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ABSTRACT

Tests were conducted in the 1-ft Aerodynamic Wind Tunnels (1 T
and is) of the Propulsion Wind Tunnel Facility to obtain estimates of the
performance available for the full- scale B-1 inlet/ engine tests in the
16-ft Propulsion Wind Tunnels (l6T and 16S). Data were obtained with
two nacelle configurations and four wing configurations. The maximum
test section blockage was 17 percent. Data were obtained at Mach num
bers from 0.55 to 1. 30 and from 1. 71 to 2.30. The tunnel performance
for each configuration was evaluated relative to the others and with re
gard to the capabilities of the 16-ft tunnels. The results of these tests
indicate that the available tunnel performance is significantly compro
mised with the nacelle configuration which has been selected for the full
scale test. The maximum Mach number estimated to be available for the
full-scale test in Tunnel 16T is 1.0. To obtain a full range of engine oper
ating points, however, testing should be restricted to M..s=.... O. 90. The
estimated starting and operating pressure ratio requirements for the
full- scale B-1 test are within the Tunnel 16S capability. The minimum
starting Mach number estimated to be available for the full- scale B-1
test in Tunnel 16S is 1. 96. The minimum operating Mach numbers esti
mated to be available for the full- scale test are 1. 83 at full inlet air-
flow and 1. 88 at windmill airflow.

Distribution limited to U.S. Government agencies only;
this report contains information on test and evaluation of
military hardware; October 1972; other requests for this
document must be referred to Aeronautical Systems
Division (YHT), Wright-Patterson AFB, Ohio 45433.
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SECTION I
INTRODUCTION

The B-1 is a low, variable geometry wing aircraft with a midposi
tion tail and is powered by four General Electric Fl0l engines. The
B-1 wind tunnel program includes extensive inlet development testing
with small-scale models of the air vehicle inlet. Plans also include
the testing of a full-scale inlet-engine system in the 16-ft Propulsion
Wind Tunnels (l6T and 168) at the Arnold Engineering Development
Center. The feasibility of such a test program has been documented by
the successful conduct of full-scale tests of the B-70, F-l11, and F-15
inlet / engine systems in the PWT 16-ft tunnels.

The performance available in the 16-ft tunnels varies as a function
of the test section blockage created by the model installation. Various
blockage studies with models with blockages ranging from about 13 to
21 percent (Refs. 1 through 4) have been conducted in the 1-ft Aerody
namic Wind Tunnels (l T and 18) of the Propulsion Wind Tunnel Facility.
The results of these tests indicate that available tunnel performance is
dependent not only upon blockage but upon the peculiarities of the spe
cific model installation. In addition these tests indicate that in the 16
ft tunnels a reasonable test rhombus can be obtained up to a maximum
model blockage of approximately 18 percent.

The preliminary design efforts for the B-1 full- scale test article
were based on a maximum blockage of about 17 percent. To verify test
feasibility and to determine the effects of blockage on available tunnel
performance a blockage test using a 1/16- scale B-1 inlet was conducted
in the 1-ft Aerodynamic Wind Tunnels (l T and 18) of the Propulsion
Wind Tunnel Facility. The results of this investigation are presented
in this report.

Data were obtained at Mach numbers from O. 55 to 1. 30 in Tunnel
1T and at Mach numbers from 1. 71 to 2.30 in Tunnel 18. The effects
of various tunnel parameters, model attitude, wing configuration, and
engine bypass airflow were evaluated. During the conduct of the block
age tests, several changes in the design of the full- scale test model
were made. Consequently, the blockage model was modified to more
closely simulate the altered design of the full-scale test installation,
and therefore, two nacelle configurations were tested in Tunnel 18.

1
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The 1/ 16-scale test results will be used to evaluate the relative ef
fects of various tunnel and model parameters upon tunnel performance
and to obtain preliminary estimates of the performance available in
Tunnels 16T and 16S for the full- scale B-1 inlet/ engine test. Final
estimates of the performance of Tunnels 16T and 16S for the full-scale
B-1 test are not presently possible, as a thorough analysis of the full
scale test installation and the operating characteristics of the B-1 test
engine, as well as the operating characteristics of the 16-£1 tunnels, is
required.

SECTION II
APPARATUS

2.1 TEST FACI UTI ES

2.1.1 Tunnel lT

Tunnell T is a continuous-flow, nonreturn wind tunnel capable of
operating at Mach numbers from 0.2 to 1. 5, utilizing variable nozzle
contours above Moo = 1. 1. The tunnel is operated at a stilling chamber
total pressure of about 2850 psfa with a ±5-percent variation dependent
on tunnel resistance and ambient atmospheric conditions. The stagna
tion temperature can be varied from 80 to 120°F above ambient tempera
ture as necessary to prevent visible condensation in the test section.
The test section is 1 £1 square and 37. 5 in. long, with 6-percent porous
perforated walls. The general arrangement of the tunnel and its associ
ated equipment is shown in Fig. 1 (Appendix 1), and a schematic of the
nozzle, test section, and wall geometry is shown in Fig. 2. A detailed
description of the tunnel and its capabilities is given in Ref. 5.

2.1.2 Tunnel 1S

Tunnel lS is a continuous-flow, nonreturn wind tunnel equipped with
a two- dimensional, semiflexible nozzle. The tunnel can be operated
within a Mach number range from 1. 5 to 5.5 and a stagnation pressure
range from 700 to 6500 psfa. The stagnation temperature can be varied
from 80 to 180°F throughout the Mach number range. The general ar
rangement of the tunnel and its associated equipment is shown in Fig. 3,
and a schematic of the nozzle, test section, and diffuser is shown in
Fig. 4. A detailed description of the tunnel and its capabilities is given
in Ref. 5.

2
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2.2 TEST ARTICLE

2.2.1 General

The test article was a 1/16- scale model representing the outboard
inlet of the B-1 left- hand dual inlet/ engine nacelle. The model was
strut supported from the tunnel sidewall and was connected to the tunnel
scavenging scoop by means of a flexible exhaust tube assembly. Photo
graphs of typical installations in Tunnels 1T and 1S are shown in Figs.
5 and 6, respectively.

The model lines at the inlet entrance duplicated the full-scale lines.
A partial wing was used to simulate the inlet flow field. Removable
ramp blocks were used to simulate maximum cowl-lip flow area and
various inlet restart ramp schedules. Interchangeable sets of bypass
doors were used to provide engine airflow simulation. During the test
ing in Tunnel 1S the external contour of the nacelle, the ramp geometry,
the bypass door configuration, and the moul1;ting strut were modified to
more closely simulate the current design of the full-scale test installa
tion. Schematics showing the various model components and the two
nacelle configurations which were tested are shown in Figs. 7, 8, and 9.
Detailed descriptions of model components and a discussion of model
blockage are presented in the following sections of this report.

2.2.2 Model Wings

For the Tunnell T test, three wing configurations, as shown in Figs.
7a and b, were available. The basic contoured wing {Fig. 7a} configu
ration was a partial surface representing the full- scale wing lower sur
face mold lines ahead of the inlet. The full contoured wing {Fig. 7a}
configuration utilized a fairing and the basic wing to extend the contoured
surface 1. 875 in. inboard. The third configuration was a flat plate par
tial wing surface with a rounded leading edge {Fig. 7b}. In addition to
these configurations the nacelle could be tested with the wing removed.

Three wing configurations were also available for Tunnel 1S; prior
to testing, however, the flat plate wing was modified to simulate the
current full- scale installation. This flat plate wing, which is shown in'
Fig. 7c, had an increased wing area and a sharp leading edge.

2.2.3 Model Ramps

A simplified ramp arrangement was utilized for the tests with na
celle configuration 1. In Tunnel 1S, the ramp block, which is shown in
Fig. 8a, simulated the initial ramp angle {lO. 5 deg} for Mach 2.2 cruise

3
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condition. In Tunnel IT, a block with. a 4-deg initial ramp angle was
utiliz ed to provide maximum inlet airflow.

For testing nacelle configuration II in Tunnel 18, provlslOns were
available for three different ramp geometries, each with 0 and 11 percent
porous plates. These ramps, which are illustrated in Fig. 9, simulated
Mach 1. 8 cruise (Fig. 9a), Mach 2.2 cruise (Fig. 9b), and Mach 2.2
restart (Fig. 9c) conditions.

2.2.4 Model Bypass Doors

Engine bypass airflow simulation was provided by two bypass doors
located on the outboard side of the nacelle for the tests with nacelle con
figuration 1. Interchangeable sets of doors were used to provide door
openings of 0 (closed), 15, 30, and 45 deg into the airstream. Nacelle
configuration II employed a single bypass door arrangement rather than
a dual door arrangement. The forward door on the nacelle was modified
to a configuration consistent with the current full- scale design. Although
the rear .door was retained as an auxiliary bypass for the model tests, it
was closed for all data obtained with nacelle configuration II.

2.2.5 Model Blockage

The distributions of model blockage in Tunnels IT and 18 are shown
in Figs. 10 and 11. These figures present the ratio of the model cross
sectional area to the tunnel area as a function of tunnel station for zero
test section wall angle, inlet airflow, and model attitude. As shown in
Figs. 10 and 11, the maximum blockage for both the Tunnel IT and Tun
nel 18 tests was 17 percent. Data were obtained in Tunnels IT and 18
with the test section wall angle diverged up to 60 min. Test section wall
divergence of 60 min decreased the maximum blockage for Tunnels IT
and 18 to 15.8 percent and 16.4 percent, respectively. Although the
maximum tunnel blockage was not changed with nacelle configuration II,
the strut modification (a 3.85- in. extension) and the nacelle modification
caused a significant change in the blockage distribution.

2.3 INSTRUMENTATION

2.3.1 Model Instrumentation

Inlet flow conditions were monitored by the model instrumentation,
which included a dynamic pressure transducer located internally on the
upper sideplate and pressure orifices located internally on the inlet
ramp, lower sideplate, and cowl surfaces. Instrumentation for sensing
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model pressures included pressure orifices on the upper and lower wing
surfaces and orifices located externally on the nacelle ramp, lower side
plate, and cowl sides. For the testing in Tunnel 1S with nacelle configu
ration II, pressure orifices on the support strut and instrumentation to
sense the inlet and engine face total pressures were also included. Model
pressures were measured by and photographically recorded from a mer
cury manometer board.

Model angle of attack of nacelle configuration I could be varied be
tween -1 and 4 deg through an electrically driven screw-jack actuator.
The model p.osition was displayed on a digital voltmeter.

2.3.2 Tunnel 1T Instrumentation

The tunnel plenum chamber pressure was measured by a self
balancing precision manometer. The stilling chamber total pressure,
diffuser exit total pressure, and four wall static pressures were meas
ured with differential transducers and displayed on electromanometers.
The stilling chamber total pressure, plenum chamber static pressure,
diffuser exit total pressure, and several wall static pressures were
also measured by and photographically recorded from a mercury mano
meter board.

The scavenging scoop and plenum airflows were measured by the
use of sguare- edged orifices in the plenum and scavenging scoop lines.
The general location of the metering orifices is shown in Fig. 1. The
upstream static pressures and the differential pressures across the
orifices were measured with differential transducers and displayed on
electromanometers. The upstream and downstream static pressures at
the orifices were also measured by and photographically recorded from
a mercury manometer board.

The tunnel stagnation temperature and orifice airflow temperatures
were measured with iron- constantan thermocouples and displayed on in
dicating, potentiometer-type recorders.

2.3.3 Tunnel 15 Instrumentation

The tunnel stilling chamber pressure and the diffuser exit total pres
sure were measured with differential transducers and displayed on elec
tromanometers. In addition, these pressures and the static pressure
distribution in the nozzle, test section, and diffuser were measured by
and photographically recorded from a mercury manometer board.

5
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The scavenging scoop airflow was measured by the use of a square
edged orifice. For the testing with nacelle configuration I the orifice
was located in the scavenging line, as sh0wn in Fig. 3. For the testing
with nacelle configuration II the orifice was located in the model, as
shown in Fig. 8b. The orifice upstream static pressure and differential
pressure were measured with differential transducers and displayed on
electromanometers and measured by and photographically recorded
from a mercury manometer board.

Tunnel stagnation and orifice airflow temperatures were measured
with iron- constantan thermocouples and were displayed on a potentiom
eter-type indicator.

SECTION III
PROCEDURES

3.1 TUNNEL 1T

3.1.1 Test Conditions

Data were obtained with nacelle configuration lover the Mach num
ber range from 0.55 to 1. 30. The tunnel stagnation pressure (stilling
chamber total pressure) varied from 2800 to 2890 psfa. The stagnation
temperature was varied from 140 to 190°F; however, for most runs the
temperature was maintained at 150°F.

3.1.2 Test Discussion

Mach numbers in Tunnell T were established by setting various
combinations of tunnel nozzle contour, pressure ratio, and plenum pres
sure. Data were obtained at discrete Mach numbers of 0.55, 0.70, 0.85,
0.90, and 1. 1, utilizing a sonic nozzle contour. Data at Mach numbers
of 1. 2 and 1. 3 were obtained utilizing contoured nozzle settings. At each
Mach number and for specific pressure ratios ranging from 1. 10 to 1. 40,
the plenum pressure, which is controlled by a steam ejector system, was
set according to the tunnel calibration reported in Ref. 6. Flow removed
through the test section walls by plenum suction is referred to as tunnel
auxiliary weight flow in this report.

In addition to the above-mentioned parameters, other tunnel varia
bles which were investigated included the diffuser flap opening and test
section wall angle. Data were obtained with diffuser flap positions of 0
and O. 5 in. and at test section wall angles of 0, 30, and 60 min. Positive
wall angles indicate wall divergence from the centerline.

6
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The principle test article variables included wing configuration,
model attitude, and inlet airflow. Data were obtained with the rounded
edge flat plate, basic contoured, and full contoured wings and with no
wing. Data were obtained at model angles of attack from 0 to 3 deg.
The inlet airflow was varied from 0.2 to 1. 5 lb/ sec. Data, however,
usually were obtained at either the maximum or minimum airflow at
tainable at specific tunnel conditions. These airflows were obtained
with a full-open and with the leakage past a full- closed scavenging scoop
valve.

The objectives of the test included obtaining an estimate of the maxi
mum operating Mach number for the full- scale test in Tunnel 16T. For
Tunnel 16T, the maximum operating Mach number is limited by the
available tunnel auxiliary weight flow. Consequently, the testing pro
cedure in Tunnel 1T involved defining the auxiliary weight flow require
ments for various combinations of tunnel and model variables. The re
lationship between the auxiliary weight flow requirements for Tunnels
1T and 16T is discussed in Appendix III.

3.2 TUNNEL 18

3.2.1 Test Conditions

Data were obtained with nacelle configurations I and II over the
Mach number range from 1. 71 to 2.30 and 1. 83 to 2.30, respectively.
A stilling total chamber pressure of 2180 psfa and a stagnation tempera
ture of 100G F were maintained for the test.

3.2.2 Test Discussion

Mach numbers in Tunnel 1S were obtained by setting the nozzle to
a precalibrated contour and adjusting the tunnel back pressure to estab
lish supersonic flow. Data were obtained at discrete Mach numbers of
1. 8, 2.0, 2.2, and 2.3. Other tunnel parameters of interest with re
spect to tunnel performance were test section wall angle, diffuser area
ratio, and tunnel pressure ratio.

Throughout most of the investigation a test section wall angle setting
of 30 min was utilized. Limited data, however', were also obtained at
wall angles of - 30, 0, and 60 min.

The diffuser area ratio, which is defined as the ratio of the area of
the diffuser at Jack Station 2 (tunnel station 47.9) to the area of the test
section for a wall angle of 0 deg, was varied from O. 82 to 1. 047. The

7



AEDC-TR-72-155

minimum area of the diffuser actually occurs at tunnel station 49.9; how
ever, Jack Station 2 is used as a key in positioning of the diffuser in both
Tunnels is and 16S. Figure 12 shows the variation of diffuser area ratio
with diffuser contour number.

The tunnel pressure ratio is defined as the ratio of the stilling cham
ber pressure to the diffuser exit pressure. It must be pointed out that
the pressure ratios in Tunnel is do not directly apply to Tunnel 16S. The
differences are discussed in Appendix III.

The principle test article variables included nacelle configuration,
wing configuration, model attitude, inlet airflow, inlet ramp position,
and bypass door position. With nacelle configuration I, data were ob
tained with the sharp- edged flat plate, basic contoured, and full contoured
wings. With nacelle configuration II, data were obtained only with the
sharp- edged flat plate wing. Data were obtained at model angles of attack
of 0 and 3.0 deg with nacelle configuration I and 2.7 deg with nacelle con
figuration II. The inlet airflow was varied from O. 1 to 1. 1 lb/ sec. Data
were obtained with the scoop flow control valve open and throttled toob
tain full and reduced inlet airflows. Data were obtained for the various
ramp and bypass positions, as discussed in Section 2.2.

The obj ectives of this test included obtaining an estimate of mini
mum operating Mach number and the tunnel starting and operating capa
bility for the full-scale test in Tunnel 16S. For Tunnel 16S, the minimum
operating and starting Mach numbers depend upon model blockage, and
the starting and operating performance is limited by the available tunnel
pressure ratio. Consequently, the testing procedure in Tunnel is was
to utilize on-line nozzle movements to determine the minimum starting·
and operating Mach number for combinations of the various test vari
ables. The tunnel starting and operating performance was defined by
modulating a tunnel control valve to increase or decrease the tunnel
pressure ratio to obtain flow starts or unstarts at various combinations
of the test variables. Minimum diffuser area ratios for starting and
operating were also defined.

3.3 DATA REDUCTION AND ACCURACY

The manometer board data were photographically recorded and re
duced by an off-line computer program used in conjunction with semi
automatic film reading equipment. In TunnellT, the outputs of the self
balancing precision manometer, the transducers, and the thermocouple
were converted to digital form and recorded on paper tape for off-line
data reduction. In Tunnel is, all data except the manometer data were
entered into the computer program from hand-recorded inputs.

8



AE DC-TR-72-155

The probable errors associated with the tunnel and model parameters
are:

DFO ±O. 02 in.

±0.01 Tunnel 1T

±0.02 Tunnel 18

±10 percent

±10 percent

±O. 10 deg

±2 min

±0.05

±O.02

The error in free- stream Mach number was determined from longi
tudinal pressure distributions and is based on a 95-percent confidence
level. The errors associated with other data presented in this report
were estimated from single sample measurements based on the accu~

racy of the instrumentation.

SECTION IV
RESULTS AND DISCUSSION

4.1 TUNNEL 1T

4.1.1 General

The maximum Mach number that can be obtained in Tunnel 16T with
a large blockage model is limited by the capacity of the auxiliary flow
system. The discussion of the Tunnell T results deals with defining the
effects of variation of tunnel and model parameters upon the auxiliary
weight flow requirements. In addition, the data are utilized to obtain an
estimate of the maximum operating Mach number for the full- scale test
in Tunnel 16T.

For data presentation, the auxiliary weight flows are normalized by
a theoretical one-dimensional tunnel weight flow. The auxiliary flow
available in Tunnel 16T is discussed in Appendix III. Because of the
similarities of data trends, data for only some of the possible combina
tions of all tunnel and model parameters were obtained. In addition,

9
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only those data which are considered sufficient to satisfy the objectives
of this test are presented herein.

4.1.2 Effects of Tunnel Parameters

The discussion in this section of the report pertains to the effects
of variation of tunnel pressure ratio, test -section wall angle, and dif
fuser flap position upon the auxiliary weight flow requirements. All of
the data presented are for maximum inlet airflow (i. e., scavenging
scoop valve fully open) and Q' = 3. 0 deg.

The effect of tunnel pressure ratio variation at ()w = 60 min and
DFO = 0 in. for the flat plate and basic contoured wings is presented in
Fig. 13. The reason for the dashed fairings between Mach 1. 1 and 1. 2
is that data at 1. 2 and above were obtained with a supersonic nozzle con
tour, whereas a sonic nozzle contour was utilized for Ma,~ 1. 1. Data
presented in Ref. 3 indicate that between Mach 1. 1 and 1. 2 utilization of
nozzle contours has less than a 5-percent effect upon the auxiliary weight
flow. The data presented in Fig. 13 indicate that, in general, the auxili
ary weight flow requirements decrease with increase in tunnel pressure
ratio and that this effect is not as significant for i\ 2. 1. 30. In Tunnel
16T, the maximum available pressure ratio is limited by the tunnel com
pressor system performance and/ or test altitude requirements. Data
presented in Refs. 7 and 8 indicate that at each Mach number there is
an optimum tradeoff between auxiliary suction and tunnel pressure ratio.
In addition, both the auxiliary suction and pressure ratio requirements
increase with model blockage. These factors determine the operating
pressure ratio for each Mach number. An estimate of the operating
pressure ratios for the full- scale test is given in Table I, Appendix II.

The effect of test section wall angle variation at DFO = 0 and i\ = i\ *
is presented in Fig. 14. In order to show the relative effects of other
test variables, a nominal Tunnell T pressure ratio schedule, i\ *, was
selected. This schedule (i\ *), which is based on the Tunnel 16T estima
ted operating pressure ratios, and the pressure ratios utilized during
this test are shown in Table I. Sufficient data were available at Mach
numbers O. 85 and O. 90 so that linear interpolation provided good results.
When the wall was set at 0 deg, supersonic operation could not be
achieved with the maximum pressure ratio and auxiliary airflow avail
able in Tunnell T. The data in Fig. 14 indicate that the auxiliary weight
flow requirements decrease with increasing test section wall angle diver
gence and that ()w = 60 min should be utilized for the full-scale test in
Tunnel 16T.
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The effect of diffuser flap position variation at A ~ A * and ()w = 60
min is presented in Fig. 15. The data iB. Fig. 15 indicate that opening
the diffuser flaps decreases the auxiliary flow requirements. Because
of the changes in full- scale test hardware which -were made after the
Tunnell T tests and the fact that the 1/16- scale model did not simulate
the full- scale scavenging scoop assembly, it is anticipated that the dif
fuser flap opening in Tunnel 16T may not be as effective as that shown
in Fig. 15. Therefore, for estimation of the maximum operating Mach
number available in Tunnel 16T, results for the closed diffuser flap
position are utilized.

4.1.3 Effects of Model Parameters

The discussion in this section of the report pertains to the effects
of variation of wing configuration, model attitude, and inlet airflow upon
the auxiliary weight flow requirements. All of the data presented are
with A = A *, ()w = 60 min, and DFO = 0 in.

The effect of wing configuration variation at Q' = 3.0 deg and maxi
mum inlet airflow is presented in Fig. 16. The data in Fig. 16 indicate
that the full contoured wing required the maximum auxiliary weight flow,
particularly at Moo < 0.9. The data also indicate that because the basic
contoured wing required the minimum auxiliary weight flow in the Mach
number range from 0.8 to 1. 1 it would provide the best tunnel perform
ance for the full- scale tests. Because of structural considerations, how
ever, the full- scale test hardware has been designed with a flat plate
wing which, incidentally, differs from that tested in Tunnell T. The
1/ 16-scale flat plate wing was modified after the model was removed
from Tunnell T. Because the data which had been obtained (Fig. 16)
indicated that wing configuration did not have a significant effect upon
auxiliary weight flow requirements at supersonic Mach numbers, the
modified flat plate wing was not tested in Tunnell T. For estimation of
the maximum operating Mach number available in Tunnel 16T, the flat
plate wing data are utilized.

The effect of model attitude variation with the flat plate wing and
maximum inlet airflow is presented in Fig. 17. The data in Fig. 17
indicate that the variation of auxiliary weight flow over the model atti
tude range from 0 to 3.0 deg is not significant.

The effect of inlet airflow variation with the flat plate wing and
Q' = 3.0 deg is presented in Fig. 18. The data in Fig. 18 indicate that
reducing the inlet airflow increases the auxiliary weight flow require
ments significantly at all Mach numbers. Because the full- scale engine
operating characteristics are not completely defined, the data for mini-
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mum and maximum airflows are utilized to obtain an estimate of the
range of operations available in Tunnel 16T for various engine operating
points.

4.1.4 Summary of Tunnel 1T Results

The evaluation of the effects of the various tunnel and model varia
bles upon auxiliary weight flow requirements has been presented in the
preceding sections of this discussion. In this summary an estimation
of the maximum operating Mach number availaLle for the full- scale tests
in Tunnel 16T is presented. The Tunnel 16T performance estimate is
based on the Tunnell T data obtained at Ow = 60 min, DFO = 0 for A = A *
with the flat plate wing, a = 3. 0 deg and with both minimum and maxi
mum inlet airflows.

The auxiliary weight flow requirements and an estimate of the auxil
iary weight flow capacity which would be available for recommended and
minimum altitudes in Tunnel 16T for the fult- scale test are presented in
Fig. 19. The auxiliary weight flow available in Tunnel 16T and the re
lationship of this parameter between Tunnels 16T and 1T are discussed
in Appendix III. As indicated in Appendix III, data obtained in Tunnel
1T underestimate the Tunnel 16T auxiliary flow requirements. Accord-·
ingly, the Tunnell T results, presented in Fig. 19, were increased by
60 percent to account for the difference in'tunnel performance. The
data in Fig. 19 indicate that for maximum inlet airflow the maximum
operating Mach number available in Tunnel 16T is 1. O. For minimum
inlet airflow the maximum operating Mach number is O. 90 and O. 98 for
the minimum" and recommended altitudes, respectively. An important
consideration for the full- scale test is the tunnel performance at engine
windmill airflow. The data presented for minimum inlet airflow is con
sidered to provide a conservative estimate of the engine windmill air
flow requirements. To be able to obtain a full range of engine operating
points considering the current design of the full- scale test nacelle, it is.
estimated that testing in Tunnel 16T may be restricted to Moo ~ O. 90.

4.2 TUNNEL 1S

4.2.1 General

The minimum Mach numbers at which Tunnel 168 can be started and
operated for the full- scale test are dependent upon the model blockage.
The minimum Mach number for which flow could be maintained WC3...S de
termined by increasing the nozzle area at a maximum diffuser area ratio
and tunnel pressure ratio until the test section choked, causing a flow
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unstart. The minimum Mach number for which test section flow could
be started was determined by providing sufficient tunnel pressure ratio
at a starting diffuser area ratio and decreasing the nozzle area until
flow started.

The performance of Tunnel 16S is considered to be sufficiently de
scribed if the diffuser area ratios and tunnel pressure ratios for which
the tunnel can be started and operated at various Mach numbers are
determined. The discussion of Tunnel 1S results deals with defining
the effects of variation of tunnel and model parameters upon the start
ing and unstarting pressure ratio requirements. The minimum diffuser
area ratios for starting and operating were also defined by increasing
or decreasing the diffuser area ratio for maximum tunnel pressure ratio
at a particular Mach number until flow started or unstarted. The Tunnel
1S data are utilized to obtain an estimate of the available tunnel perform
ance for the full- scale test in Tunnel 16S.

Because of the similarities of the data trends, data for only some
of the possible combination of all tunnel and model parameters were ob
tained. Furthermore, only those data which are considered sufficient
to satisfy the objectives of the test are presented herein.

4.2.2 Effects of Tunnel Parameters

The discussion in this section of the report pertains to the effects,
of variation of Mach number, diffuser area ratio, and test section wall
angle upon the starting and unstarting tunnel pressure ratio require
ments. For data presentation, diffuser contour number (DCN), rather
than diffuser area ratio (cjJ), is utilized. The realtionship between DCN
and cjJ is given in Fig. 12. Variation of the test section wall angle had
no effect upon the minimum pressure ratio requirements for starting
and unstarting. All data presented herein are for 8w = 30 min.

The starting and unstarting processes of a supersonic wind tunnel
with long, large blockage models are not as clearly defined as they are
for smaller models. Consequently, a judgement must be made as to
what static pressure distribution represents a started or an unstarted
tunnel. Consideration must be given to satisfactory flow conditions as
they pertain to full- scale inlet/ engine testing. Typical wall static pres
sure distributions obtained in Tunnel 1S for the defined started and un
started tunnel are shown in Figs. 20 and 21 for nacelle configurations
I and II. Data could not be obtained with configuration II at M.... = 1. 8.
The data in Fig. 20 indicate two distinct starting patterns which are des
ignated minimum starts and full starts. During tunnel flow start, the
tunnel shock system stabilized at a location just downstream of the
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trailing edge of the strut. Further increases in the pressure ratio moved
the shock downstream until it finally stabilized in the diffuser, where
additional increase in pressure ratio produced no change in the tunnel
wall static pressure distribution. The data in Fig. 20 indicate that the
static pressure distributions for the two defined starts are identical to
a point well downstream of the model bypass doors and that both starts
provide equally satisfactory flow conditions for inlet testing. The dis
tinction between the two starting patterns was made during testing with
nacelle configuration II, for which additional diffuser static pressure
orifices were utilized. Only the minimum starts, therefore, were de
fined for the data obtained with nacelle configuration I. Both minimum
and full starts were defined for the data obtained with nacelle configu
ration II.

The typical effect of diffuser position upon the pressure ratio re
quirements for nacelle configuration II with the flat plate wing is pre
sented in Fig. 22. The symbol <:3) is used to designate the minimum
diffuser contour number for starting and unstarting. The data presented
in Fig. 22 indicate that variations of diffuser contour had no significant
effect upon the pressure ratios required for flow starting and unstarting.
All configurations tested exhibited a similar data trend. The data pre
sented in Fig. 22 also indicate a significant difference in the minimum
-starting diffuser contour for the minimum start and the full start. Ap
parently, between these two diffuser positions, the tunnel shock system
reached a stable position at the rear of the model. It is suspected that
a similar flow condition would exist as the minimum operating Mach
number is approached.

The typical effect of Mach number upon the minimum start and un
start pressure ratio requirements is illustrated in Fig. 23. The pres
sure ratio data are the minimum values for nacelle configuration II and
the flat plate wing, as indicated by Fig. 22. The symbol <~) is used to
denote the minimum Mach number at which the tunnel could be started
or run. The data presented in Fig. 23 indicate that the pressure ratio
requirements decrease with decreasing Mach number and that there is
a significant difference between the requirements for the two defined
flow starts. All configuration tested exhibited a similar data trend.

4.2.3 Effects of Model Parameters

The discussion in this section of the report pertains to the effects
of variation of model inlet airflow, nacelle configuration, wing configu
ration, inlet ramp position, bypass door position, and attitude upon the
start and unstart pressure ratio requirements. For data presentation,
the minimum pressure ratios for starting and unstarting at each Mach
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number are utilized. The symbol (a) is utilized to designate the mini
mum operating and starting Mach number.

The effects of inlet airflow variation upon the minimum pressure
ratios for starting and unstarting at Moo = 2.0, 2.2, and 2.3 are pre
sented in Fig. 24. The ratio of measured inlet weight flow to theoretical
inlet capture weight flow is used for data presentation. The data pre
sented in Fig. 24 indicate that there is only a slight variation of the re
quired pressure ratios with inlet airflow. In general, as the inlet air
flow ratio is reduced from the maximum to the minimum, the pressure
ratios required for starting tend to increase and the pressure ratios re
quired for unstarting tend to decrease. Because the full- scale test in
Tunnel 16S will have an operating range which includes maximum and
reduced airflows, the maximum pressure ratio requirements are uti
lized to obtain estimates of Tunnel 16S performance.

The effect of inlet airflow variation on the minimum starting and
running Mach number for nacelle configuration II is presented in Fig.
25. The data presented for WE/We> 0.6 were obtained with the model
flow measuring orifice removed, and those presented for WEI We < O. 2
were obtained utilizing a 0.9- in. -diam orifice. All other data which
are presented were obtained with a 1. 8- in. -diam orifice installed in the
model. The data presented in Fig. 25 indiCate that decreases in inlet
airflow significantly increase the minimum starting and operating Mach
number. To obtain estimates of the available performance of Tunnel
16S for the full- scale test both maximum and reduced inlet airflows
were utilized.

The effect of nacelle configuration upon the minimum pressure ra
tios for starting and unstarting is presented in Fig. 26. The data pre
sented in Fig. 26 indicate that the tunnel is slightly harder to start with
nacelle configuration II, but the flow unstart characteristics do not
change significantly with nacelle configuration. The data alss indicate
that the minimum starting and operating Mach numbers are significantly
higher for configuration II than for configuration 1. The maximum tunnel
blockage was the same for both configurations; however, the blockage
distribution changed because of the nacelle and strut modifications,
which were described in Section 2. 2. In an attempt to isolate this effect,
data were obtained with nacelle configuration II without the strut leading
edge extension, and these data indicated no significant change in the
minimum operating and starting Mach numbers. A flow-measuring ori
fice was usually utilized for data obtained with configuration II, whereas
no orifice was used for data obtained with configuration 1. Operation
with the orifice installed is considered the preferred operating technique
for Tunnel lS.
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When no orifice plate was utiliz ed, testing at reduced inlet airflows
was precluded because inlet instabilities which occurred would unstart
the tunnel. Utilization of the measuring orifice reduced the inlet air
flow by a factor of about two. According to the data presented in Fig.
25, such a reduction in inlet airflow would increase the minimum start
ing and operating Mach numbers by O. 08 and 0.04, respectively. Only
a part of the difference in performance with nacelle configurations I and
II, which is indicated in Fig. 26, can be attributed to the use of the meas
uring orifice. The principal reason for the difference in performance
with configurations I and II is attributed to configuration II external
nacelle modifications which increased the tunnel blockage ahead of the
maximum blockage station.

The effect of wing configuration variation upon the minimum pres
sure ratios for starting and unstarting is presented in Fig. 27. The data
in Fig. 27 indicate that the full contoured wing required the highest pres
sure ratio for starting and unstarting throughout the Mach number range.
The lowest unstart pressure ratios were o~tained with the flat plate wing
configuration; however, the pressure ratio required for starting the flat
plate wing was slightly higher than for the basic contoured wing. Pre
liminary design of the full-scale test hardware indicates that the flat
plate wing should be utilized to obtain estimates of the available per
formance of Tunnel 168.

The effects of inlet ramp position on the minimum pressure ratio
for starting and unstarting are presented in Fig. 28. The data presented
in Fig. 28 indicate that there was no significant difference in the tunnel
performanc-e with the Moo = 2.2 cruise and Moo = 2.2 restart ramp posi
tions. With the Moo = 1. 8 cruise ramp position, slightly higher pressure
ratios were required to obtain a full start. Because it is representative
of the B-1 aircraft design point, the Moo = 2. 2 cruise ramp was utilized
to obtain estimates of the performance available for the full- scale test
in Tunnel 168.

The effects of bypass door position on minimum pressure ratio for
starting and unstarting are shown in Fig. 29. The data in Fig. 29 indi
cate that bypass door position had no effect upon the minimum starting
pressure ratio requirements. Although opening the bypass door from-
o to 15 deg produced an increase in the minimum flow unstart pressure
ratios, further opening the door to 30 deg produced no additional increase
in the minimum pressure ratio requirements. Because a 30-deg bypass
position is a representative bypass position for tunnel starting, it was
utilized for estimates of Tunnel 168 performance for the full-scale test.
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The effect of model attitude on the minimum pressure ratios for
starting and unstarting is presented in Fig. 30. The data in Fig. 30
indicate that increasing angle of attack from 0 to 3 deg does not signifi
cantly affect the minimum starting and unstarting pressure ratio require
ments. Because a fixed model attitude would simplify the full- scale
design, nacelle configuration II was tested at a fixed attitude of 2. 67 deg,
which was considered representative of the B-1 aircraft cruise attitude.

4.2.4 Summary of Tunnel 1S Results

The evaluation of the effects of the various tunnel and model vari
ables upon tunnel starting and operating performance has been presented
in the preceding sections of this discussion. In this summary an esti
mation of the minimum Mach number and the starting and operating
pressure ratios and diffuser area ratios available for the full- scale
tests in Tunnel 168 is presented. The Tunnel 168 performance estimate
is based on the Tunnel 18 data obtained at Ow = 30 min with the flat plate
wing, Q' = 2.67 deg, 2.2 cruise ramp, bypass position = ::50 deg, nacelle
configuration II, and with both maximum and reduced inlet airflows.

The minimum diffuser area ratios for starting and operating in
Tunnel 18 are presented in Fig. 31. The diffuser area ratios required
in Tunnel 18 generally agree very well with those required in Tunnel
168. Because the data presented in Fig. 3'1 are the absolute lower limits,
an area ratio increment of about O. 04 should be added to the data pre
sented to provide a satisfactory margin for starting and operating in
Tunnel 168.

The minimum Mach numbers for starting and operating vary signifi
cantly with inlet airflow. The variation of the minimum Mach numbers
for starting and operating is shown in Fig. 32. Because the engine will
be windmilling both before and after the tunnel is started, an estima
tion of the windmill airflow ratios for the full- scale test is also present,...
ed in Fig. 32. The data in Fig. 32 indicate that the minimum Mach
number at which the tunnel can be started for the full- scale B-1 test is
about 1. 96. The minimum Mach number at which the tunnel can be op
erated for the full- scale B-1 test varies from about 1. 83 for full inlet
airflow to about 1. 88 at engine windmill airflow. It should be pointed
out that, as indicated by Fig. 26, nacelle configuration I provided a
wider tunnel operating range. Presently, however, nacelle configuration
II has been selected for the full- scale test.

A summary of the pressure ratio requirements for starting and op
erating Tunnel 168 for the full-scale test is presented in Fig. 33. The
pressure ratios available in Tunnel 168, which are discussed in Appen-
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dix III, are also shown in Fig. 33. The required starting pressure ra
tios which are presented are those that would be required for tunnel
starts at engine windmill airflow. The required operating pressure ra
tios which are presented are based on the unstart pressure ratios with
full inlet airflow and include a pressure ratio margin to preclude tunnel
unstarts during testing. The increment of pressure ratio between Tun
nels 16S and lS, as presented in Appendix III, was also utilized in esti
mating the starting and operating pressure ratio requirements for Tun
nel 16S.

The data presented in Fig. 33 indicate that the starting and oper
ating pressure ratio requirements for the full- s,cale B-1 test are with
in the Tunnel 16S capability. Mach number 2.3, however, must be
started and operated iri a C234 compressor configuration.

SECTION V
CONCLUSIONS

Based on the results of a blockage test us ing a 1/16- scale model
of the B-1 aircraft inlet, the following conclusions are made:

1. The maximum Mach number estimated to be available for
the full- scale B-1 test in Tunnel 16T is 1. O. To be able to
obtain a full range of engine operating points considering
the current design of the full- scale test nacelle, testing in
Tunnel 16T may be restricted to M < 0.90.

2. The estimated starting and operating pressure ratio require
ments for the full- scale B-1 test are within the Tunnel 16S
capability.

3. The minimum starting and operating Mach numbers estimated
to be available for the full- scale B-1 test in Tunnel 16S are
1. 96 and 1. 83, respectively. The minimum operating Mach
number at windmill airflow is estimated to be 1. 88.

4. The minimum starting and operating Mach number obtained
in Tunnel lS with nacelle configuration II was significantly
higher than that for nacelle configuration I; however, nacelle
configuration II has been selected for the full- scale B-1 test
because of structural considerations.

5. The basic contoured wing provided the best tunnel perform
ance in both Tunnels 1T and lS. The tunnel performance
with the flat plate wing, which has been selected for the
full- scale B-1 test, is not significantly different.
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6. The auxiliary weight flow requirements in Tunnell T signi
ficantly decrease with increasing test section wall diver
gence; hence, Ow = 60 min should be utilized for the full
scale test in Tunnel 16T.

7. The auxiliary flow requirements in Tunnell T vary signi
ficantly with tunnel pressure ratio. The operating pressure
ratios in Tunnel 16T, however, are determined by an opti
mum tradeoff between auxiliary suction and tunnel pressure
ratio.

8. Reducing the inlet airflow significantly affects the available
performance in both Tunnels 16T and 16S. An estimate of
the full-scale engine windmill airflow is utilized to obtain
the estimates of tunnel performance presented herein.

9. Model attitude and probably diffuser flap opening will not
significantly affect the available performance in Tunnel 16T.

10. Model attitude, model ramp and bypass positions, test sec
tion wall angle, and tunnel diffuser area ratio will not signi
ficantly affect the available performance in Tunnel 16S.
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a. Nacelle Configuration I

b. Nacelle Configuration I with Full Contoured Wing
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TABLE I
TUNNEL 16T ESTIMATED OPERATING PRESSURE RATIOS AND TUNNEL 1T

NOMINAL PRESSURE RATIOS

Tunnel 16T
Mach Estimated Tunnell T

Number Operating A 11.*

0.55 1. 120 1. 10

O. 70 1. 160 1. 15

O. 85 1. 230 1. 23

0.90 1. 270 1. 27

1. 10 1. 420 1. 40

1. 20 1. 470 1. 40

1. 30 1. 485 1. 40

59



AEDC-TR-72-155

APPENDIX III
AVAILABLE PERFORMANCE IN TUNNELS 16T AND 16S

111.1 Tunnel 16T

The 16-ft transonic tunnel (Propulsion Wind Tunnel, Transonic
(16T]) is a continuous-flow, closed-circuit tunnel capable of operation
over a Mach number range from O. 2 to 1. 6. A detailed description of
this tunnel and its capabilities is given in Ref. 5. A layout showing the
arrangement of Tunnel 16T is presented in Fig. III-1.

Mach numbers in Tunnel 16T are set in a similar manner to that
described for Tunnell T in Section III. Propulsion engine scavenging
and tunnel auxiliary weight flow may be obtained with the Engine Test
Facility (ETF) exhauster plant and the PWT Plenum Evacuation System
(PES).

The PWT PES is composed of two identical plants, each with six
axial-flow compressors. Tunnel ducting allows the plant to be split if
required for two different purposes. A typical auxiliary weight flow
capacity of the PES is presented in Fig. III-2. The PES performance
varies with the engine scavenging requirements, the amount of makeup
air that is processed by the PES, and with test conditions. For tunnel
operation with stagnation pressure above ambient, the makeup air, . which
replenishes that removed through the scavenging system, must be pro
cessed by the PES.

Estimates for the full- scale B-1 test indicate that for MI1) ~ 1. 0 aU
of the ETF exhausters and one-half of the capacity of the PES will be
required for the scavenging of the engine exhaust products. Only one
half of the PES, therefore, will be available to provide tunnel auxiliary
weight flow for MQ) ~ 1. O. For M(I) < 1. 0, the estimates indicate that
only the ETF plant is required for engine scavenging. Therefore, for
Moo < 1. 0, full PES capacity is available to provide tunnel auxiliary
weight flow. In addition to auxiliary weight flow capacity, the perform
ance available in Tunnel 16T for the full- scale test is also limited by
the availability of test facility utilities, the cooling water temperature,
which varies with the month of the year, and power limits on the main
drive and PES compressor systems. The minimum altitudes estimated
to be available in Tunnel 16T for the B-1 full- scale test are shown in
Fig. III- 3. A recommended operating line, which will provide for sim
plier tunnel operation and avoid most major scheduling conflicts, is also
presented in Fig. III- 3. Since the B-1 test is scheduled for a "warm"
month, the minimum stagnation temperature estimated to be available
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in Tunnel 16T is 110°F. For this temperature, a temperature mismatch
from about 0 to 44° and 30 to 44° exists for the minimum and recom
mended operating lines, respectively.

The tunnel auxiliary weight flow capacity provided by the PWT PES
for the full-scale test in Tunnel 16T is presented in Fig. 1II-4. The
data presented were computed for the minimum and recommended oper
ating lines shown in Fig. III- 3. For the minimum operating line, make
up airflow must be processed by the PES, and PES power limits also
decrease the available capacity at Moo < 0.85.

Data obtained during the F-15 full-scale test in Tunnel16T indicate
that the required auxiliary weight flows were about 60 percent higher
than the requirements indicated by the Tunnell T blockage test (Ref. 4).
To obtain estimates of the availa,ble performance for the full- scale B-1
test in Tunnel 16T, therefore, the Tunnell T auxiliary weight flow re
quirements should be increased by 60 percent.

111.2 Tunnel 165

The 16-ft supersonic tunnel (Propulsion Wind Tunnel, Supersonic
[16SJ) is a continuous-flow, closed-cir·cuit tunnel designed to operate
within a Mach number rangefrom 1. 5 to 6. O. A detailed description of
this tunnel and its capabilities is given in Ref. 5. A layout showing the
arrangement of Tunnel 16S is presented in Fig. III-1.

The Tunnel 16S main compressor plant consists of four axial-flow
compressors designated C2 through C5. The system can be operated
with configurations of one to four compressors in series. The aero
dynamic performance of the PWT main compressor as reported in Ref.
9 was used to obtain results presented in this appendix. The volume
flow capacity of the main compressors can be augmented with the PWT
PES and the exhauster plant of the Engine Test Facility (ETF). These
auxiliary compressor systems are also utilized to scavenge test engine
exhaust products and to provide tunnel air exchange. Because of the
manner in which the air removed through the scavenging system is re
placed in the tunnel, that flow also augments, but to a lesser degree,
the capacity of the main compressor.

It is beyond the capability of the PWT and ETF exhauster plants to
set a scavenge pressure equivalent to stream" static pressure in Tunnel
16S. The complete operating performance" of the full- scale B-1 test
engine is not yet known. Assuming that a scavenge duct pressure of
430 psfa is acceptable, it is estimated that only the ETF exhauster
plant will be required for engine scavenging. This will allow both incre-
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ments of PES to be utilized to augment the main tunnel compressor and
tunnel air exchange requirements.

The available pressure ratios in Tunnel 16S for starting and oper
ating for the full-scale B-1 test are presented in Fig. III-5. Since the
B-1 is scheduled for a "warm" month, a compressor inlet temperature
of 100°F was utilized to calculate the performance shown. The oper
ating performance was calculated for stagnation temperatures repre
sentative of "cold flow" and matched temperature testing. In addition,
the calculations were made assuming about one-half of the capacity of
PES and that of the exhauster plant used for scavenging provided main
compressor augmentation.

The available pressure ratios in Tunnel 16S vary with the period of
the year because of variation of the temperature of the AEDC cooling
water. Typical values of the cooling water temperature are given in
Ref. 5. The tunnel occupancy date for the full- scale B-1 test has been
scheduled during a "warm" month. Should the test be conducted during
a "cold" month, the performance shown in Fig. III- 5 will provide con
servative estimates of the available performance for the full-scale test.

The pressure ratio data obtained in Tunnel lS cannot be applied di
rectly to Tunnel 16S. Previous test results, reported in Ref. 3, indi
cate that the Tunnel 16S pressure ratio requirements exceed those for
Tunnel ~S. Data obtained during the F-15 full- scale test indicate that
the pressure ratio relationship between Tunnels 16S and lS, which was
reported in Ref. 3, should be modified. The increment of pressure be
tween Tunnels 16S and lS, which is to be utilized to evaluate the tunnel
performance available for the full- scale test, is presented in Fig. III- 6.

The minimum altitude line estimated to be available in Tunnel 16S
for the B-1 Full-Scale Test is shown in Fig. III-7. A recommended
operating line, which will provide for simpler tunnel operation and
avoid most major scheduling conflicts, is also presented in Fig. 1II-7.
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