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THE FEASIBILITY OF WATER INJECTION INTO THE TURBINE COOLANT TO PERMIT GAS
TURBINE CONTINGENCY PONER FOR HELICOPTER APPLICATION

6. James Van Fossen

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

A system which would allow a substantialiy in-
creased output from a turboshaft engine for brief
periods in emergency situations with 1ittle or no loss
of turbine stress rupture life is proposed and studred
analytically. The increased engine output is obtained
by overtemperaturing the turbine; however, the tempera-
ture of the compressor bleed air used for hot section
cooling is lowered by injecting and evaporating water.
This decrease in cooling air temperature can offset
the effect of increased gas temperature and increased
shaft speed and thus keep turbine blade stress rupture
1ife constant. The analysis utilized the NASA-Navy-
Engine-Program or NNEP computer code to model the tur-
boshaft engine in both design and off-design modes.
This report is concerned with the effect of the pro-
posed method of power augmentation on the engine cycle
and turbine components.

A simple cycle turboshaft engine with a 16:1 pres-
sure ratio and a 1533 K (2760  R) turbine inlet tem-
perature operating at sea level static conditions was
studied to determine the possible power increase and
the effect on turbine stress rupture life that could
be expected using the proposed emergency cooling
scheme.

The analysis showed a 54 percent increase in out-
put power can be achieved with no loss in gas genera-
tor turbine stress rupture life. A 231K (415 F)
rise in turbine inlet temperature is required for this
level of augmentation. The required water flow rate
was found to be 0.0109 kg water per kg of engine air
flow. For a 4,474 M (6000 shp) engine this would
require 32.26 kg (71.13 1bm) of water for a 2.5 minute
transient,

At this power level, approximat_ly 25 percent of
the uncooled power turbine life is used up in a 2 1/2-
minute transient, If the power turbine were cooled,
this loss of stress-rupture 1ife could oe reduced to
zero.

Also presented ir this report are the results of
an analysis used to determine the length of time a
ceramic thermal barrier coating would delay the tem-
perature rise in hot parts during operation at elevated

temperatures. It was hoped that the thermal barrier
could be used as a scheme to allow increased engine
output while maintaining the 1ife of hot section parts
during short overtemperature transients.

The thermal barrier coating was shown to be inef-
fective in reducing blade metal temperature rise during
a 2.5-minute overtemperature.

INTRODUCTION

Power from a helicopter engine at levels greater
than the maximum rating may be desirable in several
emergency situations. One scenario might be: a large
twin engine helicopter with a full load loses one en-
gine, the pilot requires increased power for a brief
period from the remaining engine to land safely. This
is the one engine inoperative (OEI) case. Another
situation might be a hot day at high altitude where a
power level greater than the 5 to 15 minute maximum
power rating is required for a short duration to in-
sure a safe takeoff.

Semple, et al.(1) analyzed combat loss data for
twin-engine helicopters. They found that 90 percent
of power losses involved only one engine. They claim
that if the remaining engine would have been capadle
of emergency power levels greater than fifty percent
of the maximum power rating then power loss mishaps
could have been reduced from 13.3 per 109,000 hours to
5.9 per 100,000 aours.

In reference 1 it was also found inat emergency
power capability in the OEl situation would also bene-
fit commercial helicopter operation. Current gross
weight capacity is Timited by Ot capability. A 24
percent emergency power increase relative to maximum
power rating would allow the load for the Roeing model
107 to be increased from six to twenty passengers on a
38° € (100° F) day.

Methods of augmentation with OEI were studied in
reference 2. The main conclusions reached were that a
combination of water/alcohol injection into the inlet
and overtemperature/overspeed could provide adequate
emergency power. With this method of obtaining emer-
gency power, hot section life is reduced to hours.

Hot section replacement would thus be required after
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emergency power application, It ts pointed out in
reference 2 that to comply with present FAA regula-
tions, emergency power must be demonstrated in a daily
preflight check., This 1imits the use of ove-tempera-
ture because of damage to hot section parts,

Dugas (3) studied many different possible
sugmentation systems. He defined two different levels
of emergency power; one was hot day, high altitude
augmentation. The engine would be required to produce
the same power as at sea level standard day for five
minutes with no loss of engine life. The second level
of augmeatation would be at sea level standard day
conditions with OEI. The remaining engine would be
required to produce 90 percent of the total installed
power of both engines for one minute without regard to
engine life. The preferred methods of augmentation
involved compressor inlet water injection and/or
turbine overtemperature with fuel cooling of turbine
cooling air.

Brooks (4) investigated the effects on engine
operating conditions of power augmentation levels of
10, 20, and 50 percent relative to intermediate rated
power (IRP) for a 2 1/2-minute transient. In all
cases, the method of augmentation wos overspeed/over-
temperature and, in addition, for the 50 percent power
augmentation level water injection into the compressor
inlet was used. He assumed that the ten percent aug-
mentation level would require no specific maintenance
but the higher level would require post inspection and
repair as necessary. The conclusion was that the ten
and twenty percent levels would be feasible and would
not adversely affect the engine design by increasing
size, weight, SFC, etc. Augmentation levels in excess
of 20 percent are expected to be limited by compressor
surge and local hot spots which would cause corrosion
and/or adversely affect hot component life,

In 1977 while the author was conducting a litera-
ture survey on the application of liquid cooling to
gas turbines {5), a scheme which would allow water
cooling to be applied to the contingency power problem
was conceived. Initial calculations showed the scheme
had promise and in 1978 more detailed calculations
were made using the NNEP computer code (6). The
purpose of this report is to document the results of
the feastibility study which analytically investigated
the maximum possible level of augmentation with con-
stant gas generator turbine stress rupture life as a
constraint,

In the proposed emergency power augmentation
scheme, the increased engine output is obtained by
turbine overtemperature, however, the temperature of
the compressor bleed air used for hot section cooling
is lowered by injecting and evaporating water. This
decrease in cooling air temperature can offset the
effect of increased gas temperature and thus keep tur-
bine blade stress rupture life constant. As in refer-
ences 1, 2, and 4, 2 1/2 minutes was used as the length
of time for which contingency power would be required.

It is important to note that liquid waxer is not
allowed to come into contact with the turbine blades.
Liquid cooling research performed in the 1950's at
Lewis showed that the thermal shock of sudden water
application had the potential to fracture turbine
blades (7). The coolant in the proposed scheme
consists of compressor discharge air mixed with super-
heated steam.

The NNEP computer code was used to model a typical
turboshaft engine of the type in use for helicopter
prepulsion. The engine selected had a 16:]1 overall
pressure ratio and a turbine inlet tempe-ature of

1533 K (2760° R). The gas generator turbine was cooled

while the power turbine was not. The criterion used

to judge the success of the method was whether the gas
generator turbine blade stress-rupture life could be
maintained the same with application of emergency
power, Stress-rupiure life is the time required to
produce fatlure in a constant load, elevated tempera-
ture environment, The result: of the computer analysis
of the engine were used along with a stress rupture
analysis to determine the maximum level of augmentation
possible with the proposed scheme. Also determined
from the study were the required water usage rate and
power turbine life fraction used for various levels of
augmentation,

Also included in this report are the results of a
transient heat conduction analysis to determine the
length of time a ceramic thermal barrier coating would
delay the temperature rise in cooled turbine blades
during operation at elevated temperatures. It was
hoped that the thermal barrier could be used to allow
increased engine output while maintaining the life of
hot section parts during short overtemperature
transients,

THE PROPOSED METHOD

A schematic diagram of a turboshaft engine utili-
2ing the proposed emergency power augmentation system
is shown in figure 1. When emergency power is
required, the fuel flow rate to the burner is
increased. This causes an increase in the gas tempera-
ture, resulting in increased power output for both gas
generator and power turbines. Gas generator shaft
speed (and thus cycle pressure ratio) increases
slightly, further adding to power output.

Unless something is done to keep the turbine
blades and other hot parts cool, their temperature
will rise with increasing gas temperature until their
stress rupture life is completely used up and they
fail. To prevent this from happening, it is proposed
that the temperature of the compressor bleed air used
for turbine cooling be lowered by injecting and evapo-
rating water.

During the application of contingency power, the
turbine coolant would be composed of air and saturated
steam. Both the rotor and stator are cooled with this
mixture. It is theoretically possible to lower the
temperature of the cooling air to the saturation tem-
perature of the injected water without having any
liquid water left over. The saturation temperature is
a function of the pressure. It is thought to be impor-
tant that no liquid water be allewed tc come into con-
tact with hot metal parts. The vast difference in
cooling rates between liquid water and air may cause
turbine blade failure by thermal shock as demonstrated
in reference 7.

ANALYSIS

The proposed emergency cooling scheme was analyzed
by using the NNEP computer code to mocel the thermo-
dynamic performance of a typical helicopter turboshaft
engine in both the design and off design modes. To
study the effectiveness of the proposed emergency power
scheme, the burner temperature was raised above the
design value by a small amount and water was mixed and
evaporated in the turbine coolant at the rate which
produced saturation, The increased gas generator speed
and gas temperature were used in a stress-rupture model
to determine the blade metal temperature required to
give constant stress rupture life. A correlation of
coolant flow and dimensionless average blade wall tem-
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perature was used to calculate the raquired coolant
temperature. This required coolant temperature was
compared to the temperature of the saturated steam-atir
coolant mixture and {f it was higher, the burner tem-
g"nurc wis raised further and the analysis repeated.
nis was continued until the required and saturated
(mintmum) coolant temperatures were equal. This was
congidered to be the point of maximum emergency power
for the system with the constraint of constant gas
genurator turbine stress rupture life,

The analysis will be divided into three sections:
the NNEP computer model of the turboshaft engine
studied, the stress rupture model, and the thermal
barrier-transient conduction model.

The NNEP Engine Mode)

Figure 2 is a diagram showing the arrangement of
components used to model the engine in this study.
The square boxes represent individual components and
lines between boxes represent flow path. The circled
numbers represent stations where flows and pressures
were balanceu. Heavy dark lines represent shafting
between components. Numbers in the boxes are component
numbers corresponding to the numbers in Table | which
is a summary of each component at the design condition.
A1l calculations were performed at sea level static
conditions, At design, the engine has a 16:1 overall
pressure ratio. The compressor is split into two parts
to allow turbine rotor cooling air to be bled off at a
lower pressure. Compressor off design performance is
cetermined from the flcv and efficiency maps shown in
figure 3a and b. These maps represent no particular
compressor but were formulated to be representative of
the type of compressor used in a helicopter engine.
The same map is applied to both compressors shown in
figure 2. At the design condition, the turbine inlet
temperature was 1533 K (2760 R). Stator cooling air
was mixed in with mainstream hot gas shead of the gas
generator rotor and allowed to do work 1 the turbine,
Rotor cooling air was mixed downstream of the gas gene-
rator turbine and does work only in the power turbine.
The flow and efficiency maps for both gas generator
and power turbine are shown in figures 3c through f,
As with the compressor maps they are generic in nature
and represent no particular helicopter engine. The
water injectors mix water with the turbine cooling air
at the proper rate to obtain saturation, thus the cool-
ant temparature is the lowest theoretically possible
for all off design cases studied.

Stress Rupture

Gas generator turbine, - To calculate an allow-
able desTgn point stress for the example turbine se-
veral assumptions had to be made, Coolant flow rates
were assumed to be 6.85 percent for the stator and 4.80
percent (both based on air flow rate at station 3) for
the rotor. These values are reasonable for a modern
turbine engine operating at the conditions considered
here. Yo calculate the rotor relative gas temperature
for heat transfer the following assumptions were made:

Stator turning ingle = 70

Stator exit ci-fyica) velocity ratio » 0,85

Mean rotor blade sgeed = 488 m/sec (1600 ft/sec)
The stator exit critical velocity was then calculated

from
—_—
e YETET,

The subscrip®s on the temperature refers to the
station number on figure 2. For the combustion pro-
ducts the ratio of specific heats, y, and the molecular
weight, m, were taken from reference 8. The stator
exit absolute velocity, V, was then calculated as

Ve 0.85 Ve, (2)

From the stator exit velocity triangle shown in
figure 4 1t can be seen that the rotor relative inlet

velocity is
N ";xO(Vu -U) (3)

Tl;e rotor relative total temperature is then given
by (9

vl
Tg' - r9| - ﬁ—gc cp (‘)

The specific heat of the combustion products was also
taken from reference 8.

A curve fit of data given in figure 9 of reference
10 was used to obtain an expression which correlates
blade wall temperature data over a wide range of tem-
peratures and coolant flows. The correlation is

79" - T8

1 (5)
T

.. - . 0.7
9 ca w
1+0.13 Tﬂ

'CI

')

Given the coolant and main gas stream flow rates,

wca &nd wo respactively and the relative gas tem-
perature 99“ and relative coolant temperature, Tear
this expression allowed the calculation of blade
average metal temperature, Tg.

In order to calculate an allowable design stress,
3 blade material, B1900, was selected as typical of
nickel base superalloys for stress rupture properties.
The stress rupture properties of this alloy can be
described by (11):

Ty(20+10g mt)x10‘3-3.081‘33.08

(logme)-s.lll(logloo)z (6)

The design point stress rupture life was taken as 1000
hours and a factor of safety of 2.5 was used as a mul-
tiplier giving

t = 2500 hours (7)

With the life and calculated metal temperature, Tg,
the quadratic formula was applied to equation (6) and
the allowable design stress, op, was calculated.

The off dasign blade stress, or siress during
application of emergency cooling, was calculated from

2
Q
00 (8)

000-00

agp and ap are the off design and design shaft



speeds respectively., The value of aog was then used
in equation (6) to find the required Dlade metal tem-
perature, Ty, for constant stress rupture life
(t = 2500).

The off design mean blade speed was calculated
from the equation

200

9)
%y (

UOD = UD

Equations (3) and (4) were usgd to calculate the new
relative total temperature, Tg.

The dimensionless wall temperature ex,.ession
{equation (5)) was then used again to find the required
coolant temperature

Ta -Tg
U R (10)

The dimensionless wall temperature calculated
from equation (5) reflected an increased coolant flow
due to the water injection and increased air flows at
off-design. Air properties were used for the coolant;
the thermal property changes of the coolant due to
steam mixing were ignored. This is ihought to be con-
servative since the thermal properties of steam are
more favorable for heat transfer than those of air.
Power turbine - The power turbine in this example
engine was uncooled. The proposed scheme to lower
coolant temperature thus has no effect on the power
turbine and its life can be expected to be shortened
due to increased temperature. 1f a cooled power tur-
bine were utilized, its stress-rupture life could also
be preserved by injecting water into its cooling air.
For the present analysis, the fraction of power
turbine life used per application of emergency power
was estimated using a method similar to that in refer-
ence 12. For the power turbine the blade stress
remains constant because the rotor speed was held con-
stant. This aralysis assumes that the increased ben-
ding stresses due to increased blade gas loading are
negligible compared to the centrifugal stress. The
right hand side of equation (6) is thus constant. The
fraction of power turbine life used during a 2.5-minute
application of emergency power was calculated as
f = 2.5/tep (11)
where t5§ is the time-to-stress rupture in minutes
at the elevated temperature. tgp was calculated
from equation (6) with o given and Ty, assumed to be
equal to the hot gas stream temperature 2t station 11,
Water flow rates. - At the maximum theoretical
level of emergency power, the water-air coolant mixture
will contain saturated steam. At power levels less
than the theoretical maximum, the coclant stream will
contain air and superheated steam. A1l of the off-
design NNEP calculations were carried out using the
maximum water flow rate-—the rate that makes the mixed
coolant stream saturated. The water flow rates calcu-
lated in this section are estimates of the actual re-
quired water flow rate based on the temperature of
coolant necessary to maintain constant stress rupture
life., The water flow required to obtain this tempera-
ture was calculated from a simple energy balarce on
the mixing water and air streams. Assuming 100 percent
water evaporation this gives an expression for the
water flow rate into the rotor cooling air

H
!

o = Veap [ guin Tenre
H,0.R = Fea,R _ﬁhzo-Tc = ano"“

) (12)

¥ca,R 15 the rotor cooling air mass flow rate,
an ﬂc‘ 1, are the enthalpies of thz cooling aiﬁcgilgre

M
and after mixing respectively. and are
¥,0,7, "9 M0, tn

the enthalpies of the water after and before mixing
respectively, .

The total water flow rate was then calculated by ‘
assuming that the ratio of water to air mass flows
remains the same in the stator coolant stream as that
required in the rotor coolant stream. The total waier ;
flow rate was found from H

'ca,S

VI 1+ (13)
Hy0 = ¥,0,8

B

ca,R

where "HZO is the total water mass flow rate required

by rotor and stator, ;ca s 1s the stator cooling air
mass flow rate. *

Thermal Barrier Coating

The ability of a thermal barrier coating to delay

. the rise in cooled blade metal temperature during an

4

emergency power transient was assessed analytically. A
thermal barrier of zirconia 0.038 cm (.015 inch) thick
was assumed to be applied to the exterior of the blade.
A transient heat conduction computer code was used to
compare the rise in hlade average metal temperatures
for both coated and uncoated blades subjected to a
sudden rise in gas temperature, The heat conduction
code uses the method of solution described in
reference 13,

The following assumptions were made in order to
determine a representative value for gas-to-blade heat
transfer coefficient:

8lade average surface Mach number, M = 0.6
Blade chord, C = 5,72 cm {2.25 inch)
Pressure, p®" = 1.46 k Pa (212 psia)
Relative total gas temperature, Tq"

= 1422 X (2560° R)

The gas side heat transfer coefficient was then
calculated from (14):

.8
y
b o 0:0325 ["" MY e ©
9 c 9 (3y-1)/(2(y-1))
-1 2
¥ Tr‘ef (1 * lé— M )
(14)

The gas properties were taken from reference 8 and the
reference temperature, T.o¢ was the average between
wall and hot gas temperaturés.

The coolant side air temperature was assumed to be
721 K (1297° R) and average blade metal temperature was
assumed to be 1089 K (1960° R). At the average coating
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temperature, the therma) properties of the thermal bar-
rier coating material were assumed to be (15):

_ [o.81—Btu_
m"C hr-ft-"R

Density = 4636 5§ (289.4 1‘?"")

Tnermal conductivity « 1,506

m
specific heat = 0.16 £2L [0.16 —BtL
gm-K Tom-*R

The thermal properties of the blade wall material were
taken as representative of B 1900 superalioy (16).

w 13 Btu ,
n-K hr-ft-"F

Density = 7753 X3 (484 l"-';)

Thermal conductivity = 22.50

m ft
Specific heat 0.11 21 {0,713 _BtL
gm Tom-"R

A simple one dimensional energy balance on the element
of blade wal) shown in figure 5 then gave the coolant
side heat transfer coefficients necessary to maintain
the average wall temperature of 1089 K (1960 R). For
the cases studied these were: .

1584 - (279 By
m =X hr-ft°-'F

)for the coated blade and

3163 5% (557 ——r_"“‘ for the uncoated blade.
mtx. ( hr-ft°-°F

The application of emergency power was simulated
by a 256 K (460° R) step temperature rise in turbine
inlet temperature. Coolant and gas side heat transfer
coefficients as well as coclant temperature were
assumed constant during the transient, These assump-
tions were thought to be accurate enough to assess the
value of thermal barrier coating in delaying metal tem-
perature rise during a transient.

RESULTS AND DISCUSSION

A scheme has been proposed which will allow in-
creased power from a turboshaft engine in emergency
situations without decreasing gas generator turbine
life. Emergency power is derived by increasing turbine
inlet temperature and the turbine is protected by low-
ering its cooling air temperature with water injection
and evaporation. An analysis was conducted to deter-
mine the level of increased power possible using the
proposed coolant water injection scheme. The perform-
ance of a8 modern turboshaft engine was simulated in
both design anl off design modes with the NNEP computer
code. An analysis was also conducted to determine if
any significant delay in turbine biade meta) tempera-
ture rise during an overtemperature transient could be
obtained by using & thermal barrier coating.

Maximum power. - The maximum power obtainable
using the proposed scheme can be determined from
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figure 6. Shown on the figure are the required cool-
ant temperature versuy percent power increase, This
curve was obtained fron the NNEP and stress rupture
analysis as explained fn the ANALYSIS section. The
near horizontal 1ine on the figure shows the lowest
possible coolant temperature obtainable using water
injection and evaporation. Any increase in power where
the required coolant temperature curve is highar than
the minimum obtainable coolant temperature is thus
possible. The point where the two curves cross is the
theoretical maximum increase in power for constant gas
generator turbine 1ife, For the engine Studied the
maximum power increase possible was found tc he 54.6
percent .

Water flow rate. - The water flow rate required
to maintain constant gas generator turbine life can be
determined from figure 7. The figure shows dimension-
less water flow rate as a function of percent power
increase. The water flow rate was made dimensionless
by dividing by the air flow rate at station 3 (see
figure 2). As an example of how much water would be
required for a helicopter engine in an emergency situa-
tion consider a 4.474 MW (6000 shp) engine operating
at the temperatures and pressure ratio previously des-
cribed (turbine inlet temperature = 1533 K (2760 R),
pressure ratfo 16:1). For a 54,6 percent increase in
power tc 6.92 MW (9276 shp) the air flow at station 3
would be 19.73 kg/sec (43.5 lbm/sec). The weight of
water required for a 2 1/2-minute application of emer-
gency power at this level would be:

_q kg - H,0
(10.9 x 1073 e s %gz)(so %?%)(2.5 min)

= 32.26 kg - H0 (71.13 1bm - NZO).

Power turbine 1ife, - The fraction of power tur-
bine Tife used during a 2.5 minute application of emer-
gency power is shown versus percent power increase
over the design value on figure 8. At the maximum
value of 54.6 percent increased power, the power tur-
bine would use up approximately 25 percent of its total
stress rupture life. This is a less than desirable
situation but it must be remembered that the power
turbine in this study was uncooled. The proposed
scheme could be applied to a cooled power turbine and
no loss of turbine stress rupture life would occur.

Thermal barrier coating. - The results of the
transient heat conduction analysis on the segment of
turbine blade wall shown in figure 5 are given on
figure 9. The figure shows blade average wall tempera-
ture (temperature of the superalloy not the thermal
barrier coating) as a function of time from the begin-
ning of the transient step in gas temperature. The
coolant side heat transfer coefficients were selected
to give the same metal temperature for both coated and
uncoated blades. It can be seen from the figure that
the thermal barrier coating only has an effect for
about six seconds. It can be concluded that the ther-
mal barrier coating is of virtually no value in keeping
blade metal temperature transients at acceptable levels
for a 2.5 minute overtemperature.

SUMMARY OF RESULTS

An analytical investigation into the feasibility
of using water injection and evaporation into the tur-



bine cooling air to allow increased power output from
a turboshaft engine has been conducted. The power
increase is obtained by turbine overtemperature. The
feasibility of using a therma) barrier coating on the
blade to delay the rise in blade metal temperature
during an overtemperature was also investigated analy-
tically. The results of the study can be summarized
as follows:

1. The theoretical maximum ponér increase pos-
sible was found to be 54.6 percent.

2. A dimensionless water flow rate Of 0.0109 kg
water per kg of engine airflow would be required to
mafntain constant gas generator turbine stress rupture
1ife at the maximum power increase of 54.6 percent.

It was shown that a 4.474 MW (6000 shp) engine would
require 32.26 kg (71.13 1bm) for a 2.5-minute applica-
tion of emergency power at the maximum level.

3. Approximately 25 percent of the uncooled power
turbine stress-rupture life is used up during a 2.5
minute overtemperature. This could be reduced to zero
if the power turbine were cooled.

4. The thermal barrier coating was shown to be
of no value in reducing the blade metal temperature
rise during a 2.5-minute transient.

CONCLUDING REMARKS

While the analysis has shown promising potential
for the proposed emergency power augmentation system,
the reader should be cautionec that this is a theore-
tical maximum vaiue., The actua: level of power
increase obtainable with this systcm wi'1 be somewhat
lower for several reasons; the main reason being the
efficiency of evaporation. If the water flow rate
required for this level of power increase cannot be
fully evaporated, 1iquid water will spill over into
the coolant stream. Liquid coming into contact with
hot turbine parts could be disastrous. Thus, a lower
water flow rate may be required to obtain a safety
margin,

Another source of trouble could be the compresscr
operating point. As the power level is increased, the
compressor is driven toward surge. This can be seen
on figure 3a; the open symbols are the design points
and the closed symbols are the maximum emergency power
operating points for compressors 1 and 2. As shown in
Table II, the surge margin for compressor 2 goes ‘rom
13.54 percent at the design point to 5.65 percent at
the maximum oower point. This was pointed out in
reference 4.

Finally, the analysis does not consider other hot
components in the engine. It was assumed thai, shrouds,
combustor liners, etc. would be desicned to withstand
the required temperature transients. In reference 4
Brooks also warns that overtemperature can lead to
local hot spots that could decrease turbine life
through increased corrosion.

SYMBOLS

C blade chord

Cp specific heat at constant pressure

Cq discharge coefficient for nozzle

f 1ife fraction

gc gravitationa) conversion factor (1.0 for
metric units)

H enthalpy _

h heat transfer coefficient

J mechanical equivalent of heat (1.0 for metric
units)

k thermal conductivity

’
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Mach number ORIG
molecular weight

shaft speed

pressure ratio
pressure

universal gas constant
temperature

time

blade speed

velocity in absolute frame of reference
velocity in relative frame of reference

€ T€CXCA4TVOIVRI X

mass flow rate

Greek Symbols

Y ratfo of specific heats
() dimensionless wall blade wall temperature
defined by equation (5)

A difference

[ ratio of inlet total pressure to standard
pressure

° ratio of inlet total temperature to standard
temperature

3 function of specific heat ratio

1 shaft speed

o normal stress

M viscosity

n efficiency

Subscripts

B blade

ca cooling air
cr critical conditions
D design conditions

g hot gas
H20 water

in 1{nlet

0D off design
out outlet

R rotor

ref reference
S stator

SR stress-rupture

Tc evaluated at cooling air temperature
u tangential component

x axial component

Superscripts

(') total absolute conditions
(") total relative conditions
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TABLE 1. SUNWARY OF ENGINE COPONENTS In WP NDDEL

Component Mo, Type Characteristics at Design Point
1 inlet ait pressure/ram presswre o 1.0
? Buct aplp = 0,01; spitt off 1PS bleed atr
3 Conpressor ae0.8]; M o 12:1; surge sergin « 12.5 percant
] Splitter 4.0 percent of flow ot station 3 split off for
rotor cooling; ap/p « 0.08 cooling flow streem
1) Compressor ne 79.5 percent; MR« 1.33:); surge mergin = )4
porcent
] Splitter 6.05 porcent of flow at stetien 3 spitt off for
stator cooling; ap/p = 0.3 ceoling flga stream
? Duct (Burner) | burner offict = {9 percent; 80/p « 0.05; eutlet
tesperature « 1533° K (2760° )
] Mizer aix stator cooling flow with main streem
] Turbine Moo 4.6) & = 0.832 pis gonerater trdine
10 Mizer oix rotor cooling flow with msin stream
il Turdine PRoe 3,100 n = 0.57 pover turbime (uncooled)
12 Duct no losses
13 Nozzle Cg = 0.85; overal) presswre ratio « 1.045 tnlet
total to exit static
L Shaft 903 generator turbine to cospressor; no losses
13 haft power turdine to load; mo losses; speed 20,000 RPW
16 Losd sheft power to gesr box, etc.
” Mater Injector | spray water into coocling atr; mot used at detign
18 Vater Injector | spray water into cooling air; mot used at design
» Ouct /o = 0.71; érop presswre to setch rotor relative
pressvre
3
TABLE 11, SUMMARY OF MAJOR COMPORENT PARNVETERS
Companent Datign Oft-design
Pressure | Efficiency, . Pressure | Efficioncy, | Surge Spoad
ratis peccent aargin porcent ratin percont * margin, mol'lt
m‘ porcent
Compresser 1 12.00 81.00 10.48 | 100.00 1668 ™2 12,6 106.4
Conpreaser 2 1.9 n.s 13.4 | 100.00 1.407 8.0 5.66 106.6
Rotor rels- Pressure tfﬂum.IcwlMt' Rotor nl.-l Pressure | Efficioncy, Conlant
tive ataee ratio percent f-action, | tive mixed ratio percont fraction®
inlgt tem-  groent thiet tem- {tnc. water)
peraturs, periture, porcont
‘n) (*n)
G0 goneroter turting 245 “8 3.0 4.0 966 .0 8.2 6.31
Paver turbine 1964 L 7.0 [] 28 1.4 85.15 0

0ased on alr flew ot stoatten )
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PRESSURE RATIO, TOTAL-TO-TOTAL

EFFICENCY, TOTAL-TO-TOTAL
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ARBITRARY LINES USED BY NNEP
PROGRAM TO INTERPOLATE MAP DATA ~ _

15— o COMPRESSOR 1

¢ COMPRESSOR 2
OPEN SYMBOLS - DESIGN POINT
CLOSED SYMBOLS - FULL
EMERGENCY POWER

10—

85—

5

0

658! | 1 l l J
) 2 3 4 5 6

CORRECTED WEIGHT FLow.l's{-Z5T & LBM/sec

{a) Compressor flow map.
(b) Compressor efficiency map.

Figure 3. - Performance map for compressor and turbines.
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i} Gas generator turbine fiow map,

i) Gas generator turbine efficiency map.
Figure 3, - Continued,
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@/ Power turbine flow map.
{f) Power turbine efficiency map.

Figure 3. - Concluded.
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Figure 4 - Velocity triangle assumad fo- .5 generator stator exit,

HOT GAS SIDE

Tg = 1789 K (2560° F)

h, = 3163 W
mZOC

(m _Bu )
hr - 112 OF _

' S
4010.0)59 mmL

THERMAL
BARRIER
COATING -

10,015 in)

SUPERALLOY BLADE
MATERIAL

0.018mm - — ‘J

0.045in)

COOLING AIR SIDE

72 T, " TK B3RF)

heg = 1584 W

Figure 5. - Cross section of thermal barrier coated turbine blade used in transisnt model.
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Figure %, - Required and obtainable coolant temperatures for given power in-
crease,

" kg - air
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Ficure 7. - Water flow rate required to maintain con -
stant gas generator turbine life.




FRACTION OF POWER TURBINE LIFE USED

AVERAGE METAL TEMPERATURE, K
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Figure 8 - The effectof increased power on power turbine life frac-
tion used during a 2.5 minute application of emergency power.

1300 —
UNCOATED BLADE
1200 —
COATED BLADE
1100
1000 | | i J
0 4 8 12 16

TIME, sec

Figure 9. - Transient thermal response of cuated and uncoated
turbine blades 0 a 256 K (460° F) step in gas temperature.
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