1.245 | 1.245 | 1.245 | 1.245
! 113.5 .860 | 1,758 | 1.758 | 1,348 1,348 | 1.348 | 1.423 | 1.758 | 1.320 | 1.320 | 1.320 | 1.320
: 114 .884 | 1.698 ;1,698 | 1.360 [ 1.360 | 1.360 | 1.460 | 1.698 | 1.380 | 1.380 | 1,380 | 1.380
' 114.5 .910 | 1,607 [ 1.607 | 1.360 | 1.360 | 1.360 | 1.485 | 1.607 | 1.440 | 1,440 | 1.440 { 1.440 '

115 .925 | 1.483 [ 1.483 | 1.359 | 1.359 | 1.359 | 1.500 | 1.500 | 1.480 | 1.480 | 1.480 | 1.480 |
{ 115.5 942 [ 1,345 | 1.345 | 1.341 | 1.487 | 1.487 1.500 | 1,500 { 1.500 { 1.500 °

116 .960 | 1.215[1.215| 1,310  1.616 | 1.616 f
: 116.5 .975 11,103 { 1.103 | 1.275 | 1.744 | 1.744 |
’ 117 .990 11.023 {1.023 | 1,241 | 1.873 | 1.873 |

117.5 | 1.006 | 1.006 | 1.006 | 1.209 | 2.001 | 2.001 J

118 1.023 | 1,023 | 1.023 | 1.181 | 2.129 | 2.129 |

118.5 |1.038|1.0381.038 | 1.157{2.258 | 2.258

119 1.055 | 1.055 | 1.055 | 1.138 | 2.386 | 2.386

119.5 11.072(1.072|1.072 | 1.125 | 2.515 | 2.515

120 1.100 | 1.100 { 1,100 | 1.120 | 2.643 | 2.643

120.5 {1.190{1.190 | 1.190 | 1,122 |2.771|2.171

121 1.320 | 1.320 | 1.320 | 1,143 | 2.900 | 2.200

121.5 |1.481|1.481|1.481|1.215|3.028 3.028

| 122 1.690 [ 1.690 | 1.690 | 1.333 | 3.157 | 3.157

122.5 |1.920|1.920|1.920 | 1.513 | 3.285 [ 3.285 '

123 2.175 | 2.175 | 2.175 | 1.779

123.5 |2.450 | 2.450 | 2.450 | 2.139

124 2,730 | 2.730 | 2.730 | 2.542 |

124.5 |3.000 | 3.000 | 3.000 | 2.937 !

125 |3.2853.285 | 3.285 | 3.275 l |

125.5 |3.533 |3.533 |3.533 | 3.533 | 3.533 | 3.533

126 3.790 | 3.790 | 3.790 | 3.790 | 3.790 | 3.790

126.5 |4.050 | 4.050 | 4.050 | 4.050 | 4.050 [ 4.050

127 4.293 [4.203 | 4.293 | 4.293 | 4.293{ 1.2903} v v v v v
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TABLE II.- HALF-WIDTH DIMENSIONS FOR TEST SECTION
LONGITUDINAL SLOT SHAPES 18 TO 29 — Concluded

(b) U.S. Customary Units — Concluded

— S,
Slot half-widths in inches for -

Tunnel

station, ) Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot
ft shape | shape | shape { shape | shape | shape | shape! shape| shape | shape| shape | shape

18 19 20 21 22 23 24 25 26 27 28 29

127.5 [4.515[4.515]4.515 | 4.515 | 4.515 | 4.515 | 1.500 | 1.500 | 1.500 |} 1.500 | 1.500 | 1.500

128 4.708 | 4.708 [ 4.678 | 4.678 | 4.708 | 4.678 l

128.5 |4.880)4.880 |4.550 | 4.550 | 4.880 | 4.550

129 5.025 | 5.025 | 4.225 1 4.225 | 5.025 | 4.225

129.5 |5.150|5.150 {3.710 }3.710 |5.150 | 3.710 |

130 5.207 | 5.207 | 3.047 | 3.047 | 5.207 | 3.047 [

130.5 2.457 | 2.457 2,451

131 1.927 { 1.927 1.927

131.5 1.487 | 1.487 1.487

132 1,257 {1,257 1.257 ] 1.257 11.257 | 1.257

132.5

133

133.5

134

134.5

135 JL v v 2 B2

135.5 1,507 | 1.507 1.507 | 1.507 | 1.507 | 1.507

136 2.067 | 2.067 2.067 | 2.067 {2.067 | 2.067 ’ y

136.083} | | | feee--tee--- I e Bt EEL e R R 1,597 11.597

136.167) [ | | |-ee--}--n-- I R B T 1.727 | 1.727

136250, | | 1 feeeen|omee- [ (NS BRI IO PR 1.857 | 1.857

136,333} | | | [-----le====] | |meees|evmmm}omees]e-e-- 1.997 [ 1.997

136,417 | | | [eem==|em===e| | fmeemm|emmem|emeeefcana- 2,177 12,177

136.500 2.787 | 2.187 2.787 | 2.787 | 2.787 | 2.787 2.507 }2.507

136.583] | | | |eeem==|s-=m=] ] [emmmme|emmen]emees]eeens 2.627 | 2.627

136.667{ | | | (em=e-|==-m=f | [mmemmlmmmeslesccalocean- 2.827 [ 2.827

196,150 | | | |eemee)eeee=) ] eecee|ecmec] o] cnnn- 3.037 13.037

136.833| | | | jemmeml=emss] | | mmemm]mmmmm ] mmmmm | o mme- 3.227 [3.227

136.917F | | | {em=e==[=====| | ([ee-=e=|-e~ee=jmec-~{es--- 3.407 {3.407

137 3.567 | 3.567 3.567 | 3.567 | 3.567 | 3.567 3.567 13.567

131.5 4.447 1 4.447 4.447 1 4.447 1 4.447 | 4.447 4.457 1 4.457

138 v v 15.207156.207 | | ]5.207]5.207|5.207}5.207 y 15.207 |5.207

138.5 |%5.221)5.221 |5.221 | 5.221 15.221 15 221 15.221 | 6.221 | 5.221 | 1,514 | 5.221 |5.221

139 5.265( 5.265 | 5.265 [5.265 {5.265 {5.265 { 5.265 | 5.265 | 5.265 | 1.558 | 5.265 | 5.285

139.5 |5.337)5.337 |5.337)5.337 |5.337 |5.337 ) 5.337 | 5.337|5.337 }1.630 | 5.337 15.337

140 5.439 | 5.439 | 5.439 | 5.439 |5.439 | 5.439 | 5.439 | 5.439 | 5.439 14.039 { 5.439 |5.439
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T e e e

TABLE V.- TEST SECTION FLOW CHARACTERISTICS

e e e . —
r—_ ‘ Short test section? Loug test section
ICahbruuon‘T\ st . I dM ‘dx f dM,'dx
l run ‘point’ Tf’" } Standard { Maximum s:‘&iér —— —1————{ Standard | Maximum
‘ | section o0 II per Ede-vmnon deviation | > 1% per })er deviation| deviation
; reter foot | i meter oot
L Lo pmetery Tt L

Low dewpoint

—

320 85 .0.199 I-o.&ﬁglz{-o.oomss 0.000287 i-oioomseio.lgs -0.000676]-0.000206]0.000418 | 0.000864
320 85 401 -.uu0948] -.000289] 000726 | .001211| .400 | -.001113| -.000339} .001104 | .002091
320 82 .604 | -.001604| -.000489| 000827 -.0011891 .604 | -.001369| -.000570| .001708 | .003591,
320 95 701 | -.001312] -.000400! .000856 . -.001700 .700 | -.001710 --0U0321| 001927 004221

"0 802 . -.000948] -.000289) 001220 -.002228 | .801 | -.001312] -.000400; .002428 { 005045

JLv
320 76 .854 . -.000656 -.000200 .uuiZ7C, .002%0| 853 | -.001551) -.000473) .002681 | .006136
20 39 902 | -.000365: -.000111| .001407 .002722| .900 | -.001153] -.000304| .3ZT | .00A0GL
320 35 .951 | -.000292] -000089, 001245 .oozs:’ei 950  -.001252] -.000412! .002855 | .006727
320 32 .983 | -.000583| -.0C0178! .001533 | .002822| .981 | -.001511] -.000461| .002976 | .006636
320 23 1.004 | -.000219] -.000067! .001485 | .003767|1.003 | .000278| .000085| .001737| .003055

|

320 27 1023 | 001167 .000356] .001040 -.00226’2%1.022 .001233] .000376; .001646 | 002955
320 24 1048 .001094' .000333| .002189 . .004389;1.047 | .001193' .000364| .002374 | -.004000
318 . 26 |1.080 | .u00383' .000178) .001995; .0042441.079 | .001112| .000339| .003310 | .006345,
320 55 [1.105 | 003135 .000956| .002640 | .006344)1.104 | .002704| .000824| .002923 | .005734
320 | 53 [1156 | .000°92; .000089| .002464 | -.005178 1.156 | - 000040, -.000012! .002307 | -.005355
320 |48 [1.208 | .001167) 000356/ .002351| .005133(1.206 | -.000557| -.000170| .003605 | .007818
w0 g.zasﬁ .000219] .000067) .003364 | .005567|1.262 | -.002267| -.000691) .004232 | .008045

320 (43 1311 ] .000948] .000289! 003497 toos‘;se 1310 | .001113| .000333| .004065 | -.007582

S Bl ISt SRASERNE TR -

—m— - —

! High dewpoint
317 ‘l 38 E0.199 l:3.000729 -0.000222{0.000248 {-0.000444 1 0.198 {-0.000795 -0.0002420.000315 |-0.000545
I

317 34 j .400 ' -.000948 -.000289' .000615 | -.001339] .400 | -.001312] -.000400| .001132 | .002500
317 .30 .604 | -.001531 -.000467; .000830| .001478 .603 | -.001829} -.000558| .001828 | 003909

317 f26 .704 | -.001312| -.000400; .001130| -.001811] .703 | -.001710| -.000521] .002002 | .004136
314 8 .803 { -.001458] -.000444| .001197| .002444 .802 | -.001988| -.000606 ! .002513 | .005455
314 .7 .854 [ -.000219 -.000067, .001092 | .002211| .853 | -.001113 -.000339! .002482 | -.005818
314 © 6 .904 1 -000583! .000178, .001372 | .003067| .903 | -.000278| -.000085| .002658 | .005955

314 18 .953 | 000437, .000133] .001125| .002467| .952 | -.000557 -.000170| .002536 | .006000
317 119, .954 | -.000219; -.000067 .001327| .002900| .953 | -.000676| -.000206| .002701 | 006136
34 17 985 | -.000365' -.000111] 001398 | .002833| .984 | -.001193 -.000364| .002772 | 006182

3k 11,004 | .001094) ‘0003335 .001693 | .003722/1,004 | .001790] .000545| .001840 | .003000

314 |15 '1.021 | .000219] .000067, .001327 | -.002383 1.020 | .001511] .000461| .001995 | .004364
34 1 [1.052 | .000875, .000267! .001958 | .003711]1.052 | .001074| .000327] .002043 | -.003609 ;

1

314 113 11064  -.000365 -.000111) .001020 | .004611|1.064 { .006000| .000000| .002021 | .003909 ;
. 314 [ 5 11.102 .0033541 .ooxozz' .002279 | .005133{1.101 | .002227! .000679| .002878 | .005364 :
{314 | 4 |1.159 | -.000292| -.000089| .003477 | -.007267|1.158 | -.000756| -.000230 | .003427 | -.007918
C 314 { 3 11.207 1 -.001021| -,000311| .001709 | .004244 |1.206 | -.002346| -.000715| .002763 | .006136 i
{314 2 [1.260 | .701385] .000422| .002035 | .006144|1.259 | -.001630| -.000497| .004209 | 008864 g
L 214 1 {1.310 | -.004302 -.ooxsui 004228 | -.008856 | 1.309 | -.003142| -.000958 | .004241 | -.009073 ‘
A i - [P . - R S B I — A
3Station 39.93 m (131 ft) to station 41.76 m (137 ft). f
bgtation 39.70 m (130.25 ft) to station 41.99 m (137.75 ft). g
2
3
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TABLE VII.- TEST SECTION WALL DIVERGENCE ANGLES FOR ZERO AXIAL
GRADIENT OF STATIC PRESSURE IN TEST SECTION

Calibration of October 1965

(a) Without test section air removal*

M 6, min M 6, min
0.200 | © 0.925 8.2
700 | 0 950 | 10.4
725 5 975 | 13.5
750 | 1.0 980 | 14.2
75 | 15 1.000 | 13.8
800 | 2.0 1.020 7.0
,. 825 | 3.0 1.025 5.4
.’ 850 | 4.0 1.050 0
, 875 | 5.0 1.075 0
| .900 | 6.50

| * At subsonic speeds, the pressure
;" gradient does not vary significantly with dewpoint.

i . (b) With test section air removal

. Dewpoint Wall divergence angle 4, in minutes, for -
OC |OFM=L15|M=11T5 | M=120 | M=1225{ M=125|{M=1275| M=1.30
-12.21 10 13.6 11.1 10.5 13.8 17.5 20.7 23.8
-9.41 15 13.6 11.1 10.5 13.8 17.6 20.7 23.9
-6.71 20 13.6 11.1 10.5 13.8 17,5 20.8 24.2
-3.9125 13.6 11.1 10.5 13.8 17.5 21.2 24.8
- -1.1} 30 13.6 11.1 10.5 13.9 17.8 21.6 25.5
b, 1.7} 35 13.6 11.1 10.7 14.2 18.3 22.4 26.4
- 4.4} 40 12.4 10.9 11.0 14.6 | id. 23.2 2.5
o 7.2 45 11.4 10.8 11.7 15.3 19.7 24.2 28.8
e 10.0 | 50 10.4 10.5 12.2 16.0 20.6 25.2 30.0
12.8 | 55 9.4 10.3 12.8 16.8 214 26.4 31.4
15.6 | 60 8.3 10.3 13.5 17.6 22.4 21.6 32.9
18.3 | 65 7.2 10.3 14.1 18.6 23.6 28.9 34.5
21,1} 70 6.2 10.2 4.7 19.7 25.0 30.5 36.2
23.91 15 4.9 10.0 15.4 20.8 26.4 32.1 31.9
. 26,71 80 3.8 9.8 15.8 21.8 27.8 33.8 39.8
¢ 7
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LAL 69578

Figure 4.- Main drive fans in Langley 16-foot transonic tunnel.
(View looking downstream.)
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Figure 17.- Effect of diffuser entrance vane lip setting on wind-tunnel Mach number and
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Figure 35.- Test section wall divergence angles for zero axial gradient of
static pressure in the test section.
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L-73-6926

ntral core.

(a) Condensation near wall: clear in ce

ondensation in the test section. (View looking upstream)

Figure 43.- Air moisture ¢




L-73-6925

airstream.

(b) Condensation with extremely humid

Figure 43.- Concluded.
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Figure 44.- Variation with Mach number of stagnation temperature
and Reynolds number per unit length.
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Figure 44.- Concluded.
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Figure 45.- Concluded.
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Figure 48.- Calculated mass flow through surge control valve.
P = 101.32 kN/m2 (2116 Ib/ft2); T = 15° C (58° F).

NASA-Langley, 1974
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