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AESO Report No. 4-85, July 1985
EXECUTIVE SUMMARY

This report determined the weight of anitrogen oxides (NOy) coming
from thirteen different F404-GE-400 engine tests at NAS Lemoore. The weight
of nitrogen oxides from each test was determined by adding the weights
produced by each power setting used in the test. At each power setting, the
amount of fuel used and the emission index for nitrogen oxides, which varies
with the power setting, determine the amount of nitrogen oxides produced. The
emission index is the pounds of nitrogen oxides produced per 1000 pounds of
fuel used. This report used nitrogen oxides emission data furnished by the
Naval Air Propulsion Certer and F404~GE-400 engine cun sheets from NAS
Lemoore. The weight of nitrogen oxides produced varied from 50 to 169 pounds
per test. The amount of nitrogen oxides for each pound of fuel used varied
from 0.01331 to 0.01742 pounds, with an average of 0.01556 pounds. This
average can be used as a correlation coefficient to estimate the amount of
nitrogen oxides produced during an engine test on the basis of total fuel use
only. To estimate the total weight of nitrogen oxides, multiply the weight of
fuel used in the test by 0.01556.

Based on the thirteen engine test analyzed, the percentage difference
between the amount of nitrogen oxides calculated from the emission indexes and
fuel use at the various power settings, and from the total fuel use using the
correlation coefficient, varied from -11 to +17. The total amount of nitrogen
oxides calculated using this coefficient agreed within 1% of the total amount
calculated from the emission indexes.
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Emissions of Nitrogen Oxides
from the Testing of F404~GE-400 Engines
at Naval Air Station, Lemoore, California

1. INTRODUCTION

Nitrogen oxides, a combination of nitrogen oxide and nitrogen
dioxide, are an air pollutant from the testing of aircraft engines. The
amount of nitrogen oxides formed during an engine test is part of the
information which must be included on applications to various regulating
agencies for authority to comstruct and permission to operate test
facilities. The emission indexes of nitrogen oxides at various engine power
settings and the times at these settings determine the amount of nitrogen
oxides coming from an engine test.

This report first develops emission indexes for nitrogen oxides at
any power setting of the F404~GE-400 engine. It then applies these indexes to
specific engine power settings and run times to give an estimate of the
amounts of nitrogen oxides produced by thirteen different engine tests, in
Test Cell 3, at NAS Lemoore. The dates of testing were from 8 March to 26
April, 1985. The amounts of nitrogen oxides from these tests varied from 50
to 169 pounds. The testing times were from 22 to 116 minutes. The pounds of
nitrogen oxides formed, for each pound of fuel consumed during the test,
varied from 0.01331 to 0.01742. The average from the 13 tests was 0.01556
pounds. This means that multiplying the pounds of fuel used in the test by
0.01556 would give a reasonable estimate of the pounds of nitrogen oxides
formed during any engine test.

Finally, this report shows how to use a small programmable calculator

to establish emission indexes and to estimate the amounts of nitrogen oxides
produced during engine testing.

2. EMISSION INDEXES AND ENGINE OPERATIONAL DATA

2.1 Emission Indexes of Nitrogen Oxides at Various Power Settings

An emission index relates the amount of a pollutant in the engine
exhaust to the amount of fuel used. Emission indexes are calculated from
measured concentrations of carbon monoxide, carbon dioxide, nitrogen oxides
and hydrocarbons in the engine exhaust.

This report considers only one pollutant, i.e., nitrogen oxides. The
Naval Air Propulsion Center reported nitrogen oxide emission indexes for the
F404~-GE-400 engine at 14 different power settings (Reference l). Appendix A
includes Tables IV and V of Reference 1. The emission index for nitrogen
oxides 1s different at each engine power setting, being smallest at idle and
largest at full power (without afterburner). For use of these data, the
Aircraft Eanvironmental Support Office fitted the values of emission index and




thrust, from 15% thrust to IRP (intermediate rated power), to a curve using
the exponential curve fitting program of the Hewlett-Packard HP-41C Statistics
Pac. This program generated the constants a and b (a = 2.9747, and

b = 2.0127 x 10™%) for use in the equation

y = aebX, (L)
where y = emission index and x = thrust in pounds.

Using the data from Reference 1, the coefficient of determination was
found to be 1.00.

This report calculates an emission index for each thrust value
recorded on the engine run sheets furnished by NAS Lemoore. Specific power
settings may have different emission indexes. For example, for IRP, the
thrust varied from 10000 to 10900 pounds. The emission indexes, calculated by
equation (1), were 22,35 tc 26.79. The thrust and emission index reported in
Reference 1 for IRP were 10548 pounds and 25.16.

Reference 1 gave only one emission index for maximum afterburner.
All afterburner power settings use this emission index, which is 9.22.

2.2 Engine Operational Data

Naval Air Station, Lemoore furnished engine run sheets for 13 tests.
Appendix A includes reproductions of these run sheets. The eungine run sheets
contain 22 columns of data. Tables 2 - 14, of this report, use four of the
data columns from these sheets, e.g., data identification, time, thrust and
cell fuel flow.

2.2.1 Data Identification

The tables of this report use the same data identification notation
as the engine run sheets. Data are identified as FI (flight idle), various
rpm or percent rpm, IRP, and AB (afterburmner). Note that 80%Z 1is about 13000
rpm and 89% 16500 rpm.

2.2.2 Time at Power Setting

For any row of data, the number in column 1 gives a start time for
the data identified in column 22. The number in column 1 of the second row is
the finish time for the data identified in column 22 of the first row and the
start time for the data identified in column 22 of the second row. On some
run sheets, the time at afterburner was not clearly defined. For these times
we used 3 minutes and noted that the time was estimated.

2.2.3 Thrust
Several thrust values were missing from the data sheets. They were

replaced by average values which were obtained from the other engine run
sheets.




2-204 Fuel Flow

The fuel flows used for calculations were the test cell fuel flows.
These account for the extra fuel used at afterburner. In addition, it is our
understanding that the gauge on the test cell is calibrated whereas the gauge
on the engine is not.

2.3 Other Test Procedures

In addition to the power settings listed in the data identification
column, the engine run sheets record other test procedures which, except for
shutdown, consist of more than one power setting. These procedures are:
transient break-in, transient, ECU (engine control unit), overspeed and
shutdown. For the first three procedures, the engine run sheets usually
record a start and finish time. The engine run sheets do not give the
duration of the procedures for overspeed and shutdown. After consulting
operating manuals and talking with test cell operators, we assigned the
following power settings and operating times as representative values.

Transient break—-in - flight idle, 12 minutes; 14000 rpm, 3 minutes;
15500 rpm, S minutes; and IRP, 9.5 minutes; total time 29.5 minutes.

ECU - flight idle and IRP each 3.5 minutes; total time 7 minutes.

Transient - flight idle, 6 minutes; IRP, 1 minute; afterburner, 10
seconds; total time 7.l17 minutes.

Overspeed — flight idle, 1 minute; IRP, 1 minute; total time 2
minutes.

Shutdown - flight idle, 5 minutes.
2.4 Emissions of Nitrogen Oxides from Other Test Procedures

The other test procedures contribute to the total amount of aitrogen
oxides produces depending upon the time of operation at the various power
settings used in the procedure. For each of these procedures, using average
fuel flows and thrusts, we combined the fuel used and the nitrogen oxides
produced at each of the component power settings. From these values we
calculated the fuel use in pounds per hour and an emission index in pounds per
1000 pounds of fuel. Thus, just as individual power settings, each test
procedure has a specific rate of fuel consumption and an emission index. For
the other test procedures, these fuel uses (pounds per hour) and emission
indexes (pounds per 1000 pounds of fuel) are as follows: tramsient break-in,
4517, 19.04; transient, 2729, 14.08; ECU (engine control unit), 4757, 22.34;
overspeed, 4757, 22.34; and shutdown, 996, 3.23.

3. DESCRIPTION OF TABLES

Table 1 summarizes the emissions of nitrogen oxides from the testing
of thirteen F404-GE-400 engines. Tables 2 - 14 give more details about the
calculations of the individual tests.



In Table 1, column 3 gives the amount of nitrogen oxides formed in a
specific engine test, column 4 gives the amount of fuel used in the test and
column 5 gives the amount of nitrogen oxides formed for each pound of fuel
used. Table 1 gives a mean for the data in column 5. This mean is a
correlation coefficient which can be used to estimate the amount of nitrogen
oxides coming from an engine test based on the fuel used. Column 6 shows the
application of the correlation coefficient. The number in column 3 multiplied
by the number in column 5 gives the number in column 6. Finally, column 7
shows the percent difference between the amounts of nitrogen oxides calculated
from the emission indexes and the amounts calculated using the correlation
coefficient.

Tables 2 - 14 show the development of the values used in Table 1. 1In
Tables 2 - 14, the addition of the amounts in column 7 for all of the rows
gives the total amount of nitrogen oxides from the test. This number appears
in column 3 of Table l. Similarily the addition of the entries in column 6 of
Tables 2 - 14 (fuel use) gives the numbers recorded in column 4 of Table 1.
Finally the division of the amount of nitrogen oxides formed by the fuel used
gives the amount of nitrogen oxides per pound of fuel (column 5 of Table 1).

4. CALCULATIONS

The weight in pounds of nitrogen oxides formed during each power
setting is determined in the following manner. Using the second entry from
Table 2 as an example, first use the thrust of 545 pounds and equation (1) to
determine an emission index for the power setting. Thrust values will vary
within limits from engine to engine and from test to test. This will change,
slightly, the value of the emission index used.

y = aebx (1)
y = 2.9747 x eZ%,

where z = 2.0127 x 1074 x 545,

then y = 3.32

Next, for each power setting, multiply the fuel flow by the time at that
setting (hours) to obtain the fuel use for the power setting.

955 pounds per hour x 13/60 hours = 206.9 pounds
Finally, divide the fuel used by 1000 (the emission index is for pounds per
1000 pounds of fuel) and multiply by the emission index to obtain the amount

of nitrogen oxides produced.

206.9 pounds/1000 x 3.32 = 0.69 pounds




The addition of the amounts of fuel used and nitrogen oxides produced
at each power setting, gives the total amounts from the test. Division of the
pounds of nitrogen oxides from the test (51.34) by the pounds of fuel used
(3858) gives the pounds of nitrogen oxides formed for each pound of fuel used.

51.34/3858 = 0.01331

In preparing this report, we used an HP-41CV programmable
calculator. Appendix B explains how to use this calculator and gives the
programs used to make the calculations.

5. CONCLUSIONS

The rate (pounds of nitrogen oxides per pound of fuel) at which the
testing of F404-GE-400 engines produces nitrogen oxides can be expressed as an
correlation coefficient which then can be used to estimate the amount of
nitrogen oxides produced in any test from the amount of fuel used. This
coefficient is 0.01556.

Based on the thirteen engine test analyzed, the percentage difference
between the amount of nitrogen oxides calculated from the emission indexes and
fuel use at the various power settings, and from the total fuel use using the
correlation coefficient, varied from -1l to +17. The total amount of nitrogen
oxides calculated using this coefficient agreed within 1% of the total amount
calculated from the emission indexes.
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(1) A. F. Klarman and J. J. Zidzik, "F404-GE-400 Engine Exhaust Emission Test
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TABLE 1.
Table

2 8

3 1

4 22

5 26

6 27

7 29

8 30

9 2

10 5

11 11

12 12

13 13

14 26

Summary of nitrogen oxides emissions from the testing of
F404~-GE-400 engines at NAS Lemoore

Date 1985
(sequence)

March
March
March
March
March
March
March
April
April
April
April
April

April

Total

(578)
(579)
(583)
(584)
(585)
(586)
(587)
(588)
(589)
(590)
(591)
(592)

(595)

NOy from Fuel Used

test, in test, per lb. of
lbs. lbs. fuel used
51.34 3858 0.01331
104.98 7483 0.01403
128.92 7399 0.01742
82.65 5907 0.01399
50.10 3443 0.01455
168.7¢ 11493 0.01468
131.66 7605 0.01731
101.84 6410 0.01589
140.99 9052 0.01558
152.17 9051 0.01681
141.85 8818 0.01609
140.77 8516 0.01653
119.74 7399 0.01618
1515.77
Mean 0.01556
Standard deviation 1.34

lbs. NOy NOy,calcd.

from
mean,
lbs.
60.03
116.44
115.13
91.91
53.57
178.83
118.33
99.76
140.85
140.83
137.21
132.51

115.13

1500.53

A

difference

(a)

16.93
10.91
-10.70
11.21
6.93
5.97
-10.12
=2.05
-0.10
=7.45
-3.27
-5.87

-3085

-1.01

(a) % Diff. = pounds of NOx calcd. from mean - pounds of NOx from test x

pounds of NOx from test

100




TABLE 2.

Data
ident.

Start/
shutdown
Flight idle
80%

897%

IRP

Af terburner
ECU
Transient

Shutdown

(a) Emission index for nitrogen

Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 578, Engine Serial Number

310387, 8 March 1985)

Time in Thrust, Fuel flow,
mode, min. pounds pounds/hr

5 - 996
13 545 955
7 2540 2253
3 5945 4850
7 10190 8514
3(b) 15410 29750
4 - 4757
4 - 2729
5 - 996

EI
(a)

3.23

3.32
4.96
9.86
23.22
9.22
22.34
14.08

3.23

Pounds of fuel used in test

Pounds of NOy per test

Pounds of NOy per pound of
fuel used in test = 0.01331

per 1000 pounds of fuel.
(b) Estimated.

Fuel use
ger mode,
pounds

83.0

206.9
262.9
242.5
993.3
1487.5
317.1
181.9

83.0

3858

Pounds NOy
per mode

0.27

0.69
1.30
2.39
23.06
13.71
7.08
2.56

0.27

51.34

oxides expressed as pounds of nitrogen dioxide




TABLE 3. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 579, Engine Serial Number
310254, 11 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight Idle 5 360 1050 3.20 87.5 0.28
13000 3 1830 1895 4.30 94.8 0.41
13500 5 2460 2275 4.89 189.6 0.93
14000 4 3550 3000 6.09 200.0 1.22
14500 6 .4790 3950 7.82 395.0 3.09
15000 5 6100 4900 10.18 408.3 4.16
15500 6 8205 6700 15.56 670.0 10.43
IRP 2 10075 8400 22.69 280.0 6.35
Trans. brk=in 33 - 4517 19.04 2484.4 47.30
Afterburner 4 15160 30350 9.22 2023.3 18.66
ECU 4 - 4757 22.34 317.1 7.08
Trans. 2 - 2729 14.08 91.0 1.28
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 7483

Pounds of NOy per test 104.98

Pounds of NO, per pound of
fuel used in test = 0.01403

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.




TABLE 4. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 583, Engine Serial Number
310097, 22 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 3 530 1100 3.31 55.0 0.18
13500 3 2810 2500 5.24 125.0 0.66
15000 3 7000 5552 12.20 277.6 3.39
15500 3 8400 6595 16.18 329.8 5.34
16000 3 10750 8700 25.99 435.0 11.31
IRP 8 10850 8%40 26.52 1165.3 30.91
15000 4 6290 4745 10.58 316.3 3.35
Trans. brk-in 32 - 4517 19.04 2409.1 45.87
Afterburner 3(b) 16000 30000 (c) 9.22 1500.0 13.83
ECU 4 - 4757 22.34 317.1 7.08
Transient 5 - 2729 14.08 227.4 3.20
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 7399

Pounds of NOy per test 128.92

Pounds of NO, per pound
fuel used in test = 0.01742

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
(b) Estimated.



TABLE 5. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 584, Engine Serial Number
310131, 26 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 6 450 1049 3.26 104.9 0.34
80% 6 2600 2323 5.03 232.3 1.17
89% 15 6620 5189 11.30 1297.3 14.66
IRP 1 10560 8592 25.02 143.2 3.58
ECU 19 - 4757 22.34 1506.4 33.65
Afterburner 3(b) 15600 29590 9.22 1479.5 13.64
Shutdown 5 - 996 3.23 83.0 0.27
Transient 18 - 2729 14.08 818.7 11.53
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 5907

Pounds of NOy per test 82.65

Pounds of NOy per pound of
fuel used in test = 0.01399

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
(b) Estimated.
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TABLE 6. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 585, Engine Serial Number
310079, 27 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NO,
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds
Flight idle 8 380 917 3.21 122.3 0.39
Shutdown 1 404 996 3.23 16.6 0.05
89% 5 6190 4957 10.36 413.1 4.28
IRP 6 10620 8699 25.32 869.9 22.03
Af terburner 3(b) 16000 30840 9.22 1542.0 14.22
ECU 5 - 4757 22.34 396.4 8.86
Shutdown 5 - 996 3.23 83.0 0.27
Pounds of fuel used in test 3443
Pounds of NOy per test 50.10

Pounds of NOy per pound
fuel used in test = 0.01455

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
(b) Estimated.
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TABLE 7. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 586, Engine Serial Number
310134, 29 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 7 404(b) 993 3.23 115.4 0.37
13500 5 1090 2265 3.77 188.8 0.70
15000 11 3140 5249 5.60 962.3 5.39
16000 4 9621(b) 7985 20.70 532.3 11.02
16250 7 10136(b) 8755 22.97 1021.4 23.46
IRP 2 10472 8755 24.58 291.8 7.17
Trans. brk-in 38 - 4517 19.04 2860.8 54.47
Af terburner 3 - 32950 9.22 1647.5 15.19
ECU 7 7 - 4757 22.34 555.0 12.40
Transient 5 | - 2729 14.08 227.4 3.20
Shutdown 5 - 996 3.23 83.0 0.27
Af terburner 4 - 30870 9.22 2058.0 18.97
Shutdown 5 - 996 3.23 83.0 0.27
Transient 5 - 2729 14.08 227.4 3.20
ECU 5 - 4757 22.34 396.4 8.86
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 11493

Pounds of NO, per test 168.76

Pounds of NOy per pound
fuel used in test = 0.01468

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel. (b) Estimated.
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TABLE 8. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 587, Engine Serial Number
310030, 30 March 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 4 400 980 3.22 65.3 0.21
13500 3 2580 2276 5.00 113.8 0.57
15000 4 6700 5414 11.49 360.9 4.15
15500 3 8150 6410 15.39 320.5 4.93
16000 2 10070 8050 22.66 268.3 6.08
16250 6 10950 8670 27.06 867.0 23.46
IRP 3 10900 8731 26.79 436.6 11.70
150000 1 6040 4666 10.06 77.8 0.78
Trans. brk-in 28 - 4517 19.04 2107.9 40.14
Shutdown S - 996 3.23 83.0 0.27
Afterburner 3(b) 16180 31190 9.22 1559.5 14.38
Shutdown 5 - 996 3.23 83.0 0.27
ECU 10 - 47517 22.34 792.8 17.71
Transient 5 - 2729 14.08 227.4 3.20
Overspeed 2 - 4757 22.34 158.6 3.5
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 7605

Pounds of NOy per test 131.66

Pounds of NOy per pound of
fuel used in test = 0.01731

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
(b) Estimated.
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TABLE 9. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 588, Engine Serial Number
310357, 2 April 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 7 409 1099 3.23 128.2 0.41
13500 3 2115 2361 4.56 118.1 0.54
15000 5 6520 5290 11.08 440.8 4.88
15500 8 8095 6565 15.22 875.3 13.32
IRP 3 10000 8133 22.35 406.7 9.09
15000 7 5755 4574 9.49 533.6 5.07
Trans. brk-in 31 - 4517 19.04 2333.8 44,44
Afterburner 1 14950 29528 9.22 492.1 4.54
ECU 6 - 4757 22.34 475.7 10.63
Transient 8 - 2729 14.08 363.9 5.12
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 6410

Pounds of NO, per test 101.84

Pounds of NO, per pound of
fuel used in test = 0.01589

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
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TABLE 10. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 589, Engine Serial Number
310320, 5 April 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 5 235 918 3.12 76.5 0.24
13500 3 2110 1925 4.55 96.3 U.44
15000 6 5715 4526 9.42 452.6 4.26
15500 4 - 7222 5855 12.76 390.3 4.98
16000 6 8735 6993 17.31 699.3 12.11
16250 5 9690 7836 20.99 653.0 13.71
IRP 4 10190 8118 23.22 541.2 12.57
15000 2 5440 4317 8.91 143.9 1.28
Trans. brk-in 26 - 4517 19.04 1957.4 37.27
Afterburner 5 14820 28864 9.22 2405.3 22.18
ECU 13 - 4757 22.34 1030.7 23.03
Transient 8 - 2729 14.08 363.9 5.12
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 9052

Pounds of NOy per test 140.99

Pounds of NOy per pounds of
fuel used in test = 0.01558

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
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TABLE 11. Emissions of nitrogen oxides from the testing of an F404~GE-400
Engine at NAS Lemoore (Sequence Number 590, Engine Serial Number

310107, 11 April 1985)

Data Time in
ident. mode, min.
Flight idle 4
13500 5
15000 9
15500 6
16000 7
IRP 4
15000 3
Trans. brk-in 39
Afterburner 3(b)
ECU 5(b)
Transient 9
Overspeed 2
Shutdown S

Thrust,
pounds

470

2815

6685

8509

10560

10640

6250

148550

Fuel flow,
pounds/hr

1017
2457
5285
6772
8667
8636
4754
4517
30004
4757
2729
4757

996

EL
(a)
3.27
5.25
11.45
16.54
25.02
25.42
10.49
19.04
9.22
22.34
14.08
22.34

3.23

Pounds of fuel used in test

Pounds of NOy per test

Pounds of NOy per pound of
fuel used in test = 0.01681

Fuel use
per mode,
pounds
67.8
204.8
792.8
677.2
1011.2
575.7
237.7
2936.1
1500.2
396.4
409.4
158.6

83.0

9051

Pounds NOy
per mode
0.22
1.07
9.08
11.20
25.30
14.64
2.49
55.90
13.83
8.86
5.76
3.54

0.27

152.17

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.

(b) Estimated
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TABLE 12. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 591, Engine Serial Number
310249, 12 April 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NOy
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 3 410 875 3.23 43.8 0.14
13500 2 2360 2095 4.79 69.8 0.33
15000 4 5560 4370 9.13 291.3 2.66
15500 5 7475 5725 13.43 477.1 6.41
16000 4 9100 7150 18.64 476.7 8.88
16250 6 10160 7960 23.08 796.0 18.37
IRP 4 10700 8550 25.73 570.0 14.67
15000 7 5250 4000 8.57 466.7 4.00
Trans. brk-in 32 - 4517 19.04 2409.1 45.87
Afterburner 4 15850 30170 9.22 2011.3 18.54
ECU 7 - 4757 22.34 555.0 12.40
Transient 9 - 2729 14.08 409.4 5.76
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown S - 996 3.23 83.0 0.27

Pounds of fuel used in test 8818

Pounds of NOy per test 141.85

Pounds of NOy per pound of
fuel used in test = 0.01609

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
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TABLE 13.

Data

ident.
Flight idle
13500

15000

15500

16000

16250

IRP

15000
Trans. brk-
Afterburner
ECU
Transient
Overspeed

Shutdown

Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 592, Engine Serial Number
310382, 13 April 1985)

Time in Thrust, Fuel flow, EI Fuel use Pounds NO,
mode, min. pounds pounds /hr (a) per mode, per mode
pounds
2 335 995 3.18 33.2 0.11
2 2200 2095 4.64 69.8 0.32
3 5725 4700 9.44 235.0 2.22
3 7340 5870 13.07 293.5 3.84
5 9065 7260 18.51 605.0 11.20
3 10080 8100 22.71 405.0 9.20
7 10340 8310 23.93 969.5 23.20
3 5245 4015 8.57 200.8 1.72
in 30 - 4517 19.04 2258.5 43.00
4 15160 29350 9.22 1956.7 18.04
10 - 4757 22.34 792.8 17.71
10 - 2729 14.08 454.8 6.40
2 - 4757 22.34 158.6 3.54
5 - 996 3.23 83.0 0.27
Pounds of fuel used in test 8516
Pounds of NO, per test 140.77

Pounds of NOy, per pound of
fuel used in test = 0.01653

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
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TABLE 14. Emissions of nitrogen oxides from the testing of an F404-GE-400
Engine at NAS Lemoore (Sequence Number 595, Engine Serial Number
310049, 26 April 1985)

Data Time in Thrust, Fuel flow, EI Fuel use Pounds NO,
ident. mode, min. pounds pounds/hr (a) per mode, per mode
pounds

Flight idle 3 320 905 3.17 45.3 0.14
13500 2 2440 2180 4.87 72.7 0.35
15000 4 6090 4750 10.16 316.7 3.22
15500 4 7310 5670 12.99 378.0 4.91
16000 3 9175 7280 18.92 364.0 6.89
16250 7 9800 7750 21.46 904.2 19.41
IRP 2 10600 8517 25.22 283.9 7.16
15000 2 5350 4091 8.75 136.4 1.19
Trans. brk-in 26 - 4517 19.04 1957.4 37.27
ECU 10 - 4757 22.34 792.8 17.71
Transient 5 - 2729 14.08 227.4 3.20
Shutdown 5 - 996 3.23 83.0 0.27
Afterburner 3(b) 15800 30250 9.22 1512.5 13.95
Shutdown 5 - 996 3.23 83.0 0.27
Overspeed 2 - 4757 22.34 158.6 3.54
Shutdown 5 - 996 3.23 83.0 0.27

Pounds of fuel used in test 7399

Pounds of NOy per test 119.74

Pounds of NOy per pound of
fuel used in test = 0.01618

(a) Emission index for nitrogen oxides expressed as pounds of nitrogen dioxide
per 1000 pounds of fuel.
(b) Estimated.
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Emissions of Nitrogen Oxides
from the Testing of F404-GE-400 Engines
at Naval Air Station, Lemoore, California

APPENDIX A
Tables IV and V, NAPC-LR-81-10

F404-GE-400 Run Sheets 8 March to 26 April 1985
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Emissions of Nitrogen Oxides
from the Testing of F404-GE-400 Engines
at Naval Air Station, Lemoore, California

APPENDIX B

The Use of a Small Programmable Calculator
for Estimation of the Amounts of Nitrogen Oxides
Produced during the Testing of F404-GE-400 Engines




The Use of a Small Programmable Calculator
for Estimation of the Amounts of Nitrogen Oxides
Produced during the Testing of F404-GE-400 Engines

Bl. USE OF THE HP-41C/CV CALCULATOR

A programmable calculator, preferably with a printer, will aid in
making estimations of the emissions of nitrogen oxides. The following
paragraphs show how to use a Hewlett Packard HP-41C/41CV calculator to make
these estimates. The instructions assume that the user knows how to load and
run a program. Program NOP requires an HP 82162A Thermal Printer with an
HP-IL Module. Program NO does not require a printer. Both programs make the
same calculations. The Aircraft Environmental Support Office prefers using
program NOP because it provides a permanent record of the data entered and
values calculated. Program NO is provided for the convenience of users who do
not have a printer. Programs NOP and NO use nine of the keys in the top two
rows of the calculator as "local labels™ A through J (label G is not used).
This means that to use these programs, the calculator must be in "user” mode
and nust not have user assignments on these keys.

For additional information about these programs or for help in
modifying them to meet specific needs, contact:

Aircraft Environmental Support Office, Code 643
Naval Air Rework Facility
Naval Air Station, North Island
San Diego, CA 92135
(Autovon 951 5032, Commercial (619) 437 5032

B2. DESCRIPTION OF PROGRAMS NOP AND NO

The programs make the calculations described in this report. The
programs use two storage registers. The functions of the labels are as
follows:

Label Use

I Initiates the program and sets both registers 00 and Ol to
zero. After asking for a sequence number, to identify the
test, label I requires the input of data for each power
gsetting used in the test. These data are: time (as
minutes), thrust (as pounds), and fuel flow (as pounds per
hour). The program first calculates an emission index for
nitrogen oxides for the power setting using equation (1).
The constants needed for this calculation are in the
program. The program next calculates the amount of fuel
used for the time at the power setting and adds this amount
of fuel to whatever number is in register 00




Label

AtoF

| B and C

‘ D and E

Use

(always zero at the start of the data entry). The program
next calculates the amount of nitrogen oxides produced by
the time of operation at that power setting, using the
emission index already calculated, and adds this number to
whatever number is in register 0l (again zero at the start
of data entry). Thus registers 00 and 0l accumulate the
amounts of fuel used and nitrogen oxides produced by the
various power settings in the test run. As label I always
sets registers 00 and Ol to zero, it must be used only to
initiate the determination of fuel and nitrogen oxides from
a test.

Labels A to F are alternate methods for entering data.
They are used with test procedures or power settings for
which some of the data does not vary. These keys allow
faster entry of data.

This label calculates fuel use and nitrogen oxides produced
for the transient break-in test procedure (see Paragraph
2.3 ). This test procedure uses an emission index and fuel
flow which already has been determined. Thus, the only
entry needed is the time of operation for the test
procedure.

These labels make calculations for transient and ECU
similar to those made by label A.

These labels make calculations for overspeed and shutdown
similar to those made by label A . In this report, the
times at these test procedures usually do not change.
Overspeed always is 2 minutes and shutdown usually is 5
minutes. Thus, keys D and E need no data entries.

This label is used for afterburner. The emission index for
afterburner is not calculated from thrust. Instead a
constant value is used. Thus, the only data entries are
time and fuel flow.

Label H changes a bad entry. It deletes the row of data
just entered.

Label J determines the total amount of fuel used and
nitrogen oxides produced. Label J also calculates the
amount of nitrogen oxides produced per pound of fuel used
in the test.




B3.

the report.

INSTRUCTIONS FOR USING PROGRAMS NOP AND NO

The instructions for programs NOP and NO use data from Table 5 of
With the calculator at the desired program, start the calculation
by the keystroke, I, or by XEQ NOP (or NO).

B3.1 Program NOP

KEYSTROKES

584

R/S

R/S
450
R/S
1049

R/S

R/S

19

DISPLAY

SEQUENCE?

584

MINUTES?

6
THRUST?
450
FUEL?
1049

MINUTES?

MINUTES?

19

MINUTES?

REMARKS

Key in an identifying sequence number. if no number
is assigned, a blank space will appear on the printer
tape.

Key in R/S to continue.

Key in data from Table 5 starting with the first data
row. Key in time.

Key in R/S to continue.
Key in thrust.

Key in R/S to continue.
Key in fuel.

Key in R/S to continue.

The first line of the print-out (6 450 1049) shows
the data entered in the order entered. The second
line of the print-out (3.26 104.9 0.34) shows the
emission index for nitrogen oxides at the power
setting used, the pounds of fuel used for the time at
that power setting and the amount of nitrogen oxides
produced. In a similar manner, key in the next three
rows of data.

Key in the time at ECU.

ECU is a special test procedure. It is a combination
of more than one power settings. Key in C to continue.

The first line of the print-out identifies the test
procedure. The second line of the print~out shows the
time and the fuel flow. The third line shows the
emission index, the fuel used and the amount of
nitrogen oxides produced. Key in R/S to continue.

B-3




KEYSTROKES

R/S

29590

R/S

19

DISPLAY

MINUTES?

3
A/B FUEL?
29590

MINUTES?

MINUTES?

19

MINUTES?

MINUTES?

MINUTES?

REMARKS

The next row is afterburner data. It is a special
gsituation in that the emission index used always is
9.22. Key in the time.

Key in F to continue.
Key in the fuel used at afterburner.
Key in R/S to continue.

The first line of the print—-out identifies the power
setting. The second line shows the data entered. The
third line shows the emission index, fuel used and
nitrogen oxides produced. The next data row is for
shutdown. It is a specal situation. Key in E to
continue.

This label assigns a time of 5 minutes, an average
fuel flow of 996 pounds per hour, and an emission
index of 3.23. The first line of the print-out
identifies the power sequence. The second line of the
print-out shows the time and the fuel flow. The third
line shows the emission index, the fuel used and the
amount of nitrogen oxides produced. Note that an
overspeed operation always is assigned a time of 2
minutes and a shutdown operation usually is assigned a
time of 5 minutes. When using a shutdown procedure of
other than 5 minutes, enter time, average thrust
(404), and fuel flow (996) for flight idle. The next
operation is another special situation, transient.

Key in time to continue.

Transient is a special situation It is a combination
of more than one power settings. Key in B to continue.

The first line of the print-out identifies the
operating sequence. The second line of the print-out
shows the time and the fuel flow. The third line
shows the emission index, the fuel used and the amount
of nitrogen oxides produced. Key in D to enter
overspeed data.

The print-out identifies and shows overspeed data.
Key in E for shutdown data.

The print-out identifies and shows shutdown data. All
data have been entered. Key in J for accumulated data.




KEYSTROKES DISPLAY REMARKS

J SEQUENCE? The print-out shows the pounds of nitrogen oxides
formed during the test, the pounds of fuel used in the
test, and the pounds of nitrogen oxides formed for
each pound of fuel used. The calculator is ready to
repeat the calculations using another test.

H ENTRY DELETED Label H removes a bad entry. It must be used
immediately after the printing of the second line
showing emission index, fuel used and nitrogen oxides

produced.

B3.2 Program NO

I : MINUTES? Key in the time for the first data row.

6 6 Key in R/S to continue.

R/S THRUST? Key in thrust.

450 450 Key in R/S to continue.

R/S FUEL? Key in fuel.

1049 1049 Key in R/S to continue.

R/S El= Key in R/S to continue.

R/S 3.26 The display shows the emission index for nitrogen
oxides at this power setting. Key in R/S to continue.

R/S FUEL= Key in R/S to continue.

R/S 104.9 The display shows the fuel used for the time at this
power setting. Key in R/S to continue.

R/S LBS/MODE= Key in R/S to continue.

R/S 0.34 The display shows the pounds of nitrogen oxides formed

during the operation of the engine at flight idle for
6 minutes. Key in R/S to continue.

R/S MINUTES? Enter the other data rows in a similar manner. when
using labels A - F to enter data for transient
break-in, transient, ECU, overspeed, shutdown and
afterburner, the display shows the fuel used and the
amount of nitrogen oxides produced by the test
procedures. It does not show emission indexes. After
entering all data coantinue with Label J.




R/S

R/S

R/S

R/S

R/S

R/S

NOX/TEST=

82.65

TOTAL FUEL=

5907

NOX/LB FUEL=

0.01399

MINUTES?

DELETED

Key in R/S to continue.

The display shows the total amount of nitrogen oxides
produced from all of the power settings used in the
test. Key in R/S to continue.

Key in R/S to contiaue.

The display shows the amount of fuel used in the
test. Key in R/S to continue.

Key in R/S to continue.

The display shows the pounds of nitrogen oxides
produced for each pounds of fuel used. The
calculation is complete. Key in R/S to restart the
program on a new calculation.

Label H removes a bad entry. It must be used
immediately after the numerical display of pounds per
mode. Re-enter correct time, thrust and fuel.
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B4. LISTING OF PROGRAMS NOP AND NO

B4.1 Program NOP

@1eLBL “NoP"
82¢18L 1

83 FIX @
M,

85 STO 88
86 STO 81

@7 ~SEQUENCE?"
88 PRONPT
29 ¥=9?

19 GTO 84

11 ACX
12¢LBL 99

13 PRBUF
144 BL 01

15 "NINUTES?"
16 PRONPT

17 AcX

18 °THRUST ?*
19 PROWPT
28 ACY

21 2.8165
221 £-4

23 »

24 x

25 EtX

26 2.974733
27 »

28 “FUEL?"
29 PROMPY

39 ACX

31 PRBUF

32 XOY

33 FIX 2

34 Ac¥
350081 93

36 RCL 2

37 68

888
gw\

10 2
T

4] »

42 FIX |

43 ACX

44 ST+ 08

45 570 2

46 FIX 2

47 XOY

48 FIX 2

49 1E3

58 /

51 ¢

52 ACX

53 ADY

3 FIX 1

55 ADY

56 ST+ 81

ST FIX 8 -

58 GT0 81

99eLBL J

60eLBL 82

61 *LBS NOX/TEST =-
62 ACA

63 RCL 81

64 FIX 2

65 ACX

66 ADY

67 ADY

68 “LBS FUEL/TEST =-
69 ACA

78 FIX 9

71 RCL 99

72 RCX

73 ADV

74 ADV

75 =LBS NOX"

76 ACA

77 =71.8S OF FUEL-
78 ACA

79 PRBUF

88 “USED IN TEST =-

81 ACR

82 FIX 5
83 /

84 ACX

85 AV

86 FIX 1
87 ADY

88 GTO “NOP*
89¢LBL A
99 “TRANS BREAK-IN-
91 4517

92 19.84
93e¢LBL 86
94 ACA

95 PRBUF
9% ENTERt
97 RCL T
98 ACY
99- -
169 AcCA

101 RCL 2
182 ACX

103 PRBUF
184 RIN

185 XOY
186 RCL T
187 XOY
168 FIX 2
189 ACX

119 GTO 03
111eL8L 8
112 “TRANSIENT*
113 2729
114 14,08
115 GT0 86
1164L8L €
117 “ECy-
118 4757
119 22.34
128 GTO 86

121448L B

122 2

123 “OVERSPEED"
124 4757

125 22.34

126 GT0 85
1276L8L E

128 5

129 ~SHUTDOKN-
138 9%

131 3.23

132 GT0 85
133eLBL F

134 “A/8 FUEL ?*
135 PRONPT

136 9.22

137 CLA

138 “AFTERBURNER"
139 GTO 86
148eLBL “CHG"
141eLBL H

142 FI¥ 6

143 ST- 81

144 RDN

145 ST- 00

146 94

147 ACCHR

148 = -

149 ACA

158 “ENTRY DELETED-
151 FIX 8

152 ACA

153 ApY

154 ADY

153 GT0 81

156 RTN

157 END




B4.2 Program NO

f1eLBL "NO-
82¢LBL [

8l .

94 STO @9
85 ST 91
a6eLBL 91
87 “MINUTES?-
98 PROMPT
89 ~THRUST 7=
10 PRONPT
11 2.8165
12 1 E-4

13

14 2

15 £%

16 2,974733
17 =

18 “FUEL?"
19 PROMNPT
20 XOY

21 FIX 2
22 “El=-

23 PROMPT
24 STOP

25 ¥EQ 93
26 GT0 01
27+LBL 83
28 RCL 2
29 68

38 /

31 870 2
2RCL T
s
MFIX1

35 °FUEL="
36 PROMPT
37 STOP

38 ST+ @6
39 ST0 2
48 XOY

4 1E3
@7

43 s

44 FI% 2

45 “LBS/NODE="
46 PRONPT

47 ST+ 01

48 STOP

49 RTN

SeeLBL J

S1eLBL 92

52 *NOX/TEST="
53 PRONPT

54 RCL 01

55 FIX 2

56 STOP

57 *TOTAL FUEL="
58 PRONPT

59 FIX 9

60 RCL 09

61 STOP

62 "NOX/LB FUEL="
63 PRONPT

64 FIX S

65 7

66 STOP

67 GTO =NO*
68eLBL A

69 ~TRANS BREAK-IN-
78 4517

71 19.04
720L8L 6

73 ENTER?

24 ROL T

75 RCL 2

76 RDN

77 %Y/
BROLT

79 XOY

89 XEQ 03

81 GT0 81
82eLBL B

83 “TRAN"

84 2729

85 14,988

86 GTO 86
87eBL C

g8 “ecu-

89 4757

% 22,34

91 GTO 86
92¢L8L D

93 2

94 “OVERSPEED"
995 4757

% 22.34

97 GTO 86
98eLBL E
95

108 “SHUTDOWN"
181 9%

162 3.23

183 GTO 86
1840L8L F

185 “AsB FUEL ?"
166 PROWPT

187 9,22

168 CLR

109 ~RFTERBURNER®
118 GTO 86
111eLBL “CHG"
112¢LBL H

113 ST- 81

114 RDN

115 ST- 84

116 “DELETED"
117 PROMPT

118 670 91

119 RN

128 END




B5.

EXAMPLE OF PRINT-OUT FROM

PROGRAM NOP

784
6 459 1649
3.26 104.9 8,34

6 2680 2323
5.83 232.3 1.17

19 6628 5189
11,39 1297.3 14.66

1 18568 8392
25.82 143.2 3.58

ECu
19 4757
22,34 1506.4 33.63

AFTERBURNER
3 29590
9.22 1479.5 13.64

SHUTDOWN
3 9%
3.23 83.9 8.27

TRANSIENT
18 2729
14.98 818.7 11.33

OVERSPEED
2 475
22.34 158.6 3.54
SHUTDORN
5 996
3,23 83.0 0.27
LBS NOX/TEST = 82.65
LBS FUEL/TEST = 5987

LBS NOX/LBS OF FUEL
USED IN TEST = 8.81399




