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TEMPERATURE D 
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SUMMARY 

An experimental investigation was conducted using a gaseous hydrogen burner in 
front of a TF30-P-3 turbofan engine in an effort to increase the knowledge of the effects 
of inlet temperature distortion on engine performance. Data were obtained over sev- 
eral rotor speeds and at several Reynolds number indices (RNI) of 0.5, 0.35, and 
0 .25. Circumferential square-wave patterns of above average temperature extending 
90°, 180°, and 290' were investigated. 

A temperature difference of from 14 to 20 percent of the average resulted in com- 
pressor stall for the conditions investigated. Increasing the temperature distortion 
shifted the operating point of the fan and low-pressure compressor to lower equivalent 
speeds and airflows and also to lower temperature and pressure ratios. This resulted 
in rotating stall in the low-pressure compressor followed by terminal stall originating 
in the high-pressure compressor. This terminal stall resulted from the combined 
pressure and temperature distortions entering the high-pressure compressor. 

INTRODUCTION 

A major problem in the development of some aircraft propulsion systems has been 
the detrimental effect of inlet-flow distortion on the engine stability limits. Many 
studies have been made of the effects of pressure distortions on engine stability limits. 
Fewer studies have been directed toward understanding of the effects of inlet- 
temperature distortion. These distortions can result from ingestion of exhaust gas 
from armament firing, o r  from the exhaust from other engines, for example, ground 
operation and VTOL-STOL applications (refs. 1 to 3). 



To increase the knowledge of the effects of inlet distortions on engine performance 
and stability limits, a series of experimental programs have been conducted at the 
NASA Lewis Research Center (refs. 4 to 6). One of these programs reported herein, 
was  concerned with the effect of steady-state temperature distortions on performance 
and stall limits. A gaseous hydrogen preheater w a s  used upstream of the engine to 
provide the one-per- revolution circumferential temperature distortion. A two-spool 
turbofan, typical of those being used or  planned for use in modern aircraft, was  used 

the origin and sequence of stall through the compressor system. 

and 270' extents and for  Reynold's number indices (RNI) of 0.50, 0.35, and 0.25. 
results a r e  presented in terms of the stall limits and changes in performance param- 
eters resulting from increasing distortion levels for low rotor mechanical speeds of 
68, 73, 84, and 90 percent of the military speed (9525 rpm). The results a r e  compared 
with the predicted values obtained from use of the parallel compressor theory. 

. for this investigation. High-response pressure instrumentation was  used to determine 

0 Data a re  presented for circumferential one-per- revolution distortions of 90 , 180°, 
The 

APPARATUS 

The engine used for this investigation was  a production TF30-P-3 twin-spool tur- 
bofan engine. It was  installed in an altitude test chamber. The installation was  a con- 
ventional direct-connect type as shown in figure 1. The engine and instrumentation 
locations are also shown in this figure and a re  the same as those described in ref- 
erence 6, with the addition of a temperature measuring station at the engine inlet. A 
more complete discussion of the high-response pressure instrumentation design re- 
quired to obtain 500-hertz frequency response is given in reference 7. 

The inlet-temperature distortions were generated by a gaseous hydrogen burner 
located upstream of the inlet duct bellmouth. This burner was  similar to the one de- 
scribed in reference 8. Figure 2 presents photographs of the burner and figure 3 is a 
schematic of the installation. The total engine airflow passed through the burner, 
which was  divided into four 90' sectors, Each sector could be controlled indepen- 
dently. Each sector contained five annular gutters suppr ted  by one crossflow radial 
gutter. Hydrogen was  fed through tubes in these gutters. Five swir l  cans in each 
quadrant provided the ignition source for the main combustors. Temperature control 
was accomplished by throttling the hydrogen flow into the desired sectors. Differential 
throttling created the distortions. 
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PROCEDURE 

The minimum temperature distortions, which resulted in stall, were obtained by 
slowly increasing the gaseous hydrogen flow, and thus temperature, into the selected 
quadrants of the preheater until compressor stall occurred. The temperature in those 
quadrants were observed at the time of stall. These same condions were re- 
established with the 12th stage bleeds open, permitting stall-free operation with the 
previously observed temperature distortion. Steady-state data were recorded to pro- 
vide a more detailed evaluation of the flow conditions at the engine inlet that resulted 
in stall 
were also recorded on an analog tape system during the slow transient into stall per- 
mitting the calculation of pressure ratios and the determination of the stall sequence 

perature distortion in addition to that required to stall the engine. These data permitted 
the evaluation of the effects on steady-state performance of increasing distortion. 

sea-level military values for  this particular engine. These base values used are low 
rotor speed, NL 

the high-pressure compressor, NH /fi = 10 360 rpm and WaC&/G3 = 12.9 kilo- 

grams per second. The data were measured in U.S. Customary Units and then con- 
verted to the SI units (ref. 10). All symbols are defined in the appendix. 

(station 2) since the normal airflow station (station 1) was  obstructed by the preheater. 
The engine inlet station had previously been calibrated against station 1 without the 
preheater. The core airflow was calculated from measurements made at the high- 
compressor inlet (station 3), which also had previously been Calibrated against the 
engine fuel flow and the overall engine heat balance. Basic one-dimensional flow 
equations were used in these calculations. 

Data are presented for increased temperature levels in one, two, and three quad- 
rants, that is, 90°, 180°, and 2'70' circumferential extents. The inlet total pressure 
was set at three levels: 0.5, 0.35, and 0.25 atmospheres. The temperature in the 
unheated quadrants was maintained at ambient and thus the FWI in the unheated sectors 
was  0.5, 0.35, and 0.25. A ram pressure ratio of approximately 3 was  maintained 
across the engine during this investigation, 

The steady- state data acquisition systems are described in reference 9. Data 

Steady-state data were also obtained at at least two intermediate levels of tem- 

The airflow and rotor speeds are presented in this report as ratios to the standard 

= 9525rpm and Wat f i / G 2  = 107 kilograms per second. For 

The total inlet airflow was  computed from measurements made at the engine face 
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RESULTS AND DISCUSSION 

To gain an insight into the effects of inlet total temperature distortion on the per- 
formance of the compressor system, data were obtained with circumferential square 
wave patterns of 90°, 180°, and 2'70' extents at a RNI of 0.5. Data were also obtained 
at values of RNI of 0.35 and 0.25 with an extent of 180'. The results a r e  discussed in 
six catagories: the inlet profiles, the distortion limits, a history of stall, the effect 
on overall performance, the effect on the compressor operating points, and the 
parallel compressor model. 

Inlet Profiles 

Typical circumferential profiles of total temperature, total pressure, and axial 
velocity a re  presented in figure 4 for extents of 90°, 180°, and 270'. These profiles 
are based on the average of the five radial measurements at each angular position 
(fig. 1). Less than 1-percent pressure distortion is observed for these conditions. An 
approximately 6-percent increase in velocity occurred in the heated sector. The tem- 
perature levels in the heated sector required to stall the engine were from 15 to 
20 percent above the unheated level. 

The radial variations of these parameters can be seen on the contour maps (fig. 5). 
Little radial variation is seen in the total temperature (figs. 5(a) to (c)). The decrease 
in total pressure and velocity due to the boundary layers on the inner and outer walls 
are the only major radial variation observed in figures 5(d) and (e). The distortions 
were basically square-wave circumferential patterns of total temperature distortion. 
Thus the variations in performance were due to these distortions. 

Gas passing through a compressor does not necessarily follow a straight path; 
that is, a particle entering at the top-dead center does not necessarily exit at top-dead- 
center. The instrumentation in the compressor for  these tests was insufficient to 
determine the amount of rotation. How ever, unreported temperature pattern data 
obtained during pressure distortion testing indicated that the temperature pattern 
rotated about 90' to POOo in the direction of rotor rotation in passing through the low- 
pressure compressor (LPC) for  a 90 percent low rotor speed, figure 6, and an ad- 
ditional 50' in the high-pressure compressor (HPC). These data are in good agree- 
ment with those predicted by the engine manufacturer, as is noted in the figure. Other 
evidence of the rotation is that the calculated efficiencies for the I., C on the side be- 
hind the heated inlet sector were high (for one case, 110 percent), while low on the 
other side (72 percent), Using the average values of pressure and temperature resulted 
in an efficiency of 88 percent (nearly normal). 
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Assuming 90' rotation in the LPC, the instrumentation layout (fig. 6) indicated that 
the total-pressure measurements at station 3 at 116' would be in the heated flow and 
that the total temperature at 60' would be in the unheated flow and thus "undistorted. ' ?  

Likewise, the total temperature and total pressure at 260' became "distorted. '' At the 
high-pressure compressor exit (station 4), the values at 80' and 120' became "undis- 
torted" and those at 300' became "distorted. '' Many of these measurements a re  in the 
edge regions of the distortion patterns. 

Distortion Limits 

The temperature distortion levels resulting in compressor stall a re  shown in 
figure 7. The values of distortion are shown as functions of the circumferential extent 
qT, equivalent low rotor speed, and Reynolds number index. The definition of dis- 
tortion used in this report is the difference in temperature as a percent of the face av- 
erage temperature. For a square-wave it is the average of the high minus the average 
of the low divided by the face average temperature. 

There was  little or  no difference in the distortion required to stall the compressor 
with either the 90' o r  180' extents. The 270' extent, however, required approximately 
a 2-percentage-point increase in distortion level. The 90' and 180' extent temperature 
distortions required approximately an 18-percent distortion level to stall the engine with 
90 percent low rotor speed at 0.5 RNI. A 20 to 23 percent distortion, depending on ex- 
tent, can be estimated as being required to stall the engine with a 100 percent speed. 
Rotor speeds between 90 and 100 percent were not investigated in as much as the higher 
inlet temperature could have resulted in an overspeed condition and the lower speed 
minimized the turbine- inlet temperature overshoot. 

The distortion required to stall the compressor system decreased with RNI from 
18 percent at 0.5 to 8.5 percent at 0.25 at 88 percent ~ low rotor speed, ~ The ~~- trend ~~ with ~~- - 

Reynolds number index is not linear in as much as there is less effect at the higher 
indices. The increase in distortion required above the 0 .5  index would be very small; 
therefore, the distortion level required at sea-level would be about the same as for the 
0.5 index. 

History of Stall 

The time histories ofthe pressures and pressure ratios down both sides of the en- 
gine are presented for a stall sequence in figure 8. The sides are designated as right 
or  90°*900 (behind the inlet distortion) and left o r  27Oo*9Oo (behind the undistorted 
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side of the inlet). The sequence of events is as follows. First an indication of rotating 
stall can be observed on the right hand side pressure trace for station 2.3 (indicated by 
I). This would be in the heated air. The rotating stall can also be seen in the static 
pressure at station 2.6 (E). hese indications of rotating stall are  evident in the total- 
pressure ratios of the fan and low-pressure compressor (fig. 8(b)). These stall zones 
grow as indicated by the static pressure at station 2.3 @I). This was  followed by a 
loss in total pressure on the right side at station 3 (IV). This loss coupled with the 
rise in total pressure at the same time at station 2.3 indicates that the stall occurred 
between these stations. 

The rotating stall was followed by breakdown of the flow starting on the left side at 
2 (middle of the high-pressure compressor, indicated in fig. 8 by V). 

flow breakdown then rotated to the right side of the compressor and resulted in terminal 

let may not be contradictory if the air rotated the 90' to 100' indicated by the pressure 
distortion data, as mentioned previously. 

e apparent breakdown in flow in the left side behind the cool sector of the in- 

Effects on Performance 

Total temperature distortion of the flow entering the compressor resulted in a re- 
duction of the eynolds number and equivalent low rotor speed in the heated zone. Some 
rematching of the compressor units may also have occurred. As described in the 
Procedure section, the total pressure and temperature were held constant over one 
part of the engine face, while the total temperature was raised in front of the other side 
of the face. Therefore, the Reynolds number index decreased from 0 .5  in the unheated 
sector to 0.4 in the heated sector for a 180' distortion of 18 percent. Based on face 
average pressure and temperatures, the mber index w a s  0.44 (fig. 9(a)). 
Therefore, it is assumed that this reducti ould be accompanied by normal 
changes in performance and distortion tolerance of the compressor systems. 

The equivalent low rotor speed in the heated inlet sector decreased 8.1 percent, 
while the mechanical speed was constant. However, the decrease was 4 percent based 
on face averaged temperature for the 8-percent distortion of 80' extent (fig. 9(b)). 
A decrease in equivalent low rotor speed for an engine operating with no distortion would 
result in a decrease in performance. he 4 percent decrease in low rotor speed result- 
ing from the 18-percent 80' temperature distortion would be expected to resu 
approximately 6-percent decrease in engine to 
crease in overall compressor pressure ratio. 

To eliminate the effects on performance due to the reduction in equivalent speed, 
a ratio of the parameters presented in figure 9(c) to (e) to the value of that parameter 

pressure ratio and an 11-percent de- 
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for  the engine operating with no inlet distortion at the same average equivalent low 
rotor speed was  formed. The overall. engine total perssure ratio, the overall com- 
pressor total pressure ratio, and the total inlet airflow were observed to be independent 
of the temperature distortion (fig. 9). 

Compressor Performance 

The TF30 compressor system has three basic components; the fan, the low- 
pressure compressor, and the high-pressure compressor. Each unit is defined by a 
total pressure ratio, an equivalent inlet mass flow, and an equivalent rotor speed. 
These are ,  as used in this report for the fan P2. 3F/P2, Wat&/62, and NL 

for the LPC P3/PZ9 Wac and NL /fi and for  the HPC P4/P3, W a C f i p 3 ,  
, -  

B3.  The parameters that describe the match between the fan and the LPC 
a re  the bypass ratio and the equivalent core airflow. The parameter that describes the 
match between the LPC and the HPC is the relation of equivalent low and high rotor 
speeds. The effect of increasing the temperature distortion on these matching param- 
eters is shown in figure 10. There is ari indicated increase in bypass ratio suggesting 
that, for  the same total airflow, more air is going into the fan duct and less into the 
core. The high rotor speed also increases with increasing distortion. Thus increasing 
the temperature distortion decreased the indicated equivalent core airflow and increased 
the bypass ratio and the equivalent high rotor speed. 

The effects of inlet temperature distortion on the fan and compressor operating 
points a r e  shown on the maps of figure 11. Data based on the averaged conditions a re  
presented for increasing levels of 180' extent temperature distortion for low rotor 
speeds of 73, 84, and 90 percent of military. Increasing the level of distortion at con- 
stant mechanical speed shifted the operating points of the fan and LPC to lower equiv- 
alent airflows and total pressure ratios along the normal operating lines. Since the 
core airflow decreased with distortion, the equivalent speed lines shifted to lower 
equivalent airflows on the LPC map (fig. l l(b)).  

The indicated effects of the temperature distortion on the HPC were somewhat dif- 
ferent (fig. l l(c)) .  The operating point moved to lower equivalent airflows at a constant 
pressure ratio. Again, the equivalent speed lines moved to lower equivalent airflows. 
As mentioned previously, the effects of the rotation of the heated airflow through the 
compressor on the measurement accuracy at station 3 and through the HPC on those 
at station 4 are not known. Therefore, caution must be used in interpreting these data. 
This will be discussed more fully in the next section. 



Theoretical Model 

The effects of inlet-flow distortion on a simple compressor can be modeled satis- 
factorily by the parallel compressor theory. The best agreement is obtained with a 
sharply defined square-wave Circumferential distortion. This theory is used exten- 
sively in reference 1. Close agreement would not be expected for a complicated com- 
pressor like the TF30 where the bypass flow and the match between the rotors may be 

he distortion. Trends can be determined, however. 
e% compressor theory states that a compressor operating with a simple 

one-per-revolution circumferential distortion may be considered as being composed of 
two individual compressors operating in parallel, each with different inlet conditions, 
one corresponding to the distorted side and the other to the undistorted side. The per- 
formance of each "parallel** compressor may be defined using the compressor map for 
the undistorted compressor. Further, no crossflow may occur between these parallel 
compressors. he relatively large volumes at the exits of the compressors and fan 
allow the static pressures to become uniform in these areas. Therefore, if the dis- 
tortion is only thermal, the total pressure at the engine inlet will be uniform and thus 
the exit static to inlet total pressure ratios for both the "heated" and %nheatedq9 com- 
pressors will be the same for the fan and the LPC. 

TF30. The heated air temperature was  used to determine the equivalent low rotor 
speed on the distorted side, and the temperature of the unheated air was  used to deter- 
mine the equivalent low-rotor speed in the undistorted side of the fan and LPC. The 
static to total fan and BC pressure ratios based on the average equivalent Bow rotor 
speed were used for both of the parallel fans and for the parallel EPCs. The results 
are presented in figure 12  together with measured data. The data and theory are pre- 
sented as ratios to the corresponding values with the engine operating at the same av- 
eraged equivalent low rotor speed (87 percent of military) without inlet distortion. 

The measured temperatures show less divergence from the undistorted data than 
those predicted by the parallel compressor theory 
and theoretical alues increases as the air passes through the compressor, A s  men- 
tioned previous 
compressor and therefore the measured values are indicative of neither the heated nor 
the unheated airflow 
mined by the parallel compressor theory and measured Mach numbers at station 2. A 
possible explanation for this may be the 28 centimeters that the instrumentation station 
is ahead of the first-stage rotor. Thus, if a static-pressure gradient exists in front of 
the engine face, the station 2 values would be low compared with the face values. 

The parallel compressor theory indicates that the mechanism of stall with circum- 

The performance was  predicted for a 5-percent temperature distortion with the 

he difference between measured 

the pattern of distortion probably rotates in passing through the 

discrepency exists between the theoretical values as deter- 
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ferential temperature distortion was  the decrease in equivalent rotor speed in the 
heated compressor, while the pressure ratio is determined by the averaged conditions 
at the inlet and exit of the parallel compressors. Thus the heated flow compressor 
produced the same pressure ratio as the unheated compressor but at a lower equivalent 
speed and airflow. Stall resulted in the heated compressor when the equivalent speed 
and airflow were reduced sufficiently by increasing the inlet temperature. In the case 
of a twin-spool engine, a circumferential total pressure profile (distortion) may also 
develop at the inlet of the second spool. The matching criteria are the equivalent air- 
flow from the LPC into the HPC and the static to total HPC pressure ratio obtained 
from the overall and the LPC total pressure ratios. 

The predicted operating points for a 15-percent distortion a r e  presented on the 
performance maps of figw-e 13. In general the movement of the operating points based 
on the averaged conditions is similar to that observed with the measured data on 
figure 11. A second set of operating points are also presented in the figure for a 
21-percent distortion. This was the predicted distortion required to stall the com- 
pressor system. The approximately 3-point increase in distortion above that required 
to stall the compressor at 90 percent low rotor speed (fig. 7) can probably be attributed 
to neglecting the decrease in RNI in the distorted sector and variations in BPR and 
rotor speed match in this simplified analysis. 

(fig. 13). It is plausible that rotating stall developed in the LPC at these conditions 
and that the additional flow distortion at the high-pressure compressor inlet resulting 
from the rotating stall was  sufficient to stall the HPC. 

Both the heated LPC and HPC are observed to be operating close to their stall lines 

SUMMARY OF RESULTS 

An experimental investigation was conducted to obtain a better understanding of the 
effects of inlet-temperature distortion on the performance of a turbofan engine. This 
report presents the results of slowly increasing the total temperature in one sector of 
the inlet of the TF30 engine. The following results were obtained: 

number index of 0.5 for the range of speeds and extents investigated. This would be 
approximately a 40' to 56' C temperature increase over the unheated side. 

dex decreased. It went from a value of 18 percent for a 180' square wave at 0.5 to 
8.5 percent at 0.25 RN 

static to total pressure as that behind the unheated inlet sector but at reduced equiv- 

1. Stall resulted from 4 to 20 percent temperature distortions at a Reynolds 

2. The distortion required to stall the TF30 decreased as the Reynolds number in- 

3. The part of the compressor behind the heated inlet sector operated at the same 
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d e n t  rotor speeds and equivalent airflows. This forced the heated side toward stall. 
A parallel compressor analysis indicated that both LPC and the HPC were on the verge 
of stall with the limiting temperature distortion. 

4 .  Flow breakdown was  observed to begin with a rotating stall zone in the low- 
pressure compressor, which w a s  followed by terminal stall in the high-pressure com- 
pressor. 

5. There were strong indications that the temperature distortion pattern rotated 
as much as 140' in the direction of rotor rotation in passing through the compressor 
system. Therefore, care must be taken in interpreting these results for the high- 
pressure compressor. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 27, 1973, 
501- 24. 
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V 
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6 

e 
E-l 

50 

+ 
*T 

bypass ratio, WaF/WaC 

overall compressor total pressure ratio, P,/P~ 

engine total pressure ratio, p7/p2 

high- pressure compressor 

low - pressure compressor 

Mach number 

rotor speed, rpm 

total pressure, N/cm2, abs 

static pressure, N/cm2, abs 

Reynolds number index, 6/50 6 
total temperature, K 

velocity, cm/sec 

mass flow rate, kg/sec 

P/psl 

T/Tsl 

d PSl 

2 absolute viscosity, (kg) (sec)/cm 

circumferential location from top center, deg 

circumferential extent of above average temperature, deg 

Subscripts: 

a air 

av average 

B base data obtained with an undistorted Wet at the same average equivalent 
low rotor speed as the distorted data 

C core part of engine 

D 

d 

F fan 

average at specified station when operating with distorted inlet 

heated airflow section of engine as defined by above average total temperature 
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N high-speed rotor 

L low-speed rotor 

L values at equivalent military condition 

Sl standard sea-level conditions 

t total 

ud unheated airflow section of engine as defined by below average total temper- 
ature 

station locations as defined in fig. 3, etc. 
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(a) External view. 

* *  

(b) In ternal  view looking forward. 

Figure 2. - Gaseous hydrogen b u r n e r  instal led in  alt i tude chamber. 
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Figure 3. - Hydrogen fueled temperature d is tor t ion generator. 
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Figure 4. - Rake averaged engine in let  profi les wi th  resul t ing compressor stall at 84 per- 

(c) Velocity profiles. 

cent of equivalent low-rotor speed and Reynolds number index of 0.15. 
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(a)  Circumferential extent of temperature distortion, 90°. 

Ib l  Circumferential extent of temperature distortion, 18O0. (c)  Circumferential extent of temperature distortion, 270'. 

Figure 5. - Compressor inlet contour maps for 84 percent low-rotor speed at Reynolds number index of 0.5; stall conditions; looking forward. 
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Figure 5. - Concluded. 
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