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ABSTRACT

An analytical investigation of the transient and steady-state performance
of a series of gas turbine engines utilizing variable geometry in the tur-
bine has been completed. Shaft-power engines with and without regener-
ation and incorporating either free- or single-shaft configurations were
investigated at compressor pressure ratios of 10 and 16, In addition,
free-shaft, simple-cycle, high bypass, fan engines were evaluated using
the 10- and 16-pressure-ratio gas generators for the high pressure sys-
tem. Extensive use was made of the IBM 7094 II digital computer to
analyze both the turbine and overall engine performance,
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INTRODUCTION

This report contains the analytical results and describes the work accom-
plished to evaluate the performance characteristics of variable turbine
geometry in a number of gas turbine engine configurations. The effort
included the evaluation of 18 engines incorporating combinations of the
following features:

® Turboshaft - turboprop - turbofan
® Regenerative and simple cycle
® Free and single shaft

Two cycle design points were considered. One was a 10, 0:1-compressor-
pressure-ratio engine running at 2500°F, turbine inlet temperature and
the other a 16. 0:1-compressor-pressure-ratio engine at 3000°F, turbine
inlet temperature.

Sufficient steady-state and transient performance was computed from 100
percent down to 30 percent of rated power to determine the characteristics
of variable turbine performance in the various configurations. Primary
emphasis was placed on performance at the sea level static operzting
condition. Additional calculations were made at sea level 250 kno's for
the turboprop engine. The use of variable geometry to increase tne 6000-
foot 95°F. ambient temp2rature power was also explored.

The performance calculations for this study were limited to 100-percent
free-turbine r.p.m. on the free-shaft engines and 100-percent r.p. m, on
the single-shaft configurations.

There are numerous combinations of gasifier and free-shaft speed which
could be investigated on the free-shaft engine, however, the optimum
characteristic of free-shaft speed versus gasifier speed will be different
for various turbine control modes, In addition, the deviation between the
optimum speed and constant speed in terms of specific fuel consumption
versus percent power is not significant. For these reasons, all free-
shaft engines were investigated at a constant free-shaft speed.

For the single-shaft engine there are an infinite number of compressor
pressure ratio, turbine inlet temperature, and speed commbinaticns avail-
able as function of load (output shaft torque) and turbine area,
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Therefore, to provide a common basis for comparison to the free-shaft
configurations, the performance of the single-shaft engine was hased on a
constant 100-percent output shaft speed.

All engine contigurations used a three-stage compressor (two axial fol-
lowed by a centrifugal) and four axial turbine stages. The turbofan used
the same flow path as the free-shaft turboshaft/turboprop engines with a
4. 0 bypass ratio, a 1.51-pressure ratio fan ahead of the compressor,
The fan was driven by the iree turbine., The turbines were common for
all the configurations at each compressor pressure ratio.

Mechanical design definition of the various engine configurations was
limited to determination of the moment of inertia of the respective rotor
systems. These datu were requirec. for use in the transient performance
analysis.



DEVELOPMENT OF THE PROBLEM

INTRODUCTION

There are three parameters that are of major importance in establishing
the throttled power characteristics of a gas turbine engine:

® Airflow
® Turbine inlet temperature
@® Compressor pressure ratio

Power level is determined primarily by cirflow and turbine inlet tempera-
ture and, to a lesser extent, by compressor pressure ratio, Cycle effi-
ciency and, hence, specific fuel consumption are established by the com-
bination of turbine inlet temperature and pressure ratio (in this prelimi-
nary development of the problem, the effects of component efficiency and
losses were ignored since these are of a second-order nature), Thus, a
given combination of airflow, turbine inlet temperature, and compressor
pressure ratio produces a unique combination of power output and fuel

consumption, This situation holds true regardless of engine configuration,

However, the engine configuration and/or control method can impose a
restriction on the possible combinations of airflow, temperature, and
pressure ratio that cccur during throttled power operation. In a fixed
geometry engine, throttling is accompanied by a decrease in turbine inlet
temperature and compressor pressure ratio, This causes the cycle effi-
ciency to decrease and produces the familiar characteristic of a rising
specific fuel consumption as power is reduced.

The use of variable turbine geometry offers the potential of altering the
flow-temperature-pressure ratio matching characteristics of the engine
in a manner such that the engine operates closer to the optimum compres-
sor pressure ratio and/or turbine inlet temperature for maximum cycle
efficiency (minimum specific fuel consumption) at throttled power settings.
Additionally, the engine rematching that is possible with variable turbine
geometry appears to provide a means for reducing engine acceleration
time from low power settings.

Insight into the throttling characteristics of the shaft-power gas turbine
engine can be gained by examination of the thermal efficiency equations
for the Brayton cycle., Two cases are of interest: the simple cycle and
the regenerative cycle. Equations 1 and 2 describe the thermal efficiency
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relationships for each. The equations are equally applicable for single-
or free-shaft configurations. Figure 1 depicts the thermal efficiency as

a function of pressure ratio and turbine temperature with component effi-
ciencies as noted, The effect of changing the component efficiencies can
be seen on Figure 2 for a representative temperature ravio and pressure
ratio. The change in thermal efficiency with turbine efficiency is of par-
ticular interest. When incorporating variable geometry in an engine, care
must be exercised to maintain the turbine efficiency at a reasonable level
to prevent an excessive loss in thermal efficiency.

[nc 7 (T /Ty) - Re -’%ﬂ (Rc = -1)
“h = F (1)

[nc (T /Ty -1) -(Rc 771 1)] R "—11

(Rc 7—;1 -1)[:10 M (TM/TI) - ¢ (Rc 7%1 -1) -1]

th” 7-1 e -1
T™IT) g [1 + g (Rc-.,— -1)] - g [1 + (1-mp)m, (Rc — -1)]}-

[N == e

For the simple-cycle case, the importance of maintaining both turbine in-
let temperature and compressor-pressure ratio at their maximum value
is clearly evident from the curves of Figure 1. Any decrease in either of
these parameters will cause a reduction in thermal efficiency. Thus, the
ideal method of throttling an engine would be to reduce flow while main-
taining temperature ratio and pressure ratio at their maximum values.

It will be shown later that such operation is possible providing enough
variable geometry is incorporated in the turbine.

]

There are other throttling methods that would produce somewhat lesser
gains in thermal efficiency. One alternative is to hold temperature and
reduce pressure ratio, while another is to hold pressure ratio and reduce
temperature. In either of these cases, the flow will vary with the geom-
etry change. In summary, it can be stated that there is a potential gain
in thermal efficiency with variable geometry providing either turbine inlet
temperature or compressor pressure ratio can be maintained at a higher
level than that associated with fixed geometry overation.
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Figure 1 also shows that the regenerative cycle exhibits efficiency char-
acteristics and levels that are markedly differert from those of the simple
cycle., Thermal efficiency can either increase or decrease with pressure
ratio, but, in general, it remains relatively constant over a broad range
of pressure ratios. On the other hand, temperature ratio has a much
larger effect for the regenerative-cycle than for the simple-cycle engine,
The thermal efficiency characteristics of the regenerative cycle will
change shape and level with changes in regenerator effectiveness. Higher
effectiveness levels will show maximum thermal efficiency at lower pres-
sure ratios whereas lower effectiveness levels will move the thermal effi-
ciency characteristic tecward that of the simple cycle.

It can be concluded from Figure 1 that throttling at maximum temperature
is desirable in the regenerative cycle and at both maximum temperature
and pressure ratio in the simple cycle.

Figure 3 is a typical compressor map for a 16. 0:1-compressor-pressure-
ratio engine showing several possible operating lines, The five possible
modes of operation are shown by heavy lines superimpsoed on Figure 3.
For the case of single-shaft engine operation, it is possible to operate
over a wide range on the map. The case investigated here, however, is
only concerned with operation at 100-percent r.p.m. This is denoted by
the vertical line extending down from the design point along the 100-per-~
cent speed line, Fixed area operation is defined by the lowest of the three
lines extending to the left of the design point. With this type operation,
the flow, pressure ratio, and turbine temperature are all being simul-
taneously reduced during throttling. The dashed line immediately above
the fixed area line denotes operation at constant turbine inlet temperature.
The two horizontal broken lines define operation at constant pressure ratio
and varying temperature and are also applicable to the case of constant
pressure ratio and constant temperature. The circled points on the re-
spective operating lines define the 50-percent power operating condition.

A relative measure of the acceleration times for the various control modes
can be made by examination of the 50-percent power points with respect to
compressor speed, i.e., the lower the speed at 50-percent power for a
given control mode, the higher the acceleration time.

The ability to operate in the various modes shown on Figure 3 can be de-
termined from an analysis of the flow capacity of the turbines with variable
geometry. A first-order procedure has been developed whereby the area
variation required to effect specific desired operational characteristics
can be examined.
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Under the assumption that the turbine (or turbines in a free-shaft engine)

is choked, Equation 3
WjT _ _
= Constant = K (3)

defines the relationship of flow, temperature, pressure, and area at the
inlet to the turbine or turbines. Equation 3 can be rearranged as follows:

P w
T =z (4)

By performing cycle calculatiors, it is possible to determine the charac-
teristic of W/A for the turbine as a function of pressure ratio and turbine
temperature using the relationship cf Equation 4.

The various modes of operation can then be defined in terms of turbine
nozzle area requirements, as shown in Figure 4,

llo TTPrTTorITTTYrrTrrryT T e rroryTey
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Identification of the 50-percent power point on Figure 4 shows the turbine
area requirement to range from 72 to 76 percent at this power setting.
The flow variation is a result of the effect of pressure ratio and turbine
temperature on power output. Note the area requirement in this ideal
case is always less than the design value.

The foregoing analysis dealt with the free-shaft engine and required the
examination of two areas in the turbine: one the gasifier and one the free
turbine, For the single-shaft engine, some simplifications are possible
as a result of selecting operation at 100-percent r, p. m, Because 100-
percent r. p. m., operation results in a flow of 100 percent, a plot can be
made of percent area (which is proportional to WJ'-I‘-/P) as a function of
turbine temperature and pressure ratio, as shown on Figure 5, Fixed
geometry is represented on these coordinates as a vertical line. Opera-
tion at constant temperature requires increased nozzle area and results
in decreased pressure ratio as shown by the horizontal line at the top of
Figure 5. Constant pressure ratio operation requires decreased nozzle
area and results in decreased temperature as shown on Figure 5,
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1 }H AR, = 16,015,004 14,0013, 0 -0 HHI2. 0
Constant  [LLREHLH HHH HE T P
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| Pressure Ratio 1 f{h TH :
{Decreased Area ] 'JT . i“
1 !. e é e H .._*!._._ 1S
& S0 N jhessess
& S S3321 gessseraes
B HHH O A
& J00fTH +H
£ i ! T 11 T 1 e L H [
2 S38as8eedr daass o) cisiaaistsnaass 1t
o Sssusss. aas 14 (a2 @uen . T 1
'.g 2 u B o '+ 1 :r:._-{;-:q IR et I-
S5 2800k T A T R T
= S e e ae H
' 4 & bt _I ] . 1+ it
HiH t;P A R
| AT HAHN 1588 HiHHH
maof—gff o AL L :
SSeE’ e L{' H ! F;'::T - Variable Pressure Ratio
g AT ] and Turbine Infet Temperature
‘hp Hf HiftH Fed Aren)
2000 SalLohian inass 1o -Banane. S
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Turbine Area — Percent

Figure 5. Turbine Flow Characteristic for a Single-Shaft Engine.
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The turbofan engine is not as readily amenable to a thermal efficiency
analysis as are the shaft-power engines. This stems from the fact that
both propulsive efficiency and thermal efficiency must be considered in
the evaluation of the fan cycle along with the number of variables to be
considered. Prior studies of fan-type engines have shown the advantages
of high overall pressure ratio and high bypass ratio to minimize specific
fuel consumption.* These same data show, however, that high turbine
temperature is not beneficial in reducing specific fuel consumption. To
evaluate the turbofans for this study, use was made of the variable turbine
geometry to operate the engine at maximum pressure ratio and bypass
ratio, Data were developed on both of the fan configurations to determine
the potential performance gain with variable turbine geometry.

DESIGN POINT ANALYSIS

This study considered regenerative and simple-cycle turboprop and turbo-
shaft configurations and simple-cycle turbine fan engines. Each of these
was examined for two thermodynamic design points in terms of compres-
sor pressure ratio and turbine inlet temperature. The above resulted in
a total of 18 engine configurations. A simple two-letter, three-digit code
was devised for identification of the various engines. This will be used
throughout the report. Table I lists the coding procedure.

The two thermodynamic design conditions are:

® 10-Pressure Ratio at 2500°F, Turbine Temperature
® 15-Pressure Ratio at 3000°F, Turbine Temperature

The two fan engine configurations were derived from the shaft-power en-
gines by incorporating a 1, 52-pressure-ratio fan to supercharge.the com-
pressor and to provide a 4, 0-bypass ratio. In the fan engine configuration,
the high pressure compressor is operating at less than 100-percent cor-
rected r. p. m. Thus, the core pressure ratio at the design point for the
two fan engines is 8.6 and 13. 7. The resultant overall pressure ratios

are then 13,0 and 20, 7, respectively. These fan designs use the same
turbines as the shaft engines.

*S., Moise, Parametric and Preliminary Design Studies of Cruise-Fan
Propulsion Systems, Pratt and Whitney Alrcraft, Division of United Air-
craft Corporation., USAAVLABS Technical Report 65-21, Contract
DA 44-177-AMC-167 (T). May 1965. pp. 8 and 9.
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TABLE I

CODE FOR ENGINE IDENTIFICATION

1]

Compressor
Type of Type of Shaft Pressure™®*
Engine™ Cycle Configuration (2nd-3rd
Code (1st letter) (2nd letter) (1st number) number)
TR110 | T-Turboshaft | R-Regenerative | 1-Single Shaft 10
TR116 | T-Turboshaft | R- Regenerative | 1-Single Shaft 16
TR210 | T-Turboshaft | R-Regenerative | 2-Free Shaft 10
TR216 | T-Turboshaft | R-Regenerative | 2-Free Shaft 16
TS110 | T-Turboshaft | S-Simple 1-Single Shaft 10
TS116 | T-Turboshaft | S-Simple 1-Single Shaft 16
TSz10 | T-Turboshaft | S-Simple 2-Free Shaft 10
TS216 | T-Turboshaft | S-Simple 2-Free Shaft 16
FS210 | F-Turbofan S-Simple 2-Free Shaft 10
FS216 | F-Turbofan S- Simple 2-Free Shaft 16

*For the design point and steady-state analysis, the turboshaft and
turboprop are considered to be the same; thus, 10 design points are

listed,

For the turboprop analysis, a P will be substituted for the T
in the first eight configurations to denote the turboprop.

**This also identifies the turbine temperature since the 10 R, was run

onlz at 2500°F, and the 16 at 3000°F.

The following design point efficiencies were assumed to determine the sea

level static, standard day performance with fixed turbine geometry:

® Compressor Efficiency
® Burner Efficiency
® Regenerator Effectiveness

® Gas Generator or Single-Shaft Turbine

Efficiency

® Power or Fan Turbine Efficiency
@ Fan Efficiency

The airflow size was selected at 10 1b/sec.

® Turbine Cooling Bleed
® Percent of Inlet Flow

12

80 percent
99 percent
75 percent

87 percent
90 percent
85 percent

The following values were
assumed for the extraneous losses in the cycle:

4.0 at 2500°F,
12,0 at 3000°F,




® Pressure Drop

e All Cycles Burner 2.0 percent
e Turboprop and Turbo-

shaft Cycles Exhaust 3.0 percent

® Regenerative Cycles Regenerator Cold Side 1.0 percent

Regenerator Hot Side 6. 0 percent

e Fan Cycle Fan Nozzle 1.0 percent

® Overboard Leakage
e Simple Cycle

10 Pressure Ratio 1. 0 percent

16 Pressure Ratio 1.5 percent
® Regenerative Cycle

10 Pressure Ratio 1.5 percent

16 Pressure Ratio 2.5 percent

Table II lists the sea level static, standard day horsepower, thrust, and
specific fuel consumption of the various engine configurations. The only
difference between the turboprop and turboshaft engines is the sizing of
the exhaust nozzle, These data provide the base line from which the char-
acteristics of variable turbine geornetry are explored.

The component efficiencies during throttled operation were defined by the com-
pressor map and the results of the turbine analysis. Turbine cooling air

and leakage were held constant during throttling. The heat exchanger ef-
fectiveness and pressure drop were varied as a function of the Reynolds
number into either side of the heat exchanger.

TURBINE ANALYSIS

The results of the design point cycle calculation provided data for turkine
design. The turbine requirements are summarized on Table III, Analysis
of these data determined that four turbine stages would be required on all
the engine configurations and that with gearing, where required, the same
turbines would be applicable to the free- or single-shaft engines. In the
free-shaft turboshaft power engines or the fan configuration, two stages
would drive the high-pressure system and two the low.

After establishing the turbine design point, calculations were made to de-
termine the off-design characteristics of the turbine.

The turbine performance analysis procedure employed in the Allison com-
puter program is a modification of the procedure developed by Ainley and
Mathieson. This procedure is a constant-stage, mean-line calculation and
is based on overall blade row loss data.

13
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TABLE II

ENGINE DESIGN POINT SUMMARY
59°F., —SEA LEVEL ALTITUDE

Shaft Specific Fuel
Engine Horsepower Thrust Consumption
TR110 2180 50 0. 344
TR116 2680 54 0,343
TR210 2220 50 0. 339
TR216 2760 55 0.336
TS110 2340 72 0.452
TS116 2880 74 0.411
TS210 2400 70 0. 441
TS216 2970 71 0. 398
PR110 2090 165 0. 354
PRi16 2580 180 0. 352
PR210 2140 165 0. 348
PR216 2660 180 0. 344
PS110 2190 235 0.482
PS116 2730 240 0.433
PS210 2280 234 0. 466
PS216 2840 239 0.418
FS210 —_ 2350 0. 540
FS216 — 2500 0. 563

e

The analysis procedure is conveniently divided into two areas for dis-
cussion purposes, The first area delineates the procedure to obtain the
basic performance characteristics of each blade row for a given turbine
geometry. The second area delineates the development of the performance
analysis procedure which uses the basic loss data.

The procedure to obtain the basic loss data or performance characteris-
tics of the individual blade rows consists of the following two parts:

® Obtaining the blade row loss coefficients as a function of incidence

and exit Mach number
® Obtaining the blade row discharge angles as a function of downstream

exit Mach number

14
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Blade row loss coefficient, as employed in the performance analysis pro-
cedure, is defined as

inlet total pressure minus exit total pressure _ Py - Py
exit total pressure minus exit static pressure Py - PS2

(5)

Zero incidence loss coefficient data have been accumulated as a function

of the blade row inlet and exit gas angles for rotating rig performance of
approximately 60 different turbines, These data represent a total loss co-
efficient, including the profile and secondary end losses. If the assumption
of symmetrical stage velocity triangles is made, the stage efficiency can
be approximated by the following expression:

1
= 6
n stage ( Va) Yt sec? Ay (6)
1 - —
\Y
U Ta - 2 tan B,

The zero incidence data that would be employed in the performance analy-
sis procedure are valid for blade hub-to-tip radius ratios from 0, 55 to

0. 87 and for blading section geometry which reflects aerodynamic design
consistent with conventional and accepted industry practice.

The zero incidence blade row loss coefficient is modified for positive and
negative incidence in two respects. The fir'st modification charges the
loss for velocity head normal to the blade inlet angle. This assumption is
independent of directional sense ard the blade leading edge geometry. Ex-
amination of blading cascade data shows a greater loss for positive inci-
dence than that for negative incidence. This is readily explained by the
extremely adverse surface pressure gradients that result at negative in-
cidence. Therefore, the second modification alters the normal velocity
head loss by the characteristic "H'" of Figure 6. The off-design loss co-
efficient of an individual blade row is calculated as follows:

Compute:
i = al - Bl (7)
and obtain from Figure 8 é

H = f {i, BT)
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Normal Velocity Head Correction Factor, H

M(I) =|nlet Mach Number Component Parallel to Inlet Biade Angle
Yt =Zero Incidence Loss Coefficient

\ L,Bl
P1 =Inlet Total Pressure MmO
'-1.
B =Inlet Blade Angle 3 \51:\ N
Normal Velocity
ay =Inlet Gas Angle Component

Ml =|nlet Mach Number

Blunt
BT =Type of Blade Leading Edge{ Normal

Sharp

Blunt

Normal

1.00
Sharp
(-)
(+)
P it Normal
Rotation
Sharp
Negative (-) 0 Positive (+)
Incidence

Figure 6. Normal Velocity Head Correction Factor and Incidence
Angle Relation,
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Defire Mlo as the component of M parallel to the inlet blade angle.
Hence,

M® = M, cos i (8)
Define Plo as the blade inlet total pressure associated with vector Mlo.
Then,
T il
-1 7-1 v-1 5] 71
P, (1 e Mlz) = PIO 1+ (T)(H)(MIO)Z:I
X
i 7-1
0 -
-pl |1+ (B2 (H)/(M)? (cos )?
1 2 1
and 2
7-1
1 +(%1)(H)(M10)2 (cos 1)2
P,0=P . (9)
PO e (5 o

Substituting Equation (9) into Equation (5) yields, upon rearrangement of
terms, the blade loss coefficient at off-design,

Y
- ¥-1
p |1+ ("—;) (M1)2 (H) (cos 1)2

Yt = ~

(Pg - Pg,)

(10)

The data necessary to the performance analysis procedure are as follows:

® Flow path diameters at each blade row inlet and exit
® Blade row inlet angles
® Total blade row loss coefficients as a function of incidence and exit

Mach number
@ Blade row exit gas angles as a function of downstream Mach number

18



The calculation is initiated by selection of an inlet total temperature and
pressure plus an associated mass flow rate and rotational speed. The
following discussion of the procedure assumes that the inlet total tem-
perature and pressure and the rotational speed will be held constant. The
performance will then be calculated along a constant corrected speed line
characteristic starting in the unchoked region of operation and concluding
the calculation at limiting loadi~g.

An inlet gas angle is specified for the first stator to obtain the stator in-
cidence., The stator loss coefficient is obtained as a function of down-
stream Mach number, It is now possible to calculate the stator down-
stream absolute flow conditions by iterating on continuity since the stator
inlet flow, total temperature, and pressure are known in addition to the
stator loss characteristics, exit gas angle characteristics, and exit annu-
lus area.

The rotor inlet relative conditions are obtained by combining the stator
absolute flow vectors with the rotor wheel speed., The difference between
the relative inlet gas angle and rotor inlet blade angle is the incidence
from which the loss characteristics of the rotor blade may be obtained.
The relative conditions out of the rotor are calculated in the same manner
as the absolute conditions out of the preceding stator, The rotor exit
relative properties are combined with the rotor wheel speed to obtain the
absolute flow conditions at the stage exit. This procedure is repeated un-
til the last rotor exit conditions are determined. Knowing the individual
stage inlet and exit properties and the overall conditions, it is possible to
calculate the individual stage and overall turbine efficiencies at one point
on the speed line in the unchoked region. Additional points on the speed
line are obtained by increasing the mass flow rate and then repenting the
preceding procedure,

The problem of choking in one of the blade rows is soon evident as the flow
rate is continually increased. This problem is handled by checking each
blade row for choking before aittempting to calculate the downstream state
conditions. The incidence on the blade row is known, therefore, the loss
coefficient of the row is known as a function of the downstream Mach num-
ber. Also, for each loss coefficient there is a maximum rotor inlet cor-
rected flow and downstream Mach number. If the selected corrected
through-flow is greater than the maximum for the blade row under investi-
gation, the inlet mass flow rate must be reduced. Choking is said to occur
when the selected through-flow is within + 1/2 percent of the maximum value.

19
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The turbine inlet corrected flow rate will remain constant once the blade
row which chokes first is determined. Additional points on the speed line
are obtained by holding flow conditions -*pstream of the choke point con-
stant and incrementing the velocity, or Mach number, out of the choked
blade row. The new downstream Mach number and the incidence of the
choked blade row determine a new blade row loss coefficient. The con-
tinuity equation is now applied to determine the new flow conditions im-
mediately downstream of the choked row, The unchoked turbine perfor-
mance procedure is now repeated on succeeding downstream blade rows

to the turbine exit or to the blade row downstrean: which chokes next., If

a blade row downstream chokes, the last incremented Mach number must
be reduced until the corrected through-flow of the newly choked row is
within + 1/2 percent of its maximum. The last rotor exit axial Mach num-
oer is always checked for limiting loading. If limiting loading is not
reached, the Mach number out of the choked blade row furthest downstream
is again increased and the calculation is repeated until limiting loading is
reached,

With the aforementioned analysis procedure, data were calculated for a
two-stage turbine with variations in turbine corrected speed, first stator
area, and second stator area, The variations in all three paramneters in-
cluded a minimum of 60 percent and maximum of 120 percent., The re-
sults of these calculations were the turbine efficiency, turbine corrected
flow (Wﬁ)lp, work, and expansion ratio, These data were then plotted
to determine the characteristic performance of the turbine with area varia-
tion as a function of expansion ratio and corrected speed. It was learned
that the second stator area had only a secondary effect on controlling the
turbine flow parameter and generally a detrimental effect on efficiency.
Thus, to effect a change in turbine flow for the turbines investigated here-
in,only the first nozzle area is changed. The culmination of the analysis
of all these turbine data was the development of turbine flow factor,
(Wﬁ)/P, and efficiency as a function of the turbine expansion ratio. The
independent variable was turbine corrected speed. These data are shown
in Figures 7 through 10 for both the single- and free-shaft engines,

Figures 7 and 8 are for the free-shaft engine; 9 and 10 are for the single-
shaft engine. Figure 7 provides efficiency data for the gasifier turbine,
The power turbine has the same characteristic of efficiency as a function
of corrected speed and expansion ratio but a different design point value.
A factor is, therefore, »>rovided on Figure 7 to be applied to the gasifier
efficiency data for determining the power turbine efficiency.
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MECHANICAL CONFIGURATION

For the purpose of this study, the mechanical design of the various en-
gines was limited to a first order definition of the rotor systems for each
configuration, This information was required to compute the moment of
inertia to be used in the transient performance calculations. Figures 11
through 14 show the various rotor configurations. Both compressors con-
sisted of a two-stage axial followed by a single centrifugal stage. All en-
gines incorporated four turbine stages with commonality of the turbines
between the free-shaft, single-shaft, and the fan turbofan/turboprop en-
gines. The fan-engine configurations utilized the same rotor systems as
the shaft-power engines except for the addition of a forward-mounted fan
to supercharge the shaft-engine compressor. Detailed mechanical analy-
sis of the rotor systems was not a consideration in this study.

Table IV suminarizes the weight and inertia data of the rotor systems.
TABLE IV

ESTIMATED WEIGHT AND INERTIA OF ROTOR SYSTEMS

Engine Shaft Power Fan
RC/TIT, °F. 10/2500 16/3000 10/2500 16/3000
Weight, 1b, 50. 8 46. 1 67.6 62.9
Polar Moment of Inertia,
1b, -in.2
Gasifier 268.6 208. 4 268, 6 208. 4
Power 173.17 165.5 173.7 165.5
Fan — - 368.0 368.90
%
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RESULTS

Graphic and tabular results are included in this report. The graphical
data describe the operating lines on the compressor map and depict the
engine variables as functions of percent power for various modes of oper-
ation, The tabular data provide convenient comparisons between the en-
gine types and summarize the data for each of the engines at 50-percent
power, Table V is an index to the curves and a key to the data which are
presented. The symbols identify the extent of the calculations made for
each engine. Most of the data were computed at sea level static on a stan-
dard temperature day. Altitude, air speed, and ambient temperature ef-
fects were evaluated for specific cases,

For the fixed area case, the steady-state performance was computed from
100-percent down to 30-percent power for all engine configurations., For
other turbine nozzle area configurations, the amount of data computed was
determined by the particular requirement, In some cases, data were com-
puted over the complete power range. In other cases, where no advantage
from the use of variable geometry was evident, spot-check data were com-
puted at selected power settings. No data were computed for those cases
where the results from one engine could be carried over to another.
Several ground rules were established for the computation of the data.
|

® On the free-shaft engine, the free-turbine r.p.m. was maintained at
100 percent. On the single-shaft engine, only 100-percent r.p.m.
was explored.

® The turbine inlet temperature was defined as the temperature into the
first turbine stator or burner outlet, A portion of the turbine cooling
air extracted from the compressor discharge was readmitted to the
cycle prior to the first turbine rotor. A heat balance was done at this
point. Thus, the first rotor inlet temperature was reduced and the
mass flow through the turbine was increased to effect a proper assess-
ment of the turbine cooling air. The turbine inlet temperature data
plotted, therefore, are the first rotor inlet temperatures and are
lower in magnitude than the 2500°F, and 3000°F. burner outlet tem-
peratures,

® The engine pressure ratio was not allowed to exceed the design value.

® In cases where the operating line and surge line intersected, calcula- f
tions were made at the surge pressure ratio or along the surge line to
determine the maximum performance available,

Tables VI, VII, and VIII summarize the data at 50-percent power for the

various engines in terms of percent change in specific fuel consumption !
from the fixed area case.
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TABLE VI

SUMMARY OF SPECIFIC FUEL CONSUMPTION AT 50-PERCENT
POWER—FREE-SHAFT TURBOSHAFT

Cycle Regenerative Simple
R./TIT, °F. 10/2500 | 16/3000 | 10/2500 ! 16/3000
(TR210) | (TR216) | (TS210) (TS216)
Fixed Area s.7.c. 0.370 0. 363 0. 520 0. 465
Variable Gasifier s.f, c. —_ 0.400 0. 490 0. 455
Percent* — +10, 2 Sl | -2.2
Variable Power s, f, c. 0. 335 0. 332 — 0.497
Percent* -9,5 -8.5 -_ +6.9
Both Variable s.f, c. 0.342 0. 345 0.494 0. 455
Percent* -7.5 -5,0 -5,0 -2,2

*Percent change from fixed area specific fuel consumption.

TABLE VII

SUMMARY OF SPECIFIC FUEL CONSUMPTION AT 56-PERCENT
POWER —SINGLE-SHAFT TURBOSHAFT

Cycle Regenerative Simple
R./TIT, °F. 10/2500 | 16/3000 | 10/2500 | 16/3000
(TR110) | (TR116) | (TS110) | (TS116)
Fixed Area s.f.c. 0.465 0. 466 0. 546 0. 496
Variable Area s.f.c. 0,453 0. 461 0.515 0.472
Percent*| -2,6 Syl -5.5 -4.9

*Percent change from fixed area specific fuel consumption.
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TABLE VIII

SUMMARY OF SPECIFIC FUEL CONSUMPTION AT 50-PERCENT
POWER—FREE-SHAFT TURBOFAN

Cycle FS210 FS216
Rc/TIT, °F. 10/2500 16/3000
Fixed Area s.f. c. 0.703 0.714
Variable Gasifier s.f.c. 0. 681 0. 702

Percent* -2,2 -1.6

sumption,

*Percent change from fixed area specific fuel con-
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DISCUSSION OF RESULTS

STEADY-STATE PERFORMANCE

The following discussion of the steady-state performance is arranged ac-
cording to the five general types investigated.

1. TS110 - Turboshaft - Simple Cycle - Single Shaft - 10,0:1 R,
TS116 - Turboshaft - Simple Cycle - Single Shaft - 16.0:1 R,

Calculations on the single-shaft engine were limited to operation at 100-
percent shaft r.p. m. This resulted in operation at 100-percent flow be-
cause of the vertical speed line characteristic on the compressor map.
Thus, in all cases, throttling was accomplished by varying only pressure
ratio and turbine temperature. Figures 15 through 17 define the steady-
state performance for the 10, 0:1-compressor-pressure-ratio engine.

For the fixed geometry case, throttling was effected by a simultaneous
reduction in both pressure ratio and turbine temperature, In the variable
geometry case, the turbine nozzle area was reduced while maintaining the
design pressure ratio; thus, throttling occurred from temperature only.
Another mode of operation would be to increase the nozzle area to main-
tain turbine temperature while throttling pressure ratio, However, this
mode of operation is not practical because of the insufficient decrease in
horsepower with pressure ratio and the extreme area requirement. Figure
15 is the compressor map for the 10, 0:1-compressor-pressure-ratio en-
gine with the operating line or point superimposed for the two modes of
operation. Figures 16A and B show the change in turbine teranperature and
pressure ratio associated with this operation. The resulting specific fuel
consumption is shown on Figure 16C,

The area required to effect this operation and the change in turbine effi-
ciency can be seen on Figures 17A and B. The improvement in specific
fuel consumption at 50-percent power is equal to 5. 5 percent. At 50-per-
cent power, the turbine nozzle area must be reduced to 82 percent of the
design value. The difference in turbine efficiency between the fixed
geometry and variable geometry case is not significant,

Figures 18 through 20 define the steady-state performance and operating
characteristics for the 16. 0:1-compressor-pressure-ratio engine. In
general, the results on this engine are the same as on the 10, 0:1-com-
pressor-pressure-ratio engine. The improvement in specific fuel con-
sumption at 50-percent power is 4. 7 percent compared to the 5.5 percent
of the 10, 0:1-compressor-pressure-ratio engine.
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2. TS210 - Turboshaft - Simple Cycle - Free Shaft - 10,0:1 Rg
TS216 - Turboshaft - Simple Cycle - Free Shaft - 16.0:1 R,

The free-shaft engine configurations were run at 100-percent free-turbine
speed and variable gasifier speed to effect throttling. Data were calcu-
lated for the following modes of operation:

® Fixed-area turbine

® Variable gasifier turbine nozzle
® Variable power turbine nozzle
® Both nozzles variable

Results of the calculations and the operational characteristics of the

10. 0:1-compressor-pressure-ratio engine are presented in Figures 21
through 24. These data include operation at fixed area, variable gasifier
area, and both nozzles variable.

Figure 21 is the compressor map for the 10, 0:1-compressor-pressure-
ratio engine showing operating lines for the three modes of operation.

The turbine temperature and pressure ratio requirements for these modes
of operation are shown in Figures 22A and B.

For the case where both turbine nozzles or just the gasifier is varied to
hold pressure ratio, the operating line intersects the surge line. At this
point, operation was assumed along the surge line. This approach enabled
operation at the limiting available pressure ratio. Although this is not
practical in a given engine design, it is of interest to this study to define
the maximum performance potential with variable geometry. The result-
ing specific fuel consumption for these modes of operation is shown in
Figure 22C. At 50-percent power, the reduction in specific fuel consump-
tion from the fixed geometry case is 5.7 percent for the variable gasifier
turbine and 5. 0 percent with both nozzles variable. The difference in
specific fuel consumption is attributable to the loss in component efficien-
cies associated with varying both nozzles to maintain constant pressure
and temperature during throttling. The component efficiency values are
presented in Figure 21 for the compressor and in Figure 23A and B for
the turbines. Figure 24A and B show the area requirements for accom-
plishing this operation,

For the 16. 0:1-compressor-pressure-ratio engine, full operating lines
were determined for three cases—fixed area, variable gasifier turbine,

and variable gasifier and power turbines, Variable power turbine (con-
stant temperature) calculations were limited to spot-point data after it
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was determined that the resulting specific fuel consumption would be higher
than for the fixed area case. The reason for the poor performance is the
extreme throttling required of the compressor, resulting in low pressure
ratio and low component efficiency. The data can be seen as a single point
at 50-percent power on Figures 25 through 28,

As in the case of the 10, 0:1-compressor-pressure-ratio engine, the rnaxi-
mum pressure ratio-temperature operation (both nozzles variable) did not
produce the maximum performance gain,

Since the variable power and gasifier turbine combination provides flexi-
bility to operate at numerous combinations of pressure ratio, tempera: .ve,
and flow, one additional mode of operation was explored. Movement on

the compressor map was limited to obtain maximum compressor efficiency.

The turbine temperature was then varied from this point by changing both
the gasifier and power turbine nozzle areas, This resulted in a require-
ment for a power turbine area greater than the 120-percent limit shown in
Figure 28A. In addition, no improvement in performance was evident.
This is a result of the decrease in turbine temperature,

Figure 25 shows the compressor map with operating 1..._., for this con-
figuration. Figures 26A and B show how turbine temperature and pressure
ratio were varied, The results in terms of specific fuel consumption are
shown on Figure 26C. The improvement in fuel consumption compared to
the fixed area engine was the same for variable gasifier and for both
nozzles variable, amounting to 2, 2 percent. Operation at constant tem-
perature resulted in a fuel consumption increase of 6.9 percent over the
fixed area case.

3. TR110 - Turboshaft - Regenerative Cycle - Single Shaft - 10, 0:1 R¢
TR116 - Turboshaft - Regenerative Cycle - Single Shaft - 16.0:1 R,

The single-shaft regenerative engines were run at 100-percent speed in the
same manner as the single-shaft simple-cyclz engines; i.e., throttling
was accomplished by varying temperature and/or pressure ratio at 100-
percent flow, Figures 29 through 31 show the performance for the 10, 0:1-
compressor-pressure-ratio engine, Figure 29 is the compressor map for
this engine. The turbine temperature and pressure ratio are shown in
Figures 30A and B where the solid line denotes constant area operation and
the four triangular symbols represent spot-point calculations at various
power settings with variable geometry., The resulting specific fuel con-
sumption is shown in Figure 30C, The specific fuel consumption difference
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between fixed and variable geometry is not significant. This is a result
of the thermal efficiency and, therefore, of the specific fuel consumption's
being essentially independent of pressure ratio and primarily dependent on
temperature in the regenerative cycle, As was the case in the simple-
cycle engine, throttling at constant temperature is not practical in the
simple-cycle engine at constant speed because of the minimal reduction in
outpui power with decreased pressure ratio. Figure 31A shows that the
area required to hold pressure ratio at 30-percent power is 78 percent of
the design value, Figure 31B shows the turbine efficiency to be slightly
higher with variable geometry. This is the reason for the slight gain in
specific fuel consumption with this mode of operation. The regenerator
effectiveness plotted in Figure 31C is essentially the same for the two
modes of operation,

Comparable data on the 16. 0:1-compressor-pressure-ratio engine are
shown in Figures 32 through 34. As was the case with the 10, 0:1-com-
pressor-pressure-ratio engine, no significant improvement in performance
could be obtained with the ircorporation of variable geometry., In general,
the differences in specific fuel consumption and the component efficiencies
are within 1 percent of those values determined for the 10, 0:1-compressor-
pressure-ratio engine,

The limitation of constant speed operation seriously detracted from the
performance gains available with variable geometry on the single-shaft
regenerative engine. Previous studies have shown that variable r.p.m.,
operation of this type engine can provide significant gairs in specific fuel
consumption by operating at constant temperature during throttling, Vari-
able turbine geometry is, however, not necessarily a requirement to
realize these gains, Control of the load may in some cases be used to
maintain turbine temperature during throttling while varying speed.

4, TR210 - Turboshaft - Regenerative Cycle - Free Shaft - 10, 0:1 R,
TR216 - Turboshaft - Regenerative Cycle - Free Shaft - 16, 0:1 R

The performance for the regenerative free-shaft engines is shown in
Figures 35 through 38 for the 10, 0:1-compressor-pressure ratio engine.
These data are the result of performance calculations with a variable
gasifier nozzle in combin=tion with a variable power turbine nozzle, con-
stant area performance, and performance with a variable power turbine
only.
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Power.
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As was the case in the simple-cycle, free-shaft engines, variable gasifier
and power turbine geometry were used in combination to operate at maxi-
mum pressure ratio and temperature, simuitaneously. Power was throttled
by reducing flow only until the surge line was encountered, At this point,
operation was defined along the surge line at constant turbine temperature.
Figure 35 depicts the compressor map for the 10, 0:1-compressor-pres-
sure-ratio engine with the operating lines and 50-percent power points
superimposed,
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The corresponding value of temperature and pressure ratio for these
operating lines is shown on Figures 36A and B, Operation along the lines
shown cn the compressor map produces the specific fuel consumption
versus power characteristic of Figure 36C. The specific fuel consump-
tion is essentially constant and equal to the rated value, with the variable
power turbine being used to hold constant turbine temperature throughout
the operating range. The improvement in specific fuel consumption at 50-
percent power is equal to 9. 5 percent over the fixed area case. This is
the maximum specific fuel consumption improvement found in all of the
engines investigated.

#igures 37A and B show the turbine efficiencies to be less with this mode
of operation than for the fixed area engine. Figure 37C, however, shows
the regenerator effectiveness to be markedly increased at 50-percent
power, overriding the effect of reduced component ¢tficiency on specific
fuel consumption, This increase in effectiveness is the result of throttling
by reducing the flow. The flow through the heat exchanger at a given per-
cent power is significantly less with the constant temperature operation
than with the fixed area case. This results in an increased effectiveness
of the heat exchanger. A secondary factor contributing to the desirable
specific fuel consumption characteristic for constant temperature opera-
tion is the more nearly optimum combination of turbine temperature and
pressure ratio,

By using variable gasifier and power turbine geometry in this engine, a
specific fuel consumption reduction of 7-1/2 percent, compared with 9-1/2
percent using variable power turbine geometry alone, is obtained. The
greater loss in turbine efficiency with this mode of operation, plus a less
desirable combination of pressure ratio and turbine inlet temperature, re-
sults in a lower gain in thermal efficiency. Figures 38A and B define the
changes in power und gasifier nozzle area to operate tiiese modes.

Figures 39 through 42 show comparable data on the 16, 0:1-compressor-
pressure-ratio engine. However, the gain in specific fuel consumption
was not as significant as with that on the 10, 0:1-compressor-pressure-
ratio, The comparable numbers are 8-1/2 percent for the 1€, 0:1-com-
pressor-pressure-ratio variable power turbine case compared with 9-1/2
percent for the 10, 1:1-compressor-pressure-ratio engine,and 5 percent
for the 16, 0:1-compressor-pressure-ratio case with both nozzles varying
compared to 7-1/2 percent for the 10, 0:1-compressor-pressure-ratio
engine,
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One additional mode of operation was explored on the 16. 0:.-compressor-

pressure-ratio engine. This is id »ntifled by a triangular symbol on

Figures 40 through 42, For this case, the engine pressure ratio was held
\ constant and the turbine temperature was throttled by changing the gasifier
' nozzle area. The resulting specific fuel consumption at 50-percent power
‘ was 8-1/2 percent higher with this mode of operation than with fixed geom-

etry. This indicates the importance of maintaining maximum temperature
in the regenerative cycle.

5. FS210 - Turbofar - Simple Cycle - Free Shaft - 10, 0:1 R,
FS216 - Turbofan - Simple Cycle - Free Shaft - 16. 0:1 Rg

The fan engines are free-shaft, simple-cycle configurations utilizing a
forward mounted 1, 52:1-compregsor-pressure-ratio fan providing a 4, 0-
bypass ratio at the sea level static design point. The high-pressure sys-
tems for the fan engine and the fan turbine are exactly the same as those
of the shaft engines. The fan engines are unmixed and incorporate a fixed
primary and fan jet nozzle.

Supercharging the shaft engines with the fan resulted in the high-pressure
system operating at a reduced corrected speed. This, in turn, resulted
in a reduced high-pressure pressure ratio, The 10, 1:1-compressor-
pressure-ratio engine operates at an 8, 6:1-high-pressure pressure ratio,
and the 16.0:1-compressor-pressure-ratio engine operates at a 13, 7:1-
high-pressure ratio in the fan engine. Incorporatior of the fan results in
a 13,0:1 and 20, 7:1 overall pressure ratio for the 10, 0:1- and 16. 0:1-
pressure-ratio-shaft engines, respectively.

One problem encountered in the fan engine analysis was the inability to
select numerous operating conditions in terms of temperature, flow, and
pressure ratio. It was not possible to run the fan engine at reduced power
levels while maintaining a constant overall pressure ratio due to the tur-
bine inlet temperature exceeding its design value. This was due to the
requirement to match continuity on both of the fixed jet nozzle areas, re-
ducing the flexibility of operation available with variable turbine geometry.
If both jet nozzles had been variable, the continuity and power matching of
the high- and low-pressure rotating components could have been altered,
allowing more flexibility.

Previous fan-type engine studies have shown that to attain minimum spe-
cific fuel consumption it is desirable to maintain the pressure and bypass
ratios at as high a level as possible. These same studies have shown that

L ke



high-temperature operation increases fuel consumption on this type en-
gine, Investigation showed that fan engines could not be operated at a
constant overall pressure ratio without exceeding the limiting turbine in-
let temperature, Therefore, data were calculated by using a variable
gasifier area to maintain constant high-pressure pressure ratio; on the
16. 0:1-compressor-pressure-ratio engine, calculations were also made
using both nozzles variable to increase the overall pressure ratio.

Fan data were calculated at sea level 250 knots. Conventional fixed area
operation was first defined over the range of thrust from 30 to 75 percent
of the sea level static, standard day value. The 250-knot thrust at 100-
percent r.p. m, is equal to 75 percent of the sea level static value,

Figures 43 through 47 define the performance for the 10, 0:1-compressor-
pressure-ratio engine (FS210), Figures 43 and 44 show the fan and high-
pressure compressor maps, respectively. Two operating lines are shown.
As evaluated for the shaft power engine, operation along the surge line was
computed with variable geometry to evaluate the maximum performance
gains available, One line is for the constant area case and the other for
the variable gasifier area. The circled points identify operation at 50-
percent sea level static power. Figures 45A and B define the turbine tem-
perature and bypass ratio resulting from both modes of operation. The
specific fuel consumption is defined in Figure 45C, An increasing reduc-
tion in specific fuel consumption can be seen down to about 50-percent
power where the diiferenc remains constant at approximately 3. 0 per-
cent, Figures 46A and B define the individual pressure ratio of the high-
pressure system and the fan, The turbine efficiencies are shown in
Figures 47A and B and are essentially the same for either mode of oper-
ation, The area change in the gasifier nozzle required to effect constant
high-pressure pressure-ratio operation is presented ir Figure 47C and is
within the iimits available in the turbine.

Data were run on the 16. 0:i-compressor-pressure-ratio fan engine (FS216)
similar to the data described for the 10, 0:1-compressor-pressure-ratio
fan and similar results were obtained. Noting the small performance gain
on the 10,0:1- and 16, 0:1-compressor-pressure-ratio engines using vari-
able gasifier geometry, one additional mode of operation was explored.
Both nozzles were varied in an effort to increase the overall pressure
ratio. Results of this calculation are denoted by a triangular symbol for

a single point at 52 percent of sea level static, standard day thrust on
Figures 48 through 52, defining the performance for this engine,
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Figure 47. Engine FS210—Percent Gasifier Area, and Fan and Gasifier
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At Sea Level 250 Knots
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When both nozzles were varied, 50-percent thrust occurred at a peint on
the compressor surge line. Thus, no significant gain in overall pressure
ratio was accomplished. This mode of operation also required increased
turbine temperature, as shown in Figure 50A, and, therefore, resulted in
a minimal change in fuel consumption, as shown in Figure 50C, The power
turbine nozzle area required is essentially the same as that of the gasifier,
which is plotted in Figure 52A,

EFFECT OF AMBIENT TEMPERATURE

Characteristically, the free-shaft engine running at 100-percent gasifier
r.p. m, operates above its design turbine temperature at ambieni tempera-
tures in excess of the design values., To avoid this overtemperature oper-
ation, it is common practice on this type of engine to reduce the r,p. m,
during hot day operation. This causes a reduction in the inlet mass flow
due to the reduction in r. p. m. and to the lower inlet air density, and thus
places a twofold penalty on horsepower.

A part of this study was to determine whether the degradation in hot day
power could be restored with the use of variable turbine geometry, Cal-
culations were performed on Engine TS216 to compare fixed area, variable
gasifier area, and variable power turbine area at the 6000-foot, 90°F. day
operating condition, Table IX summarizes the results of these calculations.
In the fixed arca case, the gasifier r.p.m. was throttled to 96 percent of
its design value to limit temperature to the design value of 3300°R. The
horsepower was defined for this case and used as a base line to evaluate
the effect of variable geometry. The second column in Table IX indicates
that with variable gasifier geometry the r.p. m. can be restored to 99,7
percent and the operation at design pressure ratio and turbine temperature
is possible. This requires a reduction in the gasifier nozzle area of 12
percent and results in an 8-percent increase in shaft horsepower,

Variable power turbine geometry is defined in the third column in Table IX,
Here the pressure ratio is 14, 7:1, but the turbine temperature is held at
the design value of 3300°R. This mode of operation requires a 5-percent
increase in powe:r turbine nozzle area resulting in a 9-percent increase in
power output

These data are representative of the benefits available from power turbine
geometry on any of the free-shaft engines. If either a variable gasifier or
variable power turbine is available in a specific engine designed for sea
level static, standard day conditions, it will provide an effective means of
augmenting bot day power,

TSI e S
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TABLE IX

6000-FOOT ALTITUDE -95°F, DAY PERFORMANCE
ENGINE TS216

Fixed Variable | Variable
Area Gasifier Power
Gasifier r,p. m., Percent 96 99. 7 100
Pressure Ratio 13, 8:1 16. 0:1 14, 7:1
Turbine Temperature, °R. 3300 3300 3300
Airflow, Percent 86,5 92 93, 2
Turbine Nozzle Area, Percent
Gasifier 100 88 100
Power 100 100 105
Percent of Fixed Area Shaft
Horsepower 100 108 109

EFFECT OF AIR SPEED

This study is based primarily on the evaluation of the turboprop and turbo-
shaft engines with variable turbine geometry at sea level static conditions.
It is also of interest, however, to determine whether a flight condition has
a major effect on the change in performance with variable geometry., Data
were generated on Engine PR210 at sea level 250 knots with and without
variable geometry for comparison to the sea level static case. These

data are plotted in Figures 53 through 56,

The engine characteristics at the sea level 250-knot condition are shown to
be similar to those at sea level static, The primary effeci of operating at
250 knots is to increase the power output as a result of the ram pressure
ratio. A comparison of the data at the two flight conditions indicates that
at a given power setting the percent change in specific fuel consumption
between the sea level 250 knots and the sea level static operation is essen-
tially the same. Although the magnitude of the various parameters through-
out the engine is different when comparing sea level 250 knots and sea level
static data, the magnitude of change between the fixed area and the variable
area case is essentially the same, Therefore, it is possible to determine
the sea level 250-knot performance with fixed versus variable geometry
based on calculations at sea level static,

The variable geometry turbofan engines were evaluated primarily at sea
level 250 knots; however, to determine the effects of higher flight condi-
tions on performance, additional data were generated at sea level 400
knots for Engine FS216, These data are plotted in Figures 57 through 60.
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The performance characteristics at sea level 400-knot conditions were
similar to the sea level 250-knot conditions. However, there was a sub-
stantial reduction in net thrust and an increase in specific fuel consump-
tion. This is a result of the increased ram drag at 400 knots. Here again
the absolute levels of the various engine parameters are different when
comparing the two flight conditions. However, the percent change between
the fixed and variable area control modes is nearly the same. Therefore,
the same conclusions for variable geometry can be drawn at sea level 400
knots as were made at sea level 250 knots.
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ACCELERATION DATA

Table X lists the acceleration times from 30- to 100-percent power for
the free-shaft and fan engines investigated. The acceleration times are
based on the rotor system moments of inertia of Table IV.

TABLE X

SUMMARY OF ACCELERATION DATA

FREE SHAFT AND TURBOFAN
Time to Accelerate from 30- to 100-Percent
Power in Seconds

Fixed Variable Variable Both

Area Gasifier Power Variable
PS & TS210 1.63 1.20 - 1.00
PS & TS216 1.48 1,28 —_ 1. 00
PR & TR210 156 — 1.84 1. 84
PR & TR216 1.55 - 1.75 1.69
FS210 1.61 1.45 - —
FS216 1558 1.50 — —

The accelerations were calculated using a transient fuel input determined
by a turbine inlet temperature versus gasifier speed schedule, permitting
surge-free operation under wave-off conditions. This schedule, shown in
Figure 61, is defined in terms of the allowable AT above the steady- state
turbine inlet temperature with design turbine area. In the variable geom-
etry engines, the mode of operation is to return the turbine area to its de-
sign value at the start of acceleration, providing the necessary surge mar-
gin to accommodate the acceleration. The return of the turbine area to its
design value and the addition of transient fuel is a simultaneous operation.
Proper scheduling of the turbine geometry actuator and the transient fuel
input will allow the engine to maintain a constant speed and pressure ratio
at the start of the acceleration.

For the regenerative engines, the heat exchanger was assumed to have no

effect on the acceleration since the heat exchanger response time is long
compared to the acceleration time.
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Figure 62 shows the acceleration time as a function of gasifier speed for
the four shaft configurations. The 30-percent power points are identified
for the various control modes of the engines investigated. The 16, 0:1-
compressor-pressure-ratio engines demonstrated slightly better acceler-
ation times than the 10. 0:1-compressor-pressure-ratio engines of similar
control modes. This is due to the higher moments of inertia for the 10, 0:1-
compressor-pressure-ratio rotor system. The acceleration of the free-
shaft engine was not influenced by fuel control response time. However,
with variable geometry, these engines were limited to a minimum of one

second acceleration because of the variable geometry actuator response
time.
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Figure 62. Acceleration Time as a Function of Percent Gasifier R. P. M.

The required time to achieve a power transient for the single-shaft engine
is a function of control response time, since the rotor system is at design
speed throughout the power range. The transient time of the fixed area
turboshaft engine is a function of the fuel control response time which is
approximately 0.1 to 0.2 second. With variable geometry, the transients
are limited to one second because of the turbine actuator response time.
The single-shaft turboprop engine transients are limited by the propeller
blade angle actuator response time,which is approximately one to two
seconds. The response time of a given prop actuator or fuel control,
however, is a function of the hardware size.
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A typical, small two-shaft helicopter engine can be used as an example to
compare actual acceleration times with computed values. During the de-
velopment of this engine, the computed time for a flight idle (64-percent
gasifier speed) to 100-percent power acceleration was 2,4 seconds. A
typical test value based on the developed engine for the same type of ac-
celeration is 2,6 seconds. Both the computed and actual times are based
on no compressor bleed or accessory load.
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CONCLUSIONS

This study has been sufficiently comprehensive to permit generalized
qualitative conclusions as to the potential value of variable turbine geom-
etry. For the most part, the assignment of quantitative values is neces-
sarily restricted to the particular thermodynamic cycles investigated,
although some extrapolations to the general case appear warranted and
have been made. The following conclusions are categorized according to
the engine configuration.

ALL CONFIGURATIONS

@ With one exception, variable turbine geometry can be used to effect
constant pressure ratio and/or constant temperature operation from
100-percent down to 30-percent power without exceeding acceptable
limits of turbine nozzle area change. Thus, the compressor charac-
teristics become the limiting factor in the ability to operate at maxi-
mum thermal efficiency levels. The exception is the single-shaft,
constant-speed engine, which requires an excessive turbine nozzle
area variation to operate at constant temperature.

@ Variable turbine geometry provides more improvement in specific
fuel consumption in a 10, 0:1-R,, 2500°F. turbine inlet temperature
cycle engine than in a 16. 0:1-R¢, 3000°F. turbine inlet temperature
cycle engine.

® The beneficial effect of variable turbine geometry increases in most
cases as power is reduced from 100 percent down to 30 percent.

FREE-SHAFT ENGINE

@ Variable gasifier turbine geometry is an effective means of reducing
part throttle specific fuel consumption in a simple cycle engine.
Variable power turbine geometry has a detrimental effect on fuel
consumption for this configuration.

@ Variable power turbine geometry is an effective means of reducing
part throttle specific fuel consumption in a regenerative cycle engine,
but variable gasifier geometry has a detrimental effect.

® Simultaneous varying of both the gasifier and power-nozzle areas pro-
vides no advantage in specific fuel consumption when compared with
varying only the gasifier nozzle in the simple-cycle engine and vary-
ing only the power-turbine nozzle in the regenerative-cycle engine.

@ Variable turbine geometry in either the gasifier or the power turbine
nozzle will provide approximately 8- to 10-percent hot day power re-
covery if the engine is designed for sea level static, standard day
conditions.

® The simple-cycle engine acceleration time is reduced by the use of
variable gasifier turbine geometry.
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SINGLE-SHAFT ENGINE

@ Variable turbine geometry is an effective means for reducing the spe-
cific fuel consumption of the single-shaft, constant speed, simple-
cycle engine, provided throttling is effected at constant pressure ratio,

@ Variable geometry has no significant effect on the performance of the
single-shaft, constant-speed, regenerative-cycle engine.

FAN ENGINE
® The limited scope of the fan engine investigations does not permit a
general conclusion as to the potential value of variable turbine geom-

etry. For the particular case examined, the use of variable turbine
geometry was not justified.
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RECOMMENDATIONS

The case for variable turbine geometry should be evaluated in any con-
sideration of a new engine design.

The application of variable turbine geometry to an engine must be justified
on the basis of a particular requirement or set of requirements in terms
of trade-offs among specific fuel consumption, engine weight, cost, and
complexity,

A control system analysis study should be conducted to evaluate various
variable turbine geometry control modes and their influence on overall
engine performance.

A program should be conducted to determine the mechanical problems
associated with variable turbine geometry operating in a high-temperature
environment. This program should include an evaluation of the losses
attributable to the particular configuration.

95




DISTRIBUTION

US Army Materiel Command

US Army Aviation Materiel Command

United States Army, Pacific

US Army Forces Southern Command

United States Army, Hawaii

Chief of R&D, DA

US Army R&D Group (Europe)

us Army Aviation Materiel Laboratories

US Army Limited War Laboratoiy

US Army Human Engineering Laboratories

US Army Ballistic Research Laboratories

Army Aeronautical Research Laboratory, Ames Research Center
US Army Research Office-Durham

US Army Test and Evaluation Command

US Army Combat Developments Command, Fort Belvoir

US Army Combat Developments Command Transportation Agency
US Army Transportation School

US Army Aviation School

Assistant Chief of Staff for Force Development

US Army Tank- Automotive Command

US Army Armor and Engineer Board

US Army Aviation Test Board

US Army Aviation Test Activity, Edwards AFB

Air Force Flight Test Center, Edwards AFB

JS Army Field Office, AFSC, Andrews AFB

Air Force Aero Propulsion Laboratory, Wright-Patterson AFB
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB
Systems Engineering Group, Wright-Patterson AFB

Naval Air Systems Command, DN

Office of Naval Research

Commandant of the Marine Corps

Marine Corps Liaison Officer, US Army Transportation School
Lewis Research Center, NASA

NASA Scientific and Technical Information Facility

NAFEC Library (FAA)

US Army Board for Aviation Accident Research

Bureau of Safety, Civil Aeronautics Board

US Naval Aviation Safety Center, Norfolk

US Naval Air Station, Norfolk

Federal Aviation Agency, Washington, DC

US Army Medical R&D Command

US Government Printing Office

Defense Documentation Center

96

-t

[V S (S N SR A O |

[

—
O = H N = = N = NN = = DNU R e e NN DN DN o b b b DN b e e N b

o~




UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report ia classilied)

1 RIGINATIN A_C!l\ll"v (Co rate author) 28 REPORT SECURITY C LASSIFICATION
1lison Division of General Motors R
. Unclassified
Post Office Box 894 = aRoun
Indianapolis, Indiana 46206

3. REPORT TITLE 2
Study of Variable Turbine Geometry for Small Gas Turbine Engines

DESCRIPTIVE NOTES (Type of report and inclusive dates)

Final Report (22 June 1966 through 22 December 1966)

AUTHOR(S) (Last name, first name, initial)
Messerlie, Robert L.

Con, Dean M.

o

6. REPORT DATE 78 TOTAL NO. OF PAGES 7b. NO. OF REFS
April 1967 109 One
Ba. CONTRACT OR GRANT NO. 9a ORIGINATOR'S REPORT NUMBER(S)

DA 44-177-AMC-425 (T)

b. PROJECT NO.

1P125901A01409 USAAVLABS Technical Report 67-19

9b. OTHER ”-onf NO(S) (Any other numbers that may be assigned
this repo;

d Allison Division EDR 4965

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Department of the Army
U.S. Army Aviation Materiel Laboratorief

Fort Eustis, Virginia 23604

13. ABSTRACT

An analytical investigation of the transient and steady-state performance of a
series of gas-turbine engines utilizing variable geometry in the turbine has
been completed. Shaft-power engines with and without regeneration and in-
corporating either free- or single-shaft configurations were investigated at
compressor pressure ratios of 10 and 16. In addition free-shaft, simple-cycle,
high bypass, fan engines were evaluated using the 10- and 16-pressure-ratio
gas generators for the high pressure system. Extensive use was made of the
IBM 7094 II digital computer to analyze both the turbine and overall engine
performance.

DD 2. 1473 7 UNCLASSIFIED

Security Classification




UNCLASSIFIED

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wT ROLE wT

turbine, variable

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other orgarization (cosporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
“‘Restricted Data"” is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) #s shown on
or in the report. Enter last name, first name, middle initial.
If wilitary, show rank end branch of service. The name of
the principal «thor is an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year, or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The tctal page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information

76. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. . VAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) *“*Qualified requesters may obtain copies of this
report from DDC."’

(2) ‘‘Foreign announcement and dissemination of this
report by DDC is not authorized.’

(3) ““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) ‘'U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) ‘“All distribution of this report is controlled. Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Co.amerce, for sale to the public, indi-
cate this fact and enter thre price, if known.

11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elcewhere in the body of the technical re-
port. If additiona! space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS). (S). (C), or (U)

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 t2 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. fhe assignment of links, rules, and weights is optional.

-t

UNCLASSIFIED

Security Classification

301167



