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SUMMARY o

During the past several years, a number of tests have been conducted to : Cn A
develop the technology necessary to meet the unique reverse-thrust performance P
requirements of a variable-pitch fan propulsion system. Areas that have been
investigated include the losses and distortion associated with the air entering
the fan and core compressor from the rear of the engine, the direction of fan
blade pitch rotation for best reverse-thrust aeroacoustic performance, and
engine response and operating characteristics during forward- to reverse-thrust
transients. The test results of several scale fan models as well as a full-
size variable-pitch fan engine are summarized. More specifically, these tests
have shown the following: A flared exhaust nozzle makes a good reverse-thrust
inlet, acceptable core inlet duct recovery and distortion levels in reverse

flow were demonstrated, adequate thrust levels were achieved, forward- to re- ‘ B n
verse-thrust response time achieved was better than the goal. thrust and noise ; v
levels strongly-favor reverse through feather pitch, and finally, flight-type Py
inlets make the establishment of reverse flow more difficult. . }-'i

;
;F INTRODUCTION j.,
fg& The short field lengths envisioned for short-haul aircraft operation have o
= made reverse-thrust performance a critical part of the propulsion system's de-

E; sign requirements. The conventional approach to providing reverse thrust in

|

; turbofan engines is to use target or cascade thrust reversers to redirect the J
o= engine exhaust flow in a forward direction. Considerabie study in recent years vAi
; 1
i

i

!

s
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"
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has been directed toward an alternate approach to reverse thrust - the variable-
pitch fan. !

Noise requirements for short-haul aircraft diztate that a low pressure
ratio, high bypass ratio fan be used especially for an under~the-wing engine
installation. For such requirements, engines designed with variable-pitch fans .
for reverse thrust have been shown (refs. 1 and 2) to be superior to those with : A;‘
fixed pitch fans and conventional reversers. The primary advantage is lower Pl
propulsion system weight. An added benefit is faster response times in forward
thrust which are important for approach waveoff maneuvers. The faster forward
thrust response times are a result of a variable-pitch fan's ability to provide
approach thrust at high fan speeds (ref. 1). Because of these advantages, a .
variable-pitch fan was incorporated in the under-the-wing engine of NASA's jhb;
Quiet Clean Short~Haul Experimental Engine (QCSEE) Program. =
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Obtaining reverse thrust with a variable-pitch fan engine involves a new
mode of 2=ngine operation. In normal forward-thrust operation engine air enters
the inl't, passes through the engire, and is exhausted out the rear as shown in
the upp.r half of figure 1. In reverce thrust the fan blade pitch is changed
so tkat the fan air flows in the opposite direction. Air must be drawn {rom
th: ry.r of the engine; the air is required to turn 180° from its original direc~
tion, .s shown in the lower half of figure 1. Part of this air must turn
pearly 180° again to supply the engine core. The rest of the air passes
througn the fan and is exhausted out the inlet. Requiring the air to follow
this difficult path and cperating the engine during the forward to reverse
“hrust transition raises a number of design questions:

() What nozzle shape is required -0 minimize the pressure losses and dis-
tortion in reverse thrust?

<.} Will pressure recovery and distortion levels into the core compressor
he sat»sfactory?

{’) In which direction should the fan blade pitch be changed for adequate
r..verse -thrust levels?

(4) Can the forward to reverse-thrust transition be accomplished in the
rejuirei time without engine operational problems?

{5} What effect will a flight-type inlet have on reverse-thrust operation?

2 namber of tests have been conducted over the past several years to
ans' er these questions. The results of some of these investigations are dis-
cussed in this report to provide an overview of reverse-thrust technology for
variable-pitch fan propulsion systems. To add perspective to the test results,
the -everse-thrust requirements are discussed first.

REVERSE-THRUST REQUIREMENTS

Reverse-thrust regulations for short-haul aircraft have not been estab-
lished. However, based on a number of aircraft systems studies, reverse-chrust
cbjectives have been defined for QCSEE. They are compared to typical reverse
thrust characteristics for conventional engines in table I. The reverse-thrust
level for OCSEE, 35 perrent of takeoff thrust, is required for landing oa icy
ranways or in the -veit of brake failure (as described in ref. 3). Although
the QCSEE cbjective .alls on the low side of the range for conventional air-
craft, the resu'ring aircraft deceleration is comparable to conventional air-
craft btecause CSEE is designed for an aircraft with a high thrust-weight ratio.

The forward- to reverse-response time objective, or time to reverse, for
QCSEE s considerably more stringent than for conventional aircraft because of
the short field cperation. However, the time to reverse for conventional air-
cre 1is longer mostly because of the time required to increase the engine
¢ eed from a near flight idle condition at the initiation of reverse thrust to
the design reverse-thrust condition. Thus, some reverse thrust is being gener-
ated during mo:.t of that time.

Opretating an engine in reverse thrust at low forward velocities can result
in exhuust gas reingestion, foreign object damage irom the reverse jet impinying
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on the ground, and the impingement of hot exhaust gases on aircraft structures.
Because of this, reverse-thrust operation is usually prohibited belcw certain
forward velocities. A comparison of the winimum forward-velocity limits

(table I) shows that the QCSEE objective is more stringent than conventional
aircraft, again because of the short field operation.

The importance of low noise in all phases of short-haul operation resulted
in a reverse-thrust noise objective for QCSEE. Yor 1(8 400 newtons of reverse :
thrust a maximum no.se level of 100 PNdB on a 152.4-meter sideline has been 1
established. ’

AIR INTAKE CHARACTERISTICS

Exler. Performance

To assist the flow of air into the vear of the engiune duriag reverse thrust,
the fan nozzle can be opened to forum a flared shape, called an "exlet," as
shown in figure 1. A numper of scale exlet models were tested (refs. 4 and 5)
to determine what geometry results in the lowest total pressurc loss and dis-
tortion level. The exlet configurations tested covered flarc angles O from
0° to 60°, contraction ra=ios AT/AE from 1.4 to 2.8, and ducts with and with-
out simulated acoustic splitters.

- -

The results, along with geometric definitiuns, 2re summarized in figure 2
for freestream velocities V., of 0 and 41.2 meters per second and a fan duct
Mach number My of 0.4. The results indicate thit a flare angle of 300 gave
the highest pressure recoverv. At flare angles other than 09, the data fell in
a relatively narrow band showing relative inserisitivity to contraction ratio
and the presence of an acoustic splitter. A rlare angle of 0° represents a :
nozzle in a forward thrust position and would not normally be considered for ;
reverse thrust operation except in the eveut of a nozzle actuator failure. In i
general, the exlet tests showed that the total pressure recovery was high when i
the sharp turn the flow must make around the aexlet lip is considered. However,
test data shown in figure 2 are for smooth axisymmetric exlets and constant fan )
duct Mach number. Therefore, the effects of differences in these characteristics i
should alsc be considered.

o

Exlet shapes with V notchles which more accurately represent a variable i
arca nozzle were also tested. These tests showed that for a configuration
similar to the QCSEE nozzle the presence of notches would reduce recovery about
0.5 percent (ref. 5).

The fan duct Mach number has an effect on recovery, but to a lesser extent i
than the free-stream velocity (ref. 4). For example, changing the duct Mach i
number from 0.4 to 0.5 reduced recovery less than 0.5 rercent. ;

Distortion levels in the fan duct were also measured. For the exlet geom— P
etries tested in reference 5 (except for the 0° flare), the distortion levels 11
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were less than 7 percent. Such levels were considered acceptable for an engine -
like QCSEE. Co

Core Inlet Duct Performance

Like the exlet, the core inlet duct offers a similar sharp turn for the
air to negotiate. But in terms of pressure loss, this turn is more severe.
The Mach number of the flow at the beginning of the turn is three or four times ;
¢ that for the exlet. Also, the flow must pass through the fan stators and, :
R ¥ depending on the core inlet design, the core inlet guide vanes. The losses in , !
the fan stators are expected to be low. However, these stators impart a swirl i -

P
el

' to the reverse flow which will result in an unfavorable incidence angle on the ; :

" 3 core inlet guide vanes. This in turn could result in more significant losses. . :

AHE 'j

*z Core inlet recovery test data for two engine configurations are presented ;
2 in figure 3 from tests described in reference 6 and from an unpublished inves-

{
tigation by J. W. Schaefer of Lewis Research Center. The first engine con- L ~}
figuration shown ic figure 3 is the full-size Q-fan T-55 engine and the second S
one shown is a scale model (50.8-cm fan diameter) of the QCSEE engine. Both . j !
sets of data show that core-inlet total pressure recovery is a function of fan

duct Mach rumber.

{

The importince of core inlet recovery is shown by the ccre limit lines on :
this figure. These points are operating conditions where further increases in 1} "
reverse thrust level cannot be achieved without exceeding a core operationail o :
limit. For the Q-fan T-55, the core operational limit is the compressor speed;
for the QCSEE engine, the calculated core limit is the turbine inlet tempers-
ture. i :

The solid symbols in figure 3 show the point where the required reverse- !
thrust level is obtained. 1In both cases the core recovery is adequate to meet !
the required reverse~thrust level. 1

As can be seen from figure 3, both sets of data are adequately represented
by the same loss coefficient line of 1.5, even though the core inlet duct con-
figurations are diffeient. The Q-fan T~55 splitter lip is more rounded than
the sharp 1ip of th¢ QCSEE model which would suggest higher losses for the
QCSEE model. Howey:2r, the core inlet guide vanes of the Q-fan T-55 are located
in the core inlet duct and are subject to unfavorable incidence angles. The
QCSEE core inlet guide vanes are external to the core duct which allows most of
the core flow to bypass them in reverse thrust. Apparently, these configuration
differences have offsetting effects which result in similar loss characteris-
tics.

Distortion levels at the compressor face were also measured during the
reverse-thrust tests of the Q~fan T-55 and QCSEE models (refs. 6 and 7). For
the Q-fan T-55, the reverse-thrust distortion level (combined radial and cir-
cumferential) was about the same as for the forward-thrust level. This unex-
pected result may be partially attributed to the inlet guide vanes which are . t
located in the core inlet duct. This location may help to make the core flow
more uniform. Results of QCSEE scale model tests indicated the reverse-thrust
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distortion to be higher than in forward thrust but acceptable for full-scale R
engine operation. R

FAN DESIGN AND OPERATION

A basic concern for the operation of a variable-pitch fan is the direction
in which the fan blade pitch should be changed to develop reverse thrust. The
. two possible ways are illustrated in figure 4. A cross section of two fan
i blades shown in their normal forward-thrust position is at the top of this '
' figure. From this position, the blades can be turned through flat pitch, a '
condition of zero 1ift, to the reverse-thrust position as shown on the left of ot
figure 4. Two things should be noted for this approach. First, adjacent blade :
4 leading and trailing edges must pass each other during the transition through
- flat pitch. This requires that the blade solidity be less than one at all
ot radii. This can limit fan performance, especially at the hub. Second, while
;fj the blade leading edge remains the same relative to the airflow, the bla’e
‘TQ camber is wrong for reverse-thrust operation.

oot

g

PRGN g

The alternate approach is to turn the blades through feather pitch, pass-
ing through a stall condition. This is shown on the right side of figure 4. i
In this case, blade camber is correct in the reverse position, but the leading j}
and trailing edges are reversed. During the transition the flow over the t
blades separates or stalls. The flow then reattaches in reverse thrust and !
moves in the opposite direction relative to the blade. With this approach the .
blade solidity may exceed one, although the blade twist and camber will still
limit the hub solidity to some extent.

LTI

Thrust

To determine which approach is best, both steady-state reverse thrust per-
formance and trausient operating characteristics must be considered. A com- :
parison of static reverse-thrust levels at nominal reverse-thrust blade angles "

]

e

R vy

5 is shown in figure 5. The data are from tests of the Q-fan T-55 and QCSEE

’ 'i scale model (unpublished Lewis data and ref. 6). Both tests were conducted

5 BIPAY ith similar flight-type inlets. In all cases the reverse-thrust data are pre-
o B sented relative to the design takeoff thrust level. The design takeoff condi-
G tion, however, was never achieved in tests of the Q-fan T-55 due to a core o
horsepower limitation. The fan was designed for a higher horsepower model of )
the T-55 than what was test2d. This horsepower limited to scme extent the .
maximum reverse tnrust attained. Reverse-thrust levels for the Q-fan T-55 are

direct force measurements while reverse-thrust levels for the QCSEE model are ; N
calculated from measured pressures and temperatures.

Vi x

As shown in this figure, reverse-thrust levels exceeding the 35-percent
goal can be achieved through feather pitch before reaching the core limiting e
conditions. By comparison, reverse-thrust levels through flat pitch are less v
than half of those through feather pitch and, even at the fan limits, are con-
siderably less than the goal.
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