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Ahstrarr

A full-size variable-pitch fan engine was test-
ed in the Ames 40- by 80-toot wind tunnel to deter-
mine the eff.•ct of forw.,rd velocity and crosswind on
reverse-thrust performance. Two flight-type inlet
configurations were tested, and a flared fan nozzle
was installed as an inlet for reverse-thrust oper-
ation. Steady-state reverse -thrust performance was
obtained up to 54 m/s (105 knots). An abrupt de-
crease in reverse thrust occurred at about 30 m/s
(60 knots). Reverse thrust was established follow-
ing forward- to- reverse thrust transients both stat-
ically and with forward veloci f, es only up to
30 m/s.

Summary

The variable-pitch, Q-Fan T-55 engine was
tested for reverse-thrust performance to the NASA
Ames 40- by HO foot wind tunnel at forward vel — i-
ties up to 54 m/s O U5 knots) and at ang les	 at-
tack un to 220 . The engine had a fan nozzle flared
outward for reverse-thrust operation (exlet), r.nd
was tested with two flight-typo inlets, differing
primarily in inlet throat diameter,

During the wind-tunnel testes with forward ve-
locity, an unexpected transition from full to par-
tial reverse thrust occurred abruptly as the tunnel
velocity was increased to about 30 m/s (60 knots)
with the engine power setting held constant. The
.artial reverse- hrust mode was characterized by
s.gnlficantly lower reverse thrust, a hig;ier fan
o erating line, lower inlet lip and exlet static
Pressures, and negligible fan jet penetration into
.he free stream as compared with the full reverse-
thrubt mode. The primary cause of the decreased re-
verse thrust in the partial mode appears to be the
significant hanger in the pressure forces on the
nacelle as orward velocity increased. Considerable
hysteresis was associated with reverting to the full
reverse-thrust mode by decreasing tunnel velocity.

Steady-state reverse thrust Increased, as ex-
pected, with increasing tunnel velocity in the full
reverse-thrust mode. In the partial reverse-thrust
mode, Increasing forward velocity resulted in a
gradual decrease in engine reverse thrust. The fan
operating line moved higher with increasing forward
velocity in the partial reverse-thrust mode, whereas
It moved lower in the full reve.'se-thrust mode.

Limited crosswind tests showed that in some
cases variations in angle of attack caused the en-
gine to change reverse-thrust modes (partial to full
and full to partial). Buf c etting and high engine
vibrations occurred at angles of attack above 200.

In the forward-to-reverse thrust trans.ent
tests, the "overshoot" blade angle technique proved
effect3Ne in reducing the time required to estab-
lish reverse thrust with a flight-type inlet both
statically and with forward velocity. For these
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transients the engine control comput.r moved the fan
blade angle bevond tb ,2 final reverse blade angle,
h---Id it at the overshoot blade angle for a short
time, and then returned it to the final reverse fan
blade angle. Forward-to-reverse thrust transients
were accomplished only up to a forward velocity of
30 m/s (60 knots) with the low-Mach inlet and up to
20 m/s (40 knots) with the high Mach inlet. For-
ward velocity requires the overshoot blade• angle to
be increased to establish and maintain reverse
thrust. The high-Mach inlet requires a higher over-
shoot blade angle to establish reverse thrust than
the low-Mach inlet under similar operating condi-
tions.

In view of the abrupt transition to a partial-
reverse-thrust mode and the low-, 30-m/s limit for
successful forward-tj,- reverse thrust transients, it
is apparent that advanced variable-pitch turbofan
engines require additional development to provide
adequate, reproducible r--verse-thrust levels for
successful aeceleration of aircraft.

Introduction

Variable-pitch-fan engines may be attractive
for future short-haul aircraft if suf,icient re-
verse thrust is available for aircraft deceleration
after touchdown. Thrust reversal is obtained in
these engines by changing fan blade pitch about 900,
which causes the fan airflow to enter -he fan duct
nozzle and exhaust through the fan inlet. This
capability would eliminate the heavy and costly
thrust reverser systems required for current fixed-
pitch turbofan engines. The NASA Lewis Research
Center has supported the development of advanced
technology for a quiet, clean. high-bypass-ratio
turbofan engine for future short-haul aircraft. A
major portion of this effort is the Quiet, Clean.
Short-Haul Experimental Engine (QCSEE.) Program.l
A summ,,ry of previous work related to reverse-thrust
operation of variable-pitch fall is discussed
in reference 2.

As part of the program to develop the
propulsion-system technology for short-haul air-
craft, NASA has also supported testing of Hamilton
Standard's Q-Fan T-55 engine. This engine features
a full-size, dynamicallycoUUtrollable, variable-
pitch fan. Previous tests, ]-6 conducted on outdoor
static-test rigs, have investigated steady-state,
reverse-thrust performance and dynamic performance
during forward-to-reverse thrust transients. During
the tests of reference 6, no difficulty was exper-
ienced in establishing reverse thrust with a bell-
mouth inlet for either engine startups with the fan
blades in a fixed reverse-thrust position or for
forward-to-reverse thrust transient tests. However,
with a flight-type inlet (sma l ler outlet area in
reverse thrust), it was more difficult to establish
reverse thrust both for startups and for transients.
Some difficulty in establishing reverse thrust
during startup was also observed during reverse-
thruSt tests of a model of the QCSEE fan with a
flight-type inlet. 7 At some reverse-thrust blade



angles the fan would initially be in • ► sta.ted con-
dition at startup. rhea, as speed was 'screened
stall would clear and reverse thrust would he gen-
erated. The speed at which atoll cleared wa% found
to be a function of the preset reverse-tan blade
•nglc.

In both thv Q-Fan T-55 engine tests and the
QCSEE fan model tests, increasing; the reversv tan
bla6v angle (towards flat pitch) helped the fan to
clear stall and establish reverse thrust. The full
benetit of itirroased fan blade angle could riot be
demonstrated during the tests of the Q-Fan T-5° en-
gine because of the limited blade travel in the
pitch-change actuator system. The actuator was
therefore modified to allow for operation at higher
reverse fan blade angles for the -+end-tunnel tests
rep,)rted herein.

Low-speed wind-tunnel tests were conducted at
':ASA Lewis with a 50.8-cm (20-in.), 1.15-pressure-

ratio, adjustabl y-pitch fan simulator.	 Measured
steady-state reverse thrust decreased gradually with
increasing tunnel velocity to about 50 percent of
static reverse thrust at a typical short-haul land-
ing speed of 41 m/s (80 knots). No apparent in-
crease in reverse thrust was observed with increas-
ing tunnel velocity. as might be expected die to

the ram drag.

To Increase the technical knowledge of
variable-pitch fans, an investis.:_ion into the ef-
fect of forward velocity and crosswind on roversc-
thrust performance of the Q-Fan T-55 engine was
conducted in the NASA Art.as 40- by 80-foot win.! tun-
tic 1. NASA Lewis directed the test program; NASA
Amu+ Operated the wind runnel and force balance and
provided hardware and test support; Hamilton-
Standard (prime contractor - NAS3-20038) supplied
and' operated the test engine; and the Boeing Cuter
puny, under subcontract to Hamiltun-Standard, wat

responsible for data acquisition and reduction.

The test objectives of the program reported
herein were to determine the effect of forward ve-
locity and angle of attack on steady-state reverse-
thrust performance, to determine the effect of for-

ward velocit y_ on forward-to-reverse thrust transient
pe•fu.;nance, and to determine the effectiveness of
an overshoot blade angle technique to estaolish re-
verse thrust during a transient. Tunnel velocities
during the testa wore set from 0 to 54 m/s
(105 knots). The model angle of attack was varied

from 00 to 220 . The maximum fan speed was 3255 rpm
(97.5 percent N/jfj). And the tan blade angle

range was 430 (forward) to 1680 (reverse through

feather pitch).

Apparatus and Procedure

Test Facility

The NASA .tmes wind tunnel has a closed, 12.2-
by 24.4-m (40- by 80-ft) test section with semicir-
cular sides of 6.1 m (20 ft) radii, and a closed-
circuit air return passage. Air is driven in the
wind tunnel by six 12.2-m (40-ft) diameter fans,
which are ,)owered by six 4474-kW (6000-hp) electric
motors. The tunnel operates with a stagnation pres-
sure equal to atmospheric. Stagnation temperature
varies from ambient upwards, due to heat from the
entrained products of combustion and the tunnel

drive system.

A photograph of lhv engine installed in the
wind tunnel is shown in Fig. 1. The engine with
nacelle was mounted on a single, holiuw-culumn pylon
approximately 3.8 m (150 in.) from the wind-tunnel
floor. The pylon, In turn, was attached to the
facility'% floor-mounted svmispan model turntable
located on the wind tunntl's vertical centerline.
The %umi%pan ti-ntablc. ^.trut. and nacelle were "on
balance" for measuring model forces. A large fair-
ing or "wind shield," off balance, protected the
turntable an y strut surfaces from the wind-tunnel
aerodynamic forces. The nacelle was yawed in the
horizontal plane by means of the tunnel turnt.ehle
to simulate operation at the various inlet angles of
attack. The inlet top to buttom (0 0 to 1800 ) axis
was located on the horisontal plane of the wind tun-
nel. White tufts were installed on a wire m the
engine horizontal centerline about 3.0 m (10 ft) in
front of the engine inlet highlight and on the ex-
ternal surface of the luw-Mach inlet nacelle
(Fig. 1).

En inc Test Configuration

The test model consisted of an inlet, a
variable-pitch fan, a gas-turbine core engine, an
exlet (reverse flow inlet), and appropriate fair-
ings, nozzles, etc. The HarrAlton-Standard Q-Fan
demonstrator is a 1.397-m (55-in.), 1^-bladed,
variable-pitch fan with a Lycoming T-55-L-11A, 2796-
kW (3750-hp) gas-turbine core engine. A schematic
of the Q-Fan T-55 engine showing the mujor compo-
nents and the instrumentation station designations
is shown in Fig. 2 with the luw-Mach inlet and ex-
let in place. The engine has a 17:1 bypass ratio
and is driven through a 4.75:1 gear reduction to a
maximum speed of 3365 rpm. The fan has a 0.645-m
(25.4-in.) diameter, semielliptical nose dome fair-
ing. The fanexit nuzzle was in annulus with an
exit area of 1.064 m' (1649 in'). The reverse-
thrust exlet with a 30 0 (half angle) conical flare
was mounted on the aft end of the fan exit nozzle
for reverse-thrust operation. The core engine exit
nozzlesupplied with the engine had an exit area of
0.254 m 2 (394 in 2 ). The core engine had no center-
body , and core tailpipe was about 12.7 cm (5 in.)
shorter than it was in previous configurations.

The variable-pitch actuator was moditied with
a new blade trunnion tc. increase the maximum reverse-
fan blade angle by about 8 0 to allow for a greater
overshoot blade angle. A sc • hc mitic of the variable-
pitch fan blade fn the forward and the reverse-
through-feather pitch configurations is shown fn
Fig. 3 with the blade-angle convention noted. !n
the reverse-through-feather configuration the biade
camber correctly turns the flow toward axial. but
the Ivading and trailing edges are reversed.

Two flight-type inlets were tested with the
Q-Fan T-55 engine, and a comparison of their char-
acteristics is presented in Table 1. The Boeing
Lift/Crutsv low-Mach inlet had an asvmtsetric inlet
contour with lira• windward side having a higher con-
traction ratio (1.76) thaa the leeward side (1.30).
At a given inlet station both the internal and ex-
ternal contours are of circular cross section with
offset centers. The high-Mach inlet was geometri-
cally similar to the QCSEE inlet, which was designed
with a high throat Mach number (0.79) for fan Inlet
noise suppression. Hcranst' of the smaller inlet
throat diameter. the high-Mach inlet has it ratio
of inlet throat to fan face flow area of 0.81, as



•ipared wit;	 .93 for th, lea-"_ich i..

Inatrumen tation - Reverse-thrust Configuration

Steady-state reverse-thrust lnstrumanlation
!Fig. 2) Included two 10-element total- pressure
rakes In the aft fan duct (stietlon 1) and 2 at the
fan face (station 2); eight 6-element total-pressure
rakes at the compressor face (station 2.5); 3 total-
temperatury prole.. in aft fan duct and 1 at the cum-
pressor !a,e; and 7 statir-pressure taps In the aft
fan duct. I1 on the exlet, 45 on the low-Mach inlet
(22 on the high Mach inlet). and 8 at the compressor
face. Fan face rakes are set at 451 with respect to
engine centerline. Circumferential locations of the
rakes arc• also shown in Fig. 2.

'Hind tunnel instrumentation measured tunnel
total pressure, dynamic pressure, and total temper-
ature. In addition, the model lift, drag and side
forces, and pitch, yaw, and rolling moments were
measured by the balance system. For most transient
tests the force balance was lo,ked to prot,ct the
sensltiv, balance knife edges and mechanlsm.

Engine operational instrumentation included fan
blade angle, power lever angle, compressor speed,
turbine speed, turbine lntvts tdge temperaturc, en-
gine torque, vibration, and dynamic pressure trans-
ducers. Five strain gauges installed on selcctvd
fait blades were monitored and recorded on magnetic
tape to Insure operation of the fan blid, • within
their structural design envelope.

For the for,..ard-to-ruver:.e transient tests,
data were recorded on magnetic tape and displayed on
an uscll',.graph. All fan rakes were removed for the
transient tests.

Data Rvduction

Various test paraMLers were recorded on sev-
eral data systems: engine performance data on n
Boeing steady-state data acquisition system, wind
tunnel and force information on the facility data
system, fait upvrtUfun and health on a Hamiltun Stan-
dard tape recording system, and selected parameters
for transient tests on a Boeing tape recording sys-
tem. Engin • operational pardmet.•rs were also re-
curd,d on the engine lugs.

Steady-:.tats reverse-thrust data reduc t ion in-
clud,!d the calculation of the following parameters:
(1) corrected tunnel and force b. Litter parameters,
(2) measured corrected engine reverse thrust along
engine centerline, (3) fan speed, (4) fan average
toti.l- and static- ,pressure ratios, (5) aft fan duct
airflow, (6) exlet (fan duct) total-pressure recov-
er) and distortion, (7) core engine speed. torque,
and power, and (8) core compressor ai.11ow, total
and static pressures, distortion, and total-pressure
recovery.

Forward-to-reverse thrust transient data reduc-
tion at NASA Lewis consisted of digitizing the ana-
log data from the magnetic tapes, converting to en-
gineering units, performing calculations, and pre-
senting the data in both tabular and graph..al form.
The digitized data were averaged (about 30 data
points per average) to produce a data point for each
0.01 s from the start to end of the :tansient.
Steady-state initial and end conditions are deter-
mined from a 2.0-s average of data before and after

the actual transient. Calculated par:.orters
throughout the transient include fan b ode-angle po-
sition and rate, corrected tan and Lure speeds, cor-
rected cure enginv torque• and power, fait

 ratios and differences, fan blade stresses,
and dynamic pressure fluctuations. Calculated val-
ues fur each successful transient inclvdv actual
overshoot blade angle, dwell time-, total thrust
response time, actual blade travel time, flow re-
attachment tins, and the thrust delay time after
flow re.ittachm,• nt (Lies the appenc.ix for definition
of terms). Maximum values of engine torque, fan
blade stress, and tan blade pitch change rut. arc
recorded.

Test Procedure

For the steady-state reverse-thrust tests all
engine startups were accomplished with a pres:t
reverse fan blade angle under sr2tic (tunnel off)
conditions. The engine was accelerated to idle and
checked for reverse thrust and flow by observing
the force• -bal ,.nce (thrust) reading and the extcrndl
tufts. If negligible reverse thrust was observed,
speed and/or fan blade angle	 was increased until
reverse thrust and flow was initiated.

To define the effect of forward velocity, tie
engine was set at a fixed operating condition
and speed), and the tunnel velocity was increased
to the desired level. Stead y -state reverse- thrust
performance data were obtained. Then, either engine
operating conditions were Changed at constant tunnel
velocity, or tunnel velocity was changed at constant
engine operating conditions. Pit , en g ine angle of
attack was varied at constant engine operating con-
ditions and constant tunnel velocity.

Steady-state furward-thrust performance data
were obtained with the reverse exlet to define Lite
initia! steady-state forward operating condition for
the forward-to-reverse thrust transients. Engine
operating conditions were established for both ap-
proach and takeoff at static conditions and at it
tunnel ve.icity of 40 m/s (80 knots).

For the forward-to-reverse transients the en-
gine was set at constant forward-thrust operating
conditions and constant tunnel velocity. Inputs for
each transient were programmed into the engine con-
trol computer, for example, thrust setting lever,
power-!ever angle, fan-blade pitch-change rate,
number of degrees of overshoot beyond the final re-
verse blade angle, and dwell time at the overshoot
blade angle. All forward-tit-reverse thrust tran-
sients wer" initiated from either an approach or
takeoff ci.gi ne power setting. All transients had
the same programmed reverse-thrust end condition
with a fan blade an g le of 1481 at 85 percent of cor-
rected fan speed.	 !turiny, Lit : : t i•c (tunnel off) run-
ning, the engine. In the fciw. •.td-thrust mode pumps
the tunnel and induces a forward velocity up to
about 10 m/s at the initiation of the transient.

Steady-State Reverse-Thrust 1'eformance

Reverse-thrust performance was obtained with
the engine and the wind tunnel at steady-state op-
erating conditions. Operational boundary conditions
were determined with relatively slow changes in
either fan Llade angle or fan :.peed.



Reverse-Thrust Startinit and Stall-Unstall

Characteristics at Static Conditions

To better understand the starting and stall-
unstall characteristics of this fan, a number of
manually controlled variations in fan speed and fan
')lade angle were conducted to determine the condi-
tions where reverse thrust was established or lost.
These quad steady-state rasults. which can also be
obtained in model fan tests, may be correlated with
forward-tu-rtveroe thrust transient performance.

All tnginr startups for reverse-thrust perfor-
mance were attempted with a preset reverse fan blade
angle under static (tunnel off) conditions: eight
with the low-Mach inlet and three with the high-
Mach inlet. Results of these tests are .hown in
Fig. 4. With tLe luw-Much inlet and a tan blade

angle of 1500 , reverse thrust was observed at the
lowest stabilized fan ~peed. With low fan blade
angles from 1471 to 149.51 , the fan was italled ini-
tially. and fan speed had to be incrcasud to clear
stall and establish reverse thrust. An abrupt
trane!tion occurred from the fully stalled, negligi-
ble reverse-thrust mode to the unstalled reverse-
thrust mode. Considerable hysteresis was also ob-
served in that once reverse thrust was established,
no transitions were observed back to the full)'
stalled mode by decreasing fan speed. At a fan
blade angle of 1460 reverse thrust could not be es-
tablished even up to 81 percent fan speed. The
high-Mach inlet had similar characteristics, but the
smaller effective outlet throat area in reverse made
it more difficult to establish reverse thrust. Un-
stalling of the fan by increasing fan speed at some
reverse fan blade ankles a , d not returning to a
stalled condition when decreasing fan speed was also
observed during reverse-thrus^ tests of a model of
the t)CSEE variable pitch fan.

In the above cases where the fan remained
stalled d.iring startup, reverse thrust could be es-
tablished by increasing fan blade angle at a con-
8tant fan speed. A typical example of the reverse-
thrust hysteresis with fan blade angle is p,c:iented
in Fig. 5(a) at 75 percent of fan speed with the
lcw-Mach inlet. Negligible reverse thrust was ob-
served initially as ti was increased from 142° to

1490 . At B , 1490 , the engine abruptly changed to
the full reverse thrust mode. Reverse thrust in-
creased as 8 was then decreased to 136 1 , where
core speed and turbine temperature limits were en-
countered. Once reverse thrust was established at

1490 , the fan blade angle could Le varied consider-
ably (t10° to !15°) without the engine reverting to

the fully stalled mode, indicating a large hyster-
esis in performance with fan blade angle. It should
he noted that the desired blade angle operating
range is below 14S0 to obtain high reverse thrust.
But operation at these low blade angles may be im-
possible without first establishing reverse thrust
at higher fan blade angles. Reverse-thrust testing
of a variable-pitch fan and inlet combination tnap
therefore require a means of adjusting 3 during
fan operation to obtain high values of reverse
thrust.

The transition blade angle at other fan speeds
Is presented in Fig. 5(b) for both the low- and
high-Mach inlets. For the low-Mach inlet a E of
148° or more is required to establish reverse thrust
by Increasing 8 at constant fan speed, whereas
the high-Mach Inlet requires 1560 or above. As B

was decreased, Tither a cure limit or fan stall was
encountered. Fur the low-Mach Inlet at 50 percent
of fan speed, once reverse thrust was established,
satisfactory operation was experienced until a 6
of 1310 was reached, where the fan approached stall.
Above 50 percent fan speed a core limit was reached
before the fan stalled as 	 was reduced.

Reverse-thrust Performance at Static Conditions

Steady-state reverse-thrust performan a at
static conditions (tunnel off) is presented in
Fig. 6 at various reverse-fan blade angles and fan
speeds. To obtain these data, reverse thrust was
initially established by either increasing fan
speed or fan blade angle, as was previously dis-
cussed. K rformance obtained with the luw-Mach In-
let is presented in Fig. 6(a) and that with the
high-Mach inlet in Fig. 6(b). The effect of inlet
configuration on reverse thrust is very blight.
Performance trends at static conditions are similar
to those obtained in previous tests of this engin.
(ref. 3). Reverse thrums! increases with Increasing
fan speeds and with decreasing reverse-fan blade
angles down to 136°. At the lower fan blade angles.
high fan speeds could not Le obtained because of
core speed and turbine temperature limits, as noted
in the figure.

Effect of Forward Velocity on

Reverse-Thrust Performance

p
revious steady-state reverse-thrust testing

of the q-Fan T-55 engine in outdoor static-test
stands showed that the engine could operate in one
of two modes: it 	 reverse-thrust mode and a
negligible reverse-thrust, stalled-fan nude. During
the wind-tunnel tests with forw.trd velocity, a
third, partial reverse-thrust mode was observed.
The partial reverse-thrust mode was characterized by
lower reverse thrust and negligible fan jet pene-
tration into the free stream than the full reverst-
thrust mode. During the wind-tunnel tests the en-
gine would abruptly change from the full reverse-
thrust mode to the partial reverse-thrust mode as
the tunnel velocity was increased at constant engine
power setting. Once the engine shifted from the
full to the partial reverse-thrust mode, consider-
able hvsteresis was associated with reverting to the
full reverse-thrust mode. As subsequent figures
will show, the fan remained stable and did not stall
during the transition from full to partial reverse
thrust, but significant changes In static pressures
(and forces) on the inlet and exlet occurred. This
indicates that a change in flow over the nacelle is
probably the primary cause of the reduction in re-
verse thrust during the transition.

The effect of increasing forward velocity on
reverse-thrust performance with the engine set at
a fixed fan ')lade angle and fan speed is presented
in Fig. 7 for the low Mach inlet. Generally, it
can be seen that as tunnel velocity increases re-
verse thrust increases until a point where the en-
gine abruptly r')angel to a partial reverse-thrust
mode. This trat..;ition appears to be a function of
fan speed, as noted in the figure. The transition
to the partial reverse-thrust mode occurred at a-
bout 30 m/s and resulted in a significant (^-30 per-
cent) decrease in reverse thrust, a slight (ti5 per-
cent) decrease in fan speed, and negligible fan jet
penetration to the tufts. Fan speed was readjusted
to the initial value by increasing the engine power
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•lull and tilt, tv'it s were continued at con st lilt X
d The engine operated sat is fact • rIIV in the

part 1-aI reverse-thrust mode with a gradual decrease
to reverse thrust to a forward velocity of 54 w/s.
In the wind-tunnel tenth of a 50.8-em fan s'drl.8
revere thrust decreased sra,lually with increasing

t unnel velocit y from static ul to 4) m/s. No .abrupt
transition was noted.

The engine whit the high-Mach inlet ( smaller
active Outlet throat area in reverse) behaved

.laxly to the low-Mach inlet as forward velocity
varied.	 The,• transition from full to partial

:rust occurred abruptly at about a forward
t 30 m/s at high tan speeds, and was sim-

eyariy :ii-ini,terized 4y de.rea'ed reverse thrust,
de.'reased tail speed. and negligible fan Jet pcttc-
tr.atl, • n to the tutt ,.

A tvpical reverse-thrust hysteresis loop with
tunnel ve• locliv is shown in Fig. 8 for a ? of
148" at 85 percent of fan speed. It should he noted
that. once the engine transitioned to the partial
rt,verse-thrust mode, tunnel velocity could he re-
duced to less than :0 m,^- (below the transition
tone) without reverting back to the full rcverse-
thrust mode. Oita points designated A. H, and C
will be compared and discussed In the next section.

Anal ysis of Forward 1'el tic Ity F.ffec•ts

To help understand the effect of fo n 3ard veloc-

W., and till , transition from the full to the partial
reverse-thrust mode, several more detailed perfor-
manee characteristics will be examined: rxlct and
core Inlet total-pressure recovery , fan Stage per-

tormance, inlet and exlet surface htatic pressures,
and visual flow observations. Comparisons will he
made of thew characteristics at conditions A, H,
and C (Fig. 8), where point A is the static condi-
tion, point B !s lull reverse thrust it 20 m/s, and
point C is partial reverse thrust at 20 m/s. Points
A. B, and C art , all at a	 of 1480 and it tan speed

of 85 percent.
First exlet and core compressor-face total-

pressure recovery will be examined. As noted In
Fig. 9, exlet total-prossure recovery decreases
tram ,about 0.995 to ithout 0.915, while the

COmpre Khor-lace• recovery decreases from about 0.900
to about 0.885 in going from static to 54 m/s. No

change:+ in the exlet or core t tai-pressure recov-
ery are ap parent in Fig. 9 th'+, would account for

the transition tram tilt , lull to the partial reverse-
thrust mode (from point It to i). The effect of tun-

net velocity on lilt , 300 conical extol total-pressure

recovery is similar to that obtained in Refs. 9

and 10 with a 14-cm (5.5 in.) diameter exlet nh,del.

The tan performance map for the steady-state
reverse-thrust tests is presented in Fig. 10 for

1480 at various tunnel velocities. The static
(tunnel Off) fan operating line is shown forref-
crence. A slightly lower than static fan operating

line (OL) was observed it .a forward velocity of

20 m/s in the full reverse-thrust mode. Measured
fan rotor flow Increased about 5 percent atconstant

tan speed. A significantl y higher tan operating

line is observed at 20 m/s in the partial reverse-
thrust mode as Compared with the full rfVrrHe-thr ust
mode.	 This shift in fan all. correlates with the sud-
den change in reverse thrust from the full to the
partial reverse-thrust modes. However, the de-
crease in ideal tan reverse thrust (based on fan

flaw and fan outlet pressure) from point b to C is
significantl y less tha.. the measured change in
thrust.	 In the partial revtr •.r- thrust mode increas-
ing forward velocit y up to 54 m/-i caused the fan
01. to move even higher, indicating evidence of r
hack pressure effect on the fain due to till- Increased
torw'ar. ••elocity.	 The fan %t,atlC-pre% hure ratio to
reverse was examined and correlates well with the
fan total-pressurt• ratio, suggesting that the mes-
sured fan OL shift is not due to mcvsurement errors
caused by the flxcd 1•+catien of the fan outlet total
total-pressure rakes at the fan fact.

Next, it series of pressure protiles affect Ing
fan operation and revere thrust are presented in
Figs. 11 to 14 for conditions A. H. and C to furthtr
examine the effect of forward velocity and the
transition from full to partial reverse thrust.
The profiles are presented to the order that the
flow passes through the engine in reverse thrust:
exle• t, aft fan duct. tan face, and inlet.

Since pressure forces on the tlared exlet can
be ver y large and directly affect the net reverse
thrust, the axial static pressure distribution along
the exlet internal surface Is shown in Fig. I10).
The location of static-pressure taps 1s Indicated on
tht, exlet (e) in Fig. 2. 	 In tilt iu.) reverse-thrust
mode at 20 m/s (condition B), stat.r pressures were
signfiicantly lower than those mcasered at static
conditions (A), indicating a large increase in the
exlet's contribution to reverse thrust. The transi-
tion from the full to partial rev.,rse-thrust m de
at 20 m/s (condition B to C) is characterized b y it
significant increase in lilt- exlet static pressure,
indicating a large decre.se to the exlet's reverse-
thrust cont ri but ton. This change in pressure was
also evident when lull and partial reverse-thrust
mode points were compared at equal flow rates, which
comparison suggests that a change occurred in the
engine external flow field. Because no static pres-
sures were measured on the external surface, the
net change to exlet force cannot be accuratel y de-
termined.	 However, the variations in Lilo exlet
piv!;sure lorces correlate ver y well with the varia-
tions in measured reverse thrust at the three con-
ditiors compared.

To evaluate exlet total-pressure , recovery and
the fan Inlet pressure in reverse, radial total-
pressure profiles in the aft fan duct are compared
for the three conditions in Fig. 11(h). Both the
full and partial modcs at 20 m/H Hhuwe'd slightly
lower pressures than at the Static condition, but
all three profiles were , similar.	 Fillet total-
pressure recovery (PTI/PTO) is hast •d Lilt this aft
fart- duel radial profile.

The fan-outlet total-pressure in reverse is
defined by the radial total-pressure prottles at the
fan face.	 (See Fig. 12.) As was the case in the
aft fan duct, the fail outlet profiles art , similar
for conditions A, H, and C. Below ambient pressures
in the Can-huh region are a result of high swirl
secondary flows. 'rhe difference In Lot-outlet if'-
solute pressure Irom condition A to B reflects the

decrease in exlet total-pressure recovery with for-

ward velocity, and from condition B to C the signif-

icant increase in fan pressure ratio. The similar-
ity of fan-inlet and -outlet radial pressure pro-
files for conditions A, B, and C indicates that till,
change in the tan operating line was :apparently due
to the flow changes external to the fan.



One indication of such a change is shown in
Fig. 13, where the axial Mtatic-pressure distribu-
tion In the asymmetric low-Mach inlet is presented
for the windward thick-lip side of the inlet. Sim-

characteristics were observed on the thin-lip
of the inlet. At 20 m/s in the full reverse-

thrust mode tcondition 8), the inlet surface static-
pressure profile differs only slightly from that
obtained at •.tatic conditions (condition A). How-
ever, in the partial reverse-thrust mode at the
same forward velocity (condition Q. the location of
the minimum static pressure moved significantly for-
ward of the throat, and the level of static pres-
sures increased significantly between the minimum
pressure and the fan face. The significantly higher
static pressure at the inlet throat results in the
higher fan operating line.

Since inlet lip pressure forces can be very
large and directly affect 

the 
netnet reverse thrust.

the Inlet static pressure data from Fig. 13 is
plottrd versus inlet lip projtLted area in Fig. 14
for the windward, thick-lip side of the luw-Mach
inlet. Similar characteristics were observed on the
thin-lip side of the inlet. Again, inlet radial
profiles art very similar at static conditions, and
at 2U m/s in the full reverse-thrust mode. In the
partial reverse-thrust mode .it 20 m/s, the inlet
radial profile shifted cunsiderably, resulting in
Ignificantly lower lip static pressures, which hay.a
decreasing effect on reverse thrust. The location

of the minimum static pressure moved significantly
outward radially. which suggests that the flow is
tending to follow the lip contcur radially outward
rather than separate near the throat as it apparent-
Iv did in the full reverse-thrust mode.

A schematic of the flow through the engine
tatically and at 20 m/s in the full and partial
reverse-thrust modes Is proser..ed in Fig. 15. 	 Flow
directions are based tin photographs of the tufts on
the external surface of the low-Mach inlet and of
the line of tufts on the engine horizontal center-

line 3.0 m (10 ft) in front of the inlet highlight
and on the previous analysis of engine performance.
The primarily axial fan let is shown for the static
and full reverse-thrust mode conditions at 20 m/s.
In the partial reverse-thrust mode at 20 m/s the
fan Jet flow is radially outward over the inlet lip.
'rite nacelle surface tufts in the static and partial
modes were predominantly forward, while In the full
reverse-thrust mode they were predominantly rearward
over the nacelle surface.

The previous analysis indicates a possible ex-
planation of the abrupt transition from the full to
the partial reverse-thru s t mode at a forward veluc-

itv of about 30 m/s. The primary cause of the ob-
4crved reduction In reverse thrust during the transi-
tion appears to be the result of significant changes

in force oil 	 nacelle due to the increasing for-
ward velocity. Possible flow separation from the
exlet internal Surface occurs, resulting in a signif-
icant decrease in the exlet's contribution to re-
verse thrust. Changes in surface flow on the inlet
lip were observed, which would also contribute to
decreased reverse thrust.thrust. It appears that the fan
outlet flow is affected by the change in static

pressure due to the increasing tunnel velocity, un-
til it suddenly attaches, possibly due to the Coanda
effect, to the inlet lip surface. The primarily
axial fan jet then abruptly collapses and spills
radiall/ outward over the inlet lip, as indicated
b y the lower static pressures forward of the inlet

throat. The corresponding hither inlet throat and
fen-face pressures indicate a throttling effect on
the fan, re wilting In the observed higher fan oper-
ating line.

Some Observations of Reverse-Thrust Performance

with An lg a of_Attack

Very limited data were obtained .Ith angle of
attack. Two cases. of angle-of-attack variation on
steady-state reverse thrust performance are present-
ed in Fig. 16. both tests were conducted at con-
stant forward velocity with the engine Initially
in the partial reverse thrust mode at O o angle of
attack. In one test at 2U m/s. crosswind signifi-
cantly affected reverse-thrust operation by causing
the .agine to abruptly change from the partial to
the full reverse-thrust mode at a low angl e: of at-
tack of about 3 0 , and them abruptly return to the
partial reverse-thrust mude at about 20 0 . In the
other test at a high forward velocity (41 m/s), no
transition was observed from the partial to the full
reverse-thrust mode. Crosswind also caused severe
huffetting and high engine vibrations at angles of
attack above 200.

Forward-to-Reverse Thrust Transient Performance

All forward-to-rcvtrse thrust transients were
Initiated from either an ap p roach or takeoff
forward-thrust engine operating condition as defined
in the next section. During static (tunnel off)
operation, the engine in the forward-thrust mode in-
duced a forward velocity up to 10 m/s at the• initi-
ation of the transient. All transients had the
same "inai reverse-blade angle of about 140o and
corrected fan speed of about 85 percent.

Initial Steady-State Forward-Thrust Performance

Steady-state forward thrust performance was
obtained to definv the initial takeoff, aborted
takeoff, and approach engine operating conditions
for the forward-to-reverse thrust transient tests.
Performance with the low Mach inlet is presented
In Fig. 17 with both the nominal fan nozzle and the
fixed reverse-thrust conical exlet. The •^xlet ap-
peared to have only a very slight effect on forward
thrust performance. Forward performance with the
nominal fail 	 was obtained in 44he NASA-Navy
Lift/Cruise Inlet test program. ll,12

The static' takeoff condition was determined by
operating the engine at the design fan blade angle
(51.80 ) and 95 percent fan speed with the tunnel
off. The engine was operated at the same fan bl:,de
an glo and fan speed at a forward velocity of 40 m/s
fur the aborted takeoff condition. A thrust level
of 78 percent of the static takeoff thrust was mea-
sured at this aborted takeoff condition. The ap-
proach condition at 40 m/s was determined by op-
erating at 95 percent of fan speed and varying fan
blade angle until a thrust level equal to about
60 percent of that at the aborted '.akeuff condition
was obtained. This condition was achieved at a fan
Made angle of 440.

Definition •if Transient Terms

Terms for transient performance are shown in
Fig. 18. Blade travel time (BT) is simply the time



from the demand for reverse engine thrust until the
fan I • lade comes within 1 0 of the overshoot blade,
angle.	 Dwell Is the titer the• fan blade is held at
the overshoot blade angle. Plow reattachment time
(RAT) is till• time- it takes the airflow to reverse
and reattach to the fan blades after tL- fan blades
have reached within 1 0 of the overshoot blade angle.
Fan blade stress was used to indicate when flow re-
attachment occurred. As obsurved In previous tests,
fan blade stresses increase substantiall y during a
transient and then suddenly drop when reverse thrust
was e..tabllshed.6

For the forward- to- reverse thrust transient
tests, the time required to establish reverse thrust
(thrust re,punse time) is the primary parameter of
interest- For these tests the thrust-re,ponse time
is slmplt the sum of BT and RAT. An additional time
period. identified in reference 6 as delay time,
was not as factor in these tests and will not he dis-
cubsed furth_r. Since BT is only a function of the
actuation rate and RAT is primarily to aerodynamic
phenomena, transient performance will be presented
here in terms of KAT and the factors that affect it.

Transient Performance with Low-Hach Inlet

Approach and takeoff furward-to-reverse thrust
transient performance with the low-Mach inlet at
static (tunnel off) conditions Is presented in
Fig. 19. Based on performance and tuft observa-
tions, all of the 20 attempted transients at static
conditions were successful, with overshoot blade
angles of 154 0 (minimum attempted) or greater.
Some of these transients were initiated at forward
velocities up to !0 m/s (20 knots).	 (These veloc• -
Itles were induced by forward engiue operation in
the wind tunnel.) As shown in the figure, increas-
ing the overshoot blade angle results in decreasing
RAT. a trend similar to that observed in previous
tests with a hellmouth inlet. 6 It should be noted
that increasing overshoot blade angle increases BT.
but this increase is small compared with the result-
ing decrease in RAT. At static conditions, RAT did
not appear to be significantly affected by :he blade
pitch-change rate. Consequently. for the approach
power transients, a single curve is used to repre-
sent the range of transient Performance for tunnel-
off conditions. Initiating the transient from the
high-power takeoff condition resulted In decreased
KAT., and eatrlier establishment of reverse thrust.

The two flagged data points indicate thet for
these cases RAT exceeds dwell tine. This means that
the flaw reattached :after the blade was return;d
from the overshoot blade .angle to the final reverse
b l ade , angle. Thus, .1)1 apparent aerodynamic lag as
large as 0.4 s occurred alter the blade returned to
the final reverse blade angle. This aerodynamic
lag Is also evident in the data of referenee 6. A
reduction in RAT may have resulted if dwell time
had been increased for these cases.

Forward-to-reverse thrust transients were at-
tempted with the low-Mach inlet at forward veloc-
ities of 20. 30, and 40 m/s (40, 60, and 80 knots).
The results are presented in Fig. 20 along with the
trend for the static condition for comparison. With
the 20-m/s (40 knots) forward velocity, reverse
thrust was established at most attempted conditions.
Visual tuft observations and performance indicate
that the engine, to most cases, was in it

reverse- thrust mode after the transient. With the

40-m/s (80-knots) forward velocity, reverse thrust
could not be established d ynamicall y in four at-
tempts (overshoot blade angles from 1580 to the
maximum available. 1680 ). and the fan remained fully
stalled. Increasing the overshoot blade angle be-
yond the 168 11 actuator limit may nut be effective
in reducing RAT, since the blades would then be ap-
proaching the flat pitch position.

keasonuhle flow reattachment times (-0.5 s)
were obtained at a forward velocity of 20 m/s with
.an overshoot blade angle of 158.5 0 or greater. At
an overshoot blade angle of 1580 the RAT approached
1.0 s. Changing the Initial forward operating cun-
dltlun from low power approach to high power aborted
takeoff did not apprrciably change the RAT. How-
ever, the aborted takeoff RATS were significantly
lon ger at 20 m/s than those with the tunnel off.

With 30 We forward velocity. partial reverse
thrust was established with overshoot blade angles
of 1661) or greater. but tith longer RAT* than com-
parable data .at lower forward velocities. As noted
In the tfgurv. forward velocity requires overshoot
blade angle to he increased to maintain acceptable
flow reattachment times.

Transient Performance with Nigh-Mach Inlet

All forward-t1)-reverse thrust transient tests
with the high-Mach inlet were initiated from an ap-
proach furward-thrust engine operating condition.
The results of these test% are presented In Fig. 21.
At static (tunnel off) conditions reverse thrust
was estah:ishe• d at overshoot blade angles of about
1640 and higher, but not at :angles of 1600 . Tun,,.a
velocit y was about 8 m/s at the initiation o f the
transient. To establish reverse thrust at tunnel-
off conditions with the high-Mach Inlet r:quired
significantl y higher overshoot blade angles than
the low-Mach inlet. This result c• orrelatcs will. the
effect of the high-Kich inlet on the unstiW ing fen
blade :angle (discussed previously), suggesting that
this inlet has a similar back pressuring effect on
the stalled tan in both tests. As noted with the
low-Mach inlet. RATS increased rapidly with de-
creasing overshoot blade angle.

At a forward velocity of 15 m/s, reverse thrust
was established after both attempted transients with
overshoot blade angles of about 1670 ('170 of over-
shoot). Reattachment times were about 0.4 s. At
20 m/s reverse thrust was established three times
with overshoot blade angles of about 1660 anal above,
but in another test at ltoo the engine remained in
stall.	 Apparently, some variability exists in es-
tablishing reverse thrust after a transient, which
may be associated with higher forward velocities
and longer RATS. Based on the tuft observations,
the engine appeared to be in a partial reverse-
thrust mode after all of these transients. As was
the case with the tunnel off, successful transients
with the high-Mach inlet require higher overshoot
blade angles than with the low-Mach inlet.

With .a forward velocity of 30 m/s reverse
thrust could not be established dynamically in two
attempts using the full overshoot blade angle cap-
ability of 1680 : the fan remained fully stalled.

5ummar y of Results

The reverse:- thrust performance of the variable-



pitch, Q-Fan T-55 engine was obtained in tho NASA

Ames 40- by 80-toot wind tunnel at tunnel velocities

up to 54 to/s (105 knots) and at angles of attack up
to 220.

Steady-State Revers*-Thrust Perforrunce

1. The tr Fan T-55 engine started at static con-
ditions with the fan to either a stalled or unstall-
ed mode dependent on the preset reverse-thrust fan

blade angle. if Initially stalled, reverse thrust

was established by increasing fan speed or by in-
creasing fan blade angle. It was more difficult to
establish reverse thrust with the high-Mach inlet
(smaller effective outlet throat area In reverse)
than with the low-Mach inlet.

2. During the wind-tunnel tests with forward
velocity, an unexpected partl 1 reverse -thrust mode
was observed with berth flight-type Inlets. The
transition from full to partial reverse thrust oc-
curred abruptly as the tunnel velocity was increased
to about 30 m/s (60 knots) with the engine power
setting held constant. The partial reverse-thrust
mode was characterized by significantly lower re-
verse thrust, a higher fan operatin g line, lower in-
let lip and exlet static pressures, and negligible
fan het penetration into the free stream as com-
pared with the full reverse thrust mode. The pri-
mary cause of the observed reduction In reverse
thrust in the partial mode appears to be the result
of significant changes in pressure forces on the
nacelle due to the increasing forward velocity.
Considerable hysteresis was associated with revert-

ing back to the full reverse thrust mode by de-

creasing tunnel velocity.

3. In the full reverse-thrust mode, reverse
thrust increased, as expected, with increasing tun-
nel velocity up to about 30 m/s and the primarily
axial fan het penetrated upstream.

4. Conversely, in the partial reverse-thrust
mode, increasing forward velocity from about 20 to
54 m/s (40 to 105 knots) resulted In a gradual de-
crease In engine reverse thrust to about 80 percent
of the initial static value. The fan operating line
moved signlficantl) higher with increasing forward
velocity, whereas, .t moved slightly lower in the

full reverse-t rust mode. The fan outlet flow re-
mains attached to the Inlet lip and spills radially
outward.

5. Two steady-state reverse angle-of-attack
(crosswind) tests were conducted at constant for-
ward velocity with the engine initially in the par-
tial reverse thrust mode at 00 ang le of attack. In
one test at 20 m/s, crosswind had a very significant
effect on reverse operation by causing the engine to
abruptly change from the partial to the full
reverse-thrust mode at a low angle of attack of a-

bout 30 , and then abruptly return to the par;.ial re-
verse thrust mode at about 200 . In the other test
at 41 m/s no transition was observed from the partial
to the full reverse thrust mode. Crosswind also
caused severe buffetting and high engine vibrations
at angles of attack above 200.

Forward-to-Reverse Thrust Transient performance

1. In the forward-to-reverse thrust trfnsient
tests, the overshoot blade angle technique proved

effective in reducing the time required to establish
reverse thrust with a flight-typo inlet both with
and without forward velocity. Forward-to-reverse
transients were accomplished at up to 30 m/s for-
ward velocity with the low-Mach inlet and up to
20 ale with the high-Mach inlet. Above 10 m/s re-
verse thrust could not be established.

2. Forward velocity requires higher overshoot
blade angles in order to establish and maintain re-
verse thrust. Increasing the overshoot blade angle
results In decreasing flow reattachment times and
earlier establishment of reverse thrust both s tati-
cally and with forward velocity. I'or example,
transients with the low-Much inlet required about
20 more overshoot blade angle at 20 m/s and 9 0 more
overshoot blade angle at 30 m/s to achieve equal
flow reattachment times than those obtained stati-
cally. The high-Mach inlet requires about 6 0 to

100 more overshoot blade angle than the low-Mach
inlet under similar operating conditions. After all
successful transients, except for some conducted
at 20 m/s forward velocity, the engine operated in
the partial reverse thrust mode.

3. Transients performed at static conditions
(tunnel off) with high-power takeoff conditions had
faster reattachment times than thost with low-power
approach cunditions, but these differences tended
to disappear with forward velocit y . Blade pitch
change rate did not signiticantly affect flow reat-
tachment time at static conditions or with forward
velocity. In some transient tests the flow re-
attached to the fan blade after the blade was re-
turned from the overshoot blade angle to the final
reverse blade angle. This aerodynamic lag was as
long as 0.4 s.

Concluding Remarks

Short-haul aircraft landing or aborted takeoff
maneuvers require successful deceleration from
speeds of about 40 m/s (80 knots) or higher. During
aircra f t deceleration thrust reversal must be ini-
tiate- t,nd maintained consistently and repeatably
to pr: tent aircratt yawing due to dissimilar engine
thrust levels. Forward velocity caused the variable
pitch Q-Fan T-55 engine to operate in an unexpected
partial reverse thrust steady-state mode onder sonic
operation& conditions (e.g., above . 30 m/s
(60 knots)). Full or partial reverse thrust was
established following forward-to-reverse thrust
transients only up to a forward velocity of about
30 m/s (60 knots).

However, these undesirable effects of forward
velocity may be peculiar to this fan-nacelle con-
figuration. The Q-Fan T-55 di •monstrator engine had
a very low (1.14) pressure ratio fan and a simple
conical flared exlet. The observed characteristics
may not be typical of similar higher pressure ratio
fans. Furthermore, no attempt was made to modify
the nacelle to reduce the adverse effects of for-
ward velocity. Further development of advanced
variable pitch turbofan engines is therefore recom-
mended to insure adequate and reproducible reverse -
thrust levels for successful aircraft deceleration.
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Table 1 7-Far. T-55 Engine-inlet cot-parison

Fan hub-tip ratio

Asymrtric,
low-Mac

0..6

Nigh Mlarh
inlet

0..6

:q,	 em	 (in.) 139.7	 (51) 139.7	 (55)

D t /Dr `	 0.855	 ay . 0.80

At /' ^	 0.932 0.909

(DHT/D t ) 2 I	 1.30	 -	 1.76 1  6

D t ,	 cm	 (in.) i	 120.0	 (47.2)	 ay . 111.8	 (..)

Dli" cm (in.) 114.6.9	 ( .4 7.8)	 a y . 135.1	 (53.2)

Equivalent	 diffuser 6.1° t.90

angle

L/DF E:

Li^	 contour	 (internal) el/apse

Dt

Fan
face

A
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Figure 1. - U-tan T-55 engine installed in Ames 40- by 80-ft wind tunnel.
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