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are too inaccurate for a proper evaluation.

A further program using an engineering breadboard MPA system with engine (s)
instrumented with e best available sensors and expanded engine operating
ranges under test cell conditicns would provide the information necessary
to accurately determine the feasibility of the system,
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INTRODUCT ION

The purpose of the first investigation was to determine the feasibility
of developing a method to predict, with an accuracy of better than # 1%,
the maximum power which can be produced by a helicopter gas turbine engine
at full-power conditions. The prediction was to be made using information
obtained from the engine while the engine was operated prlor to lift-off
at a partiai-power condition of no more than 30% of normal rated power.
The prediction method was to be capable of identifying the changes in
maximum engine power available due to all possible types of engine
deterioration and all ambient conditions. The study was based on a
Lycoming T53-L13 gas turbine engine currently being used in the Army

UH-1 helicopter.

This is a follow-on program to determine the effects of higher power
levels, a continurus update system,and improved sensor accuracies on

the possible improvement of MPA prediction accuracy. This second program
includes a more detailed system definition of MPA hardware requirements
and implementation methods. In addition,an evaluation of the MPA predic-
tion method using actual T53-L13 engine data was conducted. The avail-
ability of this T53-L13 engine data required that this follow-on program
be based upon this engine.

The following tasks were undertaken:

TASK I Analytical Studies and System Definition

1. Modify and expand existing model to improve MPA prediction
accuracy.

2. Evaluate model accuracy at power levels of 50% to 90% of
norual rated power.

3. Evaluate use of continuously updating 2ng’ne operating
conditions.

L, Determine adaptability of MPA system for engine diagnostics.
5. Define MPA system cperaticn.
6. Determine MPA hardware requirements.

T. Determine hardware availability,
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TASK IT Evaluation of MPA Prediction Method

1. Prepare test plan.
2. Procure engine data from AVCO Lycoming.

3. Evaluate model using the engine data at power levels of

60%, T0%, 80% and 90%.

TASK III Customer Demonscration

1. Provide a computer deck and user manual of the MPA
prediction computer program.*

2. Demonstrate program capability on an IBM 360 at Fort Eustis.,

#The user's manual is contained in HSER 5381 which is reproduced
in Appendix I of this report.
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MATHEMAT ICAL SYSTEM MODEL

A mathematical system model was constructed during Phase I of the MPA
program under Contract DAAJO2-T72-C0003 funded by the Eustis Directorate,

U. S. Army Air Mobility Research and Development Laboratory, that

included the basic power prediction concept plus additional features

for camputing the errors in power prediction. A prerequisite for construct-
ing this prediction model involved a detailed knowledge of the engine
characteristics on which the maximum power was to be predicted,

A mathematical model of a "typical" Lycoming T53-Ll3 engine was evolved

on an IBM 370 camputer, based on engine modeling concepts developed

by Hamilton Standard. The so-called "typical” T53-113 engine was

actually tlhe average characteristics of teste-cell data from 75 engines.
This test data provided the steady-state values for Nj, T3, P3, Ty, SHP,
and W at standard-day conditions fram idle to maximum power,  The independ-
ent variables (such as camponent efficiencies and geometries) of the
generic engine model were selected to duplicate the steady-state test data
fram the "typical” engine. The resulting computer model of the T53-L13
engine was then used to provide all required interrelationships. For
example, changes in engine speed, temperature, pressure, or power result-
ing trom changes in engine geometry, componeni efficiency, or air pumping
capacity were computed. The engine model was used to compute the partial
derivatives or influence of any engine parameter on any engine variable
referred to in this report as the "B-matrix" and the "C-matrix."

The basic tool in developing the power prediction algorithm is Gas-Path
Analysis developed by Hamilton Standa>d which quantitatively defines how
the various engine performance parameters change with respect to each
other or with changes in the environment or the engine fuel control. From
a steady-state operating condition, a set of "influence coefficients”
interrelating all the various engine performance parameters is determined.
From this set of influence coefficients, the steady-state characteristics
as well as the influence coefficients at any other power condition can

be determined. The influence coefficients camputed will ultimately be used
in the power prediction scheme., Since the accuracy to which power can be
predicted is affected by the accuracy of the influence coefficients, it

is necessary that these coefficients be coamputed as precisely as possible.

The MPA algorithm requires engine data fram an initial calibration to

be used as a baseline fram vhich all future MPA predictions are computed.
This baseline data must encampass the entire range of engine operation
at which the future MPA predictions will be performed. This baseline
data relates future actual low power measurements to the actual engine
high power characteristics including the effects of possible engine
degradations and differences in ambient conditions.



The MPA mathematical system model consists of obtaining at low power a set
of steady-state, low-power engine measurements, i.e., T;, P, N;, &, P3,
T3, We, SHP and '1'7. These low-power measurements are then referred to

standard day conditions. The referrsd values of N., 'I'3, W, '1‘7 and SHP
plotted as a function of Py are then compared to those stored baseline

characteristics of these parameters at the same value of Py, 1i.e.,
pover level, In addition,a correction factor (as a function of Ny
referred speed) is applied to the measured SHP to account for the possi-
bility of the N speed being different from the optimum N, speed.
Similarly, a "B-matrix", developed for a particular engine model, is ccm-
puted, Both the "baseline” values and the "B-matrix" are computed

at the measured P~ by use of linear interpolation of P3. By camputing
the relative difﬂ.?x:-ence between the referred measurement data and the
computed baseline data and using the computed "B-matrix", the variations
in ajrflow pumping capacity, efficiencies and gecmetries at the low-
power condition can be obtained from the following matrix equation:

[ DA f (Wa - wa.t:la)/ WacB
T (e = nep)/ nep ll;r%
DWF
DETAT (”t - ntB)/ "tB O B DSHP
— DT
St (Mpp = "prn) /1y
DA5 (A5 - Asp) /& o
DAN ) (Ay - Anp) / Ay

It 18 assumed in this algorithm that the relative varistions in airflow
pumping capacity, efficiencies, and geometries near maximum power are

the same as occur at the measurement power (i.e., the percent-of-point
engine degradation is essentially independent of power level). Therefore,
the relative variations computed at measurement power are used for the
relative variations at high power.

Maximum power at each of the three engine limits is then determined

10



from the following equations:

On the '1'.r temperature limit
c
SEPOT = (SHPRFTT) 6 (1 + pwa)o21 (1 + pETAC)C12 (1 + DETAT) 13

(1 + oEmAPT)°2% (1 + DAs)S15 (1 + DAN)“26 FT (TAM)

On the N, speed limit
SEPON = (SEPRFML) 8 €27 (1 + DWA)C21 (1 + DETAC)C22

(1 + nrm)c?3
(1 + oeTaPr)®2% (1 + ma5)®25 (1 + DAN)O26 F  (TAM)

On the W, fuel flow limit
POV = (SHPRIVF) 8 C37 (1 +owa)°31 (1 + DETAC)C32

(1 + pErar)®33
(a+ mm)c3" (1+ m\s)cBS (1+ DAN)C36 F, (TAM)

The engine maximum power available prediction is the least of
three camputed engine powers when on the T7, N and We limits,

i.e,, SHP® = MINIMUM (SHPOT, SHPON, SHPOW). This resulting
camputed corrected SHP is then referred to measurement ambient
conditions yielding the MPA predicted SHP.

A detailed description of this MPA prediction algorithm is
included in USAAMRDL Technical Report T2-58 titled "Feasibility
Investigation for Determining Army Helicopter Gas Turbine Engine
Maximum Power Available" written under contract DAAJO2-T2-C=0003.
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MODEL ACCURACY

Efforts in Phase II were made toward improving the MPA model accuracy
developed under Phase I, Areas stulied were improved sensor accuracies,
use of a continuous update system and use of power levels of 50% or
higher. While {improved sensor accuracies and higher power levels offered
improved MPA prediction accuracy, the continuous update method offers an
{nsignificant improvement in accuracy.

MPA prndiction accuracy is affected by the power level at which the MPA
prediction is made. Increasing the power at which MPA prediction is
mede tends to reduce prediction error, but as shown in Figures 1 and 2,
additional significant improvements in accuracy are required if a predic-
tion accuracy goal of + 1% error is to be .aet,

One class of errors results from the MPA baseline engine model being
different from the actual engine. This difference results from engine
changes (degradation) occurring since engine installation and calibration.
Any technique where the MPA baseline engine model is periodically modified
to duplicate the actusl engine would eliminate this class of MPA predic-
tion errors. Figure 3 includes an error summary of such a technique
incorporated into the MPA system having the errors shown in Figure 2,

In other words, the errors in Figure 3 are a summary of the MPA error
caused only by:(1) control errors at the power limit, (2) sensor errors

at the MPA measurement and prediction power, and (3) the influence of
nonstandard day. Elimination of the class of errors resulting from the
MPA baseline engine model being different from the actual engine does
provide same improvement in MPA accuracy. A comparison of Figure 2 with
Figure 3 indicates that the major contribution to MPA errors is concent-ated
within the errors caused by:( 13 control power limit errors, (2) sensor
errors at the MPA prediction power, and (3) the influence of nonstandard
day.

The control power limit errors are the same at all power levels and

are for the Ny limit, T7 1limit, and We limit ¢ Ak, + 1.55%, and + .Th%
max SHP respectively, e errors due to the influence of nonstandard
day are also the same at all power levels and are for the Nj limit, '1‘7
limit, and Wy limit ¢ 0.1, + 0.23, and + 0.21% max SHP respectively.
Figure 4 shows how low power sensor errors vary as a function of power
level. If a factor of two improvemen: in T7 error from ¢ 6.3°F to

+ 3.2°R could be obtained, the control power limit error when on T’T

1imit would be reduced irom + 1.55% to + 0.78% max SHP.
Figure 5 shows the total RSS error in predicted power as a function of

pover level if a factor of two improvement in T+ sensor accuracy from
+ 6.3%9R to + 3.20R were obtained. In a similar manner Figure 6 shows the

12
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Figure 1. Total RSS Error in Piredicted Power With

Uncertainty in WBL and SPE.
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Figure 2. Total RS8 Error in Predicted Power With
no Uncertainty in wBL and SPE.
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Figure 3. Total RSS Error in Predicted Power - Caused by Influence of Non-
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Figure 4. RSS Error in Predicted Power due to
Only Low-Power Sensor Errors.
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RSS Errorws % Max HP
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Figure 5. Total RSS Error in Predicted Power due to
Errors in Sensors at Low and High Power,
Control Limits, and Influence of Nonstandard

Day.
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total RSS error in predicted power as a function of power level if an
additional factor of two improvement in SHP sensor accuracy fram + 10 SHY
to ¢t 5 SHP were obtained., The following table summarizes what effect
improved sensor accuracy has in reducing total RSS error in predicting
MPJB at 50% power over a base system that includes only errors due to

(1) control power limit errors, (2) sensor errors at 50% power>and (3)
the influence ofnonstandard day:

Total RSS Error in Predicted Power ut 50% Power

N} Limit T, Limit We Limit
Base System 1.54
Improved T. Sensor (+ 3.29R) § 1,;;; ; i'&: : i'gg
Tmproved Sensor [+5 HP) t 1,049 * '27 4 ‘17$
Improved T7 and SHP SEnsors 11,044 ¥ ?.63; f 1.171,

Fram these comparisons it is evident that the Phase II study must
include an effort to improve sensor accuracies, in particular those
of the Ty and SHP sensors, whereas periodically updating the MPA base-
line model does not yield a sufficient improvement in MPA accuracy.
ACCURACY BREAKDOWKN
The total RSS error in predicting MPA has been broken down for a system
using Set IV sensors which vere selected in the Phase I study into the
following error sources:

a. Use of base engine "C" for degraded engine

b. Nonstandard day

¢, Linearization cf nonlinear differential equations

d. High-power d2g¢radation being different from low-power
degredation

e. 9 Ay/Ay - bﬂpr/ L

f. Sensor errors at low power

g. Control limit and sensor errors at high power
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h, Change in actual power due to uncertainty in WBL an’ SFE at
high power

i. Uncertainty in WBL and SPE at low power

The results of iuvestigating the first five error sources for potential
improvement are &s follows:

Use of Base Enzine "C" for Degraded Engine

Part of the MPA algorithm involves the use of base engine "C" coefficients
to compute the variation in MPA caused by ambient conditions and engine
degradation., In particular, the variation in MPA caused by engine
degradation wvhen on a limit is:

SHP, = +
DEGRADED SHPBASE + Cl A WA + 02 A"lc + C3 AnT C'-& Anl’l‘

+C + C A 1
5 AAg g A (1)
where Cl through C6 relate the variations in horsepower resulting
from the engine degra.dation ( AWA, A"IC, AﬂT, Anpr, A AS'
AA.N). A separate set of "C" coefficients is needed for each

linit, i.e., Ty limit, Wy linit, and N, limit.

A more accurate form of the above equation 1is:

c c
- 1 2
NP ecRADED = SEPpage (1 *+ AWy) * (1 +An)

c c c
(1 +An) 3 (1+Ap)E (14 AAS) 5

(1 + Aap)6 (2)

Since the "C" coefficients somevhat depend on the engine operating condi-
tions, degradations in engine performance may change the value of the "C"
coefficient. The sensitivity to variations in "C" can be determined from

t?e egua.tio (2) above. For example, consider a degraded compressor
efficiency ?"C vhen on the T7 1 mif.
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 —— = psw——s Ty

SHP, (1 +An

DEGRADED = SEF.

) (c, + C, ERROR)
BASE c

(3)

or

T pmeranED = Fopase (L +An )% (1 +Ang) 2 ERROR (&)

This shows that the MPA error results fram the combination of a signifi-
cant degradation and an error in C.

Studies have been conducted to determine how "C" should be variec as a
result of each specific engine degradation when on each of the three
limits. Results are listed in Table I and Table II, A review of this
data indicates that variations in "C" caused by any degradation is very
small vhen on either the fuel limit or the speed limit, However, a
degradation in Nor Mgy AS’ or AN caused a significant variation

in several "C" coefficients when on the temperature ('1‘7) limit, Modify-
ing C; through Cg (as defined in equation (2)) to account for engine

degradation would significantly reduce MPA errors associated with engine
degradation.

Using the terminology of the Phase I final report, the To limit "C's"
can be vwritten as:

Cl2 = cmm +J) (DETAC) +n (DETAT) + s (DAS) + w (DAN)
C13 - cBnAsr;: +k (DETAC) + p (DETAT) + t (DAS) + x (DAN)
C15 = ClSBASE +1 (DETAC) + q (DETAT) + u (DA5S) + y (DAN)
Cl6 = cﬁym +m (DETAC) +r (DETAT) +v (DAS) + z (DAN)

The camputer model of the T53-I13 engine was used to compute the varia-
tions to the base "C" coefficients as follows:

J = -4,48 n = <5,9) 8 = +3,01 ws -3,01
k = '5093 p = '7.07 t = +3.66 X = 'h089
1 = +2,99 q = +3.59 u = -5,17 y = +5.7h4
m = -3,517 r = -4,33 v = 45,529 z = 6,55
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As a check on the improved accuracy due to modification of the base "C"
coefficients, the following data was obtained:

1.

2,

For a 3% decrease in N, 8 2% decrease in N5 and Npps @ 2%

increase in Ag and Ay, and 8 1% decrease in Wy, the degraded horse-
power was obtained from the computer model of the engine by computing
for 100 iterations; the predicted horsepower for each of the 6 engine
parameters was 1158.85. Using the modified "C" coefficients, the pre-
dicted horsepower would have been 1156.42 for a prediction error of
-.21%., Using unmodified "C" ecefficients the predicted horsepower would
have been 1171.16 for e prediction errcr of +1.06%.

Computing each of the degradations individually, the following predic-
tion errors were obtained for T7 limit:

HP Predicted HP Predicted
Degradation HP Actual C Modified % Error C Unmodified % Error
-3% 1, 1275.09 1275.17 +.,006  1280.40 +.42
-2% o 1290.27 1290.29 +.002  1293.98 +.29
-2% Mo 1372.31 NA NA 1372.32 +.,001
+2% AS 1348.29 1348.35 +.005 1351.11 +.21
+2% 2 1465.73 1465.80 -.005  1k469.60 +.26
-1% wﬂ 1397.66 NA NA 1397.75 +.006

These results show the improved horsepower prediction accuracy that
can be obtained by modifying the base engine "C" as a function of

the engine degradation., It is unrealistic to assume that maximum
degradation in 7 A, A and WA will occur simul-

¢’ T Mpr’ Ts* Ty

taneously; therefore the computed error - .21% is unrealistically
large, Similarly, assuming that maximum degradation occurs in one
parameter and no degradation occurs in any of the other parameters is
unrealistic, so that the computed error of .002 to .006% is unreal-~
istically small, The error resulting from estimated simultaneous
realistic degradations in all parameters is estimated to be .06% .
This modification has been incorporated into the MPA algorithm.

Nonstandard Day

It is noted that the interpolation of "C" coefficients (as defined

in detail in the Phase I final report) adjusted all "C" coefficients
as a function of Tl temperature, Thus, letting the "C" coefficients
also be functions of N, Mg, As» and Ay 1s an extension of the same
basic idea, The Phase I study showed thag interpolation of "C" at a
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nonstandard day in combination with a degraded engine would yield

a prediction error of 0.1%, 0.23%, 0.1% when on the Nj, Tn, 80d Wt
limits respectively due to errors in the "C" coefficients. There is
no apparent rational interpolation of "C" in addition to those
described earlier that would yield an additional accuracy improvement.

Linearization of Nonlinear Differential Equations

The error in linearization of the nonlinear differential equations

is caused by errors in the "B" and "C" coefficients. It was estimated
(1n the Phase I study) that all "B" coefficients were uncertain by

+ 5%, where the "B" coefficients provide the relation between engine
parameter degradation and variations in engine measurements. In a
similar manner, all "C" coefficients were estimated to be uncertain

by t 5%.

A more detailed study has been conducted to evaluate the errors
introduced by linearization of the nonlinear differential equations
an’ to show how the "B" and "C" coefficients influence MPA model
accuracy. This study indicates that only a small portion of the
" and "C" coefficients have a significant influence on MPA model
nceuracy.

Significant "B" coefficients were identified as follows. At an MPA
power of 50%, Mc,MT, "PT and AN, Ag, and Wy were degraded one-at-a
time. For example, 7ic was degraded by successively degrading "ec
in ,01% increments for 300 igcrements. The resultant variation in
megsurements could then be defined. These variations in measurements
in combination with the "B" coefficients could be used to compute
the degradation in "M ¢ as follows:

ANec
. [ Nc/ ne ] [ AMeaSurement] = X (B)

Ne O Measurement/Measurement | | Measurement

A Measurement
- Measurement
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It is noted that the contribution to (A Mc/7Me) is dependent on the
product of a "B" coefficient and the corresponding me¢surement variation.
The 3% degradation in ¢ yields the numerical results shown below:

Measurement A Measurement A Measurement

Name Measurement "B" Coefficient Meusurement X "B"
N1l -.00319 -.0250 +,00008

T . +.01364 ~2.2T47 -.03098

W +,03183 0. 0.

SHP +,02634 0. 0.

T7 +.01827 0. 0.

Computed (A e/ g c) -.0309 = -3.09%

This example shows tlLat the only "B" coefficient that must be accurate
to compute the degradaticn in ) c is the "B" zcefficient assoclated
with the T3 measurement. The significant "B" coefficients for all
engine degradations are listed in Table III. In addition, this study
showed that "B" coefficients (as used at corstant P3) do not vary sig-
nificantly during engine degradation. Therefore, the use of the "B"
coefficients computed from the nondegraded engine is nearly correct
for the degraded engine. In summary, the accuracy of computing the
engine degradations is primarily dependent on a few significant "B"
coefficients and nearly independent of the accuracy of the remaining
"B" coefficients.

Significant "C" coefficients were identified as follows. The maximum
power degradation computation at each limit is dependent on both the
englne dogradation and the magnitude of the "C" coefficient
associated with each engine degradation. The estimated maximum engine
degradations are listed in Table IV, The MPA error at maximum degrada-
tion resulting from a + 5% error in C is also listed in Table IV.

This detailed error list shows that a few "C" coefficients are the
most significant as identified in Table III.
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TABLE III. 'B" AND "C" COEFFICIENTS THAT HAVE A SIGNIFICANT INFLUENCE ON

MPA ACCURACY
gradation Measurement That has a Significant
Parameter "B _Coefficient Association

Ne ™
Ny Vg, T, SHP
n

PT & An W, Ty, SHP

A5 Wey 'I'7

W

A N

"C" Coefficients That Have A Significant Influence on MPA Accurecy

Significant
. Degradation
"c" Coefficient Parameter
C on N; Limit AN
C on T, Limit ne, Mo, A5, Ay
7 H ] ]
C on Wg Limit (None)

=
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An improvement in the accuracy of the significant "B" and "C" coefficients
would yield a reduction in the modeling error resulting from linearization
of the nonlinear differential equations., The nonlinear engine model used
in this study is based on successive iterations of the influence coeffi-
cients as described in detail in the Phase I study. It appears that such
an engine model will not yleld an accuracy better than t 5% in the off-line
computation of the "B" and "C" coefficients. However, more sophisticated
nonlinear engine mcdels are often made as an aid in engine and control
development, Such an engine model could improve: the accuracy of the
off-line computation of the "B" and "C" coefficients. This engine

model is typically developed by the engine manufacturer. The estimated
accuracy in the significant "B" and "C" coefficients based on the more
sophisticated engine model is t 1.5%. Table V is a detailed error list
based on "B" and "C" accuracies of t 1.5%.

High-Power Degradation Being Different Fram Low-Power Degradation

The MPA algorithm computes the variation in engine degradat:.on

parameters (geometries and efficiencies) at part power and assumes

that these parameters degrade the same percent-of-point at maximum

pover as occurred at part power, It is possible that increasing the part
power at which MPA measurements are made would result in less uncertainty
in the degradation parameters, hence reduce this error. However, the
uncertainty in the degradation parameters (as defined in the Phase I
study) has also been used in this study. The detailed error list is shown
in Table VI.

Assumption that ( @ AN/AN ) =-(dNPI/ npr)

The Phase I Study recommended the use of Set IV sensors, which used the
approximation that ( & AN/AN) = - (@7PT/ Npr), such that the P ; sensor

coulc be deleted, The degradations where ( & AN/py) 1is not equal to
= (87P1/ 7Npp) yield an error in the MPA computation. This error
was small relative to total system MPA error in the Phase I Study. How-
ever, the present studies have reduced other error sources so that this
error now becomes one of the major modeling errors, This error source
could be eliminated by the addition of a P 7 sensor (i.e., use of Set I
sensors). This would result in a change in the "B" coefficients, which
would influence part power error sources, Although use of Set I sensors
eliminates the error due to the ass:mption that ( 9 Ay/Ay)=

- (@ 7Mpr/ NPr), the error suwamary is slightly worse than error
summary using Set IV sensors because other sensor errors now become
more significant, The error summary using Set I sensors is shown

in Table VII,and a detailed error list is shown in Table VIII. The
error summary using Set IV sensors is shown in Table IX,and a detailed
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error 1ist is shown in Table X. As in the Phase I study, the Set IV sensors
are recommended to be used in power prediction.

A reviev of Table IX indicates that the major MPA prediction errors
are associated with uncertainty in bleed air and shaft power extraction,
and the sensor and engine-control errors. Since uncertainty in bleed
air and shaft power extraction may be minimized by procedural techniques
during MPA prediction, the remaining major MPA error is caused by sensor
errors, In particular, the MPA error is primarily determined by the 'l:.{
and SHP sensor errors,
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TABIE X, [DETAIIED ERROR LIST - SENBOR ERRORS AT 50,24 POWER AND AT MAXIMUM POWER,
USING SENSORS AT LOW POWER AS TABUIATED BEST AVAIIABLE SET IV SENSCRS
(Low Power)
Error In Sensitivity HP Prediction Error
Sensor Error % of Point N Limit T7 Limit Wr Limit N Limit Ty Limit W, Limiy
M $2,5 RIM +.011 -6.039 -1,862 -1,308 0664  ,0205 L0144
T 30,5 CR $.0541 «,03103 ,1613 0680 .00168  ,00873 .00368
w3 £2.65 ppb $.500 -.5751 .01h2 l1.48 L2876 L00TY  .Th2
SHP #10 HP #1,4h22 833 7833 8124 1.1835 1.1138 11,1552
T, $4.5R +.294 L2077 <h18 L2196 0611 1,229 0822
N> +2,5 RPM $.0128 4517 Llagk 4386 .00576  .00537  .00561
Ty #0.5 %R $,0964 2.5% k.380 .91 .2503 4222 0763
P #0.01 psi +.,068 -.Llo;  .,8.0 .656 oo& L0572 .OLkkb
P% 30,05 pet 1,063 J133 07 0059 . .00296 00037
RSS Error 1,247 1.713 1,378
(High Power)
M +2.5 RPM +.01 <3.7T15 © 0 .0372 ) 0
Wt o .50 «.563 0 +1.469  .2815 0 T35
Ty .8 °R .28 0 <b, 314 0 0 1,20T9 0O
T $0.5 °R $.10 -.756 0 0 0756 ] 0
P +,01 psi +, 0 0 -.435 0 0 .029%
M Set  +21 RPM 3.08 3,715 0 0 972 0 0
T7 Set 0 ) 4,314 ) ) o) 0
Ve Set +.27 ppb + .03k 0 0 -L.k69 0 0 .2155
_RSS Error 4179 1,2079  .T350
{Lov Fower)
Sensitivity HP Variation
Variable Uncertainty Ny Limit T; Limit Wp Limit™ Ny Limit T, Limit Wy Limit
¥aL +.5% -.915 3,180 1,46k 56 1.592 732
SPE +.3 bpfpps -2 1.775 RN .06 .532 252
RS3 Error 0.k62 1,678 0.TTh
(High Power)
WEL 1.5% -.915 -3.078  -1.433 1.372 1,617 2.150
SPE +.3 hp/ppe -.156 1,33 L6U1 0468 .hoz2g 21923
RSS Error 1.373 4,634 2.159
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RESULT'S OF EVALUATION OF MPA ACCURACY BASED CN ENGINE TEST DATA

Actual engine test data from ten T53-113 engines was provided by Lycoming.
This test data included both calibration data when the engine was new and
calibration data after extensive field use in the range of 60 to 100%
SHP. The field use for the ten engines was in the range of 1192 to

4217 hours.

The actual T53 controls ( and maximum power limits) are different from the
engine control used in the MPA study activity. The actusl engine maximum
power was defined for this study to be the actusl SHP that occurred at the
following limits:

N, = 25400 RPM
T7 = 1840 R
We = 820 PH

Therefore, the ten engines were defined to have identical Nl, TT and wf
limits, but different maximum power when 'new",

All tabulated data as received from Lycoming was already referred

to one ambient temperature (T, = 32°F)., Also the measured engine power
was corrected to optimum SHP (i.e., SHP at optimum N, speed). The MPA
algor wm waf modified to account for these test data characteristics.
The predictec MPA using the MPA algorithm and resulting MPA algorithm
errors were computed as follows:

1. Change engine test referred curve fit data (Tl = 320) to 59° standard
day.

2. Obtain baselines (N;/ \’91’ sup/ 8, \’91 » T3/ &, WF/ alelY, and

T7/91 vs., P3/ 8 1) from "new" engine calibration data. SHP 18 optimum
SHP for baseline,

3. Compute SHP reference when on each limit (Tp, Wy, or N) based

on defined limit in Tq, Wg, or Nl droop for "new" engine,

4, Load data from items 2 and 3 above into MPA model in preparation
for MPA prediction on this specific engine.

5. Select "degraded" da:a from same engine. At the part power pointe
to be evaluated, (:termine Ty, P, Ny, Np, SHP, T3, Wp, Tq and P3
to be used as "measurements",
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6. Load "measurements" fram Item 5 above into MPA model and let MPA model
compute maximum corrected SHP when on each of the three limits (T., W
or N;). These SHP's are the predicted corrected SHP's. Select the
leas% corrected SHP and uncorrect it to obtain the actual SHP limit,

7. To campute MPA prediction error, determine MPA when on each limit
('1‘ Wp or N,) from "degraded" engine data. These MPA's are actual
corree ed Sﬂ%

8. Compute % error between corrected SHP in Item 6 and Item 7.

The above procedure was used to determine MPA prediction accuracy for
"measurements" at 60%, T0%, 80%, and 90% SHP for the ten engines.
Results are tabulated in Table XI and include "engine age" between "new"
calibration and "degraded engine" measurements, The maximum SHP when
"new" for each of the three defined limits is also listed. A brief
review of MPA prediction accuracy indicates excellent prediction
accuracy for same engines and poor prediction accuracy on other

engines; i.e., engine-to-engine prediction accuracy is not consistent.

First let us look at the expected errors if the best available sensors
wvere used or in our case,the present T53-Ll3 engine sensors. Figure 2 shows
that the expected RSS error in predicted power using the best available
sensors and with no uncertainty in bleed airflow and shaft power extrac-
tion is 3.10% on the T7 limit, 1.54% on the Wy limit.and 1.48% on the Ny
limit when at the 60% power level. The Lycoming engine test data was
acquired utilizing the present T53-L13 engine test cell sensors which
do not in general meet the MPA sensor accuracy requirements, Therefore,
the criteria for evaluating the relative merit of the MPA predictions
based on the Lycoming engine data must be based upon an MPA error
anslysis incorporating the present T53-L13 sensors. Table XII includes
a detailed listing of the horsepower prediction error at 50% power level
based on sensor accuracies only. The most significant measurement error
on Table XII is caused by the T] measurement. However, a T7 error would
cause an MPA prediction error in one direction only and the data of
Table XI indicates that the error pattern is random. Therefore, dis-
regarding the influence of T; on the prediction accuracy the anticipated
MPA prediction accuracies with the T43-113 engine sensors are2,10% on
the Ny limit, 7.96% on the T limit,and 2,88% on the Wr limit. This

is the criterion upon which the MPA predictions using Lycoming engine data
shall be judged.

A comparison of Tables XI and XII indicates that the MPA prediction error
exceeded the analytical error for some engines, Studies were directed

at determining the cause of the inconsistency in MPA prediction accuracy
and associated excessive errors for same engines.
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TABLE XI. MPA PREDICTION ERROR SUMMARY - ONE POINT METHOD

5/N LE-14016 (4217 HOURS)

| POWER __ LIMIT MAX HP MPA MAX HP 4 ERROR
N 1390 1386 =0.3

90% T% 1 1438 +1.9
We 122 1438 +1,1
N 1390 1381 -0,6

80% 'r; k11 1410 «0,1
Vs k22 1435 +0.9 Max HP "new"
M 1390 1375 -1.1 N1 1461

T0% T7 111 1317 -2.h T7 1425
L2 122 1433 +0.8 We LWbT
151 1390 1367 -1.6

60% T7 111 13kk 4.8
Ve 122 1428 +0.4

S/N 1E-21304 (2381 HOURS)

FOWER __LIMIT __ MAXHP MPA MAX HP $ ERROR
Ny 1296 1297 +0.1

90% Tr 1296 1275 -1.6
We 1355 1353 -0.2
N 1296 130% +0,6

8o T—J,‘ 1296 1280 -1.2
We 1355 1354 -0.1 Max HP "new"
N 1296 1319 +1.8 Ny 1387

T0% Ty 1296 1287 -0.7 T7 1416
Ve 1355 1355 +0.0 Wr 1410
N 1296 1340 +3.b

60% 7 1296 1301 +0,4
we 1355 13%3 +0.6
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TABLE XI. CONTINUED

S/N K-125 (2464 HOURS)

Power Limit Max HP MPA Max HP 4 Error
N 1303 1300 «0.2
90% Ty 198 1193 «0.4
We 1314 1311 =0.2
N, 1303 1305 +0.2
80% T.r 1198 1196 «0,2
W 1314 1316 +0.2 Max HP "new"
Ny 1303 1301 «0.2 Ny 1391
T0% 7 1198 nge -0.5 T, 1278
Wy 1314 1313 -0.1 We 1351
N 1303 1291 «0.9
60% T7 1198 1189 -0.8
Ve 1314 1307 -0.5
S/N K-11T (1192 HOURS)
Power Limit _ Max HP MPA Max HP % Error
Ny 1282 1251 2.4
90% T7 1100 1081 -1.7
L2 1248 12% -1.0
Ny 1282 1244 -3.0
80% 7 1100 1076 -2,2
We 1248 1218 -2, Max HP "new"
Ky 1282 1232 -3.9 Ny 1377
T70% T 1100 1066 <3.1 Ty 1312
60% Ty 1100 1051 <4k
Ve 1248 1176 -5.8
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TASLE XI, CONTINUED

8/N K-116 (1249 HOURS)

Power Limit Max HP MPA Max HP i Error
N 1342 1346 +0.3
908 'r% 1438 1476 +2.6
We 1395 k12 +1.2
N 1342 1343 +0.1
80% 'r.? 1438 1493 +3.8
Ve 1395 1418 +1.6 Max HP "new"
N, 1342 1335 =0.5 N, 1385
T0% T7 1438 1503 +h.5 Ty 1kko
Ve 1395 k21 +1.9 We 1380
Ny 1342 1324 «1.3
60% Tq 1438 1515 +5.4
We 1395 1427 +2,3
S/N IE 21404 (3002 HOURS)
Power Limit Max HP MPA Max HP % Error
1Y 1280 1283 +0.2
90% Ty 1392 1393 +0.1
We 1394 1ko1 +0.5
Ny 1280 1290 +0.8
80% ™7 1392 1422 42,0
L2 1394 1413 +1.4 Max HP "new"
Ny 1280 1298 +1.b Ny 1386
T0% Ty 1392 1451 +4.2 Ty 1500
We 1394 1428 +2.4 Wp 1435
N 1280 1308 +2,2
60% Tz 1392 1487 +6.8
Ve 1394 1445 +3.7
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TABLE XI. CONTINUED

S/N K=-124 (2458 HOURS)
Power Limit Max HP MPA Max HP _ % Error
Ny 1258 1248 -0.8
90% Ty u7s 1129 =3.9
Ve 1290 1291 +0.1
N 1258 1239 -1.5
80% T-'} 1175 1146 -2.5
we 1250 1299 +0.7 Max HP "nevw"
N, 1258 1231 -2,2 Ny 1395
TO% Ty 1175 1166 -0.8 T7 1355
Wg 1290 1313 +1.8 wr 1387
60% T 1175 1180 +0.4
We 1290 1325 +2.7
S/N LE-14083 (1200 HOURS)
Power Limit Max HP MPA Max HP % Error
M 1311 1320 +0.7
90% Ty 1247 1203 -3.5
Vg 1345 1367 +1.6
N 131 1352 +3.1
80% 'r% 12b7 1215 =2,6
Lty 1345 1403 +4.3 Max HP "new"
Ny 1311 1388 +5.9 N, 1466
TO% Ty 1247 1223 <1.9 T7 1446
W 1345 1447 +7.6 We 1461
Ny 131 1437 +9.6
60% Ty 1247 1236 0.9
2] 1345 1496 +11,2
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TABLE XI. CONTINUZD

S/N IE-14018 (1200 HOURS)

Power Limit Max HP MPA Max HP 4 Error
N 1294 1281 -1.0
90% T7 1478 1473 -0.3
Ve 1361 1354 -0.5
N 1294 1264 -2.3
8o% T-} 1478 k2 2.4
Wy 1361 13% -1.8 Max HP "new"
Ny 1294 1242 k.0 N 1436
T0% 7 1478 1410 <k.6 T, 1336
W 5 1361 1315 -3.4 W 1ho2
60% T7 1478 1373 -T.1
Ve 1361 1287 -5.%
8/N K-1bk (1507 HOURS)
Power Limit Max HP MPA Max BP 4 Error
N 1502 1490 <0.8
90% T 145 1450 +0.3
W 1530 1506 -1.6
Ny 1502 1473 -1.9
80% 'r7 1445 1456 +0,8
We 1530 1495 -2.3 Max HP "new"
N 1502 1450 -3.5 Ny 1328
T0% T 1445 1459 +1.0 Ty 1397
We 1530 77 -3.5 W, 2420
Ny 1502 1k25 “5.1
60% T 1h4s5 1466 b
wI 1530 145k 5.0
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An initial attempt was made to correlate the degradations DWA, DETAC, DETAT,
DETAPT, DAS and DAN of the "good" engines (engines with low errors in MPA
prediction) with the degradations of the "bad" engines (engines with high
MPA prediction errors). The "bad" engines were serial numbers K117,
LE14083, 1E14018, IE14018 and K144, Degradations that were small in the
"good" engines were both small and large in the "bad" engines and,similarly,
degradations that were large in the "good" engines were both large and
small in the "bad" engines,

Another attempt was made to correlate excessive MPA prediction errors

to specific engine measurements. Table XIII contains a tabulation

of the percent difference between baseline and degraded-engine measure-
ments (i.e., measurement difference caused by degradation). The change
in measurement-delta when decreasing part power from 90% to 60% may be
observed and has been 1listed in Teble XIV. Between 90% power and 60%
power there is a significant change of the measurement delta for shaft
horsepower, SHP, and fuel flow, Wg, in those engines with excessive
power prediction error at low power, i.e, , the baseline and degraded
engine corrected measurement were not parallel. To check the importance
of this observation, the measurements of SHP and We for all engines at
pover levels of 60%, 70% and 80% were arbitrarily revised to give the
same measurement difference as was obtained at 90% power (i.e,, corrected
SHP and Wy measurement were nearly parallel to baseline). Table XV
includes a summary of prediction errors comparing normal measurements
with the arbitrarily revised SHP and W¢ measurements. The underlined
errors are those which exceed the expected MPA prediction accuracies
with T-53 engine sensors. Table XV under the column headed "with

normal measurements" displays the errors for each limit and power level
for all ten (10) engines. The columns headed "with revised SHP and W;
measurements" display the improvement in MPA accuracy if SHP and W,
measurements at 60%, 70%, and 80% are arbitrarily revised to have the same
percent difference (from the baseline) as occurred at 90% power. This
arbitrarily revised measurement shows that the MPA error for "bad engines"
generally improved on the N3 and W¢ limits, but T7 limit accuracy
degraded. The column headed "revised SHP, W, and T; measurements"
displays the improvement in T7 limit MPA accuracy if T, as well as SHP
and Wy are arbitrarily revised, Table XV suggests that the engines
having excessive MPA prediction errors are related to engine characteris-
tics as measured by SHP and Wy when on the Nl and Wg limits and SHP, W5,
and T7 vhen on the T7 limit. There was no apparent trend in ASHP, AW,
andA T, as engine power at MPA measurement was reduced from 90% to 60%

power,

The best correlation between excessive MPA prediction errors and engine
characteristics is obtained by observing the trend of the computed engine
degradation as engine power is changed between 60% and 90% power. These
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computed degradations for the ten engines are plotted in Figures

T through 16, Note that essentially all computed engine degradations
display a significant change as measurement power is changed from 60% to
90%. There is a consistent trend in the degradation within any one
engine as power is changed. This consistency adds credibility to the
indication that engine degradation is changing as a function of power
level,

It is evident that the basic algorithm assumption of percent-of-point
engine degradation being essentially independent of power level is sus-
pect and can potentially introduce significant MPA prediction errors.
The engine data indicates that it is desirable to modify the MPA predic-
tion algorithm to include the effect of engine degradation at high pawer
being different from engine degradation at low (measurement) power. One
such modification has been partially evaluated., Figures7 through

16 indicate a reasonably consistent trend in engine degradation versus
P3 as power is varied from 60% to 90% (i.e, , locus of points form an
essentially straight line). Unfortunately there is no actuasl engine
test data available at low engine power (below 60%),80 it is not known
if the locus of points down to 20% or 30% power would remain essentially
a straight line, The algorithm modification consists of two sets of
steady-state engine measurements at low power (separated by 10% to 20%
in power) and degradation is computed for both sets of lov pover measure-
ments., The trend of each computed engine degradation is established and
the change in degradation with power can be determined (i.e., slopes of
lines in Figures T through 15). The degradation at 100% power may
then be determined by extrapolating the trend of degradation determined
fram the twvo low-power measurement sets. This algorithm modification was
evaluated using the actual engine test data at engine data measurement
sets of 60% and TO% pover; the results are tabulated in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>