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PREFACE

This report documents the results of an investigation of recirculation
and ingestion characteristics of a full-scale engine pod. The investigation
was performed as a part of NASA Contract NAS 3-10498 entitled "Concepts to
Reduce Hot Gas Ingestion in VTOL Lift Engines." This contract provides for a
series of exploratory experimental investigations, the primary objective being
to determine the relative effectiveness and merits of various exhaust gas
ingestion control concepts for potential application to VIOL aircraft. A sec-
ondary objective of the contract is to establish modeling criteria and test
techniques required for proper simulation of full-scale recirculation and
ingestion phenomena in small-scale investigations.

The investigations are to be conducted with a small-scale engine pod
model in which both dual turbojet and turbofan engines are simulated, and with
a geometrically similar full-scale engine pod containing dual turbojet engines.
For the small-scale tests, both open nozzles and jet suppression nozzles (which
promote rapid mixing of the exhaust gases with the external ambient environment)
are to be tested at turbojet exhaust conditions. Testing at turbofan exhaust
conditions will be limited to an open nozzle configuration., Potential inges-
tion control concepts (which are limited to investigation in the small-scale
tests) are to include: (1) devices located in the proximity of the engine
inlet that deflect the upwash gases away from the inletj; and (2) ground sur-
face configurations or devices which alter the impingement process of the
exhaust jet on the ground so that the potential upwash is laterally removed
from the engine proximity,

Prior to performing the small-scale investigation of various ingestion
control concepts, it is essential that the validity of small-scale investiga-
tions of recirculation and ingestion phenomena be demonstrated more thoroughly
than has been demonstrated heretofore. Thus, full-scale and small-scale tests
with geometrically similar configurations (and similarly instrumented) are to
be conducted prior to the investigation of ingestion control concepts, with
detailed comparison of the results from these tests providing information
necessary to assess the extent of reproducibility of full-scale recirculation
phenomena in small-scale,

Considering the contract objectives, a separate report documenting only
the results of the full~-scale investigation would not be required., However,

in performing the full-scale investigation, new approaches to instrumentation,

(=N



test techniques, data reduction, and data analysis were taken. As a result,
several new and interesting features of exhaust gas ingestion phenomena were
found. Additionally, more comprehensive measurements of the ground jet flow
and upwash flow were made than in previous full-scale investigations of
recirculation phenomena. Accordingly, separate documentation of the full-

scale results is warranted and provided herein.
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I. ABSTRACT

A full-scale investigation of the recirculation and ingestion character-
istics of a model VTOL lift engine pod was conducted. Variables of the test
included pod height above the ground plane, pod angle of attack, single engine/
two engine operation, and wind speed. A new approach was taken to sensing,
recording, reducing, and analyzing the inlet thermal environment, High res-
ponse thermocouples were used to sense the inlet environment with the output
recorded on magnetic tape. Some new characteristics of the instantanéous
environment were thus revealed. Objective characterization of the environment,
in the form of temperature indices describing both the dynamics and time average
characteristics of the inlet temperature level, distortion, and rate of rise,
was accomplished through a semi-statistical approach to data reduction and ana-
lysis with the aid of an analog computer, In addition to the usual parametric
trends, spatial, temporal, and frequency distributions of the ingestion charac-
teristics were determined. Comprehensive data are thus provided for subsequent
correlations with data of a similar nature to be obtained under the same con-
tract with a small-scale geometrically similar model. Other significant features
of the investigation included closer control and measurement of exhaust jet
alignment, and more comprehensive measurements of the ground jet flow and up-
wash flow than reported in previous large-scale investigations of recirculation

and ingestion.






II, INTRODUCTION

Various phenomena associated with jet lift VTOL aircraft operating in
ground proximity have drawn recent attention, Recirculation of exhaust gases
about the aircraft resulting from interaction of the vertically directed lift-
ing jets with the ground plane is one such phenomenon. Ingestion of the re-
circulating exhaust gases by the engines is of primary concern due to the
rather strong effect that hot gas ingestion can have on engine performance,

In particular, ingestion of hot exhaust gases by the engines results in
thrust\degradatioﬂ which, in turn, reduces net lift capability and, generally,
would introduce aircraft imbalancé in hovef. Additionally, high rates of in-

4 let temperature rise and/or large temperature distortions across the inlet
face can result in engine stall,

Ingestion of exhaust gases in large-scale jet 1ift VTOL models has been
the subject of several recent investigations (e.g., References1-5). These
investigations have generally shown that the extent of exhaust gas ingestion
is highly'dependeﬁt upon the vehicle configuration and can, indeed, be a seri-
ous problem -- especially for split-engine configurations in which the wing
location of the model relative to the propulsion system is ineffective in
shielding the engine inlets from the recirculating upwash flow.

Perhaps the most salient feature of the results of References 1-5 is the
nature of the inlet temperature field, In particular, for configurations in
which significant ingestion occurred, the individual inlet temperature measure-
ments were found to be of a highly transient, or sporadic nature, exhibiting
characteristics of quasi-random phenomena, Upon detailed analyses, it was
determined that the actual temperature transients (i.e., rate of rise and
peaks levels) experienced were in most cases much more severe than the tran-
sients indicated, a result attributed to utilizing relatively slow responding
temperature sensing elements within the engine inlets., Furthermore, attempts
to really quantize the data of References 1-5 have been obscured due to its
quasi-random character, That is, for an inlet continuously experiencing large
temporal and spatial variations in temperéture, the term "inlet temperature
rise™ becomes a rather nebulous quantity, being defined in different ways by
different observers, Additionally, describing the ingestion characteristics
of a particular configuration only in terms of "inlet temperature rise," even
under a standardized definition, does not adequately describe the actual inlet

thermal environment,



Quantizing data of the nature described above requires a statistical
approach.to data reduction and analysis which provides a series of indices
yielding information about the temperature levels, spatial distorfidn, and’
transient character, At the same time, such an approach inherently provides
objective characterization of the data (i.e., characterization which is inde-
pendent of the observer).

Considering the above comments on previous large-scale investigations,

a full-scale'ihvegtigation of the recirculation and ingestion characteristics

of a model VTOL lift engine pod was performed in which a new approach to
température sensing, recording, reduction, and analysis was undertaken,
Specifically, high response thermocouples were used to sense the transient

inlet temperature environment, The output of these thermocouples was recorded
on magnetic tape thereby providing raw data in a form which could be processed
by an-analog computer utilizing statistical approaches to data reduction and
analysis, In addition to providing objective characterization of the effects

of the parameters investigated in terms of various temperature indices, com--
prehensive reference data for both the dynamics and time-average characteristics
of ingestion are provided for subsequent comparisons to data of a similar nature
to be obtained in the same program from small-scale tests with a geometrically
similar model, thereby allowing assessment of the extent of reproducibility

of full-scale recirculation phenomena in small-scale,

Other significant features of the investigation included closer control
(and measurement) of exhaust jet alignment than in prior large-scale investi-
gétions. This was prompted by the results of the small-scale investigation
reported in Reference 6 (and later reported in greater detail in Reference 7)
which showed high sensitivity of ingestion characteristics to relatively
small perturbations in exhaust jet angle. In addition, more comprehensive
measurements of the ground jet flow and upwash flow (fountain) were made than

in previous large-scale recirculation investigations.



ITII., TEST FACILITY AND MODEL

The tests were performed at the NASA-Ames Research Center VTOL Ground
Effects Test Facility (Figure 1), This facility is an outdoor complex
designed to support powered VTOL models in static tests. The complex con-
sists of a fixed 78' x 80' ground plane and a model support structure
(Figure 2), The support structure is mechanized to provide variation of
model height above the ground plane and angle of attack. Two trailers were
located near the ground plane; one served as an office, the second accommo-
dated instrumentation readout equipment and an engine control console,

The test vehicle investigafed was the lift engine pod model shown in
Figures 1 and 3. The pod was designed to accommodate four YJ-85 engines,
although for the tests reported here only engines #l1 and #4 were utilized.
The selection of YJ-85 engines was based primarily upon availability con-
siderations along with the wealth of experience obtained in utilizing these
engines in other programs.

The spacing between engines #1 and #4, S, in terms of the 12.5 inch
YJ-85 engine nozzle diameter, D, was S/D = 7.3. In terms of relative
engine spacing, pod height, and pod width, the configuration investigated
was designed to be geometrically similar (and similarly instrumented) to a
small=scale engine pod which is also to be investigated as a part of the
same contract, with direct comparison of the full-scale and small=scale
results providing important information on scaling of recirculation phenom-
ena.

Cover plates were provided for the inlet and exhaust ports located be-
tween engines #1 and #4. Hinged side panels were installed to allow for
rapid ventilation of the engine bay in the event that overheating of
critical engine components was experienced. An "engine heating" check run
subsequently indicated that rapid ventilation of the engine bay was not
required. |

Alignment of the engine axes normal to the longitudinal axis of the
pod was accomplished by rotation of the engines about the engine mounts via
a turnbuckle mechanism attached to the tail pipes. This longitudinal align-
ment, which was considered to be critical based on the results of the small-
scale investigation of Reference 6, was subsequently checked by measurements

of the exhaust flows issuing from the nozzles.



The pod was mounted to the support struts by a horizontal support beam
normal to the longitudinal axis of the pod and by a toggle mechanism located
at the vehicle nose. The main support beam was located forward of engine #1
so as not to interfere with the upwash flow between the engines which is
known to exist at the value of engine spacing investigated.

Configuration variables of the test included pod height (H/D = 2 to 8),

angle of attack (@@ = -6° to +6°), and single engine/two engine operation,



IV, INSTRUMENTATION

1, Inlet Temperatures - The inlets to the compressor face of engines #1 and

#4 were instrumented with twelve and twenty-four, respectively, high response
bare bead thermocouples. The locations and details of the construction of
these thermocouples are shown in Figure 4, The locations of the thermocouples
were selected to represent equal flow areas.

The sensing element of the thermocouples was fabricated from ,003"
chromel/alumel wire, Based on Reference 8, the time constant for the thermo-
couple/flow environment combination was approximately 18 m.s., (or in terms of
response to a sinusoidal input signal, flat response within 107 up to a fre-

_quency of about 5 cps), assuming an ideal butt weld junction through which
the local thermal mass is not increased above that of the parent wire. The
twelve thermocouples of engine #l, and the twelve thermocouples in engine
#4 with common locations to those of engine #1, were recorded on magnetic
tape. The remaining twelve thermocouples of engine #4 were recorded on
oscillograph,

The selection of the wire size of ,003", the chromel/alumel junction
material, and the general thermocouple construction concept (Figure 4) was
based on simple endurance/reliability tests of various thermocouples conducted
prior to the large-scale tests. The problem of thermocouple optimization to
sense the highly transient thermal environment of the inlets during ingestion
is critical, One is faced with compromise in the thermocouple response in
order to maintain component reliability. The problem is to minimize the sen-
sing element wire diameter in order to enhance response characteristics (i.e.,

32y

time constant, Tad without serious compromise in the mechanical integrity
of the element when installed in the relatively high acoustic, vibration, and
velocity environment of an engine inlet, In addition, corrosion resistance of
the sensing element materials becomes a critical factor as the wire diameter
becomes small, For example, the pre-test thermocouple evaluation demonstrated
that for wire sizes in the neighborhood of ,003" and smaller, an iron/constan-
an sensing element was unacceptable due to excessive corrosion of the iron
leg.

The thermocouple design used for the large-scale tests proved to be a
satisfactory selection, The reliability was reasonably good while the res-

ponse characteristics did not constitute a significant compromise of the test



results: approximately 10% failure was experienced within the first two or
three tests, probably due to faulty initial construction, These early failures
were repaired, after which time the total additional failures for the remain-
der of the test program was approximately 10%, All of the failures observed
resulted from breakage at the juncture of the ,003" wire with the 30 gage
support wire, rather than at the sensing element junction or along the span of

the .003" wire (Figure 4).

2, Inlet Proximity Temperatures - Twelve high response bare bead thermo-

couples (identical in construction to those described above for use in the
engine inlets) were cantilevered from the sides of the engine pod in the plane
of the inlets (Figure 5), These thermocouples, which were recorded on oscil-
lograph, were situated to measure the temperature (and longitudinal concen-

tration) of the upwash flow between the engines.,

3. Ground Plane Temperatures - Eleven bare bead iron/constantan thermocouples

(24 gage) were located within the NE quadrant of the ground plane (Figure 6)
to measure steady state temperatures of the ground jet flow near the ground
plane surface, These thermocouples were mounted 2" above the ground plane

and were recorded on oscillograph,

4, .Ground Jet Pressures and Temperatures - Five vertical rakes were posi-

tioned in the NE quadrant of the ground plane (Figure 7a) to measure the
ground jet pressure and temperature profiles, The rakes consisted of an array
of total pressure probes, static pressure probes, and temperature probes as
indicated in Figure 7b, The rake pressures were recorded on manometers and

the rake temperatures were recorded on a strip recorder.

5. Engine Pod Pressures - Six pressure taps were installed on the lower

surface of the pod along the longitudinal centerline (Figure 8), These pres-
sure measurements, which were recorded on manometers, provided information on

the strength and location of the upwash flow between the engines,

6. Engine Performance Measurements - Engine exhaust pressure and temperature,

RPM, and compressor discharge pressures were measured with high response sen-
sing elements and recorded on oscillograph, Engine exhaust temperature and

RPM were also monitored at the engine control console.

7. External Wind -~ External wind speed, azimuth, and elevation were monitored

prior to testing and recorded continuously on oscillograph during the tests,



The sensing instrument (MRI Vector Vahe Wind'System) was located at the NW
corner of the ground plane and mounted approximately 16' above the ground

plane (Figure 2).






V. PROCEDURE

JET ALIGNMENT

Prior to'conducting the recirculation tests, "vertical" alignment of
the exhaust jets in the fore-aft direction was undertaken. Following the
small-scale results reported in Reference 6, it was assumed that the fore-aft
alignment of jets would‘be a critical factor affecting ingestion level.

The jet alignment was determined by raising the leveled engine pod to
the maximum height (H/D ~10), suspending a plumb line from the engine center-
line, and positioning the centerprobe of a cruciform total pressure rake co-
incident with the plumb line at about 8 nozzle diameters below the nozzle exit
(Figure 9). The engine in question was then started and brought to full power
and the exhaust jet pressure profiles measured. The angle of the jet center-
line was determined by the fore-aft and left-right displacement, & (Figure 9),
of the dynamic pressure profile peak from the cruciform rake centerprobe.
Considering the tolerances in establishing § by fairing the pressure profiles
the accuracy in determining the jet centerline is estimated to be about
+0,2°,

Alignment of the jets’in the fore-aft direction was accomplished by
rotation of the engine about the engine mounts with a turnbuckle mechanism
attached to the engine tail pipe. There was no provision for engine align-
ment in the left-right direction, again based on the small-scale results of
Reference 6, which showed that ingestion was relatively insensitive to small
jet angulér changé in the lateral direction. Based on the method defined
above, the final angular deviations of the jet centerlines from vertical for

the nominally zero angle of attack tests are given below.

TABLE 1 - EXHAUST JET ALIGNMENT

FORE-AFT LEFT-RIGHT

ALIGNMENT ALIGNMENT

Engine #1 0.1° Forward 0.7° Right
Engine #4 0.5° Forward 0.6° Left

JET PRESSURE PROFILES

Having aligned the exhaust jets, dynamic pressure profiles (i.e., jet
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total pressure minus ambient pressure) of the jets were measured at various
distances, Z, from the nozzle exit, again using the cruciform pressure rake
shown schematically in Figure 9, Measurements were made at values of Z/D from
approximately zero to eight, with the rake aligned such that the centerprobe
was coincident with a plumb line suspended from the engine centerline, The
nominal value of the engine tail pipe pressure ratio was Pn/P“’ = 1,8, The
dynamic pressure profiles obtained, q, non-dimensionalized with respect to
the average value of the engine tail pipe dynamic pressure, q,s are shown in
Figures 10 to 13,

The depression in the dynamic pressure in the central region of the jet
at the smaller values of Z/D is indicative of flow separation from the tail
pipe centerbody. The data scatter at the smaller values of Z/D is the result
of circumferential variations in tail pipe pressure., At the larger values of
z/D, the relatively localized effects of the tail pipe centerbody are not
apparent, with the profiles resembling a distribution characteristic of the
asymptotic profiles for a conventional open nozzle, Also at the larger values
of Z/D, an offset of the dynamic pressure peak from the vertical (i.e., zero
position on the abscissa) is generally observed. These offset values were used
to determine the final alignment of the jets indicated in Table 1,

Figure 14 shows the variation in jet centerline dynamic pressure with
distance from the nozzle exit for engines #1 and #4, For comparative pur-
poses, the dynamic pressure decay for a 3" open nozzle supplied by a plenum
(i.e., low initial turbulence level) is also shown., Reservoir conditions for
the reference nozzle (Reference 9) were Tn = 1200°F and Pn/P«) = 2,0, The
effect of the engine tail pipe centerbodies is clearly apparent in Figure 14
at the smaller values of Z/D. At the larger values of Z/D, the rate of dyna-
mic pressure decay is seen to be similar to that of the small-scale reference

nozzle,

TEST PROCEDURE

Table 2 presents a complete list of the recirculation tests reported,
Prior to conducting the tests of Table 2, external wind conditions were
monitored until satisfactory conditions were attained, For the majority of
the nominally "no wind" tests, wind conditions were less than 3 mph, For the
"wind" tests, winds ranging from 10-20 mph were experienced. Once the desired
wind condition was attained, engine #4 was started and brought to the nominal

idle condition (viz., 50% RPM). For "single engine" tests, after stabilizing
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TABLE 2, TEST CONDITIONS

 Test Engines |Pod Height | Angle of Attack W“‘d Cond:.tion‘
No. Operating H/D * Speed Direction
1 #1 & #4 2 0 <4 MPH N
2 3 NW
3 4 NW
4% NW
5% W
G Sw
79k SW
8ricicde W
Qe gw
10 6 .
11 Y 8 ! Y N
12 {4 2 0 <4 MPH N
13 4 W
14 6 NW
15 8 1 NW
16 #l & #4 2 0 12+2 MPH NE
17 4 164 " 1)
18 6 164 " NE
19 8 164 " N
20 14 2 0 10+£2 MPH NE
21 4 lax4 M N
22 ‘ 6 t 164 " NE
23 8 202 " N
24 #1 & #4 2 +6 <4 MPH N
25 4 +6 NW
26 +3 N
27 +1 1)
28 -1 w
29 -3 N
30 -6 NW
31 6 +6 | NW
32 ! 8 +6 ' N
%* - Repeatability tests
ok - Reduced power tests
*%% - {4 engine max. power, #l engine slowly increased from 50% RPM to max. power
#dkk - #1 engine max, power, #4 engine slowly increased from 50% RPM to max. power
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engine #4 at the idle condition, data acquisition was initiated, followed by
acceleration of the engine to "full power." The nominal "full power" engine
setting for the tests was 987 (16,170 RPM).

For "two engine" tests, after stabilizing engine #4 at the idle conditiom,
engine #1 was started and brought to idle condition, after which time data
acquisition was initiated and the two engines were simultaneously accelerated
to "full power." Although some sporadic ingestion usually occurred even at
jdle conditions for both engines operating, there was no problem in determining
the reference value of inlet temperature in that there were always some easily
identifiable periods of time during which some of the inlet thermocouples
were obviously recording ambient temperature.

Generally, "two engine" tests, run at the same H/D and wind conditions as
single engine tests, were conducted after the single éngine tests without shut-
down of engine #4: that is, the single engine test was terminated by return
of engine #4 to the idle condition, after which time engine #l was started.
General heating of the ambient enviromment during a two-test series of this
nature was checked during pre-test runs and found to be negligible.

The nominal period of data acquisition for the tests was 30 sec.

DATA REDUCTION

Due to the random, or sporadic, nature of the inlet thermal environment,
special data reduction techniques oriented toward a statistical analysis approact
were employed to characterize the data, First of all, the temperatures were sen-
sed with high response thermocouples and recorded on magnetic tape., Having the
raw data on magnetic tape, it was then possible to perform operations on the raw
data using an analog computer, The analog computer provided various temperature
indices which individually yield information on the inlet temperature levels,
spatial distortion, and transient characteristics. Considering the apparent ran-
dom nature of the raw data, an approach of this type is essential for objective
characterization of the inlet thermal environment, in that a single index (e.g.y
inlet temperature rise) cannot adequately describe the actual thermal environment
experienced. On the other hand, a series of indices, considered collectively,
can provide all the essential information contained within the data,

For each of the tests of Table 2, the raw data were played back on oscil-
lograph tapes. In addition, the following temperature indices were computed by

an analog computer for each of the tests:
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(1)

(2)

(3)

(4)

(5)

(6)

The instantaneous spatial average of the n1 individual temperatures

within the inlet:

The cumulative time average of (1):
(i.e., space-time average of temperature to time t)

t

A
T(t) = %fﬁ“‘(t)dt

o

The instantaneous maximum temperature distortion within the inlet:

emax(t) = Tmax(t) - Tmin(t)

The cumulative time average of (3):

(i.e., time average of the maximum distortion)

t

A -1
emax(t) Tt _/-emax(t)dt
o

The instantaneous RMS temperature distortion about the mean value:

| n
€ ms(t) = J%Z [Ti(t) -T(t)]z
i=1

The cumulative time average of (5):

(i.e., time average of RMS distortion)

t
A 1

E'rms(t) = E_([erms(t)dt

1

The nominal value of n was twelve., For many of the tests, however, all the

thermocouples within the inlet were not operative so that n was reduced

accordingly for purposes of data reduction.
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(7) The instantaneous rate of rise of (1):

= 4T
T(t) = dt
(8) The cumulative time average of the absolute value of (7):

(i,e., time average of the absolute rate of rise of (1))

A t
'T(t)l = %f 1T(e) at

o

In addition to the raw data and the above defined temperature indices
which were computed for each of the tests, a limited amount of extended data
reduction and analysis, providing standardized statistical representations
of the data, was performed for selected tests with the aid of an analog
computer and frequency analysis equipment. These statistical representations
include probability density plots and power spectral density plots for the
temperature indices (1), (3), (5), and (7), as well as for samples of the raw
temperature data. These plots provide the relative distribution of the data
in question in the time domain and in the frequency domain, respectively,

Finally, the effect of thermocouple response, resulting from finite-mass
thermocouples, was examined for selected data samples to determine if the
recorded data were significantly attenuated below that of the actual environ-
ment, Following Reference 8, the actual temperature is related to the temp-

erature indicated by the thermocouple through the following simple relation:

T = T, + 7T,
in

act ind d

where T is the thermocouple time constant (approximately 18 ms, for the
current investigation). As can be seen from the above relation, the indicated
temperature approaches the actual temperature as the thermocouple time con-
stant and/or the temperature gradient becomes small, Using an analog computer,
the actual temperature time history was computed for several samples of the

spatial average inlet temperature (T) and for several samples of the raw data

(t).
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VI, DISCUSSION

Table A-1 (Appendix) presents a complete list of the tests reported herein,
The variables of the test include pod height above the ground plane (H/D), pod
angle of attack (a), single engine/two engine operation, and wind condition,
A set of reduced data for each of the tests is presented in the Appendix.
‘Table A-1 also serves as an index for the data presented in the Appendix and
provides summary information on the various time average ingestion character-
istics for each test,

Substantial data (most of which are not included in the Appendix) are also
included within the body of the report. These data serve to illustrate the

various points of discussion which follow.

EXHAUST PRESSURE AND TEMPERATURE

A typical time history of the engine exhaust pressure and temperatures
is shown in Figure 15, This recording is taken from Test 3 whose data are
used extensively in subsequent discussions to illustrate specific points re-
garding ingestion characteristics,

The nominal "full power" engine setting for the tests was 98% (16,170
RPM)., This value of power setting resulted in exhaust pressure ratios of
about 1.8 and exhaust temperatures about 1100°F, The acceleration time of
engine #4 from the nominal idle RPM of 50% to full power was found to be con-
sistently slower (by about one second) than the acceleration time of engine #1.
The time lag of about one second for engine #4 was found to be incurred during
the initial phése of the acceleration transient in that a test conducted with
an idle RPM of 607 for both engines showed considerably less lag, while a test
conducted with an idle RPM of 707 showed simultaneous acceleration of the two
engines to full power. The selection of 507 RPM as a nominal idle condition
was based on the consideration of minimizing ingestion prior to engine accele-
ration,

Typically, when both engines were operating, ingestion was significant
in one of the two engines, thereby resulting in a significant time-varying
(due to the nature of the ingestion) reduction in exhaust pressure. For
example, for the test of Figure 15, significant ingestion of exhaust gases
was experienced by engine #1 resulting in thrust variations (baséd on exhaust
pressure variation) of about 15%. On the other hand, the thrust level of
engine #4, which experienced little ingestion, is seen to be essentially con-

stant, Although ingestion was generally significant in one of the two engines
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during operation with two engines, no engine stalls were encountered during

the course of the tests.

INGESTION CHARACTERISTICS

Raw Data

Figures 16 and 17 show raw inlet temperature data typical of two engine
and single engine operation., These data have been traced directly from
oscillograph tapes, the oscillograph tapes having been obtained by playback
of the raw da;akfrom magnetic tapes. The test conditions of Figures 16 and 17
are H/D = 4, zero aﬁgle of attack, and low wind conditions (i.e., wind = 3
mph). The general character of the data, however, as discussed in the follow-
ing paragraphs, is typical of other values of H/D, angle of attack, and wind

conditions,

Two Engine Operation - For two engine operation, in which hot gas 'inges-
tion is dominated by the upwash flow resulting from mutual interaction of the
two jets and the ground plane, several general characteristics of the data
are immediately obvious. First of all, in reference to Figure 16, it is
observed that beyond approximately the first five seconds (i.e., the time re-
quired to establish full power, see Figure 15), the thermal environment of
engine #1 (Figure 16a) is significantly higher than ambient, while that of
engine #4 (Figure lﬁb)‘is essentially ambient except for occasional tempera-
ture spikes., Secondly, the sporadic nature of the data, typical of the inges-
tion prone engine, is clearly evident for engine #l., Temperature spikes are
observed which persist typically for a few tenths of a second, or less, and
frequently reach levels in excess of 100°F above ambient. These temperature
spikes, or pulses, are sometimes very local in nature as evidenced by simul-
taneous response of only very few thermocouples, while at other times they
are observed to encompass a large section of the inlet as evidenced by simul-
taneous response of the majority of the thermocouples.

During time intervals between temperatures spikes, the temperature level
indicated is typically ambient. In no case was a prolonged temperature rise
observed which might be considered a "steady" temperature, rather than a
series of closely space temperature pulses.

The "return to ambient" characteristic of the data of Figure 16 between
closely spaced temperature pulses has not been observed (to the author's

knowledge) in previously reported investigations on hot gas recirculation.
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One explanation which might be advanced is that the configuration of the
current investigation is more prone to such a phenomenon in that the path of
‘the upwash gases is shorter and relatively unimpeded compared to that for con-
figurations in which the upwash is blocked by a wing or other surface, the
~latter constituting the great majority of configurations of previous investi-
gations., As a result, mixing of the upwash flow with the ambient enviromment
is more thorough for configurations employing surfaces in the path of the up-
wash than for the configuration feported herein.

In some of the previous work (e.g., Reference 3), however, configurations
much like that of the current investigation (i.e., wingless configurations or
wing location such as not to block the upwash flow) were investigated. The
inlet temperature data from these configurations, however, did not exhibit the
(return to ambient) characteristic of the data presented herein.

Previous analysis of data samples for both wingless and winged configura-
tions of Reference 3, performed by the author of this document and the author
of Reference 10 in accord with the method indicated in Section V, showed that
the inlet temperature recordings from Reference 3 were, in general, highly
attenuated due to the relatively slow responding temperature sensing elements
used in this (and most other previous) investigations, Furthermore, the "true"
inlet temperature histories from these previous tests, as derived from the
recorded temperature and corrected for thermocouple lag, were found to exhibit,
or have a strong tendency to exhibit, the "return to ambient" characteristics
observed in the current investigation,

In summary, it is concluded that the primary reason for the observed
"return to ambient" characteristic in the current investigation, but not in
previous investigations, is that the thermocouples used to sense the inlet
thermal environment in the current investigation were considerably more res-
ponsive than those of previous investigations,

Thermocouple Response - It is appropriate at this point to comment on the

-fidelity of the thermocouples of the current investigation in following the
actual temperature spikes experienced in the engine inlets. Several traces
of the spatial average inlet temperature, ?, and of the individual inlet tem-
peratures, T, were analyzed in the manner indicated previously in Section V.
Typical results are shown in Figure 18.

A comparison of the indicated time histories of two raw data samples of T

with estimates of the actual time histories is shown in Figures 18(a) and 18(b).
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The samples are taken from Test 3. As can be seen, the indicated time histo-
ries are reasonably good representations of the "actual" time histories -- the
most obvious difference being increased sharpness of the "actual” temperature
spikes compared to the indicated temperature spikes, and the associated in-
crease in amplitude of temperature fluctuations occurring at frequencies gbove
about 10 cps.

Figure 18(c) shows a similar comparison for the spatial average inlet
temperature, T, also for Test 3. Due to the damping effect associated with
the spatial averaging process, the indicated value of T follows the "actual"
value even more closely than for the raw temperature data. Again, some in-
crease in amplitude of temperature fluctuations occurring above frequencies
of about 10 cps is observed.

Considering the relatively good agreement between the indicated tempera-
tures and the "actual" temperatures as demonstrated in Figure 18, no attempt
was made to correct the temperature data presented in this report for thermo-
couple lag (other than, of course, the data samples of Figure 18 which were
corrected in order to determine whether or not correction of all the data was
desirable).

Single Engine Operation - In contrast to the data of Figure 16 (typical

of operation with two engines) are the data of Figure 17, which are typical
of operation with a single engine at low wind conditions. For single engine
operation at low wind conditions, the engine exhaust strikes the ground,
spreads radially along the ground, and eventually rises as a result of buoy-
ancy forces, The resulting ingestion level is low, with peak temperatures
generally less than 5°F above ambient, although for the example of Figure 17
somewhat higher temperatures are indicated during the period of engine accel-
eration,

At high wind condition (i.e., wind 12-16 mph), ingestion was found to
be somewhat more significant than at low wind condition for single engine
operation. At high wind conditions, temperature pulses of about 10-15°F
were frequently observed, persisting typically for periods of about one-half
second, These temperature pulses were generally found to be distributed over
the entire inlet rather than localized as for the case of two engine operation,

The above results suggest an external flow field in which the wind interacts
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with the far field ground Jetl, blowing portions of it back within the influ-
ence of the engine inlet,

It should be pointed out, howevér, that due to the limited extent of the
ground plane at the NASA Ames-Test.Facility, the resulting interaction of the
wind with the far field ground jet may not be indicative of a larger ground
plane. Specifically, the "ground plane" is raiséd approximately 1% ft above

" earth level and extends about 40 nozzle diameters from the engine centerline,
As a result, the ground jet separates at the edge of the ground plane, and as
a free flow, thereby becomes considerably more susceptible to an interaction

effect with the external wind than would be an attached ground jet,

Ingestion Prone Engine

As noted previously, with both engines operating, significant ingestion
was generally experienced in one engine, but nmot in both engines. In review-
ing the data, an interesting correlation of the ingestion prone engine with
"steady state" exhaust pressure levels was found -- namely, it was found that
when the exhaust pressure of engine #l exceeded that of engine #4 by more than
about % psi during time intervals when ingestion was not significant, engine
##4 was generally the ingestion prone engine,  On the other hand, when the ex-
haust pressure of engine #l1 exceeded that of engine #4 by less than about %
psi, or was less than engine #4, during time intervals in which ingestion was
not significant, engine #1 was generally the ingestion prone engine. This
correlation is illustrated in Figure 19 for the two-engine tests at zero angle
of attack, The data include the results from six "repeatability" tests not
listed in Table 2 in order to provide a more complete summary.

The bias in the data (i,e., neutral point at Pp; - Ppy = %psi) might
quite possibly be attributed to irregularities in the ground plane contour in
the region between engines #1 and #4, The ground plane structure in the re-
gion of the near flow field (i.e., high temperature environment) consisted of
steel plates bolted to the basic ground plane, Detailed measurement of the
contour, or buckling, of these plates in the region between the engines, in-
‘dicated local slopes of 1-2 degrees., As will be discussed subsequently, an-
gularity asymmetries in the configuration/ground plane combination can have

appreciable effects on ingestion characteristics,

Subsequent discussions will demonstrate that for the range of winds inves-
tigated, interaction of the wind with the near field ground jet (i.e.,
R/D < 20) is negligible.
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The correlation of Figure 19 suggests that the upwash flow is highly
sensitive to a bias in nozzle pressure in that the "steady stéte" (i.e.,
without ingestion) nozzle pressurés were generally within 1 psi of each other.
Once ingestion occurs, the nozzle pressure bias is further increaéed as the
result of an engine feedback effect, typically resulting in frequent instant-
éneous pressure biases of 1-2 psi. That is, ingestion of hot gases by the
engine with the lower "steady state" nozzle pressure results in a further re-
duction of nozzle pressure for that engine.

In terms of the upwash flow, the more enérgetic ground jet from the
engine with the higher pressure biases the fountain (which originates in the
jet interaction plane) in the direction of the engine with the lower pressure.
The resulting upwash asymmetry is further amplified by the increased influence
of the closer inlet on the upwash flow.

The high sensitivity of the upwash flow and ingestion characteristics to
nozzle pressure bias suggested here is in general agreement with the small-
scale findings of References 6 and 7. The small-scale results of References
6 and 7, however, indicated a more continuous shift in the ingestion level
from one inlet to the other rather than the discontinuous nature of the inges-
tion observed herein (i.e., significant ingestion'ih one inlet or the other,
but not in both). The above difference is attributed, at least in part, to
the engine feedback effect which was, of course, not present in the small-
scale tests. The engine feedback effect would tend to stabilize the upwash
asymmetry in the direction of one engine or the other.

Tests 8 and 9 illustrate furthef the effect of nozzle pressure bias on
ingestion. For Test 8, engine #4 was held at full power throughout the run
while engine #1 was progressively increased to full power, For Test 9, engine
#1 was held at full power throughout the run while engine #4 was progressively
increased to full power. The results obtained for the two tests, which are
presented in the Appendix, are self-consistent and are described below.

During the initial portion of the tests, in which large nozzle pressure
biases existed, neither engine experienced significant ingestion (Figures A8-1,
A8-2 and A9-1, A9-2., At large values of nozzle pressure bias, the high pressure
jet passes around and beneath the low pressure jet (this flow structure is
clearly illustrated by oil streak photographs of the small-scale tests reported
in Reference 6). At the high nozzle pressure bias conditions no upwash is

developed as evidenced by the ambient condition of the inlet proximity thermo-
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couples (Figurés A8-3 and A9-3).

The above condition prevails until the nozzle pressure bias decreases to
a ;alue of about 4 psi at which time significant ingestion of hot gases by the
low pressure engine begins., At this point the upwash development begins as
evidenced by temperature spikes on the inlet proximity thermocouples. The on-
set of significant ingestion at a nozzle pressure bias of about 4 psi is in
excellent agreement with the small-scale results of References 6 and 7.

As the nozzle pressure bias is further reduced, ingestion of hot gases by
the lower pressure engine increases (as do the temperature spikes on the inlet
proximity thermocouples) until a nozzle pressure bias of about 2 psi is obtained,
For nozzle pressure bigses between zero and about 2 psi, the ingestion level
would appear to be relatively constant, Note that although the steady state
nozzle pressure ratios are essentially equal at the end of the run for the two
engines, for both Tests-8 and 9, the ingeStion prone engine remains the same
throughout the run (viz., engine #1 for Test 8 and engine #4 for Test 9), illus-

trating the stabilizing effect of the engine feedback mechanism on the upwash,

Temperature Indices

Figures 20 and 21 present time histories of the spatial average inlet
temperature (T), the maximum temperature distortion within the inlet (Emax)’
the RMS temperature distortion about the spatial average inlet temperature
(erms)’ and the rate of rise of the spatial average temperature (%), for ‘engines
#1 and #4, respectively, of Test 31. Similar data are presented in the Appendix
for each of the tests listed in Table 2, The data of Figures 20 and 21, which
are typical time histories for two engine operation, are discussed here for
illustrative purposes.,

Figure 20 shows the data for the ingestion ﬁrone engine of Test 3 (engine
#1). From the graph of T, it is seen that the average inlet temperature is
essentially ambient (with the exception of a few minor température pulses)
prior to t = 5 sec (i.e., the time required to reach full power, Figure 15),
Beyond t = 5 sec,”significant oscillatiohs in T are observed, reaching instan-
taneous levels approximately 50°F above ambient, From the rate of rise trace,
it is seen that the oscillations in T result in values of % up to about 1000°F/sec

for the example shown.

1See Section V, "Data Reduction," for mathematical definition of the various

temperature indices,
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Since the temperature spikes observed in the raw data (Figure 16a) are
generally localized, peak values of T are accordingly significantly less than
the localized peak values of the temperature observed in the raw data., It
follows, of course, that the averaging process also attenuates local tempera-
ture spikes of lesser amplitude -- the result being that T, while still rather
sporadic in nature, is considerably smoother than the individual temperature
traces of the raw data,

Turning to the temperature distortion indices of Figure 20, €max and € ms?
two observations are made, First of all, as one might expect, there appears
to be a definite correlation between € s and € nax’ the instantaneous value
of € rms being about 1/3 that of € ax (the 1/3 factor relation between €ms and
€ nax is typical for all tests). Secondly, large values of distortion are fre-
quently observed without significant increase in T, again illustrating the
local nature of the hot gas ingestion, This is particularly evident during
the first 5 sec of the test prior to reaching full power. Even when the value
of T is not significantly above ambient, the distortion is still high, further
illustrating highly non-uniform temperature distributions across the inlet,
Typically the instantaneous value of € nax is several times the value of the
spatial average temperature rise, T,

Figure 21 presents similar data for the non-ingestion prone engine of
Test 3 (engine #4). The traces are seen to be rather inactive, with T essen-
tially ambient (other than for a short period of rather significant ingestion
during engine acceleration when the nozzle pressure of engine #4 was below
that of engine #l). At full power conditions, a few significant temperature
spikes of very localized nature (as indicated by the high ratio of distortion

relative to rise in T) are observed,

Time Dependence

The temperature indices discussed above were cumulatively time-averaged
through the tests in order to provide a single run-average index for each of
L d
s € , and T, These time average quantities were ob-
ax’ “rms
tained by continuous integration and division by time of the quantities in

the quantities T, €.

question, the computing process beginning once full thrust level of the
engines was established (i.e., t = 5 sec). For the case of T, the integral
taken was that of the absolute value rather than of the algebraic value (the

integral of the algebraic value of T must be zero unless there is a net in-
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crease or decrease in T with time),

i

A 1=

max® Srms’ gnd T{for
engine #1 of Test 3, the hat over the quantity indicating the cumulative time-

. . . = oA
Figure 22 shows the cumulative time averages T, €

average, As can be seen, the cumulative time averages are essentially inde-
pendent of time except during the initial stages of the computation wﬁere the
time interval which is divided into the iﬁtegral.is not sufficiently large
(say, t S 1 sec) to dampen the individual oscillations, In summary, although

the quantities T, € €rms? and T are of a sporadic nature on a short time

max? “rm

basis, there is virtually no net change (i.e., no "long time" time-dependence)
in the average value of these quantities over the duration of the tests. Al-
though only one example is used to demonstrate this point, the conclusion is

generally applicable to all the tests,

"Radial Distribution

For Tests 3 and 4, inlet temperature indices for the ingestion prone
engines (engine #1 and engine #4, respectively) were computed for the inboard
and outboard thermocouples separately., The evaluation of these data provides
information on the radial distribution of the hot gas ingestion., These data
are presented in Figures A3-3 and A3-4 for Test 3, and in Figures A4-3 and
+A4-4 for Test 4, Some general comments based on comparison of these figures
with each other, and with the data for the total inlet, follow,

Considering first the inlet temperature 1exe1, it was found that the time-
average inlet temperature rise above ambient, AT, for the outboard region of
the inlet was about 25-307 higher than that for the inboard region., The ave-
rage inlet temperature considering the total inlet lies, of course, between
that of the inboard and outboard levels,

A somewhat greater difference between outboard and inboard characteristics
was found in the time. average distortion levels, emax and é;méz The outboard
distortion was about 40% higher than the inboard distortion for Test 3, and
about 70% higher for Test 4., For both tests the outboard time history of
€nax WaS found to be nearly identical to the time history of € nax for the total
inlet, thereby indicating that the maximum local temperature occurs almost
exclusively in the outboard region of the inlet, A

For Test 3, the time-average rate of rise, IT', was foutid to 'be :essen~
tially the same for the inboard and outboard regions of the inlet and about 25%
greater than the average rate for the total inlet (i.e,, the spatial averag-

ing process dampens the transients), In contrast, for Test 4, although the
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A
value of J%‘ for the Outboagd region was again about 25% greater “than for the
total inlet, the value of iT' for the inboard region was about 507 greater
than for the total inlet. This latter result can be seen qualitatively by
comparison of the time histories of T and % for the various inlet regions,
The result of such a direct comparison indicates that higher T peaks are ex-
perienced in the inboard region of the inlet than in the outboard region of
the inlet, eVeq though, as discussed above, € nax is significantly greater in
the outboard region of the inlet, That is (for Test 4 only), while the out-
board region .of the inlet experienced larger spatial variations in temperature
than the inboard region, the inboard region experienced larger temporal vari-

ations in temperature than the outboard region,

Temporal Distribution

Figure 23 shows the relative distribution of AT, € nax’ and I:’f‘l in the
time domain (i.e., probability deRsity) for eng&ne #1 of Test 3, Also shown
are the timeAaverage quant%ties AT, Qmax’ and |T| provided for comparison
(note that AT, émax’ and IT‘ are the moment centers of the area under the dis-
tribution curves), Several characteristics of the probability densities are
immediately evident.

The probability density of AT (Figure 23a) is seen to be heavily skewed
toward the lower temperature levels, with the most probable value (i.e., mode)
of AT being only about one-half the mean value, That is, most of the time is
spent at temperature levels below the average value, Although similar dis-
tributions were not generéted for the individual temperature (T), it may be
inferred from the character of the raw data that the distributions would be
even more skewed toward the lower temperatures as a result of the previously
discussed "return to ambient" between temperature spikes. It follows that
the most probable value of T would be the ambient temperature |

Figure 23b shows the probability density of € ax® The distribution is
seen to be much more symmetrical with respect to the mean value than that for
AT, the most probable value of €pgx being close to the mean value. Figure 23c
shows the probability density of r% . The probability density is seen to be
heavily skewed with respect to the mean value, with the most probable value
of r%‘ being about zero.

Although only Test 3 is used to illustrate the probability densities of

AT, €

max’ and Tl , the trends indicated are indicative of other tests.
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Frequency Distribution

Figure 24 shows the distribution of T in the frequency domain (i.e., power
spectral density) for engine #1 of Test 3, The power spectral density repre-
sentation of T characterizes the frequency composition of the oscillationé by
showing the relative energy associated with each frequency., To illustrate
the concept, the power spectral density of a pure sine wave is simply a delta
function (i.e., infinite spike) at the frequency of the wave since the total
"energy" of the curve is contained within a single frequency., As a second
example of the other extreme, the power spectral density of "white noise" is
a constant amplitude across the frequency spectrum since by definition, "white
" noise" contains all frequencies with equal energy contents. For any real
fluctuating process, a power spectral density curve exists which lies somewhere
between the two extremes illustrated, and for many cases, will have one or more
dominant frequencies as indicated by peaks in the power spectral density plot.,

With reference to Figure 24, no dominant frequency appears to exist, but
rather a large number of peaks are observed which generally decrease with de-
creasing frequency. As can be seen, little energy is contained in frequencies
above about 5 cps, Similar spectral plots of T were generated for other tests
in an effort to determine if any correlations might exist for the different
run conditions, In general, the various plots appeared to be about the same
(Figure 24 being a typical example), In addition, spectral density plots of
individual temperatures (T) were generated, Again, the data were much like
that of Figure 24, although the frequency content of T was found to be gene-
tally somewhat higher than for T,

In the process of generating the power sRectral density plots of T, the
RMS fluctuation of AT about its mean value, AT, may be obtained, The RMS
fluctuation about the mean, commonly referred to as the standard deviation
(symbolized by o), is an %ndex to the amplitude of the temRerature f%uctua-
tions. Figure 25 shows AT and the standard deviation of AT (i.e., AT+ o) as
a function of H/D at zero angle of attaﬁk and low wind conditions. In the

range of H/D = 2-6, the ratio of ¢ to'AT ranges frém about 0.6:0,8,

Parametric Trends

The effects of H/D, wind, and angle of attack on the iniéstlon character-
, €
max’ rms’

istics (as defined by the time average temperature indices AT, €
and l ‘) with two engines operating are discussed in the paragraphs which

»
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follow., The period of the time average indices extended from the time at which
"steady state" exhaust conditions were established'(i.e., t =5 sec) to t = 30
sec, As noted previously, the selection of the termination point for the time-~
average indices is not critical in that the time-average quantities are rela-
tively independent of the averaging time beyond the first few seconds (Figure
22).

Repeatability - Prior to discussing the parametric trends, it is appro=-

priate to examine some reReatability aspects Xf the data., Figure 26 shows the

ti t T, &
me average quantities AT, €hax’ €rm

same nominal condition: H/D = 4, zero angle of attack, and low wind conditions

s? and | T| for six tests conducted at the

(i,es, wind < 4 mph)., In general, the tests were not consecutive and not con-
ducted on the same day. Although the repeatability of the data is not as good
as one might desire, it is reasonably good considering the nature of the raw
data =- the majority of the data being within +10% df"thekfix*text average value
of the respective temperature indices, The accuracy of AT, éﬁax’ and Q}ms is
about *2°F, so that the actual repeatability of inlet thermal environment from
run to run is most likely better than the repeatibility indicated by the data,
This would be particu%arly true in the case of AT where +2°F constitutes a
sizeable percent of AT, Detailed data of three of the six tests used for the
repeatability comparison of Figure 26 are presented in the Appendix (tests
3-5).

Effect of H/D - The effect of H/D on ingestion characteristics for low

wind condition, high wind conditions, and angle of attack is presented in
Figures 27-30, First of all, in comparing Figurgs 27-30 at ¢ = 0, it is ob=-

served that the curves for AT, émax’ & , and lT"show‘similaf (and very sub-

stantial) variations with H/D. Such arzzmparison of the various temperature
indices tends to confirm the rather curious variation with H/D observed -~
namely, that for both low wind and high wind conditions at zero angle of attack,
there is an H/D interval (i.e., H/D = 3-5) in which the ingestion characteris-
tics increase, rather than decrease, with increasing H/D. Although conjectural
explanations which are consistent with the observed results can readily be
generated, it is perhaps more realistic to present the data without rationa-

lizing explanations,

Effect of Wind

The effect of wind (Figures 27-30) is seen to result in a significant

reduction in ingestion characteristics for values of H/D Zz 3 where, presumabfy,
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the upwash strength is reduced to a level where the wind effectively deflects
it before reaching the level of the inlets: in all cases, the ingestion prone
engine was downstream of the wind (i.e., engine #1). Based on the exhaust
pressure levels, however, it is anticipated that engine #1 would havé been

the ingestion prone engine even without wind, as per Figure 19,

Effect of Angle of Attack

The 6° angle of attack is seen to be very effective in reducing ingestion
characteristics at all values of H/D, with no apparent tendency for ingestion
characteristics to increase with increasing H/D as for the case of a= 0.

Based on Figures 27-30, ingestion would seemingly be virtually eliminated at
o= 6°; however, review of the Appendix data (viz., Tests 24 and 25) indicates
that sporadic localized ingestion occurs at H/D = 2 and 4.

Figure 31 shows the variation in. ingestion characteristics with angle of
attack., Data are shown for the ingestion prone engine. The variation in in-
gestion characteristics with angle of attack is seen to be quite significant,
with major reductions in ingestion characteristics resulting from relatively
small angles of attack. This result is in general agreement with the small-
scale findings reported in.References 6 and 7 (which also provide a detail dis-
cussion of the effects of jet angle on the striicture of the upwash). Based on
the findings of References 6 and 7, the effect of engine cant angle on ingestion
characteristics (and flow structure) is equivalent to the effect of angle of
attack, Thus, it would appear that a small engine cant .angle might be effec-
tively used as an ingestion suppression concept in the design of a VIOL aircraft.

Also of interest in Figure 31 is the negative angle of attack bias indi-
cated, That is, engine #l, the ingestion prone engine at positive values of
o (and @=0), is also the ingestion prone engine at @ = -1, This bias is
apparently not the result of a bias in Pn/3w~(the zero angle of attack in-
gestion prone engine criterion discussed previously) in that the steady state
values of Pn/E>° was essentially equal for the two engines at a= -1 (and a= 0).
Rather, it is suggested that it is a result of the ground plane contour in the
region between engines #1 and #4. As noted previously, the ground plane
structure in the region of the near flow field consisted of steel plates bolted
caused by exposure to the high temperature jet impingemerit) of 1-2 degrees were
to the basic ground plane in which permanant local slopes (due to warping of
the plates caused by exposure to the high temperature jet impingement) of 1-2
degrees were measured. Even greater buckling may have been experienced during
the tests when the plates were hot.
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'UPWASH ENVIRONMENT

Figure 32 shows the inlet proximity temperature history for Test 3. As
can be seen, the activity in the proximity of the ingestion prone engine (engine
#1) is considerably greater than in the proximity of the non-ingestion prone
(engine #4), with temperature peaks of about 150°F observed, Correlation of
inlet proximity temperature activity with the ingestion prone engine is a gen-
eral trend typical of all tests examined, In addition, the extent of the act-
ivity of the inlet proximity temperature field was found to be indicative of
the level of ingéstion -- this resiult suppotting the:concept of ‘the upwash, or
fountain, being the predominant source of hot gas ingestion,

The inlet proximity temperature traces of Figure 32 are seen to be con-
siderably smoother than those for the inlet (Figure 16), although still of a
rather sporadic nature, The "smoother" traces result from the lower. velocity
of the flow past the inlet proximity thermocouples compared to that past the
inlet thermocouples. The lowér velocity has a two-fold smoothing effect on
the temperature traces, First of all, for a given spatial gradient in temper-
ature, the time gradient is proportional to the velocity of the flow, Secondly,
the thermocouple response is reduced (i.e., time constant TTEV"}) as a result
of the lower velocity.

The nature of the inlet proximity temperature field suggests an upwash
environment of predominately large clumps of hot gas (as evidenced by the simul-
taneous response of several inlet proximity thermocouples). In approaching the
inlet, acceleration of the flow results in stretching of the clumps, or bubbles,
into elongated stream tubes, Based on typical duration of the temperature
pulses within the inlet, hot gas stream tubes of the order of 10-100 ft in
length are typically indibated, and may occupy anywhere from a very small frac-

tion of the inlet cross-section to the major portion. of the inlet cross-section,

'GROUND JET CHARACTERISTICS

Dynamic pressure and temperature profile maps of the ground jet for various
tests are presented in the Appendix., These maps (indexed in Table A-1) show
the vertical dynamic pressure and temperature profiles provided by the rakes
shown in Figure 7, and the lateral ground plane temperature distributions pro-
vided by the ground plane thermocouples shown in Figure 6., As noted in Figure
6, the "ground plane" temperatures were sensed by thermocouples located 2"

above the ground., For the majority of the temperature maps presented in the
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Appendix, the ground plane temperature pattern in the proximity of the engines
is not complete due to frequent thermocouple breakage in this local high temp-

erature~high dynamic pressure environment,

Pressure/Temperature Profiles

In reviewing the ground jet profile maps of the Appendix, several general
observations of the ground jet characteristics can bevmade immediately., First
of all, for tests in which both engines #1 and #4 are operating, the thickness
of the "ground jet" in the interaction plane (i.e., along the X-axis) is much
greater than in the common plane of the jets (i.e., along the Y-axis), This
is at least partially explained by the fact that the flow in the interaction
plane is not parallel to the ground plane, even at moderate distances from the
Y-axis, but instead exhibits some upwash characteristics due to the mergence
of the two non-parallel (in the plan view) ground jet flows., Secondly, the
maximum temperatures of the "ground jet" in the interaction plane are generally
higher than in the common plane of the jets, even though the nearest vertical
rake in the interaction plane is about 60% farther from the jet source than is
the nearest vertical rake in the common plane. The above observations (viz.,
increase in thickness and temperature, and flow with an upward component of
velocity in the interaction plane) lead to aggravation ¢f ingestion charac-
teristics,

For tests performed with single engine operation (i.e., engine #4), the
dynamic pressure and temperature profiles along the Y-axis were virtually the
same as for equivalent test conditions with two engines operating, Dynamic
pressure and temperature profiles along the X~axis for single engine operation
were, of course, noticeably different from those for two engine tests -- the
single engine profiles along the X-axis being considerably thinner, having
lower values of maximum temperature, and, generally, higher values of maximum
dynamic pressure,

Figures 33-39, in supplementing the profile maps of the Appendix, pre-
sent summary data of the ground jet characteristics by illustrating particular
trends which are not immediately obvious from data of the Appendix, These

figures will be discussed in the following paragraphs,

Effect of H/D

Figure 33 shows the ground plane temperature distribution along the X,

XY, and Y axes (non=dimensionalized with respect to nozzle diameter) for the
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various values of H/D investigated with both engines #l1 and #4 operating, and

at relatively low wind conditions (i.e., wind < 4 mph), Figure 34 shows similar
data for single engine (i.e., engine #4) operation, The effect of H/D on ground
plane temperature is seen to be small except within a radial distance of a few
diameters from engine #4 centerline. The general trend is a decrease in temp-
erature with increasing H/D, with the exception of the interaction plane wheﬁ
both engines are operating, for which case an increase in temperature with H/D
is indicated, This rather curious trend, which might have been considered to

be within the band of data scatter in Figure 34c, is substantiated by the in-
dependent ground jet temperature profiles measured with the rakes of Figure 7
and presented in the Appendix,

Figure 35 shows the variation in the maximum value of the ground jet dyna-
mic pressure (non-dimensionalized with respect to P - RD) with H/D., The same
trends are indicated as with the ground plane temperature data -- namély, that
the maximum dynamic pressure decreases with H/D except in the interaction plane,

in which case, an increase with H/D is observed.

Effect of Wind

Figures 35-37 compare dynamic pressure and ground plane temperature data
at relatively low wind conditions (i.e.,, wind = 3 mph) to data at high wind
conditions (i.e., wind = 16 mph) for two engine and single engine operation,
No effect of wind is observed on either the maximum value of dynamic pressure

or the ground plane temperatures within the range of the data,

Effect of Angle of Attack

The effects of angle of attack on ground plane temperature distribution
are shown in Figure 38, A rather strong effect is observed along the Ry axis,
considering the relatively narrow range of angle of attack investigated. Al-
though there is a lateral shift in the ground plane stagnation point with the
angle of attack, this factor alone is not sufficient to account for the vari-
ation in temperatures observed at the higher values of Ry/D. As might be
expected, a lesser gngle of attack effect is observed along the ny axis,
while virtually no angle of attack effect is observed along the Rx axis,

Figure 39 shows the effect of angle of attack on the maximum wvalue of
the ground jet dynamic pressure, Askfor the case of the ground plane temper-
atﬁres, a strong effect of angle of attack is observed on the Y-axis, a lesser

effect on the XY-axis, and virtually no effect on the X-axis,
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ENGINE POD PRESSURES

Pressure distributions on the undersurface of the pod between engines
#1 and #4 are shown in Figures 40-45 for both engines operating. Figure 40
presents the pressure distributions at low external wind conditions (i.e.,
wind < 4 mph) for various values of H/D. The effect of H/D on the level of
the pressure distribution is seen to be signifiéant, the level decreasing
with increasing H/D,

Characteristic’ of the pressure distributions of Figure 40 is a positive
pressure field approximately midway between the engines, with a negative field
on either side, The positive pressure field results from the upwash flow, or
fountain, impinging upon the engine pod. Based on the data of Figure 40, and
assuming ambient density of the upwash flow prior to impingement on the pod
surface, upwasﬁ flow velocities as high as about 200 ft/sec are indicated at
H/D = 2, This is a conservative estimation in that the density of the upwash
flow prior to impingement wouldvactﬁally be significantly less than ambient
density, due to its relatively high temperature. As a result, higher upwash
velocities than that indicated are most probably experienced.

The negative pressure field on either side of the positive pressure field
results from high mass flow entrainment by the jets (and, to a lesser extent,
by the upwash flow), coupled with limited area from which to draw the free air
necessary to satisfy the scavenging characteristics of the jets., The flow
model of Figure 46 illustrates the above described fountain and entrainment
effects,

Figure 41 illustrates the effect of external wind (i.e., wind range 12-16
mph) on the pod pressure distribution. The general character of the data is
similar to that for low wind conditions (i.e,, fountain effect and entrainment
effect), but the strength of the upwash is noticeably reduced, particularly
at the higher values of H/D.

Figure 42 illustrates the effect of angle of attack (i.e., @ = +6°) on
the pod pressure distribution. The effect of the 6° angle of attack on the
strength of the upwash is seen to be very pronounced, the data indicating
virtually no upwash for values of H/D greater than about 4, This inference,
based on the data of Figure 42, is substantially in agreement with direct
observations of the effect of small angles of attack on upwash flow structure
as discussed in detail for the small-scale tests reported in References 6 and

7. The effects of wind and angle of attack on the magrnitude of the pod
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pressures are also consistent with the trends of ingestion characteristics
discussed previously for these conditions.

It is rather curious, however, that the pressure distributions of Figures
40~42 are not more asymmetric considering previous discussions under "Ingestior
Prone Engine," That is, although with two engines operating, ingestion was
generally significant in one engine or the other, but not in both, the peak of
the pod pressure distribution occurs approximately midway between the engines,
This result would indicate that the major asymmetry of the upwash flow occurs
between the pod undersurface and the plane of the inlets rather than between
the ground plane and the pod undersurface,

A summary plot of the data of Figures 40-42 is shown in Figure 43, in
which the peak of the pressure distributions, APmax’ is plotted against H/D.,
The effect of wind and angle of attack in reducing the upwash strength is
clearly illustrated,

Additional data on the effects of angle of attack are presented in Figure
44, These data serve to illustrate the decrease in the magnitude and the
longitudinal shift of the peak pressure, APmax’ with angle of attack. The
amplitude curve of APmax is seen to be biased toward negative angles of attack
(i.e., symmetrical about a=-1%°) as was the ingestion level discussed pre-
viously in Figure 31, The longitudinal shift of APmax is seen to be only about
27, of the distance between engine centerlines per degree of angle of attack,
Again, one might have expected a more dramatic shift in the location of APmax
with angle of attack, based on previous discussions of the ingestion charac=-
teristics,

The pod pressure distribution for single engine operation is shown in
Figure 45, For single engine operation, the induced pressures result solely
from entrainment of free air by the jet, the resulting induced effects being
considerably less than for two engine operation (noté the change in scale of

Figure 45 from that of previous figures),
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VII, SUMMARY OF RESULTS

Comprehensive data on recirculation phenomena have been obtained for a
full-scale lift engine pod model, These results will serve as reference data
from which to compare the results of a similar small-scale investigation of a
geometrically similar model, employing similar instrumentation and data reduc-
tion and analysis techniques, to be performed as a part of the same contract,

In addition to providing reference data for'investigation of the effects
of scaling on recirculation phenomena, several significant findings which pro-
vide new insight into recirculation phenomena as a whole were obtaihed, A

summary of the principal results follows,

1, For two engine operation, significant ingestion of hot gases, and associ-
ated thrust loss, was generally experienced in one engine or the other, but
not in both engines. For single engine operation, ingestion of hot gases was
negligible at low wind condition but not negligible at high wind conditions,

No engine stalls were encountered during the course of the tests.,

2, The sensitivity of ingestion to difference in exhaust pressure level of
the two engines was found to be acute., Small pressure biases were found to

govern which engine experienced ingestion. Once ingestion is established in
one engine or the other, a feedback effect is developed which stabilizes the

ingestion asymmetry toward that engine.

3. The use of high response temperature sensing elements revealed some new
transient characteristics of inlet thermal environment heretofore not observed.

Similar high response thermocouples are recommended in future investigations.,

4, For two engine operation, ingestion was of a sporadic nature, consisting
of series of short duration, localized, temperature spikes, . The temperature
spikes were typically about 50-150°F above ambient, persisting for less than
about 0,2 second, and encompassing anywhere from a small fraction of the inlet
area to the majority of the inlet area, During time intervals between temper-

ature spikes, the inlet thermal environment was typically ambient.

3¢ For single engine operation at high wind conditions, temperature increases
of about 10°F above ambient, uniformily distributed over the inlet, and per-

sisting for about one-half second were typically experienced.

6. Instantaneous values of the space average inlet temperature occasionally

reach levels in excess of 80°F above ambient, and rate of rise levels occasionally
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in excess of 1000°F/sec, The distribution of the space average temperature
in the time domain was found to be heavily skewed toward ambient temperature,
with the most probable temperature being significantly less than the time

average temperature.

7. Severe inlet temperature distortions were experienced (frequently in éXcéss
of 100°F), with the distortion typically several times the value of the space
average temperature rise. Ingestion in the outboard region of the inlet was

found to be somewhat higher than in the inboard region of the inlet.

8. Excluding short duration temperature spikes, ingestion characteristics
were found to be independent of time over the data acquisition period of 30

seconds,

9, The effects of H/D, wind, and angle of attack were found to have a strong
effect on the ingestion characteristics: for example, a 6° angle of attack of
the pod was found to result in major reductions in the ingestion level; a 12-16
MPH wind was found to generally result in a moderate reduction in the ingestion
level; and increasing H/D was found to result in major reductions in ingestion
level, except for a narrow H/D interval at zero pod angle of attack in which the

ingestion level was found to increase with increasing H/D,

10, Correlation of the thermal environment along the sides of the pod (in
the plane of the inlets) with the engine inlet thermal environment supports
the concept of the upwash, or fountain, being the predominant source of

ingestion,

11, The ground jet in the interaction plane was found to be thicker and have
higher temperatures than the ground jet in the common plane of the exhaust

jets,.

12, An increase in ground jet temperature and pressure with increasing H/D
was found to exist in the interaction plane, The effect of wind (i.e., 12-16
MPH) on the near field ground jet temperature and pressure profiles in both
the interaction plane and common plane of the exhaust jets (i.e., R/D S 20)
was negligible, A strong angle of attack effect on the near field ground jet
temperature and pressure was found in the direction of the common plane of

the jets.

13, Pressure distribution on the pod undersurface indicated strong upwash

conditions, with indicated velocities as high as 200 ft/sec,, or more, for
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zero angle of attack and low wind conditions, Major reductions in the strength

of the upwash were found at angle of attack and at higher wind conditionms,

Acknowledgment

Acknowledgment is given to the NASA Ames Research Center for their coop-
eration in providing facilities and manpower,vto the Northrop Research Labora-
tories test crew for their major role in the pre-tést effort and data acquisition
phases of the program, and to Miss Joyce Oshiro for her enduring persistence in

reducing the data and in assisting the author in the preparation of this report,

37






2,

3.

4.

10.

VIII., REFERENCES

Tolhurst, W. H., Kelly, M, W.: "Characteristics of Two Large-Scale Jet-
Lift Propulsion Systems." Conference on V/STOL and STOL Aircraft,
NASA SP-116, April 1966,

McLemore, H. C,: "Consideration of Hot Gas Ingestion for Jet V/STOL
Aircraft." Conference on V/STOL and STOL Aircraft, NASA SP-116,
April 1966,

Lavi, Rw: "Parametric Investigation of VIOL Hot Gas Ingestion and In-
duced Jet Effects in Ground Proximity." NOR67-32, Northrop Corpor-
ation, February 1967,

Hammond, A, D., McLemore, H, C.: "Hot-Gas Ingestion and Jet Interference
Effects for Jet V/STOL Aircraft." Presented at AGARD Flight
Mechanics Panel Meeting, Gottingen, West Germany, September 1967.

Lavi, R., Hall, G. R., Stark, W. W.: "Full-Scale Ground Proximity Inves-
tigation of a VTOL Fighter Model Aircraft." NASA CR-1098, June 1968,

Adarkar, D. B., Hall, G, R.: "The 'Fountain Effect' and VTOL Exhaust
Ingestion.," AIAA Paper No., 68-79, January 1968,

Hall, G. R., Rogers, H. K., Adarkar, D. B.: '"Recirculation Effects
Produced by a Pair of Heated Jets Impinging on a Flat Surface."

NASA (CR number to be assigned), September 1968,

Hall, G. R,, Bogdanovic, J. A,: '"Response of Bare Wire Thermocouples to
Temperature Variation in a Jet Engine Intake." ATAA Journal of
Aircraft, July-August 1967.

Higgins, D. C., Kelly, D, P,, Wainwright, T. W.: "Exhaust Jet Wake and
Thrust Characteristics of Several Nozzles Designed for VTOL Down-
wash Suppression.” NASA CR-383, January 1966.

Gunn, C., O.: "J-85 VTOL Experience." G. E., Technical Memorandum
TM67FPD1639, September 1967,

39






i

e

=

-
.

ALTTIOVA 1SHI SLOAALd ANNOYD TOLA SURV VSVN

%
i
E
§
H
H

=

.

°1 HMAO14

41



‘Wind Vane

Towable )

/_ Trailer /— Main Support Strut
/ /-Main Support Beam
Nose Strut D /
- ‘ g 0 o _— North —m
78!
' -
[

8ot

Fwd st | e Aft

FIGURE 2. MODEL SUPPORT AND GROUND PLANE ARRANGEMENT

42



THAOIN Od ANIONT °¢ TYNDIA

e SIIIS jx0ddng

e |l sae] ]
\.! m....v. 13
_ I g
(O y | “
uSS “ | “ “ I 4
1 @ “ ® "
_.‘ uS°16 '_
o-.HcO ,o..HoO
¥4 suiSuy T# omSu

|

\l weog jxoddng TIUOZIIOH

=

43



TIVIAd NOLLONYLSNOD ANV NOLLVOOT TTIdNOJONWHHIHL LAINI ° ¥ JYNDIL

(ydexSo([1080 UO POPIOIAT)

sofdnosouriey; F# suLdui 4
(edey onjouSewr uo.

pepxooa) sojdnodomLIoy)
P# pue [# seulsuy @

ap18 WSy

77 |
| :@.m”
160",

ulgl
:o,.w ‘
!
A

opIS WO

|

!

e VTN

IlllllllllI4

T

W Y
Uyeoys 9A1399301d [BUISIXT l\ '
0 ),

§.

(1 1t 100717

axm yxoddns o8e8 og A

i

[owInfe /JoUWICLYO I9J0UWLBIP ,;$00 "

44



SHTANODONHIHL ALINIXOHd LAINI S FHADI4

oorlans
xaddn pod suidus jo
ouerd ur palBoo] §;0-1 (910N

11 N

uG°L3

et el

- 4516 ]

45



©

T# ouiSuy I\

STTdNODONHHH L INVTId ANNOYD °*9 HENDIA

ouerd punois-eAQqe ;,z pojunowi sofdnodouLIay) T[TV

| 15 16— 1106 e 106 —]

{3J0N

/i ouBum

H -

46



4 4

Engine #4

X
|

!————- 180" ———-|-- R 91.5"—-|

() Rake Planform Locations

Probe Height

Total I Static

‘Temperature,:
above Ground, h } Pressure, PT | Pressure, Pg T* |
.25" X X X |
. 75" X X X
1.50" X
3.00" X X X
4.,50" X
6.00" X X X
10, 00" X
15,00" X X X
25..00" X
35..00" X X X
X X

(b) Probe Vertical Locations

FIGURE 7. GROUND JET RAKES

47

Engine #1




SHYNSSAYd AOd ANIONI 8 TYNDIL

ooeIns Jemor pod ouisuo uo pajeoo] sdel 9anssold

310N

1S€ 61 I'._
T |

1# ouidug - P4 owSuy

— F—— =

48



\4———— 15.75" """"’J . .
g~ LUurbine Outlet

8.8" T

10" |

1

Z A
~a——— Exhaust Jet C. L.
' Vertical Plumb Line —a=
|
i § r- .
_ Cruciform Rake
1 —t 1 | 14 1> Dressure Probe
-l21]-91 -gn -3 o 3" gv g9v 127 Locations
Aft/ Left —a——— Forward/Right

FIGURE 9. EXHAUST JET ALIGNMENT AND CALIBRATION
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Z/D

@) 7.74
Engine #1 o 5.74
O 3.84
D 1.92
VAN
a/q

/A~ N\

)E/ //o : O\?k
% l‘-————--—-——'u\\\aﬁ

L

1
LAY

1o gn 1" REL 0 gH 6

‘Aft ‘——l-;—*Forward

FIGURE 10. EXHAUST JET DYNAMIC PRESSURE PROFILES
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7./D

o 17.74
Engine #1 O 5.74
o 3.84
D 1. 92
A J2
a/q

FIGURE 1l. EXHAUST JET DYNAMIC PRESSURE PROFILES
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Z/D

O 7.74
Engine #4 o 5.74
< 3.84
D 1.92
A .06

FIGURE 12. EXHAUST JET DYNAMIC PRESSURE PROFILES
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Engine #4
q/ a, A

DD <$ OO0

Z/D
7.74
5.74
3.84
1.92
.06

\t':,
l
.2 o)

FIGURE 13. EXHAUST JET DYNAMIC PRESSURE PROFILES
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O Engine #1

Dynamic Pressure Ratio, q9,.1 / q,

A Engine #4
l. 0 o — — —_— - '
— N\ 3" dia. nozzle
/ /—O\:
A/C \ \ (Reference 8)
\ /
8 & e
’ oA N /
_ \\/
N\
.0
\A\
o \
\
\ \
4 N
o N
~
~
~
<
.2
0= . : : , :
0 2 4 6 8 10 12

Distance from Nozzle Exit, Z/D

FIGURE 4. EXHAUST JET CENTERLINE DYNAMIC PRESSURE DECAY
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a= 0

Engines #1 and #4 operating

Note: In order to provide a more complete
summary, data from six "repeatability"
tests not listed in Table A-1 are included
in the data below.

Ingestion Prone Engine

® Engine #1
O Engine #4
0]
0]
® 0]
® Q
° ° o)
— ] 1 L | i
-1-1/2 -1 -1/2 0 1/2 1 1-1/2

Exhaust Pressure Bias, P. - P_ ~ psi
oy

FIGURE 19. INGESTION PRONE ENGINE CORRE LATION

61



ANIONT INOYd NOILSIONI - XYOLSIH SOILSIHALOVAVHD NOLLSTONI TVOIdAL * 02 FUNDIA

Spuodsg ~ dUNL

091

003

A A VN Vel N Al SNV Ak A e il -

003

T# ANIONA

Suryeasdo 4 pue T4 sourSug
HdIW & = pumm
0 =m®
¥ = 0Q/H
€ 189],




ANIONA ANOYd NOILSADNI-NON - XHOLSIH SOILSIHILOVIVHO NOLLSHAODNI TVOIdAL

Spuodag ~ awl

91 el ¥ €1 cl n 01 6 s

‘1 TENOIA

Lb..L»L

yr—

==T

%ﬁ}lé

TN A

Ao g~ -

/._cx.\ffxli,ﬁ/h jw\}\:\zlss
i

T

Fan Ve e g

091

P# INIDNI

Sunyexado ¥# pue 14 seurduy

00¢






or

8¢

8

¥

(44

oe

S9

"‘SOLLSIMA.LOVEVHD NOILSEONI 0 TOVHIAV-ANIL TALLVIANWOD TVIIdAL ‘22 HYNDIA

82

92

¥z

(42 L4

|

SPU0I0E ~ SWILL

81 9t 141

O B TR S WGP S

o
03 =

T#

ANIONH

H
i

Sunyexodo w# wE.m T# sourSuy

|

m%; = puim

owne

ﬁ

g|

- a/H
1S9L

Bunndwio) u1fog ——a——







Test 3

H/D = 4
a = ()
Wind = 3 MPH

Engines #l and #4 operating

(engine #1)

Probability

&
3
2
0 20 40 60 80 100 120
o)
€max~ T

‘Probability

0 100 200 300 400 500 600

FIGURE 23. PROBABILITY DENSITY OF INGESTION CHARACTERISTICS.
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Note: Data for ingestion prone engine



3 MPH

Tg st 3

Ingestion Prone Engine (Engine #l)

H/D = 4

10

50

20

10

5.0

=

ma
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PLI TR VTR
IBENERNNEE EMNE ¥

Frequency ~ CPS

Wind

1}
14

y

2.0

Engines #l and #4 operating

1000
500
200

100

(o) el o -
w0 [\ —

Sd0/,dy Ansueq Te1oeds 1omod

1.0

POWER SPECTRAL DENSITY OF T FLUCTUATIONS

FIGURE 24.




Wind < 4 MPH

a = (

Engines #1 and #4 operating

Note: Data for ingestion prone engine

t
N
4 =\[—i—— J (T - T)2at
0

50
\
A
\
40 \
Y A
OFL( \ A’T‘ + o
1 \ L~
@ \ ‘\ / \\/ A
2 1V
2 \ \\
% \/ \ A
£ 20 /-\\< . ~ AT -0
e \ /
=
A \ \
10 N
N
0 _ S o - N
0 2 4 6 e~ 10

H/D

FIGURE 25. STANDARD DEVIATION OF THE MEAN TEMPERATURE RISE
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Wind < 4 MPH
H/D = 4

a = 0

Engines #1 and #4 operating

Note: Data for ingestion prone engine

O Engine #1
® Engine #4
40 1 40+ 4007
30 + = 304 o 3004
I o o
(o 1 \CQ
! =
e “ g Oz
1 209e £ <O 204 <& 200¢
<
2 < e ¢e®
30 1 %: 3
10 + 20 T 10+ 106+
10 +

FIGURE 26 . REPEATABILITY OF INGESTION CHARACTERISTICS
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O @ = 0, Wind < 4 MPH
A« = 0, Wind 12-16 MPH
O« = +6°, Wind < 4 MPH

Engines #l and #4 operating.

Note: Data for ingestion prone engine

30:

—="D=0r

N
\

N\
NN

H/D

——CJ

FIGURE 27. EFFECT OF H/D, WIND, AND ANGLE OF ATTACK
ON INLET TEMPERATURE RISE



Engines #1 and #4 operating

O @= 0, Wind < 4 MPH
A a= 0, Wind = 12-16 MPH
O o = +6°, Wind < 4 MPH

Note: Data for ingestion prone engine

80 ~ l
70 \\o
60} A

A zz \\ /D /\O\

20 =A
—D__A(A \

10

0 2 4 6 8 10

. FIGURE 28. EFFECT OF H/D, WIND, AND ANGLE OF ATTACK ON
INLET TEMPERATURE DISTORTION
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O @ = 0, Wind < 4 MPH
A o= 0, Wind = 12-16 MPH
0 o= +6°, Wind < 4 MPH

i

Engines #1 and #4 operating

Note: Data for ingestion prone engine

30
\
B 20
o
, Q
@ o’\
s / o
5 10 N N
<w O
~o E?C
0 I ! D§_§§\
0 2 4 6 8 10

H/D

FIGURE 29. EFFECT OF H/D, WIND, AND ANGLE OF ATTACK ON
INLET TEMPERATURE DISTORTION
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O a = 0, Wind < 4 MPH
A 2= 0, Wind = 12-16 MPH
0o = +°, Wind < 4 MPH

Engines #1l and #4 operating

Note: Data for ingestion prone engine

!
300 A

~ °F/sec

o’\o
|

o/ \

<l 100
NVE NN
1\

]

B
\
0 —
0 2 4 6 8 10
H/D

FIGURE 30. EFFECT OF H/D, WIND, AND ANGLE OF ATTACK ON
INLET TEMPERATURE RATE OF RISE



H/D = 4
Wind < 4 MPH

Engines #1 and #4 operating

1

“ I
/2-()0 N . Note: Data shown are for
// 0 o] ingestion prone engine
» ® 15 \
/ ok‘ 10 \
<1f= 5 \'\o
A |
-6 -4 -2 0 2 4 6
60
@] O Engine #1
500 ngine
//O’ \ ® Engine #4
/,O 40 O Average of six tests
/ \ (see Figure 26)
30
< \
L o , ‘Q
. 20 .
X O
g 10
w
-6 -4 -2 0 2 4 6
1 30
(@)
| ,
20

-8 -4 -2 0 2 4 6
300
o
; |
E 200
o —
o ! O ﬁ\
./ <4; 100 \O
] , | — J
-6 -4 -2 0 2 4 6

Angle of Attack, o ~ degrees

FIGURE 3l. EFFECT OF ANGLE OF ATTACK ON INGESTION CHARACTERISTICS
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Wind < 4 MPH
o = 0

Engines #1 and #4 operating

Engine #4
C.L

1000
900
H/D
800 0o 2
o 4
700 O 6
A 8

Temperature ~ Op

(2)

FIGURE 33. VARIATION IN GROUND PLANE TEMPERATURE WITH
R/D AND H/D FOR TWO ENGINE OPERATION
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Wind < 4 MPH
.a _ O

Engines #1 and #4 operating

500 B

Température ~ OF

o
[\
'
[op]
oo
—
[en]
—
(3]
et
W
—
[op]
—
[0 ¢]
Do
[a]
>onoo

500
B

O
X [IsN

o

O | o |
//

)
S
S
P>

Temperature ~
— [
o] <
o S
“~
~
~
Z

FIGURE 33 (CONT.). VARIATION IN GROUND PLANE TEMPERATURE
WITH R/D AND H/D FOR TWO ENGINE OPERATION
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Winé < 4 MPH
a =0

Engine #4 operating

R/D ANL H/D FOR SINGLE ENGINE OPERATION

79

Dooo

H/LC

0 O B

Engine #4
C. L.
i
1000 l
900
800
1]
J]
700 1y
g J] ‘/‘\
r 600 !/' /
g i)
= W/
g soof /Uy
& /
g /i
g 400}
w \
= ¢ \
300
200
100
0
0 2 4 6 8 10 12 14 16 18 20
R /D
Y/,
(2)
FIGURE 34, YVARIATION IN GROUNL PLANE TEMPERATURE WITH



Wind < 4 MPH

a= 0

Engine #4 operating

500

NN
[an]
[en]

(]
S
oﬁ

w O BN

>onoo

[\]
[enc]
o

Temperature ~ OF

o
(=]
S

o

O
Do
N
D
0
—
O
st
[\
s
N
—
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o
w
]
(e=]

500

o
F
N
o
D

Temperature -~
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fond o <
L/
/
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NN
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[0 0]
—
<
—
)
.
S
o
(o]
——
(e o]
A
<

FIGURE 34 (CONT,), VARIATICN IN GROUNL PLANE TEMPERATURE WITH
R/D AND H/D FOR SINGLE ENGINE OPERATION
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Engines #l and #4 operating

O R /D = 10.8

y .
A ny/D = 10.8 Winéd = 3 MPH
o RX/D = 10.8

Note: Solic¢ symbols, winé = 16 MPH

.03
]
8 T . R
N A O
a A\g§
=" | T
\ ———
e Q-——""0
«
o . -—.D/
0
0 2 4 6 8 10
H/D

FIGURE 35, EFFECT OF H/D ANL WIND ON GROUND
JET CYNAMIC PRESSURE FOR TWO ENGINE OPERATION
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Engines #1 and #4 operating

Engine #4
C. L.

!

|

200 o]

1000

800} : / O Winc 3 MPH

16 MPF

i

700 0 Wind

600

500

400
300 \
200 :

100

Temperature ~ Op

o] s

0 2 4 6 8 12 14 16 18 20

10
R y/D

(@)

FIGURE 36, EFFECT OF WIND ON GROUNL PLANE TEMPERATURE
FOR TWO ENGINE OPERATION
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H/C = 4
o = 0

Engines #l and #4 operating

500
J)\ O Wind =
=
o] 400 O i =
\ \o Wind
m -
i 300
3.
<
qzzoo S~
& 100 18—
0
0 2 4 6 8 1o l2 14 16 18 20
R_ /D
Xy
®)
500
o
e 00N\
1 N
© 300 (o] :
% \
b NS
& 1oo R
\
O _ _
0 2 4 6 8 10 12 14 16 18
RX/D
(c)

20

3 M PH
16 MPH

FIGURE 36 (CONT.). EFFECT OF WINC ON GROUNL PLANE TEMPERATURE

FOR TWO ENGINE OPERATION
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1000

2900

800

o
Temperature ~
v o -3
() [« (=)
S =) S

1N
S
[

300

200

100

FIGURE 37,

o =

4

Engine #4 operating

84

Engine #4
C. L.
l O Wind = 3 MPH
i
l O Wind = 14 MPH
o)
I,
T
I
{
/
/
/
\E\
\ g
2 4 8 10 12 14 16 18 20
R /D
y
(a)

EFFECT OF WINC ON GROUNL PLANE TEMPERATURE
FOR SINGLE ENGINE OPERATION



H/D = 4

o =

Engine #4 operating

500
3 MPH
14 MPH

O Wind
d ,/ ,\\ 0 Wind

¥
S
=)
=1

[
(o]
(=4

8-

Temperature ~
no
(=]
<

J—
(=
(=]

0 2 4 6 8 10 12 14 16 18 20
R_/D
-

()

500

400

)
S
=
/
/

Temperature ~ °F
[A]
S
(=

|
|
J,

0 2 4 6 8 lo 12 14 16 18 20
RX/D

()

FIGURE 37 (CONT,). EFFECT OF WIND ON GROUND PLANE TEMPERATURE
FOR SINGLE ENGINE OPERATICN
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H/D = 4

Winc < 4 MPH

Engines #] and #4 operating

Engine #4
C. L.

oo pboo

Temperature ~ Op

\\\\§§\§\:§=
100 T —8 =

FIGURE 38, EFFECT OF ANGLE OF ATTACK ON GROUND PLANE
TEMPERATURE FOR TWO ENGINE OPERATION
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H/D = 4

Wwind < 4 MPH

Engines #1 and #4 operating

500 |
0“4009\ l _
3 l:]// ZN g ~§
;‘53300 /S /\ A 0
= +3
éézoo - /5 / 7 p— g +6
£ 00 @\;/@_/_

&3o00

\g/\/\/ v

\
2
~

Temperatur

N
<
S
@
N
/\
AN

0 2 4 6 8 1o 12 14 16 18 20

FIGURE 38 (CONT.» EFFECT OF ANGLE OF ATTACK ON GROUND PLANE
TEMPERATURE FOR TWO ENGINE OPERATION
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H/D = 4

Winc < 4 MPH

Engines #l and #4 operating

.06 l
o) e} Ry/D = 10.8
A R _/D = 10.8
\ .05] .8 Xy
\ ~ O RX/D = 10.8
H

Y

u] 010 O

-6 -4 -2 0 +2 +4 +6
Angle of Attack ~ «

FIGURE 39, EFFECT OF ANGLE OF ATTACK ON GROUNL JET
DYNAMIC PRESSURE FOR TWO ENGINE OPERATION
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Wind < 4 MPH
a= 0

H/D

DOODO
W O W N

Engine #1 Engine #4
C.L, C.L.
! Engines #1 and #4 operating
N N
e
«2 D
|
R
. 1 ] D
7 |
c‘g N
? l 0\
[a¥ A-\ _—;.. II
; 2 \7
l\V
U

FIGURE 40. POD UNDERSURFACE PRESSURE DISTRIBUTION
AT LOW WIND CONDITIONS
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Wind 12-16 MPH

a= ¢
H/D
O 2
O 4
6 .
Engine #l1 Z 8 Engine #4
C.L. C. L.
! Engines #1 and #4 operating
.3
.2 \ _
|
1 [ N, \
' 7 %
= 8
3 | \
|
N ,
q 0 \ D= & "8> =4
N
\® ~
".1 \\/’ \ Y
-2 o '

FIGURE 41. POD UNDERSURFACE PRESSURE DISTRIBUTION
AT HIGH WIND CONDITIONS
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Wind < 4 MPH

a = +6°
H/D
o 2
o 4
6 .
Engine #1 A 8 Engine #4
C. L. C.L.

: Engines #1 and #4 operating

| |

AP ~ PSI
ja}
- ean

TR

J

FIGURE 42. POD UNDERSURFACE PRESSURE DISTRIBUTION
AT ANGLE OF ATTACK
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Engines #l and #4 operating

4
‘ — @ = 0, Wind < 4 MPH
X
O\) /- @ = 0, Wind 12-16 MPH
o AN
g:-l O — a = +6, Wind <
l
8 D
AR
<
o
< ?\\
2 4 6 8 10
| |
-1 :

FIGURE 43. EFFECT OF H/D, WIND, AND ANGLE OF ATTACK

ON POD UNDERSURFACE PRESSURE
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H/D = 4
Wind < 4 MPH

Engines #1 and #4 operating

. 21-
O——-O‘O~o\
/ wm O
(@) 2y
14
* X
<
S
4
1 " X O\-l
-8 -4 0 +4 +8
Angle of Attack ~ o
Engine #1
C.L.
o3 I
. 21 —S/2
~ - l
S~ \ o 14
~
. , ~ | Angle of Attack ~a
 —
-8 -4 ° ~ \+4 +8
S ~
L =N ~
A oy S~
e 2“‘.C_‘U 4
LR
<
=1
— 3,:‘:} E
TR
3
FIGURE 44,

EFFECT OF ANGLE OF ATTACK ON POD
PEAK PRESSURE AMPILITUDE AND LOCATION -
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Wind < 4 MPH

a =0
H/D = 4
Engine #l1 Engine #4
C. L. Engine #4 operating C. L.
I |
.02
£l 01
A
ol
?
=%
< 9
~O
\\D*
- 01 D“-D D—-
e 02
-.03

FIGURE 45, POD UNDERSURFACE PRESSURE DISTRIBUTION
FOR SINGLE JET OPERATION
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APPENDIX

Presented herein is a set of reduced data for each of the tests indicated
in Table A-1, Table A-1 serves as an index for the data which follow and also
provides summary information on the various time-average ingestion character-
istics for each test, The nominal period of computation of the time-zverage
ingestion indices was 30 sec. The absence of a numerical value for Tl in
Table A-1 indicates the value is less than 40°F/sec. The accuracy of the
various time varying and time-average ingestion indices is considered to be

about 12°F,
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Wind =

Test #1

H/D = 2
a =

<4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 29°F 6°F
A 0
€ max 62°F 10°F
er.m.s. 19°F 4O°F
A
ITI 250°F/sec —
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Test 1

ENGINE NO. 4

CL.

<Y

ENGINE NO. 1

C.L.

104

-
gor—

111

EENN)
L]

L)
e 8 8 =

h.'
.

FIGURE Al-3. GROUND JET TEMPERATURE PROFILE
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Test 1

Engine #1 Engine #4
C.L. C.L.
I |
i ‘l
3! ~
O
.2
[ |

AP ~ PSI
(=]
o

-2

-u3.‘

FIGURE Al-5. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #2

H/D =3

o= 0

Wind = <4 mMpPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A 4]
AT 14°F 1°F
€ max 32°F 4OF
A
€r.m.s. 9°F 2°F
A o
ITI 120°F/sec —
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Wind =

Test #3

H/D = 4
a:o

<4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 21°F 4°F
A Q
€ max 56°F 89F
A
€r.m,s. 15°F 3°F
A
ITH 140°F/sec —_—
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Test 3,

Engine #l Engine #4

C.L, C. L.

| I

! |

|
.3

|

02

AP ~ PSI
o
/

e 3‘

FIGURE A3-8. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #4

H/D = 4
a = (

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 4°F 26°F
A 40
€max 16°F 54°F
A
€r.m.s. 6°F 16°F
A
ITl 60°F/sec 165°F/sec
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Test #5

H/D = 4
a =0
wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A 10 [
AT F 20°F
& max 6°F 48°F
A
€r.m,s. 2°F 14°F
A
ITI — 160°F/sec
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Wind =

Test #6

H/D = 4
o = ¢

<4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
AT 2°F 12°F
& max 12°F 36°F»
€r.m.s. 4°F 12°F
|-%' — 100°F/sec
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Test #7
H/D = 4
o=

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A% 1°F 10°F
€ max 6°F 36°F
e r.m.s, 2°F 12°F
l%l | J110°F/sec
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Test #8
H/D = 4
a = 9

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
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Test #9
H/D = 4
a = 0

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
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Wind

Test #10

H/D = 6

q = ()

= <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #4

ENGINE #1
A N o
AT 16°F 4°F
é“u‘mx AB°F 16°F
A
€ r.m.8s. 12°F 6°F
A °F/sec | 55°F/
Tl 135°F/sec sec
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Test 10

ENGINE NO. 5

C.L.

244

ENGINE NO, 2

C.L.

159

X

FIGURE Al10-4. GROUND JET TEMPERATURE PROFILE



Test 10

Engine #1 Engine #4
C.L. C.L,
)
]
.3
|
2

= ST N
0 ¢
al .
et G
4 ~—<
-1
-2
-3

FIGURE A10-5, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #11
H/D = 8
o = 0

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A'% 3°F 3°F
emax 7°F 4°F
e r.m,s8. 2°F 2°F
|'%| 35°F/sec —
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Test 11

Engine #1

Engine #4
C.L.

C.L.

A=Ay A N

AP ~ PSI
)

FIGURE All-5. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #12

H/D = 2

o =0

Wind = <4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 { ENGINE #4
A
AT 0°F
A
€ max 20F
A
€r.m,s. 0°F
A —
ITI
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Test 12

ENGINE NO. 4

C.L.

»
”®

ENGINE NO, 1

C.L.

169

FIGURE A12-2, GROUND JET TEMPERATURE PROFILE
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Test #13
H/D = 4
a =

Wind = <4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4

Hi>

0°F

A o
€ max 4°F

m>

Y AN

2 J—
ITI
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Test 13

ENGINE NO. 4

C.L.

ENGINE NO, 1

C.L.

174

FIGURE A13-3. GROUND JET DYNAMIC PRESSURE PROFILE



Test 13

Engine #l

Engine #4
C. L.

C.L.

0103

.02

01

AP ~ PSI

—-01

-.02

-.03

FIGURE A13-4. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #14
H/D = 6
a = 0

Wwind = <4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4

AT / 0°F

A
€ max 4°F

A
€r.m,s. 2°F
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Test #15
H/D = 8
a = (

Wind = <4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4

Hi>

1°F

m>

max \/ 4°F

m>

r.m,s. /\ 1I°F

A —
ITI
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Test #16

H/D = 2
o= §

Wind = 12+2 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A% 25°F 4°F
€ max 59°F 8°F
€ rm.s. | 17F 4°F
Q 0
Tl 290°F/sec | 50°F/sec
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Test 16

Engine #l1 Engine #4
C.L. C.L.
l |
+3
O

AP ~ PSI
\Q
B

C

-3 Ny

FIGURE A16-3. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #17

H/D = 4
o= 9

Wind = 164 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 4°p 3°F
A
€ max 11°F 6°F
€ r.m,s, 3°F 2°F
A
iTl 60°F/sec 50°F/sec
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Test 17

Engine #l] Engine #4
C.L. C.L,

AP ~ PSI
S

FIGURE A17-5, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Wind =

Test #18

H/D = 6
a = (

164 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 9°F 4°F
€ max 20°F 6°F
A [}
€r.m.s. S°F 2°F
& 850 50°F/sec
ITl F/sec
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Test 18

Engine #1 ‘Engine #4
C.L. C.L.
l |
| |
.3
.2
I
.1
z —
¢ 0 \o Preg \\
q
_.1
— 2
- 3

FIGURE A18-3, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Wind =

Test #19

H/D = 8
a =

164 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
1°F 1°F
4°F 4°F
1°F 1°F

25°F/sec _—
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. Test 19

Engine #1 Engine #4
C. L. C. L,

AP ~ PSI
o

FIGURE A19-3, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #20

H/D = 2
a=0

Wind = 10+2 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
AT 3F
A
€ max \/ 6°F
A
€r.m,s. 2°F
[
ITI
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Test #21
H/D = 4
a= 0

Wind = 14%4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4

4°F

>
Hi>
\

A
€ max 6°F

m>

r.m, s. /\ 2°F

A
ITI
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Y

Test 21

ENGINE NO. 4
C.L
i
i
160
,“5.3/" ‘l\
m.

ENGINE NO. 1
C.L
-Z

207

&
<
g

]

FIGURE A21-2. GROUND JET TEMPERATURE PROFILE
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Test 21

Engine #1
C.L.

Engine #4
C.L.

|

0

.01

AP ~ PSI

~o

™ 02

~0

- 03'

FIGURE A21-4, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #22

H/D = 6
a = 0

Wind = 16+4 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4

4°F

P
Hi>
|

m>

max \/ 8°F

€r.m.s. /\ 4°F

N :
ITl —
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Wind =

Test #23

H/D = 8
a = 0

20+2 MPH

Engine #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A"% 2°>F
A
A
€r.m,s. / \\ 0°F
A} —
ITl
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Test #24

H/D = 2
a = +6

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
3°F 2°F
14°F 4°F
4°F 2°F
45°F/sec —_—
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Test 24

Engine #1 Engine #4
C.L. C. L.
]
.3

AP ~ PSI
o

-2

FIGURE A24-3, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #25

H/D = 4
a = 46

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A% 4°F 2°F
& max 16°F 8°F
e r.m.s. 4°F 2°F
A N
ITl 40°F/sec _—
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Test 25

Engine #1 Engine #4
C. L. C. L.

«3

AP~ PSI
o
ju
/

~—0

-2

FIGURE A25-5, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #26

H/D = 4
a = +3

Wind = <4 MPH

Engines. #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
6°F 5°F
24°F 10°F
6°F 4°F
80°F/sec -_—
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Test 26

ENGINE NO. 4
C.L

>
x

ENGINE NO, 1
C.L

2

229

FIGURE A26-4. GROUND JET DYNAMIC PRESSURE PROFILE



Test 26

Engine #1 Engine #4
C.L. C.L.
{ |
o2

AP ~ PSI
)
_~

FIGURE A26-5, POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #27

H/D=4:

Wind

= <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
AT 18°F 2°F
emax 52°F 8°F
e T I, S. 14°F 2°F
A -
IT| 140°F/sec —_—
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Test 27

Engine #l1 Engine #4
C.L. C.L.

AP ~ PSI
/
<
[
\
/-

FIGURE A27-3. POD UNDERSURFACE PRESSURE DISTRIBUTION

234



Test #28

H/D = 4
a = -1
<4 MPH

Wind =

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
18°p 2°F
46°F 8°F
15°F 4OF

150°F/sec —_—
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Test 28

Engine #1 Engine #4
C.L. C.L,
I
! [
o2
Q
1 \
/Q

AP ~ PSI
o
~
a
/
4]
{

FIGURE A28-3. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Wind =<4 MPH

Test #29

H/D = 4
o = 3

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
AT 6°F 15°F
& max 24°F 42°F
€ r.m.s. 8°F 13°F
A
ITl —_—

120°F/sec
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Test 29

Engine #1 Engine #4
C.L. C. L.
| I
2

AP ~ PSI
)

Ve

/D

i

FIGURE A29-5. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #30

H/D = 4
A = _6
Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
A
A'f 3°F 6°F
A 0 0
€ max 10°F 24°F
€ r.m.s. 4°F 6°F
L
ITl e 85°F/sec
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Test 30

Engine #l Engine #4
C. L. C. L.
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FIGURE A30-5. POD UNDERSURFACE PRESSURE DISTRIBUTION
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Test #31

H/D = 6
o = 46

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
1°F 0°F
2°F 2°F
1°F 1°F

20°F/sec —
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Test 3

Engine #l1 Engine #4
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FIGURE A31-3, POD UNDERSURFACE PRESSURE DISTRIBUTION

254



Test #32

H/D = 8
& = 4@

Wind = <4 MPH

Engines #1 and #4 operating

INGESTION CHARACTERISTICS

ENGINE #1 | ENGINE #4
0°F 0°F
2°F 2°F
o 0°F
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Test 32

Engine #l Engine #4
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FIGURE A32-3. POD UNDERSURFACE PRESSURE DISTRIBUTION
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