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COMPARISON OF UV ABSORPTION MEASUREMENTS WITH
PROBE~SAMPLING MEASUREMENTS OF NITRIC OXIDE
CONCENTRATION IN A JET ENGINE COMBUSTOR EXHAUST

J. D. Few, W. X. McGregor, and H. N. Glassman
ARO, Inc.

Arnold Engineering Development Center
Air Force Systems Command
Arnold Air Force Station, Tennessee 37389

Errors have baen found in the theoretical model as presented in
Eqs. (1) through {6) on pages 11 through 13. Consequently, the data pre-
sented in Figs. 4, 5, 10, and 11 and Tables 1 and 2, obtained using the

model, must be considered suspect.

An AEDC Technical Report conta1n1ng the correct model and corrected
data will be issued.



UNCLASSIFIED

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
' REPQRAT NUMBER 2 GOVT ACCESSION NO.| 3 RECIMENT'S CaTALOG NUMBER
AEDC-TR-76~134
& TITLE {and Subrntle) 5 TYFE QF REPCRT & PERIOD COVERED

COMPARISON OF UV ABSORPTION MEASUREMENTS | Final Report, 1 April -

OF NITRIC OXIDE CONCENTRATION IN A JET 1 July 1975
E:NGINE COL[BUS,IOR EXHAUST & FERFORAMING DRG. REPORT NUMBER
7 AUTHOR(E) 8 CONTRACT OR GRANT NLUIMBER(a)
J. D, Few, W, K., McGregor, and
H. N. Glassman, ARQ, Inc,
9 PERFORMING QRGANIZATION HMAME AND ARDRESS 10 FROGRAM ELEMENT, PROJECT, TASK
Arnold Engineering Development Center (DY) AREA & WORK UNIT NUMBE RS
4ir Force Systems Command Program Element 65807F
Arnold Air Force Station, TN 37389
11 CONTRCLLING OFFICE MNAME AND ADDRESS 12 REPQRT DATE
Arnold Engineering Development Center (DYFS)| September 1976
Arnold Air Force Station, TN 37389 1 NUMBER OF PAGES
32
T4 MOMITORING AGENCY MAME & ADDRESS/! different from Controlfing Othce) 15 SECURITY CLASS. (ol thia report;
UNCLASSIFIED
158 ODECLASSIFICATION OOWNGRADING
SCHEOUYLE
N/A

16 OISTRIBUTION STATEMENT rof this Report)

Approved for public release; distribution unlimited,

17 DISTRIBUTION STATEMENT {of the abstract sntered In Block 30, if diiterent from Report)

168 SUPPLEMENTARY NOTES

Available in DDC.

1% KEY WORDS /Conrinua an revarse srge if Secesnary and Identify by hlock number)

absorption spectra measurements (concentration)
band spectra nitric oxide
conbustion efficiency

20 ABSTRACT ¢{Continus an ravarso side | nacasaary pnd jdenrlfy by block number)

Measurements were made in the exhaust of a T-58 turbine engine
combustor of nitric oxide (NO) concentration usihg an ultraviolet
(UV) spectral absorption technique. The measurements were made at
two axial locations in the combustor exhausti stream, The NO
v-band radiation at 2265 produced im a resonance source was
passed through the exhaust stream, and the amount transmitted was
recorded. The mathematical model used to determine the NO

DD, ai™s 1473 E0iTion OF 1MoV 6% 15 0BSOLETE

UNCLASSIFIED




UNCLASSIFIED

20. ABSTRACT (Continued)

concentration from the absorption measurements is described.
Pressure and temperature breadening effects on the measured
absorption are comsidered in the line-by-line transmission
calculation. The line-of-sight absorption measurements
through the axisymmetric exhaust stream were converted to
local concentration values via an iterative radial inversion
computation, These in situ measurements are compared to NO
concentration values obtained by conventional probe-sampling
techniques using a chemiluminescent analyzer, The in situ
measurements of the NO concentration were larger than the
probe-sampled measurements by from 50 to 80 percent, depending
upen the measurement lecation in the exhaust stream. .

RFL
Arnold AFE Tran

UNCLASSIFIED




e AEDC-TR-76-134

PREFACE

The work reported herein was conducted by the Arnold Engineering
Development Center ( AEDC), Air Force Systems Command (AFSC),
at the request of the Air Ferce Aero-Propulsion Laboratery, Wright-
Patterson AFB, Ohio. under Program Element 62203F. The experi-
mental portion of this work was done at the Air Force Aeropropulsion
Laboratory, Wright-Patterson Air Force Base, Ohio, from April 1
to June 15, 1973. The results of the research were obtained by ARO,
Inc. {(a subsidiary of Sverdrup & Parcel and Associates, Ine.), con-
tract operator of AEDC, AFSC, Arnold Air Force Station, Tennessee,
under ARO Project Number R32P-ABA. The authors of this report
were J, D, Few, W, K, McGregor, and H, N. Glassman, ARO, Inc,
The manuscript {ARO Control No. ARO-ETF-TR-76-77) was sub-
mitted for publication on July 18, 1976.

The authors extend their appreciation to Wayne B, Williams, AROQ,
Inc., whose effort contributed materially to the experimental portion
of this project, and to Dr, W. M. Roquemore, USAF Aeropropulsion
Liaboratory, who was responsible for organizing the entire project.



AEDC-TR-76-134

i CONTENTS
Page
1,0 INTRODUCTION . . . , e e e e e e e e 7
2.0 EXPERIMENTAL APPARATUS
2.1 Combustion Gas Generator . . . . . . . ., . . . 8
2.2 UV Resonance Absorption System . . . . . . . . B8
2.3 Probe-Sampling System . . e e e e e 10
3.0 DESCRIPTION OF THE UV RESOI\ANCE
ABSORPTION METHOD
3.1 Theoretical Considerations . . . . . 10
3.2 Procedure for Obtaining Uniform Gas Prapertles
in Absorption Path . . . . . e e - 14
3.3 Procedure for Cbtaining Nonumform Gas
Properties in Absorption Path . . . . v . 18
3.4 Methods of Comparigon of Optical Absorptmn
and Probe-Sampling Measurements of Concen-
tration . . . o+ . . - 4w h e e a e e e e s 19
4,0 RESULTS
4.1 Sampling Probe Data . . . e e e e 21
4,2 UV Resonance Absorption Data (NO) C e e e 23
5,0 DISCUSSICN '
5.1 Basis for Comparing Optical and Probe Results
for NO Concentration . . e e e e e e 28
5,2 Uncertainties in Resonance Absorptmn
Measurements of NO Concentration . . . . . . . 28
6.0 SUMMARY QF RESULTS . . . . . « « « « « v « & 30
REFERENCES , . . . . . « ¢« « « 4t v v e v o o = 30
ILLUSTRATIONS
FFigure
1, Diagram of Combustor Facility and Instrumentation
Layout (AFAPL System at WPAFB, Chio} , | |, | | | 9
2. Schematic of Resonance Absorption Apparatus for
In Situ Measurements of NO Concentration in Exhaust
of Jet Engine Combustor | | | . ., . ., . . . . . . 10



AEDC-TR

Figure

10.

L1,

1. Summary of NO Concentration Data Obtained from Probe

-76-134

Measured Transmission Spectra of NO (0, Q) v ~-Band
at a Station 3 in. Downstream of Combustor Exhaust

Duct Exit . . . .

Simulated Transmission Spectra of NO (0, 0)
¥y-Band , , ., ., .

Calibration Curve for Second Bandhead Trans-
mission of NC (0,0} ¥ -Band , . . . .

Nlustration of Radiat Inversion Problem for
Determination of Local Concentration from Trans-
missivity Measurements , .

Probe Measurement of Total Temperature and NO
Concentration at a Station 3 in. Downstream of
Combustor Exhaust Duct Exit . . . . . . . .

Probe Measurement of Total Temperature and NO
Concentraticn at a Station 18 in. Downstream of
Combustor Exhaust Duct Exit .

Measured Transmissivity Profiles, Using the
Second Bandhead cof the (0, 0) v-Band of NQ
Downstream of Combustor Exhaust Duct Exit .

Results of Inverting the Transmissiﬁty Prcfile of
Fig. 9a to Local Values of NC Density and Concen-
tration Compared to Probe-Measured Values at a
Station 3 in. Downstream of Combustor Exhaust
PDuctExit . . . . . .+ . « o 0L,

Results of Inverting the Transmissivity Profile of
Fig, 9b to Local Values of NO Density and Concen-
tration Compared to Probe-Measured Values at a

Station 18 in. Downstream of the Combustor Exhaust

Duet Exit .

TABLES

Sampling and the UV Absorption Method Using an
Average Temperature .

18

17

19

22

22

25

26

27

23



AEDC-TR-76-134

Page
Comparison of Optical Measurements of NO Concen-
tration with Probe Measurements , 24
Repeatability of Opticel Transmission Data for T-56
29

Combustor Test . . . . . . . . . . . . .



AEDC-TR-76-134

1.0 INTRODUCTION

The work reported herein is part of a program currently being con-
ducted to assess the feasibility of employing optical techniques for the
measurement of pollutant emissions from jet engine exhausts. The
experimental portion of this work was conducted at the USAF Aeropro-
pulsion Laboratory (AFAPL), Wright-Patterson Air Force Base, Chio.
The work reported here is concerned with the measurement of nitric
oxide (NO) concentration using a previously developed ultraviolet (UV)
resonance absorption method (Refs, 1 and 2), Other investigative efforts
in this program are described in Refs, 3, 4, and 5.

An exhaust gas, similar te a turbine engine exhaust, was generated
by use of a cenventicnal jet engine combustor burning JP-4 fuel, The
combustion gas generated by this facility was subjected to probe-
sampling analysis methods in accord with recognized practices (Ref. 6)
and to optical absorption metheds. An infrared (IR) gas filter correlation
method was employved by others for NO and carbon monoxide (CQO) con-
centration measurements, and this work is reported separately (Ref. 4).
The work reported here concerns only the measurements made using the
UV resonance abscorption methed for determining NO concentration and
the measurements of NO concentration made using a conventional gas-
sampling probe and chemiluminescent-type gas analyzer,

The UV resonance absorption method, as used previously (Refs, 1
and 2), has been restricted to cases in which the concentration, static
temperature, and static pressure along the optical path were assumed to
be homogeneous. For the first time, a radial inversion of the distri-
bution of measured transmissivity as a function of the distance from the
stream centerline (hereafter referred to as the projected transmissivity
distribution), along with knowledge of the radial static temperature dis-
tribution obtained by a total temperature probe and an assumed constant
static pressure, permitted determination of local values of NO concen-
tration so that a radial distribution of concentration was obtained, The
local values of NO concentration obtained by the optical method are com-
pared in the report fo local values measured by probe sampling in con-
junction with a chemiluminescent analyzer,

The combustor was operated at a constant fuel to air ratio of about
0.013, but on occasion pyridine was added to the fuel to increase the
nitric oxide concentration and thus provide a range of measurement con-
ditions. The combustor exhaust flowed through an 18-ft length of 12~in, -
diam duct before exhausting to atmosphere, Measurements were made
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at two axial stations in the combustor exhaust stream: 3 in. downstream
of the duct exit, and about 18 in, downstream. The latter measurement
station was chosen in order to test the optical methods in a nonhomogene-
ous medium.

2.0 EXPERIMENTAL APPARATUS

2.1 COMBUSTION GAS GENERATOR

The combustion gas generator apparatus consists of a heated inlet
air supply and a fuel system from which JP-4 fuel is fed to a T-58
turbine engine combustor, which exhausts through a plenum section and
through an exhaust duct 12 in. in diameter and approximately 18 ft long
to atmosphere. The combustor was operated at an inlet air temperature
of 800°F with a fuel to air ratio of 0,013, and the airflow rate through the
combustor was 4.5 1b/sec for these tests. Ambient air is entrained in
the plenum section and mixed with the combustor exhaust at the inlet of
the 12-in, duct. The velocity of the gas at the duct exit was determined
te be about 200 ft/sec. The optical and praobe gas-sampling measure-
ments were made at stations 3 and 18 in, downstream of the exhaust duct
exit. A schematic diagram of the combustor and associated equipment is
shown in Fig. 1. A more detailed description of the experimental setup
is contained in Ref, 3.

In one phase of the program pyridine was added to the fuel in order
to increase the NO content of the exhaust gas, ‘The pyridine was added to
the fuel by opening a needle valve to the pyridine supply bottle and setting
a flow rate to give a certain amount of increase in the probe-measured
NO concentration, Addition of the pyridine did not alter any of the per-
formance parameters of the combustor by a significant amount (Ref. 3).

2.2 UV RESONANCE ABSORPTION SYSTEM

The in situ resonance absorption system, located as shown in Fig. 2,
consisted of a resonance lamp source with transmitting optics and a 0. 5-m
spectrometer with receiving optics located on opposite sides of the exhaust
duct on arms of a traverse mechanism which could be traversed veriically
and positioned axially. The source optical system provided a l-cm-diam
parallel beam across the exhaust. The radiation source was a capillary,
high voltage (3, 000-v DC) discharge tube through which a 12:3:1 mixture
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(by volume) of Ar:Ng:O9, respectively, flowed at a pressure of 6 torr,
The discharge tube was water cooled to lower the temperature of the gas
mixture, thus ensuring a narrow line radiation socurce,

The spectrometer {receiver) used in this experiment was a 0.5-m
Czerny-Turner type mount, grating instrument with a 2, 360 groove/mm
_grating blazed for maximum reflection at 3, 000 A. The spectrometer was
equipped with curved slits which were opened to 200 4. The 200-u slit
width resulted in a 1, 6-A speciral bandpass. An RCA 1P28 photomultiplier
tube, selected for low noise and high gain, was used as a detector. The
photomultiplier tube signal was amplified by an operaticnal amplifier, and
the signal was recorded as the ordinate on an x-y plotter,

The conventional wavelength drive of the spectrometer was replaced
by a Selsyn® motor receiver which could be driven by the Selsyn®
driver located remotely in order to provide remote control of the wave-
length, A 10-turn potentiometer was geared to the Selsyn® receiver
shaft and provided the wavelength signal which was recorded as the
abscissa on the x-y plotter,

Spectrometer

Table

Plenum\\ o
(1 Exhaust Duct

T~ T] & | rack
__/\x__-_/ r
Hot Air T-56 j— ——— .
Supply Combustor Track I
Choker . Probe
Source D
Heated Sample Line -

Figure 1. Diagram of combustor facility and instrumentation layout
{AFAPL System at WPAFB, Ohio).
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— Lens, Fused Silica

Lens, Fused Silica
— Tuning Fork Chopper
PM Tube, RCA 1P28
— Discharge Tube
Entrance Slit

—=

Spectrometer Spal Line Source

Exhaust Duct
Figure 2. Schematic of resonance absorption apparatus for in situ
measurements of NO concentration in exhaust of jet
engine combustor.

2.3 PROBE-SAMPLING SYSTEM

The probe and gas-sampling system used for this study were con-
structed in accordance with recommendations by the Environmental
Protection Agency (EPA) (Ref. 6). The probe tip was a section of 0, 18-
in. -ID uncooled stainless steel tube; the transfer line was an approxi-
mately 50-ft length of 0, 25-in, stainless steel tubing heated by electrical
heater tape to a temperature of 300°F; and the NO analyzer was a TEKO
Model 10A chemiluminescent-type instrument, A total temperature
probe, utilizing a Chrome®-Alumel® thermocouple was also mounted
on the probe strut and was used to obtain total temperature profiles.
Since the velocity is low (= 200 ft/sec), the static temperature in the
exhaust stream was assumed to be equal to the measured total temper-
ature.

3.0 DESCRIPTION OF THE UV RESONANCE ABSORPTION METHOD

3.1 THEORETICAL CONSIDERATIONS
The details of the theory of the UV resonance absorption technique

for the measurement of species concentrations have been treated else-
where (Refs. 7 through 9). The theory depicts the relationship between

10
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the transmissivity at some wavelength and the properties {(species
number densgity, staiic temperature, and static pressure) of the gas
in the absorbing path. For a radiation source emitting only radiation
from the yv-bands of NO, the transmissivity, t, in a given frequency
interval, AY, of 2 homogeneous gas of a given pathlength, £, contain-
ing a number density, N, of moleculesg is given by

R 2 9
ca 2/ fu2 (=2} f too  a’e? dy
o I Al TR I OO B N AR ML) A P
Ej,lu?g' EXP{ l: Y :I} [ vl a'2+(mi-y)2}

t T
A Z (1)
v o 2y/fng & — V?)
3 %0 expi— |—"7""— dys
]. VJ '! {&SV])D

where;

I° _ = intensity of the jiB

j frequency, v:‘j’

source line at center

v = Frequency variable, em=1

(Asvj)D = Doppler width at 1/2 IOVO of the jth source

line, cm™1 j
' n? x Ts
Agp)p = 2N——
s¥j j \1562 (2)

x
il

Boltzmann's constant, 1,38 x 10716 erg/°K

+
n

Gas temperature in the source lamp, °K

10

¢ = Velocity of light, 3.00 x 107" cm/sec

Ms = Mass of molecules in the source lamp, gm

11
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Doppler absorption coefficient of the ith

i absorption line at line center frequency, v°
-1

cm

~
[}
1

=
"

path length, em

P
L]

line-broadening parameter defined by

a’ = 1,200(+2001p/T, (3)

1

p = static pressure in the absorbing medium,
atm

=
1]

static temperature in the absorbing medium,
K

y = dumnmy variable of integration

w; = Doppler frequency function for ith line, at
frequency v, given by

” [s]
V].

w, = 2\/1311_2—_ (4)

m\ayl)D

(A, vy = Doppler width at 1/2 k . of the it absorption line
1

{2fn 2« Ta
(Aavl}D = 2"';} (5)

M, e’

T, = static temperature of the absorbing gas, °K

M, = mass of the molecules in the absorbing gas, gm

12
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For the {0, 0) y-bands of NO, the Doppler absorption coefficient at line
center is related to the number density of absorbing molecules as
follows:

S.N F
-1 ¥
ky? = 1608 x 10714 —— exp (-1.438 —T-;}

a

(6)

where

-3

=
n

number density of absorbing molecules, cm

u
n

i = rotational line strength factor (Honl-London factor)

F; = rotational energy of the ground state, cm ™!

The derivation of Equations (1) through (6) is given in detail in Refs, 8
and 9,

Equations (1) through (6) contain one optical quantity, the trans-
missgivity t, and three gas properties, N, Ta’ and p. The remainder
of the terms are physical constants or known molecular properties.
The pressure enters only as it affects the line-broadening parameter,
a', If the pressure and temperature are known, then N can be obtained
from the measurement of the transmissivity, t. Note that the equation
holds only when temperature, pressure, and concentration are constant
along the optical path; however, if the properties of the gas are nonho-
mogeneous but the local radial values of N, T, and p are known, then
the transmissivity can be calculated by summing along the path assuming
increments, Af, of homogeneocus properties.

The inverse problem, determination of N along the optical path
from measurements of t, T,, and p along a path having nonuniform gas
properties, can be solved in some cases, One such case is that of
cylindrical symmetry in which concentric zones of constant properties
can be assumed and a measurement of t is made through chords along
the vertical direction, thus giving a projected transmisgsivity distribution
as a functicn of distance from the stream centerline. The inversion
procedure functions by starting with a transmissivity measurement in
the outside zone, computing N from Eqs, 1 through 6, proceeding to
the next zone and iterating on N of the inner zone until the measured t
is determined, and so forth. In this way N as a function of the radial

13
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distance ig determined, More detail on the inversion procedure is
given in Section 3, 3.

32 PROCCEDURE FOR OBTAINING UNIFORM GAS PROPERTIES
IN ABSORPTION PATH

The procedure used to obtain the number of NO molecules along a
given optical path is given as follows for the case of constant tempera-
ture and pressure of the absorbing gas along the path, The apparatus
shown in Fig. 2 is used to obtain a reference trzce of the spectrum of
the (0, 0) y-band of NO with no absorbing gas in the light path (that is,
with the combustor off), Then, with the combustor operating, the
spectrum is again scanned. An example trace is shown in Fig. 3 for
the station 3 in, downstream of the combustion gas generator exit. It
has been found convenient to use the transmissivity at the second band-
head of the (0, 0} band as a measure of the number of absorbing mole-
cules in the path because of ease of measurement of the peak trans-
mission., At gas temperatures lesgs than about 1, 000°K the trans-
missivity at the peak of either the (1, 1) or (2, 2) bands, which also appear
in Fig. 3, serves as an indicator of whether attenuation from spurious
sources { window fogging, source intensity change, particulate scattering,
continuum absorption from other molecules, etc,) or drift in the source
radiation needs to be accounted for in the determination of the trans-
migsivity, Inthe case of Fig. 3, no appreciable difference in the trans-
mission with the combustor on or off at the (1, 1)} or (2, 2) bandheads can
be detected, and no corrections to the (0, 0) second bandhead transmis-
sivity need be made, If the ratio of the measured signal to the reference
signal at the second bandhead of the (2, 2) band had been other than unity,
the ratio at the (0, 0) bandhead would have been corrected by dividing it
by that at the (2, 2) bandhead to obtain the transmissivity.

With the measured transmissivity, £, at a given combustor oper-
ating condition, it remains to relate the transmissivity to the optical
thickness (number density times path length for uniform absorbers,

N{ - molecules/cm?) of the absorbing gas. This relation may ensue
Irom a calibration at temperatures and pressures expected; or, once
the theoretical relations (1) through (6) are substantiated hy experiment
the number density can be obtained from the first principle calculation,
For the NO molecule a substantial amount of work has been done at
AEDC to establish the first principle model (Ref, 9) so that the trans-
mitted band profile can be accurately calculated for a given spectral
instrument using a digital computer. Thus, the procedure used to

El

14
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relate (0, 0) second bandhead transmissivity to number density along

a uniform path is to input the temperature, the pressure, the path
length, and several values of expected number density into a computer
program for solving Eqgs. (1) through (6), compute the spectra, and
simulate the spectral measurement function. Shown in Fig. 4 are simu-
lated (0, 0) band profiles for a range of number densities of NO at the
path length and average pressure and temperature of the station 3 in.
downstream of the combustor exhaust exit. The resulting transmissivity
at the wavelength of the second bandhead is tabulated in Fig. 4, and the
absorptivity, @ (= 1 - t), is plotted as a function of the optical depth,

u, = N£, in Fig, 5. '

For purposes of pollutant emission measurements, the number
density can be converted to parts per million by volume (ppmv) by
dividing the number density of NO by the average gas number density at
the given temperature and pressure., Figure 5 can then serve as a
calibration plot, where the absorptivily, «, is plotted versus the optical
depth (molecules/cm?2), or concentration (ppmv) of NO. For example,
the optical depth and concentration of NO corresponding to the data of
Fig. 4 (o = 0. 116} is found from the calibration curve (Fig, 5) to be 53
x 1019 molecules/cm?2 (£ = 35.5 cm, N = 1,49 x 1015 molecules/cm?3),
and the concentration is found to be 170 ppmv.

Second
Bandhead
1.0 Combustor Off —{D, 0
- i Combustor On = 0,884
g 081" Pressure = 1 atm a =Q0.116
oy ~  Source Temperature = 320°%K
E 4|  Absorber Temperature - 847K
g Path Length = 35.5 cm
L -
=
2 04l
2 I
g .,k
= 0.2
0 L 1 L 1 | : C S
210 220 2% 240 w0 260 2200
Wavelength, A

Figure 3. Measured transmission spectra of NO {0,0) y-band at a
station 3 in. downstream of combustor exhaust duct exit.
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Second
Bandhead
L0 0
Source Temperature = 320°K i
Absorber Temperature = 847°K »
- Path Length = 35.5 cm
a' = 1.499 3
0.8
3
@ L curve  NEM® o,
£ No. (x 10) ppmv
> o6k 0 . 000 0
E 1 0.434 50
; < 2 0.87 100
ol - 3 .73 200
- 4 2.601 300
2 5 3468 400
E 04F ¢ 4.344 500
&
= -
0.2
0 L 1 ] 1 | \
2230 2240 2250 2260 2270

Wavelength, A
Figure 4. Simulated transmission spectra of NO (0,0) y-band.
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Figure 5. Calibration curve for second bandhead transmission of NO

{0,0) y-band.
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3.3 PROCEDURE FOR OBTAINING NONUNIFORM GAS PROPERTIES
IN ABSORPTION PATH

For the case of cylindrical symmetry the inversion procedure
mentioned in Section 3. 1 can be applied when the projected transmis-
sivity distribution, t(y), has been measured and T,(r} and p(r} are
Known, as illustrated in Fig, 6. The radial total temperature distribu-
tion, T(r), was measured using the total temperature probe with the
assumption that in the low velocity stream (for example, 200 ft/sec) the
static temperature was only slightly less than the total temperature.
The stalic pressure profile, p{r}, was considered to be uniform and
equal to the ambient pressure outside the stream, again because of the
low velocity of the gas stream. An iterative computer program was
written to accomplish the inversion of measured transmissivity data to
the radial distribution of concentration, which proceeded as follows:

1. The cylindrical gas stream was divided into M conceniric
zones, and a known temperature, T, and known static
pressure, p., were consigned to each zone, m (see Fig. 6).

2. The average path length of each zone for a given distance
from the stream axis, y, was calculated from gecmetrical
considerations and knowledge of the optical source beam
size, It is important to note that the path length through
each zone is a function of the radial station, m.

3. The number density of NO for the outer zone, m = 1, was
calculated from the measured transmissivity and known
T1 and p, by iterating on Egs. (1) through (6) until the
computed transmissivity equalled the measured transmis-
sivity. The number density in the second zone, m = 2,
was then determined from the measured transmissivity,
t;, and the known Ny, Py and T2 in & _simi_lar manner,

4. In general, having found the number densities in the first
m-1 rings, one can determine the number density in the
mth ring, and by this procedure the entire radial distri-
bution of numbker density is obtained, Division of the
number density by the local density as determined by the
equation of state and knowledge of T{r) and p(r) then
permits determination of the loczal concentration (expreszsed
as ppmv),

5, The procedure in step (4) is repezted until the entire radial
distribution is obtained,
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Measure Transmissivity (ty) for

Each Zone {(m) at Frequency, v\

Source, l?, T T3, Receiver

X

|

Zones of Constant Temperature,
Pressure, and Number Density

Figure 6. Illustration of radial inversion problem for determination
of local concentration from transmissivity measurements.

34 METHODS OF COMPARISON OF OPTICAL ABSORPTION AND PROBE-SAMPLING
MEASUREMENTS OF CONCENTRATION '

The probe gas-sampling method of measurement gives a local con-
centration measurement of & specie; knowledge of the local static tem-
perature and pressure permits the determination of a local number
density of the specie from the concentration measurement. Optical
measurements, on the other hand, are made of the transmissivity of
the optical beam along =z path through the flow stream; the transmis-
sivity measurements are then related to the optical depth, u, defined by

° (7)

where N is a variable along the path. An average number density, N,
can be found by dividing u by the path length, L. If an average temper-

ature, T, and pressure, p, along the path are known, then an average
concentration can be found by dividing N by the average total molecular
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densily. If several measurements of transmissivity are made through
parallel chords of a cylindrically symmetric gas stream at various
distances, y, from the axis, and the radial static temperature and pres-
sure profiles are known, then the inversion procedure of Section 3.3
can be used to obtain local values of the number density of NO. In turn,
the local density can be determined from the known static temperature
and pressure, and the local concentration can be found by dividing the
local value of NO number density by the local value of the total molec-
ular density determined by the equation of state.

The statements in the above paragraph were meant to show that
there is a serious problem in deciding on a basis for comparison of the
probe-sampling and optical absorption results. This report uses four
methods of comparison, which can be listed as follows:

Method

Probe Sampling

Average Concentration, C,
determined over optical
path length,

Optical depth computed from
L
v [OON df

with N, determined from
temperature and pressure
measurements and C from
sampling proke,

Transmissivity computed
from measured N(r), T(r)
and assumed constant static
pressure, by summing zonal
transmissivities over small
increments along the optical
path,

20

Optical Absorption

Average concentration
determined from average
static temperature and
pressure, measured
transmissivity, and
experimentally determined
path length,

Optical depth determined °
by measured transmissiv-
ity and known average
values of static temper-
ature and pressure.

Transmissivity measured.
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4, Local concentration meas- Local concentration
ured. computed from inversion
of measured transmissiv-
ity using known T(r) and
assumed constant static
pressure.

All these methods were Used in comparing the results of the two meas-
uring techniques used in this program. The last one, comparison of
local values, is to be preferred because it provides the most direct
comparison. However, when absorption data are available through
only one path in the gas stream, one of the other methods must be used.

4.0 RESULTS
4.1 SAMPLING PROBE DATA

The gas-sampling probe and total temperature probe were used on
all combustor runs either to determine radial profiles of temperature
and emission species concentrations, or to obtain values at the center-
line of the combustion gas generator exit. The combustor was operated
at the same conditions for all the data presented, and both the probe
measurements and the cptical measurements attest to the repeatability
of the combustor system exhaust gas properties (Ref. 3). In order to
vary the nitric oxide concentration, pyridene was added to the fuel
during some of the combustor runs; pyridene has the effect of increasing
the NO concentration level in the exhaust gases, As stated previously,
data were obtained for two types of radial profiles: a flat temperature
and concentration profile at a station 3 in. from the combustion gas
generator exit, and a bell-shaped profile caused by the mixing of the
exhaust gas with ambient air at a station 18 in, (1.5 exhaust duct diam-
eterz) from the gas generator exit,

Radial distributions of concentration and temperature were obtained
on severzal runs using the sampling and total temperature probes; repeat-
able results were generally obtained. The data to be used for compari-
son with the optical data are shown in Figs. 7 and 8 for the two types of
profiles, flat and bell shaped, When pyridene was added to the fuel {o
increase the NO concentration, only centerline data were obtained. The
average values of NO concentration and temperature obtained from Figs.
7 and 8 and the centerline values of concentration obtained when pyridene
was added are given in Table 1. Note that there was no change in exhaust
gas temperature when pyridene was added to the fuel,
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Figure 7. Probe measurement of total temperatura and NO concentration
at a station 3 in. downstream of combustor exhaust duct exit.
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Figure 8. Probe measurement of total temperature and NO concentration
at a station 18 in. downstream of combustor exhaust duct exit.
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Table 1. Summary of NO Concentration Data OBtained from Probe Sampling
and the UV Absorption Method Using an Average Temperaturs

Average
Average NO Conceniration NO Concentration
Average NO Ceoncentration UV Optical Method UV Optical Method
Temperalure, Sampling Method, Average Temperature, | nversion,
Condition oK ppmV ppmy ppmy
la 3in. Downsiream 847 19 170 178
It 3in. Downstream iPyridene) 847 125 130
1c; 3in. Downstream {Pyridenel 3 143 240 ---
1: 3in. Downstream (Pyridene} 347 154 210 ---
2; 181n. Downstream 644 70 79 114

4.2 UV RESONANCE ABSORPTION DATA (NO)

The UV resonance absorption system was used to obtain data for
all the conditions listed in Table 1. The absorption data taken at a fixed
point on the centerline are presented in Fig. 4. The single path absorp-
tion data at the second bandhead were reduced to number density and con-
centration by using the average temperature obtained from the total tem-
perature probe measurements and a path length determined from the con-
centration profiles obtained by the sampling probes, and by assuming a
constant pressure equal to the barometric pressure for the particular run.
The results of the single path absorption data on the basis of NO concen-
tration are given in Table 1. Note that the values of NO concentration
obtained by the absorption method average about 60 percent larger than
the gas-sampling probe results at the 3-in. station, At the downstream
station (18 in. } the average concentrations determined by the two methods
are much closer; however, this result is deceiving, and use of an average
temperature is not satisfactory in the resonance absorption technique, as
will be shown in the following paragraphs.

Comparison of sampling probe and optical absorption measurements
can also be made if both measurements are expressed in optical thickness,
u, as defined in Eq. (7). The data of Figs. 7 and 8 were converted to u
using point-by-point integration, Eq. (7), and the results are given in
Table 2. Two columns of probe results are shown for comparison:
column 2 (ug) was obtained by assuming a flat profile extending to the
duct wall at the 3-in, station as shown in Fig. 7, and column 3 (u,) is
the result of integrating Eq. (7) for the curves of Figs. 7 and 8§, For
the cases where pyridine was added, the u; were determined by assuming
the same relative concentration profile as when no pyridine was added
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but with the maximum value as measured at the centerline, The single
pass centerline optical absorption data can zlso be expressed as u if an
average temperature is used. The average temperature obtained from
the thermocouple probe data, Fig. 7, were used to determine the values
of optical thickness (uo) shown in column 4. Again it is noted that the
measured optical value of u is considerably larger than would be pre-
dicted from the probe data.

Table 2. Comparison of Qptical Measurements of NCO Concentration with Probe

Measurements
Optical Thickness, molecules/cm? x 101 Transmussivity, percent
Frobe, Probe, Optrcal Method, Calculated Measured
Fiat Imegrated Average Oplical Method,  Transmissivity  Transmissivity
Profile, Value, Temparature, [ wersian, from Probe, Qptical Method,
Condition Up vy Yy Ug
la 3in Downstream 305 238 53 57 8 93.5 B8.4
b 3in Downstream (Pyridens) B0 3’2 59 ---- - 7.5
Ic 3in. Downstream (Pyridens 00 13 4 72 ---- ---- Fiv]
1¢: 31n Downstream (Pyridene 432 a6 2 3 mee- -.-- 5]
2 18in Downstream ---- a1 54 453 916 g4

A third method of comparison of the probe-sampling and cptical
method of measurement is to compute the transmissivity, t, uging the
probe data, N(r) and T{r), of Figs. 7 and 8, in Egs. (1) through (6).
This calculation requires use of the computer program to compute t
values for small segments of the path and to sum all the incremental
values along the optical path, Calculation of the transmissivity through
the centerline of the combustion gas stream was performed for cases
la and 2, shown in Table 1, and the results are given in coclumn 6 of
Table 2. The measured transmissivity at the second bandhead for all
the cases is given in column 7 of Table 2, The computed values of the
centerline transmissivity from the probe data are considerably greater
than the measured values, This variation is consistent with the indica-
tion of a larger value of the density of NO in the stream by the optical
method than is indicated by the probe measurements.

For cases la and 2 {sce Table 1), spatial scans of the absorption
through chords of the exhaust gas stream with the spectrometer setting
on the second bandhead peak were made to determine the projected
transmissivity distribution, t{y). The transmissivity data are shown in
Fig. 9 for the two axial stations, and the results of inverting the trans-
missivity distribution to local values of the NO number density and the
concentration are given in Figs. 10 and 11, For comparison, the local
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Figure 9. Measured transmissivity profiles, using the second bandhead
of the (0,0} y-band of NO downstream of combustor exhaust
duct exit.

values of NO concentration obtained from the sampling system are also
shown in Figs, 10 and 11. The probe values of density or concentration
are less than the optically obtained values all along the path; the factor
ranges from about 1.8 at the center to about 1.5 near the edge of the
stream. The average values of concentration obtained from Figs. 10
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Figure 10. Results of inverting the transmissivity profile of Fig. 9a
to local vaiues of NO density and concentration com-
pared to probe-measured values at a station 3 in. down-
stream of combustor exhaust duct exit.

and 11 are given in column 5 of Table 1, Note that at condition 2 the
average (114 ppmv) from the inversion is much greater than the average
obtained from a single pass measurement using an average temperature
(79 ppmv). The point-by-point method of comparison is believed to be
the most meaningful, but it requires considerably more effort and can
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Figure 11. Results of inverting the transmissivity profile of Fig. 9b
to local values of NO density and concentration compared
to probe-measured values at a station 18 in. downstream
of the combustor éxhaust duct exit.

be done only for symmetric cases. A value of u_ was also calculated
from the inverted profiles of the number density of Figs, 10 and 11 for
the two stations. These values are also given in Table 2 in column 5
as uj. Note here that there is a considerable difference between u, as
determined by an average temperature and ug as determined using the
.more correct inversion data.
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5.0 DISCUSSION

5.1 BASIS FOR COMPARING OPTICAL AND PROBE RESULTS
FOR NO CONCENTRATION

Transmission of resonance radiation through a medium depends in
a complicated way on the temperature along the optical path, as
evidenced in Egs,. (1) through (6). The dependence of transmissivity on
pressure enters only in the determination of the broadening parameter
a', and for the temperatures encountered in combustion gas streams
the effects of pressure on the transmissivity are small, For this
reason, the assignment of an "average concentration' (ppmv) or an
"equivalent optical thickness'' (molecules/cm?), based on an average
temperature, to a given transmission measurement in situations with
large temperature variations along the path may be misleading. The
data in Tables 1 and 2 for the downstream station, condition 2, attest to
this statement. (For example, the concentration determined by use of
an average temperature in the resonance absorption method given in
Table 1 for condition 2 is 79 ppmv, which compares well with the probe-
measured concentration; however, the average concentration obtained
from inversion of the projected transmissivity distribution, Fig. 11, is
114 ppmv.} A similar statement can be made regarding comparison on
the basis of the optical thickness. (For example, in Table 2, for con-
dition 2, the optical thickness based upon an average temperature is
54 x 1015 molecules/cm2, whereas for the integration along the path
using the inverted values of the number density the value is 65.3 x 101°
molecules/em?2, ) Thus, for an optical method in which the transmission
along a nonuniform optical path is dependent upon the temperature, the
basis for comparison with probe-sampled results should be on a point-
by-point basis in order to be meaningful,

52 UNCERTAINTIES IN RESONANCE ABSORPTION MEASUREMENTS
OF NO CONCENTRATION

A reliable value of uncertainty can be placed on the resonance
abscrption measurement of NO number density or concentration only in
the case of a homogeneous path of known static temperature and static
pressure. The only parameter (other than the measurement uncertainty
in t) to which an uncertainty can be ascribed in this study is the broad-
ening parameter, a'. In this case the bias uncertainty in the broadening
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parameter of 115 percent introduces a maximum uncertainty in the
measured concentration of about £10 percent when the parameter {(a') is
between 0,5 and 2, which covers the range in a' encountered in this
study. This uncertainty overshadows instrument and measurement
uncertainties,

The propagation of uncertainty through the radial inversion of the
measured transmissivity distribution to a radial concentraticn distri-
bution is a complex process and requires a variance, covariance
analysis for proper treatment. This work has not been done for the
inversion discussed here, but work of a similar nature which can be
extended to the resonance absorption case appears in Ref. 10.

The repeatability for eight different combustor runs of the trans-
mission through the gas stream centerline at the 3-in, station made
on different days during this program is shown in Table 3, Reflected
in Table 3 are both the combustor facility repeatability and the instru-
ment precision, which cannot be separated. The repeatability is con-
sidered very good and well within the bias uncertainty limits caused by
the uncertainty in the broadening parameter, a'.

Table 3. Repeatability of Optical Transmission Data for
T-56 Combustor Test

Run No. Percent Transmission

1 88.4

88.5

88.

o W
)

88.
88.
EB.
88.

o = &
Lo T S - S

88.
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6.0 SUMMARY OF RESULTS

The more relevant results obtained in this study may be listed as

fallows:

1,

2,

1, The feasibility of making NO concentration measurements in
jet engine combustor exhausts using an optical UV absorptlon
method was satisfactorily demonstrated.

2. The NO concentration, number dengity, or optical thickness
determined from the UV resonance absorption measurements
is larger by about 50 to 80 percent than similar values deter-
mined by probe-sampling techniques for a low velocity (= 200
ft/sec) combustion gas stream at a fuel to air ratio of about
0.0l1. This result is in substantial agreement with previous
studies.

3. The radial distribution of NO number density, or concentration,

was obtained sucessfully from measured distributions of the
integrated transmission through a cylindrically symmetric gas
stream. The computational technique to accomplish this radial
inversion was developed during this study.

4. Comparison of optical and probe measurements must be made

for either homogeneous optical paths, or point by point, radially
inverted local number densities when the optical method depends
upon the static temperature and pressure, in order for the com-

parison to be meaningful.
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