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SUMMARY
The effects of afterburner light-off and shut-down transients on the compressor stability are inves

tigated. The reported experimental results are based on detalled high-response pressure and temperatur
measurements on the TF})-P-) turbofan engine. The tests were performed in an altitude test chamber simu

lating high-altitude engine operation. It is shown that during both types of transients, flow breaks dowr

in the forward part of the fan-bypass duct. At a sufficlently low engine inlet pressure this resulted in
a4 compressor stall. Complete flow breakdown within the compressor was preceded by a rotating stall. At
some locations in the compressor, rotating stall cells initially extended only through part of the blade
span. For the shutdown transient the time between first and last detected occurrence of rotating stall |
related to the flow Reynolds number. An attempt was made to deduce the number and speed of propagatior
rotating stall cells.

INTRODUCTION

This paper describes the sigaificant features of the flow fileld in the TF30-P-3 engine during after-
burner transients, including the history of compressor stall. In a turbofan engine pressure waves origi
nating as a rosult of either a"terburner ignition or shut-down transients c»iu propagate upstream througl
the fan-bypars duct and ultimately cause an instability in the compressor system Previously reported
results on tle TFI0-P-3 afterburner performance and engine operating limits, Ref. 1, indicated that
afterburner transients restrict appreciably the stall-free engine operating envelope at a simulated
flight Me-l nusber of 1.4. The reported pressure histories throughout the engine during afterburner
transients, furthermore, indicated fairly large pressure fluctuations in the vicinity of the splitter
ring whicl _.eparates the compressor-core flow from the fan-bypass flow., This lavestigation is an attempt
to relate heve phenomena to the engine internal flow field during transient operation by considering
additional experimental data.

Additional information is also provided concerning the sequence of events within the compressor sys
tem leading to stall. Aside from pr /iding documentation on an engine operational stall, information of
this type is of a more general interest. For examp'e, these processes also control engine response char-
acteristics under time-variant inlet flow distortion,

The investigation was conducted in the altitude test facility over a range of simulated altitudes
from 14.5 to 17.5 km (47 %70 57 415 ft) and a flight Mach number of 1.3. These experimental results
are based on high-response pr.ssure and temperature data.

APPARATUS AND PROCEDURE
Engine

Figure 1 illustrates the engine and associated inlet ducting. Also indicated in the figure are the
locations of instrumentation planes. The engine compressor system consists of a three-stage fan and a
six-stage low-pressure compressor mouated on the common shaft, and a seven-stage high-pressure compressor
mounted on a separate shaft. The flow at the fan exit is divided by means of a short splitter ring int«
the compressor-core and the fan-bypass streams. The Military sea-level static compressor pressure ratio
is 17:1 with a bypass ratio of 1:1. A single-stage turbine drives the high-pressure compressor and a
three-stage turbine drives the fan and the low-pressure compressor.

Afterburner

The fuel in the afterburne- itroduced through seven fuel spray rings divided into five zones.
The fuel schedule for the afterb « is integrated with the exhaust nozzle arva control. During after-
burner ignitioa transient the nozzl: area 1s opened in steps following the consecutive introduction of

fuel into the five fuel spray zouzs. Exhaust nozzle is opened Iin order to compensate for the pressure
increase in the afterburner due to combustion. The total time for the ignition transient is about

8.5 seconds. Afterburner shutdown is accomplished mu.:h faster; total time {s about 2 seconds., No stag-
ing of fuel flow or the exhaust nozzle area is used in this transient. As a result of the control sched-
ule and the dynamic characteristicrs of the exhaust nozzle control, during both trantients the pressure

in the afterburner initially increases. Additional information relating to afterburner design and the
control schedule is given in Ref. 1.

Instrumentation

The axial location of instrumentation planes is indicated in Fig. 1. Where two numbers are used t
designate a station, the second numer indicates the stage; {.e., station 2.3 is located behind the
third fan stage. Stages are numbered consecutively starting with the first fan stage and ending with the
last stage in the high pressure compressor. Addition of the litter F to the station number indicates
that a particular station is located in fan-bypass duct. The exact positions of all of the high-response
pressure transducers used in the investigation are indicated in Table I. The angles were measured in the
direction of engine rotation, i.e., clockwise facing upstream. Zero degrees corresponded to the
12 o'clock position. Since all static pressures were measured at the outer wall of the passage (passage

f




height 100 percent), the if{cst two numbers are sufficient to describe the posicion of each static pressure
transducer. For & total pressure transducer, it is also necessary to
the fourth column. It 18 seen that the smaller the nusber in this column, the loser the transducer is t
the outer vall. Thus, for example, 2~108 implies duct-wall static pressure measurement at the engine |

Iy its radial position sing

let 108 degrees from the 12 o'clock position; and 3-118-1 implies total pressure measurement &t the -

pressure exit 118 degrees from the 12 o'clock position at a spanwise position closest to the tip wall

The design of che pressure probes, their response characteristics,
discussed in det-il in Refs, 2 and 3. In general, the frequency resj
amplitude erroir of 5 percent, Temperature was measured using 0.0076 (0,
wire thermocouple probes. Locations of thermocouples used in the analyses
time constant for these probes was typically of the order of 0.010 s
data were recorded on a magnetic tape and, simultaneously, on a high-speed
ture data wvere recorded only on the digital recorder, which was operated at a sampling rats g 2 samp ¢

per second per channel. The analysis of the compressor stall history was performed ligitizing and
converting to engineering units the pressure data recorded on the magnetic tape.

RESULTS
Summary of Test Conditions
Figure 2 illustrates test conditions for each test point for which high-speed data were av
The simulated flight Mach number was 1.31:0.01, The flight altitude was calculated assuming Macl

1.31 and assuming inlet pressure recovery of 0,985, Also indicated in the figure are the stall boundaries
for each type of transient. On ignition, {.e,, throttle movement from Military to Maximum tall Irre

' '
when the Reynolds number index dropped below 0.23., For throttle excursion from Maxis to Military, the
eritical Reynolds number index was about 0.34. The detailed analysis of high-response data will be pre
sented only for one test point, point 23; however, a summary of stall history will be also presented for
the other four stall ants indicated in Fig. 2. Detalled results were als btained for ints 25 and 28

T ¥
which are seen to be just outside of the respective stall regl " 1 qualitative nclus

based on these results will be presented.

Howe ver

Tnternal Flow Characteristics During Ignition Transient

Examination of stall pressure traces for points 23 and 24 and of the detaliled afterburner ‘
(Pef. 1) indicates that stall on ignition transient occurs v“en fuel is being introd into tha me 1
primary circuit. Therefore, the description of the intermal flow fleld will be nfined to this part of
the ignition transient. The pressure traces during the transient for point 23 are presented in Fig.
Pressure historles in the fan-bypass duct and afterburner are | luded in Figs. 3(a) t (e). Most of the

remaining pressures are given in Figs. 3(d) and (e), respectively, for the left and right sides of ths
engine. In these two figures, the absolute pressures are plotted in the same raer as they appear in the
engine starting with the engine inlet station 2 at the bottom and termisating with pressor stations
3,12 cr 4 at the top. A different pressure scale is used for higher pressure levels starting with sta
tion 2.6. Whenever available, a neighboring static pressure is plotted next rto a total

order to provide an indication of the magnitude of velocity at cular statl tat A total
pressures are differentiated in Fig. 3 by using different line and by the n clature defined |
Table 1.

The static pressure rise at station 8 in the afterburner, Fig. 1(a), i jue t the ignition pr Chn
This pressure rise is closely followed by a static pressure rise in the fan duc. at station 4F, However,
at the fan exit, station 2.3F, total pressure fails to rise, In fact, it 18 seen | t the total pressure
at 111 degrees following ignition drops below the static pressure at 124 degrees, indicating a flow
breakdown in this part of the fan duct. Only discrete points are avallable for static pre 124 de
grees since it was only recorded on the high-speed digital recorder. Figure 3(b) indicat that the mea

ured value of total pressure at 111 degrees is fairly uniform at all
indication of a complicated asyumetric flow pattern present in the fa

Fig. 3(c) illustrates that there exists a static pressure imbalance between right and lef ita
tion 8. Also included in this figure is the static pressure trace at station 9, which t he
afterburner exit.

3 Evidence of an asymmetric flow pattern can also be observed by comparing total pre ire traces at
station 2.3 on the left and right sides of the engine, Figs. 3(d) and (e). m the left ide, the total
pressure is about equal to the static pressure in the bypass duct as indicated in Fig. 3(a). 1} ’
total pressure on the right side at 2.3-85-1 does not reach this level; instead, a ge amplit
lation is seen to develop at thas location. It should be noted that pressure trans er 2,3-85-]1 1s 1
cated directly under the splitter. Taking into account the large static pressure difierence between by
pass and core streams on this side of the engine, Figs., 3(a) and (e), the most likely couse for the scil

lation at 2.3-85-1 is flow separation under ¢t splitter. Figure 3(f) indicates that the total pressure
oscillation at 2.3-85 i8 much smaller close to the hub, although the total pressure level is about t
same, Although there was no instrumentation on the left side of the engine 2+ statioo 2,3F, the indi-
rated total pressure ievel on the left side of the engine at station 2.3 ruggests that the flow breakdowr
at 2.3F occurs only on the right side.

Since this transient involves wave-propagation phenomena, it is of ir

of the observed compression wave in the bypass duct to a »=~d imensional

assuming quasi-steady conservation equations. The pressure ratio for zero flow velocity behind the
pression wave is given by:
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vhere indices | and 2 refer to the conditions shead of and behind the wave, respectively For M = b o
corresponding to the pre.ransient Mach number at station 2,37, the pressure ratio is 1,39, At least dur

ing the initial pressure rise between 0.015 and 0,035 seconds in Fig. 3(a), this pressure ratio Is not ex
ceeded. The estimated value from the figure is about 1.32. The difference, however, Is rot a large
80 that even vy the basis of this simplified approach one might expect some complications in the flow

structure Iin the byrass duct.

Analveis of Pressure History During Stall

In this sec’.ion stall pressure traces presented in Fig, 3 will be analyzed. (A ar f the stal
history for oth r points will be presented in another section.,) In ‘he compressor stabllity anal
rotating stall is frequently encountere It is characterized by appearance of elither a periodic depre
sion or a perlodic peak in & pressure 1 .e. Its time of occurrence will be assumed t rrespond t
either a maximum or a minimum pressure, since in this way arbitrariness assoclated with determining the
point at which pressure starts rising or falling is avoided. It should be noted that the pressure |
indicated in Fig, 3(d) in the trace 3.12-268-1 at gt 0.040 sec does not appear to ba related to t
phenomena investigated here. This type of pressure pulse was also noticed prior to afterburner igniti
The time period was about 0.070 second. Similar oscillations were also noticed in the main burner statld

pressure trace.

Perhaps the most noticeable event preceding complete flow breakdown (abrupt stall) at about 0,122 we
is a splhed depression at loce*ion 2,3-85-1 at 0.111 sec, Fig. 3(e). At about the same tis., pressure
minima are observed ai. locatiois 3=118-3 ard 3.12-82-2 which are closely aligned in axial direction (I
their circumferential orienta:lon is about the same). Since these depressions in tucal pressure trace

appear to be periodic, it ir belleved that they are due to rotating stall. Comparing total pressurs
traces 3=118-3, 3=118=1, aud 3-262-2 in Figs. 3(d) and (e), it can be seen that stail at the low pressur
compressor exl/t is initially confined to the hub portion of the blade span. Although not included, pre
sure trace J-118-2 was also examined; it teoo did not indicate presence of stall. Referring to the total
pressure traces 2,3-85-1, 2.3-265-2, and 3~118-3, it is seen that rot ting stall is present th, ir
let and exit of the low pressure compressor; however, there ls no ind':ation of stall in the tis
trace at 2.6-88-1. It is likely therefore, that stall at this location is also confined to lade hut
region. In view of this evidence, it is apparent that for the early detection of rotating stall it

essential to place total pressure instru--atation at different spanwise positions

In order to determine periodicity and the speed of propagation of the rotating stall, the angular
positions of stall cells are plotted in Fig. 4. (Some points in this plot were offser for clarity; theln
actual po iitions are indicated by using pointers.) In addition to the already mentioned I

is believed to be detected at locations 2.3-111 and 3.12-268-1, so that these points are in the
figure. As indicated in Fig. &, two diametrically opposed rotating stall cells (A and .

The slope of the .ine falred through the points indicates that the speed of propagation of these tw

cells is 39 percent of low rotor speed., This is failrly close to the range of 43 to 57 percent reporte

in Ref. 4 for multistage compressors. It is interesting to note that following the abrupt stall, rotating
stall could be detected throughout the compressor with the speed of propagation of about &40 to 45 percent
of low rotor speed. If points in Fig. & were plotted assuming only ne rotacin i §
speed of propagation would be about 70 to BO percent of low rotor speed. mly 6
is seen to complete one full revolution. Coincident with its second appearan: t
stall is initiated. It extends axially throughout the left side of the engine

sbrupr stall on the right side, as seen in Fig. 3(e), occurs about J milliseconds ab rug
stall is initiated almost simultaneously at axially aligned locations. In the r,
abrupt stall (s initiated by a sudden drop in total pressure to a level appro 11 ue
of static pressure. In the low pressure stages, abrupt stall is initiated by f
lowed immediately by a pressure drop. It appears that the abrupt stall repres

stability, whereas rotating stall represents a mechanism by means of which i

throughout the compressor system. It can also be observed in Fig. 3(e, that a mpression wave resembling
in appearance and strength the engine~inlet hammershock is detected only behind the rotor.

supports the previously made observation (Ref. 5) that the strength of the hammershock 1s t related t
overall compressor pressure ratio, being primarily a function of engine inlet Mach number. Here and

the subsequent discussion, the term hammershock will be used to denote a ympress i wWave f a t the
magnitude necessary to stop the flow (Ref. 5) and should not be confused with small pressure pikes whi

sometimes appear before the abiupt stall.
Analysis of Temperature Data

Because of relatively low therwocouple dynamic response, temperature dats cannot be used for stall

analysis; however, they can be used in conjunction with pressure data for the purpose f nstructing the
flow patter: during pre- and post-stall periods. Temperature historie~ for the ignition transient,

point 23, are presented in Fig. 5. Since temperatures were recorded o. the digital recorder, they wers
available only evs ),05 sec. In Fig. 5, the discrete points were connected by stralght lines, ¢ time
scales in Figs. j «rd 5 are different. The point ir time when peak temperature is reached at several |

cations in ¥ig, 5 (point C) corresponds to 0.134 sec in Fig, 3. Therefore, it appears that this temper

ture Jise occurs as a result of stall, ﬁﬁ

ve L mpute total temj

In order to aaalyze the temperature plots in Fig. 5, ir is instroctld

rise across a discontinuous compression wave, Once again, one-dimersional quasi-steady conservati ?:‘PAJ i:
(‘1 3 %

equations can be used to derive the following expression for ‘e total temperature ratio: ?\\_
r ; e , O 0
2 §2 R [ 14 )
wolly LSl | B % e F.. s e ! o "
. ' ! .
| i v 81 ) 1 \
This expression vas derived without any restriction on rthe ea hind the wave For a pre

ratio of 1.32 e.timated from Fig. 3(a) and a value »f M = 0,24, ¢ smperature ratio from is ex




{
“
pression is about | . In Fig , the temperature ratlo prinr t tail at
most 1.037. Although the difference is significant, it | O that ¢
order of for the temperature difference t mpre i Referr >
historlies In ) 1), it 1} als apparent that steep L @eraturs
t.een points ¢ due ¢t pressi , and therefore, t be . '
caused by the flow during the post-stall period e peak te ratus 1 .
viedt lower than the peak temperature at the »ame ir posit t 1 t
therefore, that the post-stall temperature rise at 2.3F is due to the f) I t re r
the bypass duct. Flgure J(a) indicates that at thi time, 1.e., 134 s t
at 2.3¥ It 18 significant ¢ note that from the analysi f temperature
ingestlion f afterburner exhaust gases at tatior iF 1 either re
Temperatures were plotted at two radial il Flg 8 I
temperature at eac Statl It is seen that sij f ynt radia ' ratur a .
tions 3 and & prior t st peraturs 1 gher at t 1
agreement with higher pressure it the hub at this | 1 wted | Fig
in Fig. 35, srrections for tl wple dyn mic response, radiat i re
i estimat » howex , that thyss irrectd W 1d L Ange ' ¥ '
ture plots,
Result for Addit ] est int
In this section, a summayy f results will ¢ presented for igniti I !
three afterburner shut=down transients, 1, 22, and , and tw tra ent t
not result in stall. The essential feature f the flow field in the
same as noted previously for point 23, f.e., following total pre .
engine at 2.3F drops below the static prs ire level a amplit i
2.3-85=1. However, some differences ca L erved | tor
The wst significant difference | that . Fig. & rotatis [ ] t
cell. The speed of propagation is 41 percent f low rotor speed, wi | er e t ' !
9 percent obtained from Fig. 4, where two rotating stall cells vere a i i int t
rotating and abrupt stall is nor so clear In this T At about 11 éc , Lt W
group of points in Fig. 6 vVer I re rise it 1 at
stal 18 very strong ¢ t X | nli partial re £y !
pres ure compressor, yet flow breakdow n thi le f the « [ E 1 r
to 0,122 sec, and on the t 1 he te eratur t r t
to th »se for polint <3,
@ prestall | ry of the afterburner t transient | i ' \
histor of the ign tra lent. tati T il ance f ila 't !
burner t station 8; total pres re drog be low tatl Pr e re at - i
in toLa pressure are observed r the plitte Preceding t rmat L t
total pr ssure at 2.3-85-1 be detects all three A t t
and 221 wi h correspond t 1 Reynold imber 11ce tat A tota
splitter ¢ presented for int 21 | Fig and a Jrruna 1 t ta
can be “ha ved from these [lgure that rotating tall 1 initiate er the L
Subsequentl another stall cell is initlated in the low pri I
a very stron, rvotating stall throug it the ¢ pr T t about
4 steep press e splke at 2.3-111 which indicate mplete breakdow f flos £t
Rotatir 8. 'l historis for point and are given, respectivel
is evidence f o t patter i t alt g {g t
just before the g\ pt stall. e abrupt tall for these tw point 15
the engine and wit! two t three millise nds the ther ide, 1T ing
the most significant {(fference appears to be in the time interval betwes t fiv T
of rotating stall. | i consilderably longer for point 21 for whi the Ra ! x 1 the
lowest (Fig. 2). It is ted that dependence this time n Reynold mb ¢ re te
particular transient. F example, for the ignition transient
lower than for point 21, although the time intervals between first a
are shorter for & two test point (Fig ‘., b, a (a Rotating '
about 38 percent of low rotor speed and for point . and { it i e M
The additional evidence presented in thi ection, parci larl 4 t t s
indicates that st 1 rst in the » nder the t
stall origin is in the two fan-i St age T the rst -
compressor. Rotating stall is g ! throug the low pre T
Q high pressure compressor. Abrupt stall is initiated usually within |
rotating stall in the high pressure mpressor.
é) Temperature plots | r tra ent 1, 22, a t
V ingestion of afterburner t the t s it add it i
Q' b traves were examined [« t the rignt f the 1 pe
Q points 25 and 28, All f the ter flow ' r ¢ ta
‘gm transient could also be two poi For example, Fig t .
s under the splitter duri icd for point t is apparent,
y versal at atation 2.3F eparati inder the gplitter t ‘
4 pressor stall. A nece that Re ld 1 x be
é perature rise noted at ‘ F wa e t re wa t {5 :
was no indication of for ese tw - LS. t appears, thers e, i
the operating 1 ece aril ads 1 mplet W "
with the low sj erating ra where 1 it ta 1 pinta t

performance.




ONCLUDING KEMARK

L. At a simulated high alt e and a flight Mach number of 1.3 flow breaks wn | L he s t
at the fan discharge as a result of afterburner ignition and shutdown transient i t
slde of the engine and is always [ollowved 4 large total pressure fluctuati jer the re '

splitter r'ng on the same side.

£, Lompressor stall occurs during the ignition transient vhen eng ! i1d il ey e N
deops below 0.23, and during the shut-down transient wvhen the Reynol ex dr P - .
). Complete compressor stall vas always preceded by a rotating tall lotating stal . t .
tected during elther transient outiide respect iy stab. lity boundar.s
&. Rotating stall is most frequently detected flirst under the splitter, and last in the 15
COmMPressor,
9. Rotating stall at the exit of low pressure mpressor originate it the
6, Consistent results on the speed of propagation of the rucating stall | ly t btaine
assuming two=cell rotating stall pattrrn in four it of the five ases analyze . pee {f propaga
tion of rotating stall vas found to be between 36 and 41 percent of low rotor spes
7. The time interval between first and last detected occurrencs f rotating 1 aried betwed
17 and 50 milliseconds. For the shut-down transient this time depends on the Reyn er ex
8. Post-stall hammershock could be detected behind the first fan rotor, T e va ica
of hammershock at any of the downstream stations.
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Figure 3, - Pressure histories during stall for test point 23. Throttle movement from Mil-
itary to Maximum,
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Figure 4, - Rotating stall his-
tory during throttle move-
ment from Military to Max-
imum for test point 23,
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Figure 5, - Total temperature histories during stall for test point 23,
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Figure 6. - Rotating stall history during throt-
tle movement from Military to Maximum for
test ;oint 24,
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Figure 7. - Pressure histories at station 2, 3 for test point 21, Throttle movement from
Maximum to Military,
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Figure 8. - Rotating stall history during throttle
movement irom Military to Maximum,
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Figure 8. - Rotating stall history during throttle move-
ment from Military to Maximum,
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Figure 9. - Pressure history under the splitter for test point 25,
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