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1- 1. INTRODUCTION

a Hydrocarbon fuels, such as those used in aircraft propulsion systems, degrade when

exposed to high temperature environments and create surface deposits which can dramatically

II change both the heat transfer characteristics and mechanical tolerances of critical assemblies.

The surface deposition process, known as fouling, is a poorly understood phenomenon

I dependent upon many parameters such as fuel composition, oxygen content, impurities, such

as metals and sulfur compounds, temperature, exposure time, surface composition, and

surface morphology. The development of fuels and fuel systems for extreme temperature

service in high performance engines requires a better understanding of the fouling process.

A logical step to develop this understanding is the application of optical diagnostics,

developed for the study of combustion processes, to the fuel fouling problem. This paper

reports initial results for absorption, scattering, and fluorescence measurements that have

- been used to monitor the changes in a thermally stressed fuel.

The degradation of fuels in storage tanks and high temperature systems has been an

3 engineering problem for many decades and a wealth of literature is available on the subject.

A brief review of some of this literature is included in the following paragraphs. In 1989,

3 Roquemore1 et al. proposed that a greater fundamental understanding of fuel fouling was

necessary because of the increased fuel operating temperatures for future aircraft. This

I understanding would come in part by applying existing optical measurement techniques to the

fuel fouling problem. In fact, an optical method was developed for monitoring fuel stability

in diesel storage tanks as early as 1955.2 The fouling process has very notably been studied

by Taylor and co-workers. 3 "7 Results from these works include quantifying the role of

Soxygen in the deposition process and starting to define importance of trace sulfur compounds

for deposition processes. In addition, these works identified the existence of three

I temperature regimes for deposition with oxygen bearing fuels. Fuel composition effects were

also examined by monitoring deposition with paraffins and paraffin/aromatic mixes. Other

investigations have shown that deposition rates. may be enhanced by the presence of

I



I
deposits. 8 Optical absorption was used by Kendall and Mills 9 to quantify the role of trace I
species, iron, and copper. These workers also confirmed that fuel stability could be

enhanced by removing oxygen and sulfur and using a metal deactivating additive to reduce

catalytic effects from trace copper and iron in the fuel. 10 This sample of the literature

indicates 'that fuel fouling is a complex process which can be affected by temperature, oxygen I
contact, molecular fuel contact, trace compounds (such as sulfur, copper, and iron), and the

presence of deposits.

I
2. EXPERIMENTAL DESCRIPTION I

The experimental setup for this work is most simply discussed in two pans: the fuel

handling and heating apparatus and the optical configurations used to monitor absorption,

scattering, and fluorescence of the fuel. The fuel used for this study was a JP-4

manufactured and analyzed by Phillips petroleum and the fuel was used in its as-received

condition. The dissolved gas (nitrogen and oxygen) in the fuel was not quantified. Results -

of a fur a'nalysi, a,,. :ncluded in Tble 1.

A schematic diagram for the fuel handling and heating hardware is shown in

Figure 1. The fuel is stored and pressurized in a 0.25 gallon steel reservoir fitted with a I
neoprene bladder. The bladder is filled with nitrogen which is used to keep the fuel at a

constant 400 psig pressure. A section of 0.25 in. ciameter stainless tubing is used to connect 1
the fuel reservoir to a 0.375 in. tube which is imbedded in a heated copper block. This

0.375 in. tube is 55 in. in length, and connects to a an optical cell manufactured from 316

stainless steel. I
The interior dimension for the cell is I in. square by 3 in. long, and four 0.75 in.

diameter optical ports for quartz windows are included at directions orthogonal to the flow. I
The windows which were used for the absorption measurements were manufactured from

1.25 in. diameter, 0.5 in. thick quartz; these windows were modified to incl,-"e a 0.25 in.

2 1
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Table 1. Fuel Analysis of JP-4 Used in This Study

I I MIL-T-5624
Test j Results Specifications

API Gravity 56.2 45.0 - 57.0
Corrosion IA 1B Max.
Total Sulfur 0.09 0.4 Max.
Doctor Test Negative Negative
Smoke Point 36.0 20 Min.
Freeze Point < -58 -58 Max.

Aniline Point 122 Report
Aniline Gravity Product 6,856 5,250
Total Acidity 0.005 0.015
Color (Saybolt) + 30 Report
Existent Gums 0.2 7 Max.
Hydrogen Content (wt%) 14.4 13.6
Conductivity 203 200 - 600
WSIM 85 70 Mi.
RVP 2.3 2 - 3
Particulates (mg/l) 0.03 1 Max.
Water Reaction Interface 1B 1B
Filtration Time (min) 4 10 Max.

Distillation. D-86. *C
IBP 76 Repoit
10 86 Report
20 89 145 Max.
i 101 190 Max.
90 193 245 Max.
95 205 Report
EP 216 270 Max.
Loss 0.4 1.5 Max.
Residue 1.0 1.5 Max.

I Hydrocarbon Type. Vol. %
Aromatics 9.9 25 Max.
Olefins 0.0 5 Max.ISaturated 90.1 Remainder

100.0
JFTOT P (mmHg) 0.0 25 Max.

i JFTOT Tube Color Test 1 <3
Anti-Icing 0.11 0.1 - 0.15Antioxidant Added Required

Antistatic Added Required

3 3
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Figure 1. Schematic Diagram of the Fuel - Fouling Apparatus 5
deep step to allow the windows to be flush with the cell wall. Scattering and fluorescence

measurements used windows which had no steps and therefore were not flush with the cell

wall. Both the cell and windows were designed to operate at elevated temperatures (up to 5
900 K) and pressures (up to 750 psi). A major factor in the design and construction of the

cell was the seal between the quartz and the stainless steel. The difficulty with this type of I

seal is that the two materials have dramatically different thermal expansion coefficients.

Given a temperature range from ambient to 900 K, a certain amount of relative motion 3
between the two materials is inevitable. The solution for this system was a spiral wound

gasket made of alternate layers of stainless steel and carbon fiber (manufactured under the f
trade name Grafoil Stainless Steel and manufactured by Atlantic Gasket Company). As an

added precaution, a layer of carbon cloth was used between the window holders (used to 3
press the windows into the gaskets) and the window. I

After exiting from the cell, the fuel is cooled in a water jacketed heat exchanger and

emptied into a fuel dump. Fuel flow rate is controlled with a throttling valve located I

4
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I .. immediately after the heat exchanger and monitored simply with a graduated cylinder and a

stop watch. An automatic shutoff system is also included in the experimental setup to

I minimize the hazar' associated with a window failure. The system monitors pressure at the

exit of the fuel cooler. In the event of a sudden loss of pressure, a valve upstream of the

3 copper block is automatically closed.

I The test rig which has just been described is designed to thermally stress the fuel in a

very controlled manner. The fuel is heated as it flows through the tube in the copper block

I and the bulk fuel temperature asymptotically approaches the block temperature. Temperature

variations within the block are insignificant due to its thickness (1.25 in.) and the high

thermal conductivity of the copper. A variety of thermocouple temperature measurements

were included in the experiment and they verified that the copper block acted as a con':'."t

temperature reservoir within a 10 percent tolerance range. The bulk fuel temperature for this

-constant wall temperature system is given by Eq. (1): 11

To Tm - kN x

To Te [r ocp uI
Tome - temperature at the surface, bulk fluid, and fluid at the entrance of the heater

k - thermal conductivity
I Nu - Nusselt number for the flow

r - tube radius
p - fuel density

Cp specific heat of the fuel
x - distance from the entrance
u - mean flow velocity

This solution does not include thermal entry length effects but due to the low Reynolds

3 number they were determined to be insignificant. Figure 2 illustrates the temperature profile

for the bulk fuel temperature and also illustrates the effect of flow rate on the residence time

j within the system. As shown by Figure 2, the rig is capable of subjecting the fuel to a

known temperature (the temperature of the copper block) for a known period of time.

15
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Figure 2. Thermal History of the Bulk Temperature for the Fuel as it Flows Through the
Apparatus. Residence times are controlled with the volumetric flow rate of the
fuel

The temperature of the fuel as it exits the optical cell was also monitored closely since

the cell was heated separately from the copper block. A decrease in the temperature of the 3
optical cell from that of the copper block will drive the temperature of the fuel down. For

the absorption measurements, this effect was observed to depress the temperature of the fuel

by approximately 10 percent. However, for the scattering and fluorescence measurements,

the cell heater was not operational, and the temperature of the fuel in the cell was observed I
to drop by up to 40 percent from the temperature of the copper block. Although this

deviates from the ideal constant temperature experiment which one hopes to perform, the I
results remain valid with the understanding that a small fraction of the thermal history of the

fuel does not follow the profile shown in Figure 2. 1
The optical measurements were done in two series with distinct optical setups; one for I

absorption and the other for scattering and fluorescence. The absorption setup is shown in

Figure 3. A tungsten-halogen light powered with a regulated d.c. supply (Oriel model

6
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Figure 3. Schematic Diagram of the Optical Setup for Measuring the Absorption
Properties of the Fuel

I-
#68735) was used as the broadband source. Relay lenses were used to image the source in

3 " the center of the cell and the lens to image light path was confined to a diameter significantly

smaller than the clear aperture of the windows. A quartz flat was used as a partial beam

splitter before the cell to direct a fraction of the light onto a filtered photo-multiplier tube

used as a power monitor. A neutral density filter (optical density 1.0) was used in a similar

fashion after the cell to direct the light into both a filtered photomultiplier tube and a 0.35

meter monochromator. The monochromator was set to scan from 350 to 750 nm and

included a 360 nm cut on filter to minimize second order signal between 700 and 750 nm

and to provide an accurate zero level signal for the scan. Second order signals were verified

to constitute less than 0.1 percent of the signal between 700 and 750 nm. Wavelength

resolution for this system (1200 groove/mm grating, 100 jim slits, and 4 mm slit height) was

approximately 0.3 nm. Signals from the three photomultiplier tubes were digitized using a

Data Translation DT2801(A) interfaced to an IBM rc. The scanning rate for the

monochromator was 200 nm/min, data acquisition was 15 Hz, and the frequency response for

each of the photomultiplier tubes was approximately 500 Hz. This setup could then be used

Ii7
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in a convenient fashion to monitor the absorption of the fuel in the cell as a function of I
wavelength. Data analysis from this measurement is described later in this paper.

A different optical configuration was used to monitor the scattering and fluorescence

from the thermally stressed fuel in the cell as shown in Figure 4. In this configuration a

beam from an Ar+ laser (514.5 nm) is directed through the cell and the collection paths for I
scattering and fluorescence are placed at right angles to the beam. The beam is chopped at

approximately 20 Hz before it enters the cell and laser power is monitored using a quartz flat

as a beam splitter and photomultiplier tube with a notch filter. The optics for monitoring the

scattering from particulate in the fuel are carefully arranged to minimize the effects of

scattering from both the interior of the cell and the external beam path. A pair of 400 mm

focal length lenses were used with the focus of the collection lens placed in the center of the 3
cell and the focus from the second lens placed on a pinhole used as a limiting aperture for

the photomultiplier tube. The two lenses were separated by 240 mm and a baffle between 5
the lens pair was adjusted to a diameter of 10 mm. This optical train very effectively

\Aperture Second PMT With
Rotatable Polarizer Fluorescence 550 nm-K I JP-4 Fite Cut On-'............ ........................................ .. .. ............ n

T ....... ....... . .f

LF- "** .xField of :- Aperture 3
PMT With View Baffle
514 nm
Notch Filter

Diffuser-}

PMT With.. Beam Splitter
514 nm Filter

20 Hz
Chopper I

Ar+ Laser 3
( X = 5 1 4 n m ) -7 324

Figure 4. Schematic Diagram for Scattering and Fluorescence in the Fuel Cell I
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I.. confined the field of view to the quartz windows on either side cell. As a test of the

effectiveness of this setup, the signal levels for the system were checked with no fuel in the

3 cell. This test verifies that contributions from randomly scattered light were less than

0. 1 percent of the signals observed in the scattering experiments.I
The scattering optical train included a rotatable polarizer located in front of the

Iphotomultiplier tube. This polarizer could be positioned to admit light polarized

perpendicular or parallel to the plane defined by the laser beam and the detector. The

5 polarization of the laser was carefully controlled to include a 50 percent component in each

of these directions. This setup could then be used to monitor scattering from both

I perpendicular and parallel states.

I The optical train for collecting the fluorescence signal used the window opposite that

used for scattering and utilized a single lens imaging system to direct the light from the

I - center of the cell to an aperture in front of the photomultiplier. A 550 nm long pass filter

* was used to exclude the probe wavelength (514.5 nm) and provision for a second filter was

U incorporated into the optical path. Successive use of a series of filters with different cut on

I wavelengths allowed crude determination of the fluorescence spectrum.

3. RESULTS

IUsing the experimental apparatus just described, absorption, scattering, and

fluorescence were monitored for fuel that was subjected to temperatures up to 750 K at

pressures of 400 psi. The following discussion treats the absorption results first, followed by

an analysis of scattering and fluorescence data.

I The absorption measurement is quite simply a record of the spectral character of the

transmissive properties of the fuel, and the motivation for a large spectral range of data is to

use the variation in absorption with wavelength to characterize the absorbing species in the

1.
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fuel. The measurements which are reported have been normalized for variations in the n

lamp's power output and the post cell photomultiplier signal was in all cases examined for

significant variations during a monochromator scan. The apparatus was operated in steady n

state fashion and therefore the absorption signal from the post-cell PMT should be (and was)

constant. Equation (2) defines the observed transmission, defined as the ratio of light

intensity after traversing the cell to that entering the cell. The loss in intensity can be

attributed to reflection losses at the quartz/air interface, losses at the quartz/fuel interface,

and the extinction/absorption observed for the optical path length through fuel. Eqt,kic, (2)

neglects secondary reflections from the optical interfaces. For these experiments the

reflectivity at the quartz/fuel interface is effectively zero as shown by inspection of Eq. (3);

the real index of refraction for quartz varies from 1.477 to 1.45512 over the 350 to 750 nm

range. The index of refraction for JP-4 can be inferred by examining the indices of •

refraction for the normal alkanes (decane through tetradecane) which have indices in the

visible between 1.41 and 1.4313 and toluene whose index is 1.49.13 Clearly the difference •

in refractive index between the fuel and the quartz is small and the energy loss at this

interface is inconsequential. Using Eq. (3), the energy loss at the quartz/air interface may .

also be calculated. The reported absorption results have been adjusted to remove this energy

loss and therefore represent absorption within the fuel cell only, Eq. (4). Finally, the 3
absorption results are reported as the negative natural log of the transmission; Eq. (5) reveals

that this is simply the summation of the product of number density and optical cross section 3
for the various absorbers in the system.

I
r / (1 - RQ) 2 (1- RF)2 exp(-E Ni or f) (2)

7 - transmission
1,10 - light intensity after and before passage through the cell
RQ - reflectance of the quartz/air interface
RF - reflectance of the quartz/fuel interface
Ni  - number density for component i
ai  - absorption or extinction cross section for component i
t - path length in the cell m1

10 1
I



2R= n 1 (3)
Sn2 + n1

3 R reflectance at the interface
n2,1 - real refractive index for the materials bounding the reflecting interface

£ 7' = exp(-E N i ori ) (4)

- transmission for JP-4 onlyI
In Io'/I = -lnr' = E N i ai e (5)

I.
10' - beam intensity adjusted for reflectance losses

I"An example of a transmission curve for the fuel only is shown in Figure 5 for JP-4 in

its as-received condition. No significant absorption was observed beyond 500 nm. As a

if check of the optical integrity of our setup and the data processing we have compared the

transmission data for fuel in the optical cell to results using a commercial spectrophotometer

3 (Shimadzu Model UV3100) which have been adjusted for the difference in path length and

the energy loss associated with the quartz/air interface. Clearly the agreement is quite good

which supports our view that the absorption measurements accurately reflect the properties of

the fuel in the cell.I
Finally, absorption results assume that deposition on the windows has a negligible

I effect on transmission during the testing period. This supposition was verified by purging

the cell with nitrogen after a test series and comparing the transmission through the cell with

that observed before the tests. In all cases; the transmission of the windows was unaffected

by window deposits. The reported absorption measurements are therefore a measure of the

transmission at the fuel in the cell.
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Figure 5. Comparison of the Transmission for JP-4 at Ambient Temperature Using the
Absorption Measurement System for the Fuel Cell and a Commercial
Spectrophotometer. The transmission measurements are for a 25 mm path 3
length and no losses from window interfaces

I
Typical low temperature results are shown in Figure 6. The quoted temperature for

each of the curves is the temperature of the copper block during the experiment and fuel 1
residence times are approximately 5 min. As previously illustrated by Eq. (5), this plot

shows the spectral variation of the product of number density and optical cross section for

this system. Comparison of the lowest temperature curve with transmission results for JP-4

which has not been thermally stressed shows no effective change in the absorption properties U
of the fuel. The fuel is very strongly absorbing in the 400 nm and below region and is

essentially transparent beyond 500 nm. This behavior is typical of molecular species which

display a very structured absorption spectrum. Particulate on the other hand will act as a

broadband absorber and, if present in significant quantity, produce absorption throughout the 3
wavelength range. We therefore primarily attribute the absorption below 500 nm for the low

temperature case in Figure 6 to the molecular components of the fuel.
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I Figure 6. Absorption Characteristics at Three Temperatures for JP-4. The low
temperature curve is identical to JP-4 that has not been thermally stressed

Two other absorption spectra are also included in Figure 6 and a comparison of these

i spectra with the absorption spectra for the unaltered JP-4 (the T=380 K case) is

exceptionally interesting. For fuel stressed at 430 K, as in the T=380 K case, the

Iabsorption appears to be dominated by molecular absorption. However, the absorption

features for this case have been shifted to the red in comparison to the T=380 K result.

This shift is indicative of changes in the molecular absorbers for the system. Clearly the

concentration or strength of 400 to 500 nm absorbers changed dramatically between the two

cases. Temperature effects on the absorption spectra, for this change of temperatures,

simply are not large enou~gh to explain the differences in the observed spectra. The

wavelength shift associated with a 700 K temperature change is approximately 500 wave-

numbers which corresponds to a shift of approximately 2 nm. This shift is clearly

insignificant compared to those which are observed. 14 As a final verification of this result,

5post-thermal-stress absorption scans using a spectrophotometer indicated similar differences

in the pre- and post-stressed fuel.

13



I
Figure 6 also includes results for fuel which has been processed at 510 K. This result 3

includes significant absorption in the long wavelength regions and the spectral variation is

gradual enough to be due, in part, to particulate. However, the absorption behavior below 5
500 nm is similar to that for the two other temperatures and is primarily due to molecular

absorption. Once again, an increased temperature has shifted the absorption further into the I
red indicating further changes in the molecular components of the fuel. These indicated

changes in the fuel's molecular components are not surprising since other studies have shown I
that fuel deposition on heated surfaces is influenced by the system's chemistry. 3-7 The

increasing absorption at long wavelengths is generally an indicator of the presence of

compounds with larger molecular structures. For both ring and chain like carbon

compounds, increasing the number of rings or atoms in the chain typically increases

imolecuiar absorption at longer wavelengths. 15 From a fundamental perspective this is not

surprising since increasing the size of the compound increases the number of available

electronic states; the energy differences between these states and the ground state becomes

smaller and absorption at longer wavelengths becomes possible. 16

Figure 7 includes results for higher fuel temperatures along with the 380 K result

which is included for comparative purposes. Residence times for the 580 K and 600 K 5
results are 5.8 and 4.7 min respectively. Each of the two high temperature results display a

broadband absorption signature at the longer wavelengths that is indicative of small size 1
carbon particulate. To illustrate this point, Figure 6 also includes a prediction for particulate

absorption assuming Rayleigh limit sizes (diameter < = 0.01 Am) 17 using the complex index

of refraction for soot. 18 This prediction gives the optical cross section as a function of

wavelength; since the absorption measurement gives a product of number density and optical 3
cross section, comparison of the predicted cross section with the measured absorption signal

requires the curves to be tied at one point in the spectrum. For this comparison the tie point 3
was 750 nm. Agreement between the absorption signal and the predicted optical cross

section as a function of wavelength is excellent. 3

1
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Figure 7. High Temperature Absorption Results for JP-4. An analytical prediction for
-. the absorption characteristics of small particulate is included for comparison

with the 600 K result

Figure 8 illustrates an extreme temperature absorption measursment. Residence time

3 for this result was poorly controlled but was estimated to be 7 min. The observed opacity is

quite high and for wavelengths longer than 450 nm approximately constant. This constant

I cross section result is typical for particles that are large with respect to the wavelength. 17

In order to characterize the optical changes in the fuel due to thermal stress, the

baseline absorption signal may be subtracted from that observed at higher temperatures,

-- Eq. (6). These changes are clearly due to the thermal stress on the fuel and, as with other

temperature dependent chemical processes, may be presented in an Arrhenius format.

*( N i oi ')X,T = (E N oi )XT - (E N i Ori %,300 K (6)

i_ A(U Ni a"i t )X,T change in the absorption cross sections and number densities of
the fuel system. Stressed at temperature T for wavelength X

1- 15
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Figure 8. Absorption Results for JP-4 Thermally Stressed at 675 K 1
Figure 9 illustrates the change in absorption properties of the fuel as a function of

temperature for three wavelengths: 400, 550, and 700 nm. Residence times for these results

are 4.5 ± 1.5 min with the exception of two values. Residence times for the data at 700 K

and 510 K are 7 and 15 min, respectively. From the previous discussion regarding the

spectral nature of the absorption signal, we expect the short wavelength absorption to be 3
indicative of molecular changes in the fuel and the long wavelength absorption to primarily

be due to formation of particulate. The results in Figure 9 indicate that substantial amounts

of particulate are not formed at temperatures below 510 K. Results for 550 and 400 nm

display a complex temperature dependence with the change in absorption increasing with I
temperature through 510 K, decreasing dramatically over the next 25 deg, and then

increasing again with a higher slope. This behavior is exceptionally interesting from the 3
perspective that it implies the disappearance of molecular absorbers between 510 and 525 K

and the implication is that these absorbers are consumed at higher temperatures or, i
conversely, never formed. The dual slope type of result is very similar to that observed in

other studies which examined the deposition rate as a function of temperature in heated I

16 1
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I

stainless tubes. 6 However, the break point between the low and high temperature behavior

for this work was approximately 650 K which is significantly higher than thc 525 K break

point observed optically. Any further comparison between these results is difficult due to the I
differences in the measurements, the fuels which were used, residence time effects, and

oxygen content for the fuel. I

Figure 10 is an Arrhenius plot of the ultra-violet absorption data at 375, 400, and I
425 nm; residence times are as previously described for Figure 9. Once again this plot

displays a dual slope curve with a transition region near 510 K. However, these results I
display a change in the relative absorption behavior between low and high temperatures. At

low temperatures shorter wavelengths absorb more strongly. This behavior, as previously

discussed, is typical of molecular absorbers. At the higher temperatures, the difference in

absorption with wavelength is not as large and is possibly due to absorption from both

particulate and molecules.

Figures 11 and 12 indicate the observed effect of residence time on the increase in I
optical absorption. Figure 11 illustrates results for fuel exposed to 420 K for 7.6 and

15.2 min. The results, for wavelengths between 400 and 600 nm, are as expected. 5
Prolonged temperature exposure increased the measured absorption. However at 525 K,

which is in the transition region shown in Figures 9 and 10, the effect of residence time (3.8 3
and 5.8 min) is much more interesting. At 600 nm the increased residence time results in a

factor of 6 increase in the absorption. However, for shorter wavelengths the increased 3
residence time causes smaller and smaller increases in absorption until, at 400 nm, longer

residence time produces less optical absorption. The 400 nm data is exceptionally important 5
since it is a direct indication of the destruction of molecular absorbers with increased

exposure time. The implication is that a poltion of tiie 400 nia absorption signal is due to a 5
molecular intermediate which is formed in significant quantity and then consumed as the

fuel's chemical makeup evolves. 3
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I
In addition to the absorption results, scattering and fluorescence measurements were

made using the optical setup described in Figure 4. The focus for the scattering results was

to quantify the size of particulate. Equation (7) gives the relationship between scattering I
signal and the system parameters. As shown by Eq. (8), the ratio of scattering signal for

perpendicular and parallel polarized light is independent of particulate number density and I
optical probe volume and reduces to a ratio of the scattering cross sections.

S = kI, N V os fc (7)

S - scattering signal
k - detector calibration (conversion of incident energy to signal)

N - number density of scatterers
as  - scattering cross section at 90 deg, in cm2 /sterradian
fie  - optics collection angle
V - probe volume

s"L (8) 3
S 11 as, 11

S -I-, scattering signal for perpendicular and parallel poia-ized light I
os, _L., as, 11 scattering cross section at 90 deg for perpendicular and parallel

polarized light I

The polarization state for the probe laser was carefully oriented to include an equal

component in the planes perpendicular and parallel to the plane defined by the laser

propagation and the detection optics. A polarizer in the detection optics could therefore be 3
used to choose either a perpendicular or parallel polarized scattering signal. The ratio of

scattering cross sections for orthogonal planes is an established method for monitoring 3
particulate size 17 , 19 and may be predicted with the mie scattering relationships. Controlling

variables for the optical response are the size parameter, defined as the particle 3
circumference divided by the wavelength of the light in the medium, and the ratio of the

complex index of refraction of the particulate to that of the medium. Predictions for this 3

22 3
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I . optical cross section ratio are given in Figure 13 and were calculating using indices of

refraction typical of carbon particulate (soot). 18 The prediction in Figure 13 also assumes a

1 5 deg uncertainty in the alignment of the detection system polarizer. This uncertainty is

included as an estimate of the accuracy of the system alignment and is the controlling factor

in setting the small particle signal ratio.

iFigure 13 clearly illustrates that for a monodisperse system, particulate sizing using

polarization scattering signal ratioing at a single wavelength can be used to separate the

I particulate into two size classes: small (for this case less than 0.06 jsm radii) and large

(greater than 0.06 /sm radii). A more definitive particle sizing measurement would require

I both more accurate alignment of the polarizer and multiple probe wavelengths. Results from

the scattering experiments are given in Figure 14 which display the scattering signal ratio in

an Arrhenius format. At room temperature, the signal ratio is approximately 3 which

* indicates that the particulate size is 0.1 jsm or greater. Uncertainties in the index of

refraction for the particulate make further quantification in the size, given this signal ratio,

inappropriate. The change in scattering signal ratio between room temperature fuel and

thermally stressed fuel (temperatures greater than 500 K) is dramatic. Clearly the average

5 size has changed distinctly and comparison with the sizing curve included in Figure 13 shows

that the particulate has changed from being greater than 0.1 jsm at room temperature to being

less than 0.06 /m for elevated temperatures. Residence times are in all cases 5 min. This

result is exceptionally important from the standpoint that it indicates that the particulate that

I has been observed for both the absorption and scattering measurements is small in size and

present in much higher concentrations than observed in the non-stressed fuel. An estimate in

3 the change in number density may be made by noting that the scattering signal increased by

up to 2.5 decades for the thermally stressed fuel while the indicated size moved from greater

i than 0.1 usm to less than 0.06 14m in radius. The scattering cross section is a function of the

sixth power of radius and scattering signal is a function of the number density times the

I scattering cross section. Therefore, the number density must increase over the room

temperature case by a factor of approximately 5000.

I2
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Figure 13. Theoretical Prediction of the Scattering Cross Section Ratio at 90 Deg Between
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I

The fluorescence signal generated by the 514.5 nm laser was monitored concurrently - I
with the scattering signal and the results are shown in Figure 15. Both the scattering and

fluorescence signal required correction for optical absorption and the interpolated/extra- I
polated results for both 500 and 525 nm were used to define the correction. Fluorescence

signals included as part of Figure 15 are the signal intensities using a long-pass 550 nm I
blocking filter to remove scattered light from the laser. Results for both scattering and

fluorescence follow a dual slope behavior with a shallow slope at the lower temperatures and I
a steep slope at the higher temperatures. The transition temperature is approximately 630 K.

The scattering signal will be uniquely related to particulate since the scattering signal is I
generated by the interaction of the probe laser with particles. Fluorescence, however, may

be generated by either the interaction of the laser with particulate or molecular species. It is

interesting to note that the fluorescence and scattering signal follow the same general

behavior indicating that fluorescence and scattering are either following the same species

(particulate) or species that change with temperature in a similar fashion. Differences in the

relative scattering to fluorescence data could either be due to the change in particle size

(fluorescence is fundamentally an absorption process; absorption cross section is a function of m

r3 and scattering is a function of r6 ) or to the changes in the relative concentration of

molecular and particulate fluorescing species. 5
As a means of further examining the fluorescence data, a series of fluorescence 3

measurements was performed using progressively longer wavelength filters. The filter

transmission curves are shown in Figure 16 and a coarse fluorescence spectrum may be

constructed using results from these filters. Signal differences between adjacent wavelengths

may be constructed to include only the signal for the region between two filters; as an 3
example the signal from 590 nm subtracted from the 570 nm signal includes only signal of

fluorescence between 570 and 590 nm. Relative fluorescence spectra can therefore be I
computed by differencing the signal levels and adjusting the derived signals for effective

optical bandwidth and relative photomultiplier tube response. Results are shown in 3
Figures 17 and 18.
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Figure 15. Fluorescence and Scattering Intensity as a Function of Temperature for JP-4.
Both results have been corrected for optical absorption. Probe wavelength is

_ 514.5 uid fluorescence is from wavelengths larger than 550 nm

1. 27

.



I

1001

0 550 nm
C I
.0 50'
E) 5 90 nm,
E610

25-

ofI
500 540 600 660 720 780

Wavelength (nm) -7338 3
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Fluorescence from JP-4 I

Figure 17 illustrates the fluorescence spectra for room temperature fuel and fuel that I
has been processed at 526 and 625 K. Each of these spectra is different which indicates that

the combination of fluorescing species is different. Figure 18 illustrates the high temperature

fluorescence results. These spectra are much more similar to each other implying that for

high temperatures, the fluorescence signal may be due to the same species. Clearly the

fluorescence spectra would benefit from a higher wavelength resolution such as that afforded

by an Optical Multichannel Analyzer (OMA) and the use of fluorescence as a monitor of fuel

fouling processes requires further development. However, the simplicity of fluorescence

measurements in addition to the possibility of differentiating between fluoresing species by

examining the spectra makes it a potentially powerful tool. 3

5. CONCLUSIONS

The purpose for this work was to examine a variety of optical measurement

techniques and their applicability to the fuel fouling problem. All of the measurements were 3
taken using a constant surface heated tube which fed into an optical cell. This apparatus
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U . provided a stable and carefully controlled environment for studying fuel fouling. Absorption

measurements for 375 to 750 nm at temperatures between ambient and 680 K and pressure

3equal to 400 psig, indicated dramatic changes in the thermally stressed fuel. These changes

included indications of both molecular changes in the fuel composition and a dramatic

I increase in the particulate present in the flow. Comparative kinetic results demoinstrate the

primary importance of temperature in controlling these changes, with a secondary

I dependence on residence time. The relative kinetic behavior for the absorption measurement

could also be grouped into a low and high temperature regime which displayed a constant

slope behavior in an Arrhenius format. The transition temperature between these two regions

was observed to be approximately 525 K. Scattering sizing measurements were also

performed for room temperature and thermally stressed fuel. This measurement was used to

identify the size class of particulate present in the system. Room temperature fuel was

observed to contain particulate with radii greater than 0. 1 Am, while the results for fuel

between 500 and 800 K indicated radii of less than 0.06 Am. Observea fluorescence signals

were very strong with a varying spectral structure over the room to high temperature range.

In addition the general behavior of scattering and fluorescence signals was very similar which

indicates that the two measurements monitor either the same species or species with similar

3 temperature behavior.

The absorption, scattering, and fluorescence all displayed an ability to monitor

changes within the thermally stressed fuel. However, the fuel fouling problem is

3a exceptionally complex and no single measurement, at this time, is appropriate for monitoring

all processes within the fuel. Our recommendation, based upon the promising results

3 contained within this paper, is to continue to attack the fuel fouling problem with a multitude

of optical measurement techniques that are coupled to more classical evaluation methods such

3 as post-thermal stress, chemical analysis, and carbon deposition rate studies. The

combination of the classical and optical techniques will produce both a new understanding of

3I the processes involved in fuel fouling and possibly produce new methods for evaluating the

thermal stability of fuels.I.
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i •APPENDIX A

3. This appendix contains the spectrally resolved absorption data. The figures show

absorption as a function of wavelength for thermally stressed JP-4.
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3 .. APPENDIX B

This appendix contains transmission covers for JP-4 which has been thermally

stressed, re-collected, and analyzed with a spectrophotometer. Samples were held in a

Quartz cell with a 10 mm path length. Transmission curves for the cell and JP-4 in its

as-received condition are also included.
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