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SUMMARY

A series of tests were run to optimize excited nitrogen production in

an H/NF2 reaction system. In the first series of tests, F-atoms were

*produced in a chemical laser combustor, reacted with hydrogen in the

cavity to produce H-atoms which were reacted with NF2 radicals to

* initiate the H/NF2 chemistry. Yields of N2 (A) and N2 (B) were about

10 4 of the NF2 flow. It was found that the excited nitrogen emission

intensities were relatively insensitive to any parameters that were

varied.

In the second series of tests, an attempt was made to produce NF2

radicals in the combustor using NF3 fuel. It appears that the combustor

ran cold resulting in little chemistry in the combustor. However, the

* NF3 reacted in the cavity to produce intense N2 (B) emission with high

temperatures generated.

Finally, in the third series of tests, NF3 was added in the cavity

in place of N2F4 . The N2 (B) emission resulting from this test

indicated that the reaction of .H with NF3 can be sufficiently rapid to

initiate the chemistry leading to excited nitrogen production.
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i. INTRODUCTION

Metastable nitrogen, N2 (A), is f interest as an energy storage

source and is known to transfer its energy rapidly to several prospective

lasing species including the B state of IF and the A state of NO. Thus,

demonstration of its production in large quantities could lead to the

development of a chemically pumped short wavelength laser.

Excited nitrogen (B-A) emission has been observed in a reaction

sequence starting with hydrogen atoms and NF2 radicals (Ref. 1 through

6). The reaction sequence leading to excited nitrogen production is

believed to proceed as follows:

H + NF 2 - NF(a) + HF(v) (i)

H + NF(a) - N(2 D) + HF(v) (2)

N(2D) + NF(a) - N2 (A,B) + F (3)

N2(0) - N2 (A)+ hv (4)

2N2 (A) - N2 (C) + N2 (X) (5)

N2 (C) - N2 (B) + hu (6)

NF(a) + HF(v) - NF(b) + HF(v-2) (7)

The conventional way to produce hydrogen atoms is by reaction of

fluorine atoms, produced in a chemical laser combustor, with hydrogen,

i.e.,

F + H 2-. HF(v) + H (8)

Prior interest in this reaction sequence focussed on the production

of NF(a) or NF(b) states in hope of producing a directly pumped chemical

laser in NF. (Ref. 5 through 6). Consequently, previous scaling studies

of this system did not concentrate on the optimization of excited nitrogen

even though the nitrogen first positive emission was always present in

these studies and sometimes interfered with the NF(a) diagnostic.

IV
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The objective of this program was to explore the continuous wave (CW)

* scaling of N2 (A) production in the H/NF2 system. The scheme that was

*, studied involved the production of F-atoms in a conventional chemical

laser precombustor, mixing these F-atoms with H2 to produce H-atoms and

then mixing the resulting H-atom stream with NF2 radicals, generated by

thermal dissociation of tetrafluorohydrazine (N2F4 ), to initiate the

desired chemistry. In addition to the tests performed using N2F4 as

the NF 2 source, some tests were performed using NF3 in both the

combustor (to directly produce NF2 radicals) and in the cavity in place

of the N2F4.

The main points of the program were: (#) to utilize existing

chemical laser hardware that provided staged injection for mixing reagents

in an appropriate manner, and (#2) to perform detailed diagnostics to

fully characterize the H/NF2 reaction. Species that were measured

included N2 (A), N2(B), N2 (C), NF(b) and NF(a). Other parameters

that were measured included .the flows of the input reagents, the combustor

and cavity pressure, the heat loss in the combustor and the cavity

temperature. An additional diagnostic tool was video monitoring of the

tests to provide a record of the changes occurring in the system as

various parameters were changed. These measurements provided a detailed

picture of processes occurring in the device.

This report is arranged as follows. The experimental apparatus and

diagnostics are described in detail in Section 2. The experimental

results are presented in Section 3. A discussion of the results is

presented in Section 4. Finally, conclusions of the study are summarized

in Section 5.

2



6.

2. EXPERIMENTAL

2.1 EXPERIMENTAL APPARATUS

The experimental device consisted of an HF supersonic diffusion mix-

ing laser with a gain length of 2.5 cm. The device used a HYLYTE mixing

nozzle that allowed addition of reactants at several distances downstream

from the nozzle throat, allowing staged injection of reactants. This

staging was used to allow versatility in the point at which reagents were

introduced into the flow and to allow optimization of N2 (A) production.

A schematic diagram of the overall system is shown in Figure 1. The laser

is constructed in a modular block arrangement.

2.1.1 Combustor

The combustor is a water-cooled nickel housing with an inside square

cross section of 2.5 cm. It is closed at one end by a standard

F2/H2/He burner. The exit of the combustor contains an 18:1 expansion

ratio supersonic nozzle with a 0.08 ca throat width. A photograph of the

combustor is shown in Figure 2.

2.1.2 Mixing Nozzle

The primary mixing nozzle was developed under the Hypersonic Wedge

Nozzle Concepts program and is a variation of the HYLYTE nozzle. A

photograph of one half of the nozzle is shown in Figure 3. It consists of
six rows of injection holes. Reactants are injected through adjacent

pairs of holes, giving three separate injection ports. The placement of

the injector in the cavity and the positions in which reactants were

injected are illustrated in Figure 1.

2.1.3 Laser Cavity

The combustor/nozzle assembly is attached to a rectangular aluminum

cavity with a square cross section of approximately 12 cm on a side. It

3
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Figure 2. Photograph of combustor used toproduce F-atoms.
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has four fused silica windows, approximately 15 cm long 'and 5 cm wide, to

allow for diagnostic measurements. A photograph of the cavity with

combustor attached is shown in Figure 4. The viewing distance for

diagnostics was referenced to the bottom of the HYLYTE nozzle. This

distance is referred to as Xc.

2.2 GAS DELIVERY SYSTEM

The reactant gases are all metered to the device by critical flow

orifices contained in a flow control panel. As long as the pressure drop

across the orifice is greater than 2, sonic flow is established through

the orifice and gas flow is linearly proportional to upstream gas

pressure. The orifices were initially calibrated with reference to a

Matheson linear mass flow transducer. However, some discrepancies were

noted in these calibrations and, consequently, the calibrations were

repeated by flowing the gas into a known volume. The pressure rise

associated with a. measured time of flow results in a direct measurement of

the flow rate. The calibrations were performed with the actual gases,

i.e., H2 , F2 , He, and NF3.

All reagent gases were used without further purification. However,

the presence of NO emission in flames with only H2 , F2 and N2F4

led to the question of N2F4 purity. Consequently, a sample from each

of the N2F4 bottles was sent to Hercules Incorporated, Magna, Utah,

for analysis with a gas chromatograph. A summary of the analysis is shown

in Table i and a plot of the peaks in the gas chromatograph is shown in

Figure 5. Note that there is a substantial amount of NO and N2 0 in all

N2 F4  samples which can accept energy from the N2 (A) and radiate.

There is also a large unidentified peak indicating the presence of some

unknown impurity.

2.3 OPTICAL DIAGNOSTICS

The optical diagnostics associated with these experiments collected

emission in both the infrared and visible spectral regions. The

diagnostics are summarized in Table 2. A photograph of the device with

7
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Figure 4. Assembled device showino laser cavity.
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diagnostics attached is shown in Figure 6. The Tracor Northern

Intensified Diode Array Spectrometer is shown on the right of the picture

with its associated collection optics, spectrometer and detection head

behind the optical cavity. The infrared spectrometer with collection

optics and detector is to the left of the picture in front of the cavity.

A schematic diagram of the device with its attached diagnostics is shown

in Figure 7.

The Tracor Northern Intensified Diode Array Spectrometer was chosen

for this study because it permits parallel accumulation of a large

spectral region, thus preventing instrumental distortions that can be

introduced into recorded spectra by conventional scanning spectrometers.

An ungated, ultraviolet (UV) intensified head was chosen at the beginning

of the program when the most critical issue was determined to be

sufficient detector sensitivity to record N2 (A) emission directly. As

testing progressed, it was discovered that the N2 (A) emission was masked

by NO(A-X) emission, making direct detection of N2 (A) impossible. -The

sensitivity of the UV intensified head falls dramatically at wavelengths

greater than about 650 nm, making the detection of spectral features at

these longer wavelengths much more difficult. Obtaining an additional

unintensified head was not an option at this point of the program.

The Tracor Northern detector head was connected to a Spex 0.25 m f/4

flat field spectrograph to resolve the spectrum. A selection of

holographic gratings blazed at 300 run, 500 nm, and 750 nm was available to

provide variable coverage and resolution over the spectral response of the

detector, while minimizing internal scattered light and eliminating

grating ghosts. Care was taken to assure detector-spectrograph focal

plane alignment for maximum spectral resolution with any given grating.

Additionally field flatness, spectrograph vignetting, and detector spatial

sensitivity were measured with a diffuse narrow line source to maximize

system performance.

For some tests a 0.3 m McPherson monochromator equipped with an

Hamamatsu R763 photomultiplier tube was used to record emission spectra.

12
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This spectrometer allowed accumulation of higher resolution spectra than

could be obtained with the Diode Array Spectrometer and was used for

spectral identification and some careful calibration comparisons. Both

the slit function and the phototube gain and linearity versus anode-

cathode voltage were characterized on this system. Spectrometer scan

rates were chosen to account for the measured recorder slew rates in and

effort to minimize instrumental integration.

The light from the diffuse reaction volume was collected by 1:1

imaging optics as shown in Figure 7. A tenth wave, 4.6-cm-dia 0.3-m

spherical mirror and a single twentieth wave MgF2 overcoated flat mirror

were arranged to collect light from the central flow volume (see Fig. 8).

A 1:1 image transfer was accomplished by placing the spherical mirror at

the radius of curvature distance from the center of the flow volume under

investigation. If the angle 8 is kept less than 10 deg, then the

off-axis imaging performance of the spherical mirror is not appreciably

degraded by tangential/sagittal astigmatism. The use of reflective

(versus refractive) collection optics eliminates most chromatic aberration

usually associated with the imaging of a broadband source and hence, an

acceptable 1:1 image transfer to the spectrograph slit results. Location

of the viewing volume in the supersonic flow was determined by the use of

a HeNe laser to align the collection optics with the spectrograph optical

axis. The viewed volume was the volume defined by the translation of the

-% slit area (with cross section dimentions determined by the slit width

multiplied by the detector active area height) along the line of sight

(Fig. 9) between the flow boundries. This volume is labeled collection

volume in Figure 9. Although the volume bounded by the collection cones

and flow boundries is significantly larger than the collection volume, the

light collection efficiency from planes parallel to the slit image plane

within the collection cone volume (e.g. plane A) falls off as 1/R2

while the cross sectional area of plane A increases as R2. The net

effect is to produce an equivalent viewing volume with dimensions of the

shaded collection volume of Figure 9. An experimental verification of the

line of sight (I/R2 , R2 ) effect was performed using a HeNe laser and

translatable Lambertian diffuser plate as a diffuse source, and a

spherical mirror as the collection optic (Fig. 10). If the HeNe laser

15
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beam axis is aligned coaxially with the monochromator/spherical mirror

optical axis, it can be demonstrated that the translation of the diffuser

plate has no effect on the signal level collected at the output slit.

One source of uncertainty in the absolute radiometric calibrations is

the flow boundry separation distance. Because the supersonic flow is

*allowed to freely expand, the flow boundries along the line of sight are

not well defined and introduce uncertainty in the value assigned to the

collection volume. This error has been conservatively estimated at +10%

since the visible emission clearly demarcates the flow boundry. A

potentially greater source of error exists in the choice of radiance

standards used to calibrate the 250-nm to 400-nm spectral region. While

standard Eppley lamps and blackbody sources are readily available and

their outputs calibrated in the near UV, their visible/UV output ratio is

typically so large that in all but the highest rejection ratio spectro-

graphs, the internal scattered light from the visible region seriously

interfers with near UV radiometric accuracy. Any selective filtering of

the output from the standards necessarily alters the radiance or irrad-

iance values and, thus, a region-specific source should be used. For this

purpose, a radiance and irradiance calibrated deuterium standard lamp was

used due to its selective near UV output. A constant temperature, var-

iable irradiance source could be generated through the l/R2 irradiance

dependence; similarly, variable radiance values were obtainable if an NBS

calibrated Teflon diffuser disc was irradiated at carefully measured

distances.

A separate near UV calibration of the spectrograph and collection

optics was carried out to independently test optical component perfor-

mance. The spectrograph-detector head sensitivity was first tested with

the deuterium irradiance standard illuminating the input slit. The over-

all calculated sensitivity closely agreed with published values of detec-

tor response, grating efficiency, and spectrograph throughput. A UV

radiance measurement was then performed utilizing both the collection

optics and spectrograph for the final sensitivity values.

19

N Il



Detection sensitivity in the visible and near infrared (IR) regions

was measured with Eppley and blackbody radiance standards for all inten-

sifier gain settings and gratings used in the visible and IR radiance

measurements. Good reproducibility was obtained with these two indepen-

dent standards.

*- 2.3.1 N2 (A) Diagnostic

The original program plan was to observe N2 (A-X) emission

directly. However, it was found that the NO impurity in the N2F4

supply caused the N 2 (A-X) spectrum to be obscured. by NO(A-X)

emission. Several high resolution spectra like that in Figure 11 were

taken to try to resolve the N2 (A-X) spectrum from the NO(A-X) spectrum.

Under no condition could the N2(A-X) spectrum be observed. Upper limit

estimates could be made based on the fact that it was not observed that

12 3show it was less than 1012 molecules/cm 3
. To get a better estimate,

the N2 (A) was estimated from the N2 (C) density (see description of

N2 (C) diagnostic), making the assumption that the N2(C) is formed by

the pooling reaction between two N2 (A) molecules as shown in Equation

5. With this assumption, the N2(A) density can be expressed as

[N2 (A)] - [N2(C)/k5"rC (9)

where k 5 - 2. 6 x 10-10 cm 3 molecule " I  s " I and rc is the

radiative lifetime of N2 (C), 1.0 x 10-8 s-

An attempt was made to titrate N2 (A) with NO, using the NO(A-X)

emission as a diagnostic. However, this approach proved to be inconclu-

sive because of the difficulty in uniformly mixing the NO into the active

stream and the absence of a sharp endpoint. This is discussed further in

Section 3.
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2.3.2 N2 (B) Diagnostic

Emission from the N2 (B-A) transition in the 520 to 800 rim spec-

tral region was recorded with the Tracor Northern Diode Array Spectrometer

calibrated against a standard radiance lamp and a blackbody standard.

Total density in the B state is obtained by integrating the area under the

observed chemiluminescent spectrum and applying a correction factor for

emission in the wavelength region longer than 800 nm which was not recorded

by the Intensified Diode Array Spectrometer. This correction factor was

directly obtained by measuring the 800 to 1100 nm emission with a 0.3 m

McPherson spectrometer equipped with a cooled germanium detector.

2.3.3 N2 (C) Diagnostic

Observation of the emission from the H/NF 2 reaction system indi-

cated that part of the N2 (C-B) spectrum was obscured by emission from

the NH(A-X) spectrum and other unidentified emissions. The lines that

were resolvable are a Av - -1 sequence of lines at 315.9 nm, 313.6 nm,

and 311.6 rum, the v' - 1 - v" - 2 line at 353.7 nm and the v' - 0 -

v" - I line at 357.7 nm. A line at 380.5 nm due to the v' - 0 : v" - 2

transition could be observed but not totally resolved from the other struc-

ture. In addition, there was a large line at 375.5 ram where the v' - 1

v" - 3 line occurs. However, this line did not follow the published

intensity distributions expected for N2(C) lines. It was believed that

this line probably came from some other system. If the intensity of the

line at 375.5 ru= was used in estimating N2 (C), it would up the N2(C)

density estimates in this report by approximately a factor of 10. Because

the large NH peak saturated the spectrum analyzer when it was centered at

this wavelength, it was convenient to use features on either side of the NH

line to diagnose N2 (C). It was finally decided to use the 353.7 rnm and

347.7 rum lines. The absolute number of photons in these two lines was

obtained by measuring the area under the spectral curves. The absolute

number of photons in the the v' - I level of the C state was obtained from

N(v' - 1) - I(v' - I - v" - 2) rA/FCF (v' - 1 - v" - 2)
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where I(v' - 1 .v" - 2) is the number of photons/cm 3 s in the 353.7 nm

band, rC is the radiative lifetime of the C state, and FCF(v' - I -

v" - 2) is the Franck-Condon factor for the v' - I to v" - 2 transition, .212.

A similar formula was used to obtain the population in the v' - 0 state from

the radiation in the 357.7 rnm band. The relative populations in the v' - 1, 2

and 3 states was obtained from the relative intensities of the lines at

315.9(1-0), 313.6(2-1) and 311.7(3-2) nm with their respective Frank-Condon

factors. The total correction factor is approximately 10. The Tracor Northern

Diode Array Spectrometer was calibrated in the UV region with a deuterium

radiance standard was used for this measurement.

2.3.4 NF(b) Diagnostic

The NF(b-X) emission spectrum at 528.8 rum was easily separated from

the N 2 (B-A) emission. The NF(b) density was determined from the

intensity of this emission peak and the radiative lifetime of NF(b).

2.3.5 NF(a) Diagnostic

For all the conditions run in the experiments where an attempt was made to

optimize the N2 (B) emission, the NF(a-X) emission spectrum at 892 nm is

overlapped by the N2 first positive emission spectrum and HF vibrational

overtone emission. This is shown clearly in Figure 12 which is a

representative spectrum for the device. If flows were adjusted to make the

flame appear green rather than yellow; i.e. maximizing NF(b) rather than

N2(B), then the NF(a-X) spectrum could be resolved but the N2 (A) was

not optimum. This problem was encountered earlier (Ref. 5) where N2 (A) could

not be resolved from NF(a) emissions. Finally, NO was added to the system to

remove N 2 (D) atoms which are the precursor of the N2 (B) so NF(a) could be

measured with no N 2 (B) emission. The same problem was encountered as

described in Reference 6. A high resolution spectrum was combined with a

computerized synthetic spectrum analysis to separate the nitrogren and HF

emissions from NF(a). Isolation of NF(a) emission would require even higher

resolution than achievable with the .03 m McPherson spectrometer used to
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obtain the spectrum shown in Figure 12. This became too complicated to do

in these experiments where the primary goal was to optimize N2 emissions

rather than NF emissions. Hence, only upper estimates could be made based

on the background emission.

2.3.6 Temperature Diagnostic

The cavity temperature was measured using HF IR chemiluminescent

spectroscopy. A 0.3 m McPherson Spectrometer with a 150 line/mm, 4 im

blaze grating was used with a liquid nitrogen cooled, InSb photovoltaic

detector. A chopper and lock-in amplifier were used for phase sensitive

detection. The entire optical path and spectrometer were flushed with dry

nitrogen to remove atmospheric water vapor which interferes with the HF

spectrum. The optical system was calibrated with a blackbody source to

correct the detection system for sensitivity variations as a function of

wavelength.

The peak intensities of the HF lines were hand read and input into a

computer.code that constructed Boltzmann plots to compute the rotational

temperature. The HF(l-O) emission data were usually nonlinear due to

- self absorption from HF(O-') and were not used.

2.4 TEST PROCEDURE

Diagnostics used in the tests were discussed in the previous sec-

tion. However, during a series of test runs, some criteria had to be

established to quickly evaluate the value of the test in question.

Because N2(A) emission could not be observed directly and much of the

N2 (C) emission was obscured by NH peaks, it was decided that the inten-

sity of the N2 (B-A) emission was a good figure of merit for evalu-

ating the performance of the device. Observing the N2 (B-A) emission

with the Tracor Northern Diode Array Spectrometer in real time made this

task relatively simple. Studies were made that verified that most other
emissions observable in the system tracked the N2(B-A) intensity,

justifying this procedure. In a normal test series, an Xc position was

first chosen, then flows were varied with the N2 (B-A) spectrum being
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recorded for each set of flows. A new Xc was then chosen and the

optimization repeated. After a series of runs, the recorded set of

spectra were reviewed and detailed diagnostics performed only on the

optimum test series. The detailed diagnostics included a scan of all

emission intensities versus Xc .
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,5. 3. RESULTS

3.1 SPECTROSCOPY

Spectra were taken over the region from 220 to 1100 nm. The spectrum

from 220 to 320 nm was shown in Figure 11. Note that almost all the peaks

could be assigned to NO(A-X) emission. The radiative lifetime of the

NO(A) state is 200 ns (Ref. 7) whereas the radiative lifetime of N2 (A)

is 2 s (Ref. 8). The difference of 1 x 107 in radiative lifetime

indicates that relatively small amounts of NO could mask the N2 (A)

emission. The analysis of N2 F4 presented in Table 1 showed the NO to

be approximately 0.3 per- cent of the N2 F4 . If even a fraction of

this NO is converted to NO(A) , the resulting A-X emission could

effectively mask any N 2 (A-X) emission. The spectrum from 320 to 350

nm is shown in Figure 13. This emission is on a scale that is a factor of

100 times greater than the spectra in Figures 11 and 14. This emission,

peaked at a wavelength of 336 nm and assigned to NH(A 3 I-X 3 Z),

is tht strongest emission observed in the entire system. However,

integration under the curve and use of the published radiative lifetime of

NH(A-X) of 455 ns (Ref. 9) indicates that the NH(A) density is only on the
9 3

order of 10 molecules/cm

The spectrum from 350 to 390 rim is shown in Figure 14. As discussed

in more detail in paragraph 2.3.3, N2 (C) lines at 353.7 inm and 357.7 nm

could be completely resolved. An N2 (C) line at 380.5 rum could be

observed but not totally resolved from the other spectral features. The

large spectral feature at 375.5 nm falls where the v' - 1 -> v" - 3 line

of the N 2 (C) spectrum lies. However, this line does not follow the

published intensity distri- butions expected for the N2 (C) lines and

hence we are reluctant to assign it to the N2 (C) system without further

confirmation. The rotational structure apparant in this figure is not

characteristic of the N2 (C) spectrum and suggests an H-containing

compound.
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The spectrum from 500 to 800 run is shown in Figure 15. This spectrum

was taken with the Tracor Northern Diode Array Spectrometer and corrected

for wavelength. The spectrum from 600 to 1100 rum was shown in Figure 12.

These spectra show the total N2 (B-A) emission band. This spectrum

is representative of all the runs made in the system. The NF(b-X)

emission is seen in this scan at 529 rnm. The N2 (B) spectrum indicates

that the N 2 (B) vibrational temperature is relatively cold since much of

the intensity originates in the v' - 0 upper state. However, the region

* where NF(a-X) emission is to be expected is totally masked by the

strong N2(B) emission. This differs from spectra that were be obtained

with the goal of enhancing NF(a). It was difficult to obtain a pure NF(a)

spectrum with the hardware used in this experiment because of the strong

interfering N2(B) peak.

3.2 DENSITY MEASUREMENTS

The experimental device was. run in two modes. - The nominal mode w~s

t u burn F2 and H2 in the combustor to produce F-atoms, to add H2

through the first set of injection holes to produce H-atoms and then add

heated N2F4 through either the second or third set of injectors to

inititate the H/NF2 chemistry. A variation of this mode was to inject

NF3 rather than N2F4 through the final set of injector holes. The

second mode was to burn F2, H2 and NF 3 in the precombustor to

produce NF2 radicals, F-atoms and HF, and then to add H2 in the cavity

to react with the F-atoms to produce H-atoms and hence initiate the

H/NF2 chemistry.

3.2.1 F/H2/N2F4 Configuration

An extensive series of over 100 tests were run in this nominal

configuration. In summary, it was found that there was little variation

in N2 (B) density when flows of combustor F2 , combustor H2 or cavity

H 2 were varied. However, the emission intensity was directly

proportional to the N2F4 (NF2) flow. It was found that the N2 (B)

intensity was reproducible from day to day for a given set of flow

conditions.
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Figure 15. Tracor Northern spectrum from 500 to 800 nm
corrected for instrument response.
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-' Consequently, some of the data presented in this section represents a col-

lection of 4 or 5 spectra which could not be differentiated from one

another. A typical photograph of the chemiluminescence is shown in Figure

16. This shows a dark region in the center of the cavity. Using a video

camera, conditions were found where this dark spot could be minimized.

However, this did not appear to change the integrated excited state

density.

The question arises on how to relate the data collected to excited

state densities. As can be seen from the photograph, the flame is

diffuse. The diagnostics were originally intended to sample a localized

volume (-0.0126 cm3) in the flow field and to scan exclusively along the

flow direction, Xc. Hence, attempts to scan the spectrometer in the

horizontal direction were minimal. Thus, number densities were obtained

only for a given position. To obtain a yield of N2 (B), i.e, the number

of excited species produced per NF2 molecule of flow, an integrated

number is needed. The intensity variations i*n the horizontal direction

were estimated from the video tapes and from still photographs of the

flame and used to obtain the average density in a given Xc plane.

A standard flow condition was set by fixing the N2F4 flow and

varying the other flows to obtain optimum N2(B) emission. The combustor

was initially set to run with He diluent. However, all tests showed

emission decreased when He was added. Consequently, all subsequent tests

were run without the He. A parametric plot of relative N2(B) intensity

versus combustor F2 is shown in Figure 17 for the F2 to H2 ratio

kept at 1.7 to 1. There was very little dependence of emission on this

variable. Variation of the F2 to H2 ratio over a reasonable range of

around 2 also showed little effect on the N2 (B) density. A parametric

plot of N2 (B) intensity versus cavity H2 is shown in Figure 18. This

showed a relatively strong peak near a H2 flow of 3 mmol/s. Based on

the above parametric studies, the flow condition chosen as nominal was:
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Figure 17. Plot of N2(B) emission versus combustor
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Figure 18. N2 (B) density versus cavity H2
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combustor F2 - 3.2 mmol/s

combustor H2 - 1.9 mmol/s

cavity H2 - 3.0 mmol/s

cavity N2 F4 - 0.5 mmol/s

cavity pressure - 1.0 torr

combustor pressure - 90.0 torr

The orifice size of the second set of injection holes in the nozzle

limited the flow of N2 F4 to 0.6 mmol/s. The N2 F4 was subsequently

added through the bottom set of injector holes which allowed higher flow

rates of N2F4.

In most initial tests, the diagnostics were lined up to observe the

center of the cavity. Later, when photography showed the dark region in
the center of the cavity, the diagnostics were repositioned to look at the

bright side regions. A factor of 6 increase in intensity was observed in

moving from the center of the flow to the side. A plot of the number

densities of various species versus Xc for the standard flow condition
in the brightest part of the flame is shown in Figure 19. These densities

apply for the brightest part of the flame. In reality, the intensity pro-

file across the cavity is as shown in Figure 20.

The yield of a particular excited species, Y*, can be approximated by

the expression

Y* - N* x v x A/(NF2 flow) (10)

where N* is the average density of the excited species of interest, v is

the flow velocity and A is the cross sectional area. If the Xc at

which the maximum emission occurs is used to compute a yield, the N* for

• 1.00 torr - 133.322 Pa
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Figure 19. Plot of species densities versus Xc
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Figure 20. Intensity of N2 (B) emission across
nozzle. Solid line corresponds to
region near nozzle. Dotted line is
approximately 10 cm from bottom of
nozzle.
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the H/NF 2 runs (estimated from Figures 19 and 20) is approximately 1.4 x

l0l molecules/cm 3 . The flow from the nozzle is approximately Mach 4

giving a velocity of 4 x 105 cm/s. The cross sectional area is

a. approximately 2.5 x 4 cm. With an NF2 flow of I mmol/s (which assumes
Ia4

complete dissociation of the N 2 F4 ), a yield of 2.3 x 10- for

N2 (A) is calculated. A yield of I x 10 4 for N 2 (B) is calculated

using the same assumptions.

NO was added to the flame to determine if it could be used as a

detector of N2 (A). The transfer rate from N2 (A) to NO is known to be

fast (-l x 10 "I 0  cm 3 molecule I s - 1 ) so it appears that an

estimate of the NO(A) density could be used to infer the amount of N2 (A)

present. Addition of NO did result in suppression of the N2 emissions

and the appearance of a pinkish flame. NO(A-X) emission was observed

using a Princeton Applied Research Optical Multichannel Analyzer (OMA 1).

Quantitative data (as a detailed function of NO flow) was not recorded.

However, it was observed that flows up to 2 mmoles/s. resulted in increased

NO(A-X) emission. The intensity of the NO,(A-X) emission was up a

factor of approximately 20 from the background NO emission with 2 mmoles

of added NO. Qualitatively, the increase in NO(A-X) emission with

increasing NO flow was gradual with no clear endpoint observed. Also, the

NO was not mixed well with the flow, making this test unclear.

Combustor calorimetry was performed for the optimum condition. The

calorimetry measurement consisted of measuring the difference in temper-

ature between the input and output combustor cooling water flow for a

known flow rate of cooling water. The raw calorimetry data showed a

temperature change of 4.63 K for a water flow of 0.62 gal/min. This gives

a heat loss to the combustor walls of 183.5 cal/s. The heat available

from burning F2 and H2 in the combustor is 247 cal/s. This indicated

that there were 63.5 cal/s available for both heating the gas and

dissociating the F2 into F-atoms. A calculation in which this heat is

partitioned into heating and dissociation gives an F-atom flow from the

combustor of approximately 1.4 mmol/s. This is about half of the fluorine

that would be expected if the reaction
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F2 + 1/2 H2 - HF + F (ii)

went to completion.

Infrared spectra of HF chemiluminescence were run to determine the

cavity temperature as a function of position for the flow condition

tabulated above. The temperature results are summarized in Table 3.

Table 3. CAVITY TEMPERATURE AS A FUNCTION OF FLOW DISTANCE

Xc  Temperature

(cm) (K)

3 1000

6 1150

9.5 1250

In all the tests the device was run with maximum pumping and no

window purges which resulted in low cavity pressures of the order of I

torr. Attempts were also made to vary the cavity pressure to determine if

emission intensities could be changed. The first way was to add Argon

purge flow to the side windows. This changed the appearance of the flame,

tending to push it toward the center. However, it did not appear to

change the total integrated intensity of N2(B) emission. The second way

was to throttle the pumps to increase the cavity pressure. This had the

effect of pushing the flame up into the nozzle, resulting in much of the

cavity being dark. These attempts indicated that major hardware modifi-

cations would be needed to adjust flows, uniformly condense the flame and

increase the cavity pressure. In fact, in some early tests, aluminum

shrouds were added to the cavity spaced approximately 2 cm apart to

contain the flow. This resulted in a uniform flame with few variations in

either flow or width direction. Although not completely quantified, the

conclusion was that any attempts to contain the flow resulted in the same
integrated density of excited species in a given plane, even though it

could produce higher local densities.
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3.2.2 NF3 Based System

Because of the limited supply of N 2 F4 currently available, some

tests were run with NF3 . This was motivated by the following reasons:

First, NF 3 is available in virtually unlimited supplies and has rela-

tively safe handling characteristics, whereas N 2F4 is in short supply

and is dangerous and unstable. Previous HF and IR&D tests showed that the

characteristic N 2 (B) and NF(b) emissions were present when HF lasers

* were run with NF 3 as a combustor fuel. In addition, thermodynamic

calculations indicate that large concentrations of NF2 radicals can be

produced in the combustor if it is operated at the appropriate temper-

ature. Finally, it should be easier to mix H2 into an F, NF2 stream

(since this is routinely done with conventional CW HF chemical lasers)

than to mix a heavy species, NF2 into the F, HF combustor stream.

The procedure used to optimize N 2 (B) emission in an NF 3 based

system- was to set the N 2 (B) diagnostic to look at a particular Xc. A

combustor condition chosen on its likelihood to produce NF2 radicals was

then set. Diluent was adjusted to give the brightest and most uniform

flame. The cavity hydrogen was then adjusted to give the brighest flame

at that Xc. The distance, Xc, was then scanned. The combustor condi-

tion was then changed and the procedure repeated. Finally Xc was

changed and again the procedure was repeated.

Some observations of N2 (B) intensity are shown in Figures 21

through 27. Figure 21 shows a plot of N2 (B) as a function of Xc when

the flows were optimized near the nozzle. Figure 22 shows the same plot

when the optimization occured at an Xc of 7.6 cm. Figure 23 shows a

plot of N 2 (B) as a function of cavity hydrogen. Cavity pressure is

shown as the dotted line in the figure. Figure 24 shows a similar plot at

a slightly differ- ent combustor condition. Figure 25 shows a plot of

N 2 (B) density as a function of fluorine flow for the other conditions

listed in the figure. Figure 26 shows a plot of N2 (B) versus combustor

H2 for the conditions listed in the figure. Finally Figure 27 shows a

plot of N 2 (B) density versus cavity pressure. In this figure, the

cavity pressure was raised by throttling the vacuum pumps.
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Figure 21. N2(B) intensity versus distance from
nozzle. N2(B) optimized near nozzle.
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HF chemiluminescent spectra were taken to determine the cavity

temperature. Plots of relative number density versus J(J+l) are shown in

Figure 28. This plot gives a cavity temperature of near 1800 K.

An apparant change in the N2 (B) vibrational state distribution was

- also observed during these runs manifesting itself as a change in peak

height ratios for different flow conditions. The two spectra in Figure 29

show the magnitude of the observed change. The upper spectrum had flow

rates of F 2 - 1.75 mmol/s, combustor H2 - 0.87 mmol/s, NF3 3 mmol/s,

cavity H 2 - 3 mmol/s and He - 0.5 mmol/s. The combustor pressure was 88

torr while the cavity pressure was 2.18 torr. The spectrum was taken at a

position 7.5 cm from the nozzle exit plane. The lower spectrum had flow

rates of F 2 - 1.75 mmol/s, combustor H2 - 0.75 mmol/s, NF3 - 2

mmol/s, cavity H2 - 4 mmol/s and He - 0.5 mmol/s. The combustor

pressure was 89 torr while the cavity pressure was 3.25 torr. The spectra

in these figures were not corrected for spectral response and demonstrate

the enhanced sensitivity of the detector at shorter wavelengths.

The plots in Figures 21-27 were all normalized to the most intense
flame observed. For this condition, the following flows and excited state

densities were observed.

FLOWS

F2  2 mmol/s

Combustor H2 I mmol/s

Cavity H2 4 mmol/s

Combustor NF 3  2 mmol/s

Helium 0.5 mmol/s

EXCITED STATE DENSITIES

N2(B) f9 x 1011 molecules/cm
3

N2 (C) -7 x 107 molecules/cm
3

N2 (A) f2 x 1012 molecules/cm
3

NF(b) 5 x 101 molecules/cm 3
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Figure 29. Spectra of H2/F2/NF3 system showing
change in N2 B) vibrational distribution.
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PHYSICAL PARARMETERS

Combustor Pressure 8.8 torr

Cavity Pressure 2.65 torr

Gas Temperature (1750 ± 200) K

The highest observed excited nitrogen densities occurred in the

system where NF3 was run in the combustor. However, a test run where

the H2 in the combustor was totally shut off (Fig. 26) indicates that

little, if any, chemistry was' occurring in the combustor and that the

observed emissions were a direct result of reaction of NF3, H2 and

F2 in the cavity. The high temperatures (1700 to 2200 K) in the excited

state production region and the fact that emission intensities peak far

downstream of the mixing region also support this conclusion.

Addition of NO also confirmed this hypothesis. Whereas, in the

H/NF 2 system, addition of NO resulted in the gradual buildup of

NO(A-X) emission, in this system little NO(A) was formed indicating

that the NO was reacting with an intermediate, possibly N(2D). NO

spectra are shown in Figure 27 for no added NO, for 0.15 mmol/s added NO

and for 0.54 mmol/s added NO. The NO(A-X) spectrum appears to peak at

the 0.15 mmol/s flow.

Attempts to run the combustor at higher flows to increase the

combustor temperature and, hence, NF2 concentration were largely

unsuccessful. This may have been due to a heat loss problem in the

combustor.

This was substantiated by observation of N2(B) emission in an HF

laser device with a 10 cm gain length HYLTE mixing nozzle where NF3 was

used as the combustor fuel. This test was conducted piggyback on another

program's experiments so there was no flexibility to optimize the N2

excited state emissions. In this experiment, the temperatures in the

cavity were much lower (near 500 K) and the flow was more confined due to

a better match between combustor and nozzle. The emission in this
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experiment appeared greener to the eye than the penthouse experiments. A

spectral scan confirmed that the NF(b) emission was higher in proportion

to the N 2 (B) emission than in the penthouse experiments. The estimated

N2 (B) densities in that system were somewhat lower than those seen in

the penthouse H/NF2 experiments. The different character of the flame

supports the conclusion that the observed flame in the penthouse was the

result of a direct reaction between F2/H2/NF3 and not the result of

F-atoms and NF2 being formed in the combustor with the subsequent

reaction with H2 to initiate the H/NF 2 chemistry.

3.2.3 H/NF 3 System

A test was conducted in which NF3 was injected into the cavity

instead of N2F4. A bright yellow flame similar to that obtained with

N2 F4  in the cavity was observed. The flame appeared more uniform

when observed on- the video tape than did the N2 F4 emission. This

could be because higher flow rates -produced better mixing in the NF3

system. A quick optimization of the N2(B ) emission was made.

The flows at which the brightest N2 (B) emission was observed were

Combustor F2  5 mmol/s

Combustor H2  3 mmol/s

Cavity H2  4 mmol/s

Cavity NF3  2.4 mmol/s

Cavity Pressure 2.0 torr

Combustor Pressure 137 torr

. Plots of concentrations of excited states, N2 (B), N 2 (A), N2 (C) and

NF(b), versus Xc for the optimum flow condition are shown in Figure 31.
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4. DISCUSSION OF RESULTS

4.1 H/NF2 RESULTS

As described in paragraph 3.2.1, the tests conducted with F-atoms

issuing from the combustor mixed with N2 F4 downstream were relatively

insensitive to almost all flows. Also, the highest yields of 2.3 x 10-4

for N2 (A) and I x 10- 4 for N2 (B) are much lower than were expected

- at the beginning of the contract. There are two factors that could

contribute to the low yields in these experiments: fluid mechanics and

chemistry.

The mixing hardware used in these experiments was developed for HF/DF

chemical lasers. The combustor was designed to run at even higher flows

than were used in these experiments which may have limited the yield of

F-atoms. The lower flows account for the fact that best performance was

achieved with no diluent in the system., The mixer was designed to mix

hydrogen or deuterium into an F-atom stream. In its HF/DF laser config-

uration, H2/D2 was mixed in the first and third ports while helium was

added in the second port to aid in mixing. In some experiments with this*

nozzle, two nozzle banks were run making a set of six injectors with

alternating flows of H2 and diluent. An attempt was made to mix a

heavier species, NF2, into the stream than the nozzles were designed

for. The diffuse nature of the flame indicated that the combustor

expansion nozzle and the mixer were not well matched. However, exper-

iments conducted with similar hardware did not produce appreciably higher

yields of excited nitrogen.

A similar nozzle system has been used to mix bromine into an H-atom

flow to produce an HBr laser. These tests showed that the nozzles were

not effective in mixing in a heavy species like Br2 . Part of the reason

for the low yields was an inadequately designed mixing system for the

species of interest. However, it appears that improved mixing would

probably increase densities by at most a factor of 10. This still

produces a relatively low yield of excited nitrogen, indicating that there

* is a contributing factor in the chemistry. It was beyond the scope of the
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current contract to perform kinetic analysis of these experiments, but it

appears that either some kinetic rate in the formation chain was slow or

that some species was effective in quenching excited state nitrogen

production. This should be examined in more detail with a kinetics model.

4.2 NF3 BASED SYSTEM

A thermodynamic analysis of the combustor used in the NF3 experi-

ments indicated that the combustor with NF 3 added was running at a

temperature as low as 500 K. At this temperature, only small amounts of

NF2 or F-atoms were being formed in the combustor. Consequently, it

appears that the observed emissions were coming from an H2/F2/NF3

flame in the cavity. This is substantiated by the high temperatures

observed in the cavity of this device. Thus, even though the brightest

N2 (B) emission was observed in this system, it probably was not under

conditions of interest for using the nitrogen excited states as subsequent

energy. transfer 'partners. The-experiment demonstrates that the flame is

capable of producing high excited state densities.
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