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ABSTRACT

The operation of supersonic turbine aircraft can be extended by
using more heat sink of the fuel for cooling. Experiments were run with
Jet A fuel to determine the heat transfer characteristics and coking prob-
lems associated with this application. Selection of the fuel used was based
on coker tests of fuels from several sources. Heat transfer to the fuel
was studied and correlations were developed for both laminar and turbulent
flow of the fuel. Considerable free convection in laminar flow enhanced the
heat transfer and stabilized the flow at Reynolds numbers up to 15,000.

Coke deposits were measured for both deoxygenated and aerated fuel
in tests up to 100 hours duration. A 100-hour test run with deoxygenated
fuel at a heat flux of about 1 Btu/sec-in® (1.6 MW/m®) was completed with
coke deposits less than 1 mil thick. The maximum tube temperature at the
end of the run was 1400°F (760°C), less than the 1450°F (788°C) maximum at
the start of the test. Deposits were found to be more severe and more
irregular with the aerated fuel, and carburization of the tube occurred at
the higher temperatures reached in this case. Different tube materials
were screened in coker tests, and selected ones were tested further in the
heat transfer test rig. Results of these experiments did not indicate any
obvious relationship between coking tendency and tube material. Tests showed
that the tube temperature was the most important variable in determining
deposition rate. Coke deposits were found to have two effects on heat trans-
fer, a beneficial effect by acting as a turbulence promoter to increase the
convective heat transfer coefficient and a detrimental effect by increasing
the resistance to heat transfer.

Pressure oscillations in the test section were audible at certain
turbulent flow conditions when the exit fuel was near its pseudocritical
temperature. Amplitudes ranged up to 350 psi (2.4 MN/m®) and primery frequen-
cies varied from 1000 to 5000 Hz.
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SUMMARY

The potential use of Jet A fuel as a heat sink for cooling turbine
engines was investigated in order to determine the heat transfer and coking
characteristics associated with this application. Experiments were rum over
a wide range of conditions to obtain data on heat transfer and coke deposition.
Most of the work was done in a heat transfer test rig in which flowing fuel
was heated in tubes of 1/16 and 1/8-inch (0.16 and 0.32 cm) inside diameter.
Heat fluxes varied from 0.02 to 4.0 Btu/sec-in® (0.0327 to 6.54 MW /m®). Fuel
pressures and temperatures ranged up to 1000 psia (6.90 MN/m?) and 1000°F
(538°C). Residence times of the fuel in the test section varied from 0.02k
to 9.5 seconds, and run times ranged up to 100 hours. Jet A fuel was used
under both deoxygenated and aerated conditioms.

Heat transfer in both laminar and turbulent flows was studied at
Reynolds numbers from 40 to 600,000. Considerable free convection in laminar
flow greatly enhanced the heat transfer and resulted in temperature differ-
ences between the top and bottom of the tubes up to 150°F (83°C). The free
convection apparently stabilized the laminar flow at Reynolds numbers up to
15,000 for high Grashof numbers. Turbulent flow occurred at higher Heynolds
numbers and in several cases at Reynolds numbers down to 2200. Correlations
were developed for predicting heat transfer coefficients in the two flow
regimes. The Nusselt number for heat transfer in laminar flow with free con-
vection was dependent primarily on the Grashof number, and to a lesser extent
on the Prandtl number and the ratio of the bulk fuel density to the fuel
density at the wall conditions. The Reynolds number, Prandtl number, and
ratio of bulk fuel temperature to wall temperature were used in heat transfer
correlations for turbulent flow.

Different tube materials were screened in coker tests, and further
experiments were run in the heat transfer test rig in order to determine the
influence of selected tube materials on coke deposition. Deposit measurements
on all materials in the coker tests were found to be small or moderate, and
there was no obvious correlation between coking tendency and tube composition.
The only variable found to have a significant effect on deposit formation
with the deoxygenated fuel was the tube temperature. Test runs with this fuel
in the heat transfer test rig showed that the rate of coke deposition in
general was significantly greater at tube temperatures above 13L0°F (727°C).

Coke deposits were found to have two major effects on heat transfer.
One was the direct effect of creating additional resistance to heat transfer.
This effect was appreciable for thick deposits at high heat fluxes. The
second effect was indirect and did not depend on deposit thickness. A ccke
layer always exposed a rough surface to the fluid flow, which increased the
turbulence of the fluid if the flow was not fully turbulent. This then
resulted in a substantial improvement in the convective heat transfer coeffi-
cient.
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Oxygen was found to have a strong influence on coke deposition and
heat transfer. Even after completion of a 100~hour test run at a heat flux
of 1.0 Btu/nr-ft® (1.63 Mi/m®), deposits formed from deoxygenated fuel were
relatively thin, less than 1 mil (25 um). The use of aerated fuel resulted
in heavier and more irregular deposits. In a 100-hour run with this fuel
the deposit filled the tube completely at one point but was porous enough
to allow flow. Heat transfer resistances of these heavier deposits were
greater, and inside tube temperatures reached a maximum of 1610°F (877°C).
Carburization of the tube occurred at this temperature. Thermal cracking
of the fuel accompanied the coke deposition and yielded light hydrocarbons
and hydrogen. Products of cracking and coke formation also caused discolora-
tion of the fuel from white to yellow or amber. The extent of cracking was
small, and the cracking hence was a negligible contribution to the heat sink
of the fuel.

Pressure oscillations were audible at certain turbulent flow condi=-
tions, when the outlet temperature of the fuel was near its pseudocritical
temperature. Amplitudes of pressure fluctuations ranged up to 350 psi
(2.4 MN/m?) at frequencies between 1000 and 5000 Hz. The pressure oscillations
were more common and more severe at 500 psia (3.45 MN/m®) than at 1000 psia
(6.90 MN/m®).
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INTRODUCTION

In order to extend the range and speed of supersonic turbine aircraft,
additional cooling of the engine and airframe is required. In many turbine
engines compressor bleed air is used for cooling engine components. However,
as design speeds of aircraft are increased, the cooling capacity of this air
becomes more limited due to the increase in its stagnation temperature. Hence,
there are two factors which 1limit the use of air for cooling engines at higher
speeds: (1) Cooling requirements are much greater, and (2) the available heat
gink of the air is less.

A convenient source of additional cooling capacity is the fuel carried
on board the aircraft. Kerosene fuels currently used for limited cooling on
turbine aireraft have a temperature limit in this application of 350°F (arrec).
It would be advantageous to raise this limit, but knowledge of the fuel charac-
teristics and behavior above this temperature is needed. Previous work on
hydrocarbon fuels!’/ has shown that coking may not be excessive at higher temp-
eratures, although these tests were generally short and limited to a few condi-~
tions. More information on the coking of hydrocarbon fuels is needed at dif-
ferent conditions and for longer times.

The heat sink of Jet A fuel, a kerosene type, is 135 Btu/lb (31k kJ/kg)
in heating from 100 to 350°F (38 to 177°C). If the temperature limit of Jet A
fuel were extended, this heat sink would inerease to 485 Btu/lb (1127 kJ/kg) at
800°F (427°C) and 500 psia (3.45 MN/m2), and to 685 Btu/lb (1592 kJ/kg) at 1000°F
(538°C). This additional heat sink would increase considerably the cooling
that could be accomplished in a supersonic or hypersonic vehicle.

The use of Jet A fuel as a heat sink was investigated in order to
determine the heat transfer characteristics and problems associated with this
application. Experiments were designed to cover a wide range of conditions,
in order to obtain data for developing heat transfer correlations which could
be used in designing heat exchange systems using Jet A fuel as a coolant. In
this investigation fuel deposits, their effect on heat transfer, and flow
instabilities were observed and measured to determine the extent that these
problems would limit this use of the fuel.

The primary portion of the work was done on a heat transfer test
rig in which the fuel flowed through a resistance heated tube. Various heat
fluxes were used from 0.02 to 4.0 Btu/sec-in® (0.0327 to 6.54 MV /m®). Fuel
inlet pressure was either 500 or 1000 psia (3.45 or 6.90 MN/m®), and fuel
temperatures varied from 100 to 1000°F (38 to 538°C). Tube temperatures
ranged up to 1650°F (899°C). Flow rates were varied so that residence times
of the fuel in the heated test section varied from 0.02L4 to 9.5 seconds.

Run times ranged up to 100 hours, and oxygen content in the fuel was varied.

Throughout the experiments the fuel inlet and outlet pressure and
temperature and the tube temperatures at various points were monitored. The
fuel from the test rig was cooled, gas flow was measured, and liquid and gas
products were analyzed periodically. After each experiment the used tube was

1) See References.
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cut into sections for observation of coke deposition, and those sections
which were exposed 1o more severe conditions were analyzed by combustion
analysis to determine the weight of deposit. Tube sections exposed to the
most severe conditions were also metallurgically examined for carburization
of the tube.

Various metals and alloys were investigated to determine the effect
of different tube materials on coke formation. A large number of metals and
alloys were screened in a modified Jet Fuel Thermal Oxidation Tester (JFTOT),
after which a few materials were selected for further testing in the heat
transfer test rig. Deposits formed on the tubes in the JFTOT tests were
measured on the Beta~Ray Deposit Rater (BIR).

TEST EQUIPMENT

Heat Transfer Test Rig

Flow System

A flow diagram of the unit assembled for use in these tests is shown
in Figure 1. After being deoxygenated by nitrogen sparging the fuel was
charged 0 a 60-gallon (0.23 m®) nitrogen-blanketed feed tank. (Air-sparged
fuel was used for the final 100-hour test, so the nitrogen blanket was deleted
for this test.) This tank was arranged so that additional fuel, nitrogen or
air sparged, could be added during & test if a high feed rate made this neces-
Sary.

The feed pump was a triplex diaphragm unit capable of delivering
50 gal/hr (0.19 m®/hr) at 1500 psig (10.4 MN/m®) discharge pressure. The
pump rate was set at least 5 gal/hr (0.019 m®/hr) above the desired feed
rate with the excess flow bypassing through a relief valve back to the feed
tank, which provided a uniform flow past the oxygen analyzer probe. Pressure
pulsations were minimized by a pulse dampener installed in the pump discharge
line. An 8-um membrane filter located immediately following the pump discharge
prevented any forelgn solid matter from entering the test section. Flow rate
was maintained by a control system containing an orifice meter, a flow recorder-
controller, and an air-operated control valve. Because of the required wide
range of flow rates, 0.5 to 294 1b/hr (0.23 to 133 kg/hr), it was necessary
to have a number of control valves and orifice plates of different sizes avail-
able for substitution into the system between tests. A 2-1liter (0.002 m3)
calibrated length of industrial glass pipe arranged in parallel with the feed
tank was used to make spot checks on the flow rate prior to and at intervals
during a test. The test section inlet pressure was maintained by a pressure
recorder=-controller which actuated a pressure control valve in the system
discharge line.

Two variable transformers were used to provide the necessary power
to the test unit. The first was connected across a preheater, which was a

length of stainless steel tubing used to heat the fuel to the required 100°F
(38°C) temperature at the test section inlet. The second transformer was

Figure 1 follows
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connected across the test section and was maintained at the power level
required for the particular test in progress. Current through and voltage
drop across the test section were constantly monitored and adjusted as
necessary to compensate for line voltage changes, in order to meintain a
constant heat flux during a test.

A sintered stainless steel filter with a nominal porosity of 5Sum
was positioned in the discharge line immediately following the test section
to collect any coke particles present in the product stream. After the filter
the product passed through a water cooled condenser, was reduced in pressure,
and entered the separator vessel. Gaseous product was vented to a flare
system, and 1iguid product was directed to storage for subsequent disposal.

Heat Exchange Test Sections

A1l test sections used in this study had 2-ft (0.61 m) heated
lengths. Tube materials and diameters are given in Table I.

Table I. MATERTALS AND DIMENSIONS OF
HEAT EXCHANGE TEST SECTIONS

Nominal OD True OD True ID
Tube Material
inch | em inch cm inch e
Hastelloy C 1/8 |0.32 |0.1268 |0.3221 | 0.0635 |0.1613
Hastelloy C 3/16 |0.48 10.1908 | 0.4846 |0.1268 |0.3221
Stainless Steel Type 316 |1/8 |0.32 |0.1260 |0.3200 | 0.0740 |0.1880
L-605 (Haymes 25) 1/8 |0.%2 |0.1278 |0.3246 |0.0651 |0.1654

Electrical resistivity and thermal conductivity of the three tube materials
are given in Figures 2 and 3. Note that Hastelloy C, which was the tube
material used for most of the tests, has an essentially constant electrical
resistivity over the temperatures encountered, and a constant heat flux
(except for heat losses) could be assumed along the tube. However, this was
not the case for the L-605 and stainless steel tubes. During the tests a
variation in heat flux did exist along these tubes, and it was necessary to
consider this when calculating inside tube temperatures as well as fluid
temperatures.

A diagram showing a typical tube ingtalled on the end~-fitting blocks
is shown in Figure L. Before installation the tube sections were cut to the
desired lengths, and nickel washers, 1/4-inch thickness x l-ineh 0D (0.6k em x
2.54 cm), were shrunk to fit onto the tube ends and welded in place.

These washers were clamped to the end-fitting blocks by the copper bug bars
as shown, and provided a seat for the sealing washer as well as a good elec-
trical connection between the bus hars and the tube.

Figures 2, 3, and 4 follow
_S-
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Outside tube temperatures were measured by thermocouples whose
Junctions were spot-welded directly onto the tube. After spot-welding the
Junctions in place the tube was coated with a thin layer of ceramic cement.
The thermocouple wires, electrically insulated from the tube by the cement
layer, were wrapped in opposite directions one~half turn around the tube,
and another layer of cement was applied over the tube and wires. The tube
was insulated with about 1/2-inch (1.3 cm) of ceramic fiber mat and then
with 3-inch (7.6 cm) OD magnesia pipe insulation. Some of the thermocouples
were troublesome during the initial tests at high heat fluxes. This was
minimized during later tests by more careful welding of the thermocouple wire
pairs to a single point on the tube wall and by more complete electrical
isolation of the recording instrument. Those thermocouples which gave unreliable
data were readily identified during a test by a slow response of the recorder.
These points were disregarded during data analysis and are not included in the
data summaries.

Only 11 thermocouples were used initially. These were located alter-
netely on the top and bottom of the horizontal tube. However, the difficulty
mentioned above as well as the desire for better definition of the sometimes
precipitous changes in the temperature profiles led finally to the installation
of 10 additional thermocouples. These were spaced equally between the original
locations. The final locations of the 21 thermocouples on the tube are shown
in Figure L.

Instrumentation

In addition to the control instruments and spot-welded thermocouples
mentioned previously, the following instrumentation was also used in measuring
and recording the test data.

Inlet pressure to the heat exchange section and pressure drops across
this section and the product filter were measured by pressure transducers of
the strain-gage type. A 0-1500 psia (0-10.4 MN/m®) transducer was used for
measuring the inlet pressure, and differential pressure transducers with
renges of 0-2.5, 0-25, and 0-500 psi (0-0.017, 0-0.17 and 0-3.45 MN/m®) were
used for measurements of pressure drop. The three measured pressures were
continuously recorded on strip charts throughout each test run.

A crystal pressure sensor was mounted in one of the end-fitting
blocks, initially in the inlet end and later the outlet end, to measure high
frequency pressure pulsations. The signal from the sensor was amplified and
displayed on an oscilliscope for visual observation.. Photographs could be
taken of interesting traces.

Fluid inlet and outlet temperatures, measured by sheathed thermo=~
couples Inserted into the end-fitting blocks (Figgge 4), were recorded continu-
ously on strip charts. The junctions of these couples were located only 1/16
inch (0.16 cm) from the ends of the tube to provide accurate measurements;
however, at low flow rates there was sufficient heat loss from the fluid before
it reached the exit thermocouple that measured outlet fluid temperatures were
unreliable. In these cases exit fluid temperatures were calculated, using the
measured power input, corrected for heat losses, and heat capacity data for
the fuel.

6
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Test Procedure

A test run was started by first setting the desired flow rate and
inlet pressure. Then the inlet fuel was brought up to the desired 100°F (38°C)
temperature. Finally the heat exchanger power was increased over a 5-10 minute
period to give the required heat flux. Line voltage fluctuations required
that frequent minor adjustments be made to the variable-transformer setting
during a run. The feed rate controller required ocecasional small adjustment
when spot checks showed some deviation from the desired flow rate. When shut-
ting down, the reverse procedure was followed; first power was reduced and
then the flow.

The 20-hour tests were run in 5-hour cycles, either one or two
cycles per day. When only a single cycle was completed in a day, there was
a normal shutdown-startup procedure between cycles. When two cycles were
run per day, the break between cycles consisted of decreasing the temperature
to 100°F (38°C) and then raising it to the test level again during a 15-minute
period. The 100-hour tests were run in 10-hour cycles of one cycle per day.
Thus, all breaks were complete shutdowns, but the down time was different,
14 hours overnight and 62 hours for a weekend.

Following each test the product filter was removed, rinsed with
n-heptane, dried, and weighed to determine the amount of coke collected
during the run. A new filter was weighed and installed preparatory tc the
next run. The exchanger tube was removed from the rig, cleaned of the
ceramic cement layer, rinsed with n-heptane, and dried. It then was ready
to be cut into sections for measurement of coke deposits.

Heat Loss

Heat loss from the tube wall was determined by the following proce-
dure. A low power level was maintained across an empty insulated tube until
the wall temperatures reached equilibrium. At this time power and tempera-
ture data were recorded. The resulting temperature profile was constent
over most of the tube length with sharp changes only at the ends of the tube,
so that end effects could be neglected. Hence, the heat loss was equal to
the rate of heat generation, and the rate of heat generation was uniform and
could be calculated from the power input. Measured heat loss per unit tube
length as a function of outside tube temperature is given in Figure 5. For
use in heat transfer calculations these data were reduced to a more conven-
ient form by expressing them as heat fluxes for the two sizes of Hastelloy C
tubes (Figure 6). Equations for the curves through the data are:

qQ = 0.090 T**5° for 1/8-inch (0.32 cm) OD (1)
g = 0.060 T**37 for 3/16-inch (0.48 cm) OD (2)

where q = heat flux based on inside tube surface area, Btu/hr-ft=
T = outside tube temperature, °F

-7- Figures 5 and 6 follow
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Fouipment for Coker Testing

Jet Fuel Thermal Oxidation Tester

A modified Alcor Jet Fuel Thermal Oxidation Tester (JFTOT) was used
to study the influence of tube metal composition on fuel thermal stability.
This coker also was used to select the test fuel and to monitor its thermal
gtability during this program. The JFTOT is a miniature coker, the test section
of which is an annular heater. A resistance heated inner tube is the test
surface on which coke deposits form. A filter unit downstream of the test
gection is used to measure filter-plugging tendencies of the fuel during the
test. The test section and the filter correspond to similar components in
the ASTM fuel coker; however, the JFTOT has not yet been accepted by the ASTM
for use in a sbandard test.

The JFTOT does offer significant advantages over the ASTM fuel coker
in experimental work, chief among which are the rapidity of assembly, disassem-
bly, and cleaning, and the need for only 1 liter (0.001 m3) of fuel per test
compared to 5 gallons (0.02 m3) for the standard ASTM coker. Our JFTOT was
specially designed and constructed by Alcor to withstand 1000 psig (7.0 MN/m?)
pressure and 1000°F (538°C) tube temperature. In our laboratory it has been
modified further by installing a thermocouple in the discharge opening of the
heater to measure liquid temperature in addition to the tube temperature profile
usually measured. This arrangement allows the performances of the standard
coker and the JFTOT to be compared directly on the basis of liquid temperature.
Based on visual deposit ratings,such comparisons on Jet A fuel (F-187) showed
agreement between the two methods within their reproducibility, which is within
one code number. Further details of the design and operation of the JFTOT
are given in the Appendix.

Beta=-Ray Deposit Rater

The rating of deposits on the JFTOT tubes was done both visually and
by the Beta-Ray Deposit Rater (BDR). Visual ratings are qualitative and are
not always comparable, particularly among different metal substrates.

The BDR is an instrument that measures quantitatively the deposit
on JFTOT tubes. In this rater a beam of low energy electrons impinges on
the deposit and the tube surface, and the amount of backscatter of these
electrons is measured to determine the deposit thickness. The backscatter
of the electrons is a complex function of the average atomic number of the
substrate surface, and the atomic number and surface density of the overlying
deposit. The composition of the tube metal and calibration data for suitable
organic £ilms are used to interpret the instrument response and determine the
thickness of the measured coke deposit. Calibration data for the instrument
have been obtained for films on a wide range of substrate metals and alloys.
These data fit a general correlation for backscatier count rate, in which the
count rate 1s expressed as a function of the deposit thickness and the atomic
numbers of the tube metal and deposit.

S-14115
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During the measurement of a deposit on a tube surface the tube is
translated and rotated past an electron detector in the instrument. In this
way the detector measures the backscatter of electrons from most of the tube
surface. The signal from the detector is printed on a recorder chart, which
is used to determine the maximum deposit thickness and the profile of the
deposit. Further details of the design, comstruction, and use of the instru-
ment appear in the Appendix.

FUEL SELECTION AND PROPERTIES

The fuels used in this work are specified by the ASTM Jet A turbine
fuel designation, the specifications for which are listed in Table XIV in the
Appendix. It was desired to use two fuels which differed in thermel stability
breakpoint by 100°F (56°C) as measured by the standard CRC-ASTM coker. This
was accomplished by using a fuel at two levels of oxygen content. In most
of the heat transfer tests the fuel was used in a nitrogen-sparged or deoxy-
genated condition, at which the oxygen concentration was less than O.5 ppm.
For the final test the oxygen content of the fuel was raised to 66 ppm, the
oxygen concentration of fuel in equilibrium with air at 1 atm (0.101 MN/z®).
This concentration was determined by gas=~liquid chromatographic measurements.

Thermal Stability of Commercial Turbine Fuels

The thermal stability specification of Jet A turbine fuel requires
that it pass the standard ASTM coker test at 300°F (149°C). A survey of the
current commercial turbine fuel market showed that information generally was
not available on actual coker ratings of fuels at different refineries, as
control laboratory tests are normally run only to assure that fuels meet or
exceed specifications. Because of this lack of information on thermal stability,
it was impossible to select sources of two fuels with the desired difference
in thermal stability. To determine the actual thermal stabilities of typical
Jet A fuels, samples were obtained from seven refineries of Shell 0il Compeny
and screened with our laboratory ASTM coker. This coker has been modified
from the standard coker by substituting a gas drive for the pump. This modifi-
cation results in more consistent ratings by eliminating the erratic and non-
reproducible catalytic effects of debris produced from pump wear.

Sufficient coker runs were made with each fuel to determine its
coker breakpoint temperature (Ts.s), i.e., the temperature at which the maximum
code rating is between 2 and 3. Breakpoint temperatures for the fuels from
the various refineries are shown in Table II. In some instances more than one
sample was obtained from a refinery, and ranges of breakpoint temperatures
are shown for these cases. Filter plugging generally was not limiting with
these fuels and hence received little attention. All Shell Jet A fuels
exceeded the minimum coker specification, generally by 100°F (56°C) or more.
Moreover, the ratings for all but two fuels were bracketed between 40O and
L50°F (204 and 232°C). Considerable effort was expended to obtain a fuel which
rated above U50°F (232°C) to represent a fuel with high thermal stebility.
However, it was found that where such fuels occurred their compositiong were
not typical of normal refining. Therefore, a fuel with a breakpoint of L10°F
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(210°C) was selected, based upon it being representative of several samples
with consistent ratings from the same refinery. Inspection data for this fuel,
designated F-18T7 for laboratory use, are shown in Table XV of the Appendix.

Table II. ASTM COKER RATINGS OF SHELL
ATF~640 PRODUCTION TURBINE FUELS

Range of Thermal Stability Breakpoint
Reﬁi?rguiiume Ng‘:g;i e Tube Rating®’ Filter Rating?’
op oG - °g
A 6 Lo5 - 450 | 207 - 232 | > 415 | > 213
B 9 Loo - 420 | 204 - 216 | > k15| > 213
C 1 k2o 216 > h25 | > 218
D 1 435 o2l > hho | > 227
E 1 b5 213 k1o 210
F 2 koo - 485|216 - 252 | > 450 | > 232
G 1 390 199 > h25 | > 218
Overall Range 21 390 - 485|199 - 252 | > 410 | > 210

a) Tube ratings are temperatures corresponding to code ratings of
2.5 max.

b) Filter ratings are temperatures at which the filter pressure
drop reached the ASTM specification.

Phyvsical Properties

Various analyses were made in order to determine the composition of
the Jet & fuel used. These include analyses for hydrocarbon type, carbon
number, ring number, degree of saturation, and impurities. Results of these
analyses are shown in Table XVI of the Appendix. Fluorescent indicator
analysis (FIA) showed that the aromatics content of the fuel was 15%, the
balance being virtually all saturates. Using this value with the results of
the mass spectrometer ring analysis, it can be deduced that the naphthene
content of this fuel was about 47%.

Physical properties were estimated for the fuel, and several
of these were used in later heat +transfer calculations. These properties
were based on experimental data or were calculated by well-known
correlations or theoretical equations. Measurements of density, viscosity,
thermal conductivity, and vapor pressure at various temperatures are listed
in Table XVII of +the Appendix. The enthalpy of the fuel was also
obtained experimentally. Correlations for this property were developed based on

~10-
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data obtained on the heat transfer test rig at temperatures up to 1000°F

(538°C). Flow rates were sufficiently high that heat losses were relatively
small and readily estimated. Measurements of power input corrected for heat
losses, inlet and outlet fuel temperatures, and fuel flow rate were used to
calculate fuel enthalpy. Results of the calculations and the derived correlating
equations are shown in Figure 7.

Based on the experimental data, known correlations, and theoretical
equations, physical properties were predicted for the fuel in the gas phase at
different pressures and supercritical temperatures. Properties were also
calculated for the liquid state at wvarious saturation pressures and
temperatures. Results of these calculations are listed in Tables XVIII and
XIX of the Appendix.

Monitoring of Thermal Stability

When the fuel was obtained, it was stored in a railroad tank car
and inhibited with 25 ppm IONOI® oxidation inhibitor to insure storage stebil-
ity. The fuel was then nitrogen sparged until the dissolved oxygen content
as measured by GLC analysis was reduced to less than 0.5 ppm. Afterwards a
nitrogen blanket was kept over the fuel to maintain this low oxygen content.

ASTM coker and JFTOT tests were used to determine if the thermel
stability specifications were met by the fuel and to detect any deterioration
in fuel stability during the tests on the heat transfer test rig. When the
fuel was acquired it was rated by the ASTM coker and then was tested monthly
by the JFTOT to assure a constant thermal stability. No deterioration was
detected over a period of one year. JFTOT ratings and ASTM coker ratings at
gimilar conditions agreed within one code number. Later ratings were made
from 2.5-hour runs on the JFTOT and correlated with ratings determined from
5-hour runs. Thereafter the shorter run times were used for monitoring the
fuel.

All the coker tests were run under air-saturated conditions, whereas
all except the last one in the heat transfer test rig were made with the
dissolved oxygen content below 0.5 ppm. The fuel was saturated with eir for
the thermal stability tests in order to meet the requirements of the standard
ASTM method in the Jet A specifications. This also allowed for easier and
simpler control of the coker tests so as to obtain reproducible results.
Deposit ratings for these tests were obtained visually by the conventional
Tuberator method. ILater the BDR was available for use and provided more
accurate ratings.

HEAT TRANSFER STUDY

Test Conditions

A1l test runs which provided data for the heat transfer correlations
were made with deoxygenated Jet A fuel (oxygen content less than 0.5 ppm) and
Hastelloy C heat exchange tubes. The initial series of tests consisted of
twenty-four 5-hour runs using 1/8-inch (0.32-cm) OD Hastelloy C tubes. Nominal
operating conditions for these runs were combinations of the conditioms given

-11- Figure T follows
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in Table IITI. Other 5-hour tests were made later at the five conditions
given in Table IV using 3/16-inch (0.48 cm) OD Hastelloy C tubes. One of
these was started at 0.2 Btu/sec-in? (0.33 MV/m®), 500°F (260°C), and 1000
psia (6.90 MN/m®). After 0.5 hour the pressure was changed to 500 psia
(3.45 MN/m®) for the rest of the S-hour period. In this way heat transfer
data were obtained at two conditions while using one tube during a single
test run. Coke formation was negligible at this fuel outlet temperature.

Table ITI. CONDITIONS FOR 5-HOUR HFAT
TRANSFER TESTS (SMALL TUBES)

1/8-inch OD x 2h=-inch L (0.32 em x
61 cm) Hastelloy C Test Sections

Heat Flux Fuel Outlet Temperature || Inlet Pressure
Btu/sec~-in® | MW /nf °F °C psia | MN/m®

L 6.5k 500 260 500 | 3.k45

1 1.63 800 kot 1000 | 6.90

0.2 0.327 1000 538

0,02 0.0327

Table IV. CONDITIONS FOR 5-HOUR HEAT
TRANSFER TESTS (LARGE TUBES
3/16-inch OD x 2k-inch L (0.48 cm x
61 cm) Hastelloy C Test Sections

Heat Flux | Fuel Outlet Temperature | Inlet Pressure
Btu/sec=in® | MW /m® °F °C psia | MN/mf
0,02 0.0327 1000 538 1000 | 6.90
0.2 0.327 1000 538 500 | 3.45
0.2 0.327 500 260 1000 | 6.90
0.2 0.327 500 260 500 | 3.45
1.0 1.63 800 ko7 500 | 3.45
-12-
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Experimental Results and Discussion

Data obtained during the 5-hour test runs are summarized in Table XX
in the Appendix. Conditions and results listed included nominal test condi~-
tions and measured temperatures, pressure drops, flow rates, and weights of
coke deposits. In many tests the product gas rate was insignificant and could
not be measured. In other runs sufficient cracking of the fuel occurred, so
that a measurable gas flow was produced. Tube temperatures were recorded
throughout each test run, and representative temperature profiles are shown
in Figures 8 to 17. In several runs there was little change in the tube
temperatures, and the plotted curve is an average for the entire run. Where
a change in temperature occurred during a test, profiles obtained at the start
and end of the run are shown. Bulk fluid temperatures calculated from data
on power input, flow rate, and enthalpy are also plotted.

At the higher heat fluxes of 1 and 4 Btu/sec-in® (1.63 and 6.54 MW /u®)
the flow rate was high and the flow was turbulent. In many runs the heat
transfer coefficient was lower and the tube temperature highest where The
fuel was near its pseudocritical temperature (Runs 30, 32, and Ehgﬁigures 8
and 9). This relatively low value of the heat transfer coefficient neer the
critical temperature of the fluid has been observed in other work.®:3/ Reynolds
numbers varied from 8000 to 600,000 in Runs 24 to 34 and from 2000 to 150,000
in Runs 36 to 46. In this latter series the flow was not completely turbulent
near the inlet of each tube, and the heat transfer coefficient was low. Coke
formation at this point during the test (Runs 40 and 46) caused more turbulence,
which improved the heat transfer coefficient and decreased the tube temperature.

At heat fluxes of 0.2 and 0.02 Btu/sec~-in® (0.327 and 0.0327 M /m )
the flow was generally laminar, but there was considerable free convection &t
the higher heat flux. The temperatures along the top and bottom of the tubes
differed significantly in many of the runs, in some cases as much as 150°F
(8%°C) for the large tubes (Runs 75 and T77; Figure 16). At the lower heat flux
the temperature differences between the fuel and the tube were smaller, and
naturally the temperature differences between the top and bottom of the tube
were also smaller. Reynolds numbers at various thermocouple locations during
these runs varied from 40 to 28,000.

The temperature differences between the top and bottom of the tubes
were due to free convection imposed on the laminar flow. As the fuel at the
wall was heated, its density became less and it rose in the boundary layer
from the bottom to the top of the tube, thus causing the top of the tube to
become hotter than the bottom. The fuel then circulated down into the core
of the fluid flowing through the tube, while colder fuel from this core moved
toward +the bottom of the tube. Variations in wall thickness around the tube
circumference could account for only a small fraction of the observed temp-
erature differences, and insulation was packed so tightly around the tube that
these differences were not caused by free convection outside the tube.

Correlation of Data

Correlations were determined for heat transfer at the two flow regimes
observed during the test runs. The flow was laminar at low flow rates, and
heat transfer was enhanced considerably by the presence of free convection.
Turbulent flow occurred at high flow rates with no indication of free convection.

-13=- Figures 8 through 17 follow
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A representative portion of the data is plotted in Figure 18. 1In
this figure experimental tube temperatures were used with calculated fuel temp-
eratures to determine heat transfer coefficients, which are plotted as Nusselt
numbers versus Reynolds numbers. Nusselt numbers in these test runs varied
from 6 to 1100 and Reynolds numbers from 40 to 600,000. At low values of
the Reynolds snd Nusselt numbers the flow was laminar with considerable free
convection. The transition to turbulent flow was indicated by the tube temperature
profiles at Nusselt numbers of 25 to 30, even though Reynolds numbers varied
up to values over 10,000 before transition occurred. Turbulent flow occurred
at Nusselt nunbers above 30, and in some cases Reynolds numbers were almost
ag low as 2200,

Data obtained during test runs at the two lowest heat fluxes were
analyzed together to determine a correlation for heat transfer enhanced by
free convection. The correlation was determined by linear regression using
equations in logarithmic form. Different parameters were used in order to
determine the variables which were most significant. The variables considered
included Reynolds number, Prandtl number, Raleigh number, Grashof number,
ratio of wall temperature to bulk fluid temperature, ratios of density and
viscosity at these two temperatures, and dimensionless tube length. Experi-
mental data were expressed as heat transfer coefficients in the form of a
Nussell number. Different forms of each dimensionless group were considered
by using fluld properties based on the bulk fluid, mean film, and tube temp-
eratures.

The Grashof number was the most significant variable for laminar
flow heat transfer enhanced by free convection. The Raleigh number was
equally significant, but this group was split into the more elementary Grashof
number and Prandtl number. These latter two variables taken independently
vielded a slightly better £fit of the data than the Raleigh number alone.

The Grashof number is basically defined in terms of a temperature
difference and a coefficient of thermal expansion, which should be based on
a mean film or wall temperature. An alternmate form of the Grashof number can
be based on the difference in densities at the bulk fluid and wall tempera=-
tures. The density difference was considered more appropriate for defining
the Grashof number in our tests, since temperature differences between the
wall and the bulk fluid were large, and different phases frequently existed
in these two regions. Fluid properties at the bulk fluid conditions were
used ag much as possible to define the correlating variables, since the equa-
tion then would be simpler to use in predicting heat transfer coefficients.

The data for laminar flow heat transfer enhanced by free convection
are plotted in Figure 19 as a function of the Grashof number, which is defined
ag follows:

gd®og(py - pw)

| —
GrB =

(3)

2

"B

1k~ Figures 18 and 19 follow
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Ovutside Tube and Bulk Fluid Temperatures, °F
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Gr' = Modified Grashof number
gravitational acceleration
tube diameter

fluid density

fluid viscosity

bulk fluid conditions

local mean wall conditions

T D am

Hoonunuwuun

subsceript B
subscript W

The data at the higher heat flux lie along the curve with very little scatter.
The data for the lower heat flux extend over a wider range of Grashof number
and have more scatter. This deviation is due to less accuracy in the data,
which was caused by more significant heat losses at the lower heat flux.

Analysis of the experimental data resulted in the following equation
for heat transfer in laminar flow with free convection:

d
o)
Nug = Nuy |1 + a(GrB')b Pch< B%) (4)
where a = 0.0255 (coefficient for the local mean Nusselt number)

b = 0.316 % 0.019

¢ = 0.149 t 0.056

d = 0.353 T 0.046

Nu = Nusselt number
Nu, = Nusselt number for Poiseuille flow = L4.36k
Pr = Prandtl number

The standard deviation for this equation was 25%. A plot of experimental and
predicted values is shown in Figure 20. This figure also shows the greater
deviation of the data at the lower heat flux.

Different values were determined for the coefficient in the above
correlation in order to predict the different temperatures along the top and
bottom of the tube:

_f0.023T (top of tube)

& =10.0273 (bottom of tube)

These coefficients are used in Equation (4) to calculate Nusselt numbers which
will predict the local maximum or minimum wall temperature. In this use the
symbol refers to the fluid density at the local mean wall temperature as
defined for Equation (3).

-15- Figure 20 follows
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The above equation was found to give the best fit of the data without
being too cumbersome. Other parameters were considered in the correlationm,
but the fit improved only marginally. The form of Equation (4) was selected
go that it would reduce to the prediction for laminar flow in the absence of
free convection.

During tests in which flow transition occurred,the change from
laminar flow was sharp, but the approach to fully turbulent flow was gradual.
Because of this, data on which the turbulent flow correlation was based ranged
in Reynolds numbers from 40,000 upwards to 400,000. The following equation
resulted from correlation of the data:

NuB = a ReBbPch (5)
where a = 0.,00h466

b = 0.927 T 0.048

¢ = 0.628 £ 0.058

i

Re = Reynolds number
The standard error for this correlation was 10.6%. Figure 21 shows the devia-
tion of the experimental data from the Nusselt numbers predicted by equation

(5)

Some improvement in the fit of the turbulent flow correlation was
obtained by using a temperature ratio, which resulted in the following equation
with a2 standard deviation of T.T%:

d

T
‘ b c B
Nu. = a Re_ Pr. | = (6)
Us B ‘T < Tw>
where 0.525

0.582 * 0.059

0.554% T 0.0L43

1.08k t 0.148
absolute temperature

i H

a0 T ®

[ A

Figure 22 compares the experimental data with Nusselt numbers predicted by
this equation. This figure shows that a slightly better fit of the data is
obtained by the addition of the temperature ratio to those parameters used
in Equation (5).

Equation (5) has an exponent on the Reynolds number which is in the
expected range for turbulent flow. The exponent on the Reynolds number in
Fguation (6) is appreciably lower than this. Hence, Equation (6) should not
be extrapolated outside the range of the data. Fquation (5) is more straight-
forward to use in predicting heat transfer coefficients than Equation (6), and
the stendard deviations for these two equations are not too different. For
these reasons Equation (5) generally should be the preferred heat transfer
equation for turbulent flow.

-16- Figures 21 and 22 follow
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Heat Flux
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Figure 20. CORRELATION OF DATA FOR HEAT TRANSFER IN
LAMINAR FLOW WITH FREE CONVECTION
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Experimental Nusselt Number (Nug)

1200

- '/lé-in (0.16 cm) Diameter %
1000 = 4 ¢ Btu/sec-in’ (6.54 MW/m?) Heat Flux .z
& 500 psia (3.45 MN/m?) 9
| } Pressure '
800 @ 1000 psia (6.90 MN/m?) O®
N O
® ®
600 — L 2
00% 0‘
- O
o /%9
C 09 ¢
400 — '
o/ e
S ¢
- 1 4 |
NUB = a ReBb PTBC
200 I | l | I | Il |

Predicted Nusselt Number (Nug)

Figure 21. CORRELATION OF DATA FOR TURBULENT
FLOW HEAT TRANSFER
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Figure 22. CORRELATION OF DATA FOR TURBULENT FLOW
HEAT TRANSFER
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It is desirable to have criteria for predicting the type of flow
regime for given conditions. These should depend primarily on the Reynolds
number and secondarily on the Grashof number, since the Reynolds number is
characteristic of the flow, and the Grashof number is an indication of the
extent of free convection.

Figure 23 is a plot of the data, Grashof number versus Reynolds
number, with the type of flow indicated for different regions on the graph.
Laminar flow with free convection occurred at low Reynolds numbers. This
type of flow apparently was stabilized by free convection, which is indicated
by the increased limit on the Reynolds number for laminar flow at high Grashof
numbers. At this condition laminar flow occurred at all Reynolds numbers below
5000. Between Reynolds numbers of 5000 and 15,000 there were conditions at
which laminar flow occurred and other conditions at which turbulent flow
occurred. The flow was turbulent at all Reynolds numbers above 15,000

COKE DEPOSITION STUDY

Coker Tests

Tube Materials and Test Conditions

In addition to time, temperature, and pressure, catalytic effects
of the heat transfer surface can influence the thermal stability of a fuel.
For example, in tests using a standard ASTM-CRC fuel coker, Smith*’/ found
that copper had a significant harmful effect on jet fuel thermal stebility,
beryllium had a moderate effect, and lead and tungsten were slightly harmful.
Seventeen other metals, including aluminum, chromium, cobalt, iron, and nickel,
had no significant effect at test temperatures up to 400°F (204°C). The
total fuel-metal contact time was about 10 seconds, of which only L seconds
was the exposuse time of the bulk liquid at the control temperature. Other
researchers®s®/ also have reported the harmful effects of copper on thermal
stability, but little appears to have been reported of the effects of differ-
ent metals on deposition at higher temperatures and shorter residence times.

In this investigation fourteen different tube materials were tested
with air-saturated Jet A fuel (F-187) in the JFTOT. Twelve of these are
listed with their compositions in Table V. The other two materials were
TD nickel and stainless steel type BOﬁ;both with aluminized surfaces. Efforts
were made to obtain additional metals, such as Rene 41, Hastelloy X, Incoloy
800, and other stainless steels containing high percentages of nickel, cobalt,
chromium, and molybdenum. These were particularly difficult to cbtain in the
proper size to fabricate JFTOT tubes. Mill runs were not justified since
compositions of these alloys were intermediate to those in Table V. L=-605
alloy was obtained by a special mill run since it was uniquely high in cobalt
and tungsten.

Testing of Jet A fuel on the JFTOT has shown a consistent visual
rating of code 2 with an aluminum tube. Conditions for this result were
410°F (210°C) liquid temperature, 300 psig (2.1 MN/m?) fuel pressure, and
5<hour run times. Since most other metals have less favorable effects on
thermal stability than aluminum, 410°F (210°C) and 300 psig (2.1 MN/m®) were
chosen as the standard conditions for JFTOT screening tests with different
tube materials.

=17- Figure 2% follows
S-14115
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Heat Flux
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Figure 23. FLOW REGIMES DURING HEAT TRANSFER TO JET A FUEL
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JFTOT tests can be run by maintaining a constant liquid temperature
or a constant tube temperature. The catalytic activities of metals should be
compared by rating the materials at identical temperatures. However, because
of differences in tube dimensions and thermal properties, temperature profiles
for the various metals would be different. Also, the point of meximum tempere-
ture would occur at different locations along the tube length. Hence, it is
difficult to maintain similar temperatures for the different metals. On the
other hand, the fuel flow rate, liquid effluent temperature, and heat flux
can be duplicated easily in each test, and these were chosen as the basis for
the conditions in the screening tests.

It is possible that the results for the relative coking ftendencies
of the metals are valid only for temperatures in the neighborhood of 410°F
(210°C) and perhaps only for the particular fuel tested. This temperature is
low compared to temperatures encountered in the heat transfer tests, which is
a reason for screening tube materials at a higher temperature. Certainly,
reaction mechanisms change and become more or less prominent as temperature
changes. Also, the type of coke likely to form at the higher temperatures
in the heat transfer tests could be a different type than that formed in the
coker. However, coker deposits are thermal oxidation products and as such
probably are subject to catalytic effects of metals more so than coke derived
from high temperature exposure, such as during thermal cracking. Thin coker-
type deposits, because they occur at lower temperatures, may be the type that
forms at the inception of heavy coke formation, and hence may be more dependent
on metal types than the heavier deposits from cracking reactions.

The selection of W10°F (210°C) as the screening temperature was
also dictated by the equipment characteristics. First, accurate measurement
of deposit thicknesses by the BDR with the present low energy electron source
and calibration data is limited to 3000 A (0.3 um). This limit can be extended
by using a more energetic radiation source if calibration data are available,
but such a change would be accompanied by a sensitivity loss in measuring low
deposit thicknesses. It was anticipated that the selected temperature level
for the screening tests would produce deposits within the current range of
the BDR. Second, selection of the mild 410°F (210°C) temperature would avoid
possible bending of the JFTOT tubes during coker tests. At higher tempera-
tures thermal expansion causes these tubes to bend, which can result in more
difficult measurement on the BDR.

Results and Discussion

After each tube was run in the JFTOT, the deposit thickness was
measured by the BDR. Before measuring the deposit, the tube was rinsed with
pure grade n-heptane and dried with nitrogen. After being measured, the
deposit was carefully removed, and the clean tube was rated once again for
calibration.

The radiation count rate from the deposit is produced by the BDR
as a continuous recording versus tube length. Calibration curves are used
for different metals to convert from count rate to deposit surface density
(deposit weight per unit surface area of the tube). The profiles resulting
from these conversions are integrated to determine the total deposit mass
and the maximum deposit thickness. In the calculations an average atomic

..19 -
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number of 6 was gssumed for all deposits, based on published deposit composi-
tions by Nixon.’/ Results of the deposit measurements for the fourteen tube
metals are shown in Table VI.

The mammer in which deposits formed varied among the tubes. In
certain tubes the deposits occurred in narrow bands. In these instances the
maximum deposit depth could be considerable, but the total mass of deposits
would be small, as illustrated by Hastelloy C. In contrast to this the deposit
in some cases was dispersed over the major portion of the tube surface but
was nowhere very thick, such as the deposit measured on brass. Hence, both
the maximum and total deposition was recorded to describe the coke deposit.
If the coking tendency of a fuel-metal combination were not great, the total
deposits on a coker tube might be small. However, deposition might occur at
a certain temperature at which all of the deposit would form in a restricted
area causing a possible hot spot. This would be reflected by a high value
for the maximum deposit thickness.

Of the tube materials tested stainless steel type W46 (a high
chromium steel) and aluminum had the smallest deposits. The detectable deposit
thickness for the stainless steel is less than for aluminum, because of the
greater efficiency of electron scatter associated with the higher atomic
number of iron. However, both stainless steel type 446 and aluminum must be
considered equivalent within the precision of these tests.

A problem which caused difficulty in measuring deposits on aluminum
was the presence of small amounts of iron deposits which masked the organic
deposits. This interference was discovered recently when it was found that
part of the code 2 visual rating of Jet A fuel on aluminum tubes was not due
to organic matter but to iron, perhaps in the form of oxides. The presence
of metals of high atomic numbers such as iron in deposits reduces the detec-
tion level of organic deposits on aluminum, but this has 1little effect in
rating deposits on other metals.

Nickel apparently has no independent effect on the rate of deposit
formation, as shown by the following facts. Nickel 200 and Inconel 600
(72% Ni) had only slight deposits, and so did stainless steels type Lu6
(0% Ni) and type 316 (1%% Ni). Yet deposition on stainless steel type 30k
(9% Ni) was markedly worse than on all the other metals. Hence, there was
no apparent correlation of deposit tendency with nickel concentration.

The two aluminized metals were of special interest. It was assumed
at first that the surfaces of these tubes were essentially pure aluminum.
However, scanning of the clean tubes with the BDR revealed that the aluminum
was only a surface diluent. The count rate from the aluminized surface of
stainless steel type 304 corresponded to a metal of atomic number 18.7, or a
surface of 54.4% aluminum. Similarly, the count rate on aluminized TD-nickel
indicated an atomic number of 26.8 for the bare metal, or a surface of only
14,.6% aluninum. These results explain why the aluminized tubes, although an
improvement over the base alloy, were more prone to form deposits than aluminum.

-20=
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Table yJ. BETA-RAY DEPOSIT RATINGS FOR JFTOT
TUBES OF DIFFERENT METALS

Jet A Fuel (Lab. Record No. F=-18T)
410°F (210°C) Liquid Temperature
300 psig (2.1 MN/m?®) Pressure

Beta-Ray Deposit Rating
Tube Metal Maximum Deptf | Total Mass®

A um ug
Stainless Steel Type 446 < 20 | <0.002 <0.5
Aluminum <160 |<0.016 <0.5
Nickel 200 360 | 0.03%6 0.5
Stainless Steel Type’316 300 | 0.030 1.5
Tnconel 600 / who | o.olk 1.2
Aluminized TD Nickel 2ho | 0.024 2.4
Monel 400 550 | 0.055 3.0
TD Nickel Wio | o.0kk 7.2
Aluminized Stainless Steel Type %04| 560 [ 0.056 4.3
Cartridge Brass 540 | 0.05k4 16.8
Hastelloy C 1840 | 0.184 3.6
1-605 (Haynes 25) 2220 | 0.222 19.1
1015 Steel 1460 | 0.146 28.3
Stainless Steel Type 304 2400 | 0.240 35

a) Calculated from measured surface density by assuming a deposit
density of 1.2 g/em® ( 1200 kg/m3).

b) Determined by integration of the deposit surface density
versus length.
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Nevertheless, the presence of aluminum gave a synergistic benefit in each
metal, since the aluminized surfaces had less deposit than would have been
predicted by a linear interpolation of the deposit measurements between pure
aluminum and either stainless steel type 304 or TD nickel. Actually, alumin-
ized TD nickel yielded much better results than TD nickel and had less deposit
than most of the other tube materials.

A unique alloy among those tested was L-605, because of its high
cobalt and tungsten content. Heavy deposits were measured on this tube, which
may have been due to either or both of these elements.

Hastelloy C alloy produced only moderate overall deposits, but in
a narrow band the maximum deposit density was one of the heaviest encountered.
Nickel 200 had the same type of deposit distribution although at a lower level.
This result could be atiributed to a catalytic effect which occurs when a
certain temperature is reached.

Because of its high copper content, brass (70% copper) was expected
to be among those metals with the heaviest deposits, as was Monel 400 (32%
copper ). However, the tests showed that the brass had a widespread deposition,
which was never very thick. Perhaps this correlates with the fact that copper
causes deposit formation in fuels at low temperatures, i.e., a particular
high temperature may not induce as great an increase in deposition in the
presence of copper as with other metals. The deposit profile for Monel was
somewhat intermediate between that of brass and nickel, its two principal
components. The other tube with a heavy deposit was 1015 steel, essentially
pure iron containing 0.15% carbon. This might suggest an adverse effect of
iron, which is in agreement with the results for stainless steel type 304
(72% iron). However, stainless steel type 446 (75% iron) had one of the
lightest deposits. Hence, there appears to be no simple correlation of
coking tendency with either iron, nickel, or chromium, taken separately.
Rather, the observed effects appeared to be the net results of not only the
individual metals, but of synergistic and antagonistic interactions of the
elements. Perhaps even more important than the effect of a given element is
the crystal or grain structure of the metal and the surface energies and
electron availabilities associated with them.

Selection of Tube Materials for 20-Hour Coking Tests

There were several considerations in the selection of the tubes to
be used in the 20~-hour coking tests. First, it was desirable to select tube
materials which would have potential use in high temperature environments.
These materiels should have desirable high temperature properties with an
important property being high tensile strength. Second, the metals chosen for
these tests should have a tendency to remain free of coke deposits. The
results of the screening tests on the JFTOT coker showed that deposits were
small on most of the prospective materials and moderate on others. Other
factors which influenced the choice of tube materials were availability in
the proper dimensions and the cost of obtaining tubing.

Three materials were selected from those listed in Table V for the
20-hour coking test runs: Hastelloy C, stainless steel type 516, and L-605.
Hastelloy C was chosen since it was the standard material used in the other

-0 -

S=-14115



tests of this project. This material also has been used in other heat transfer
and coking studies with different fuels. It also has good tensile strength

at high temperature and was available for use. The deposit formed on Hastelloy
C in the JFTOT tests was light to moderate, indicating no serious problems

with deposition on this material.

One of the stainless steels was desired for the 20-hour coking
tests, for which type 316 was selected, since it has desirable physical pro-
perties and deposits formed on this material during JFTOT tests were very
light. It was also readily available.

L-605 was chosen since its composition differs appreciably from
the other two materials selected. The coke deposits formed on L-605 during
the JFTOT tests were moderate, but this was not considered to be a serious
problem. This material also has good strength at high temperature and it is
resistant to oxidation. L-605 was not readily available, but some tubing
was eventually obtained for the coking tests.

The three materials chosen for the 20~hour coking tests all have
desirable physical properties at high temperatures and have potential use in
future applications. Among these materials there is a large variation in
composition, which, as the JFTOT coking tests showed, resulted in some dif-
ference in the coking tendencies.

Extended Coking Tests

Experimental Conditions and Results

The 5-hour test runs described earlier were made primarily to obtain
data for heat transfer correlations. Those tubes which were subjected to the
more severe conditions were submitted to combustion analysis to determine
the extent of coke deposition. The results of these measurements are included
along with the heat transfer data in Table XX.

The results from the S5-hour runs were used to select two conditicns
for the 20-hour coking tests. The 20-hour tests were run to determine the
effect of tube material on coke deposition in the deoxygenated fuel. These
tests were run in 5-hour cycles as described in the test procedure (p. 7).
Fach tube material was used in two runs at the conditions listed in Table VIT.
A total of six test runs was made using 1/8-inch (0.32 cm) tubes of Hastelloy
C, stainless steel type 316, and L-605 (Haynes 25) alloy.

Table VII. CONDITIONS FOR 20-HOUR COKING TESTS

Heat Flux Fuel Outlet Temperature |Inlet Pressure
Btu/sec-in? | MW /nf °F °C psia | MN/m®
L 6.5k 1000 538 1000 | 6.90
0.2 0.327 1000 538 1000 | 6.90
23 -
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Table XXT presents the data summary for these tests, and Figures 2l
and 25 show the profiles of the tube temperature at run times of 0, 5, and 20
hours for each test. Deposit profiles are also shown on the same figures to
illustrate the correlation between tube temperature and coke deposit. The
change in tube temperature with time is illustrated in Figures 26 and 27 for
two points in each of the 20-hour tests with Hastelloy C tubes. Changes in
the tube pressure drop for all six tests as functions of time are shown in
Figures 28 and 29. Figure 30 shows the effect of time on the filter pressure
drop during the three tests at the higher heat flux. During the three tests
?t t?ee%ewer heat flux the filter pressure drop was less than 0.001 psi

T N/w™ ).

The final tests were two 100-hour runs to study the effect of
coking on heat transfer over extended times. Conditions for both tests were
gimilar; only the oxygen concentration in the feed was varied, in order to
determine the effect of oxygen on coke deposition. The feed for the first
test (Run 101) was deoxygenated Jet A fuel as used in all the previous tests.
Aerated (air-saturated) Jet A fuel was used as feed during the second test
(Run 113%). The nominal operating conditions for these tests are listed in

Teble VITI. These tests were run in 10-hour cycles as described in the test
procedure (p. T).

Table VITT. CONDITIONS FCOR 100-HOUR COKING TESTS

Nominal Actual

Heat Flux, Btu/sec-in® (MW/m?) 1.0 |(1.63) | 0.94 | (1.54)
Inlet Pressure, psia (MN/m?) 1000 | (6.90) | 1000 | (6.90)
Outlet Fuel Temperature, °F (°C)| 1000 | (538) | 960 |(516)

At the start of the first 100-hour run operation was erratic due to
continual pressure surging, and it was necessary to reduce the power input to
stabilize the system. The actual conditions of the test run are given
in Table VITI. These conditions were maintained for the rest of the run and
were also used during the second 100-hour test with the aerated fuel. Data
recorded at different times throughout each of the tests are presented in
Table XXTIT.

The following illustrations show the data in various forms for these
tests. Figure 31 shows the profiles of tube temperature taken at twelve
different times during Run 101. These show the effect of coke deposition on
heat transfer. Several profiles are shown to indicate at what times changes
in the heat transfer coefficient and tube temperature occurred. Figure 32
shows tube temperatures at two thermocouple locations as recorded at 20-minute
intervals. Temperatures at these two points usually were local maxima during
most of the test run. The pressure drops across the heat exchanger tube and
the product filter as functions of time are shown in Figure 33. The rate of
light gas formation, which is indicative of cracking severity, is shown in

Figure 3k,
-2l - Figures 24 through 34 follow
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Tube: Ve=in (0.32 cm) OD Hastelloy C
Heat Flux: 0.2 Btu/sec~in? (0.327 MW/m?)
Inlet Pressure: 1000 psia (6.90 MN/m?)

Exit Fluid: 1000°F (538°C)
1400
W 1.5 ft from Entrance i
1300 —
w 1700
1200 — .
1100 |— JJ‘\W 600
a [ | i
§ 1000 °C
K 1400
E’ B 0.8 ft from Entrance
3
1300 — 1700
1200 |— Wwv/\m )
M |
1100 p—
1000 ) ] ]
0 5 10 15 20
Run Time, hr
Figure 26, TUBE TEMPERATURES DURING 20-HOUR RUMN 81
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Tube: Y=in (0.32 em) OD Hastelloy C
Heat Flux: 4 Btu/sec-in? (6.54 MW/m?)
Inlet Pressure: 1000 psia {6.90 MN/m?)

Exit Fluid: 1000°F (538°C)
1500 I
B 1.2 ft from Entfrance ]
1400 |—
o MW
é;L —
2 1100 . ‘ : ‘
S 1500
3 —
g - 0.8 ft from Entrance
O
1400 |—
o M )
1200 b— -
1100 ) | | ] .
0 5 10 15 20
Run Time, hr
Figure 27. TUBE TEMPERATURES DURING 20-HOUR RUN 85
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Heat Flux:

0.2 Btu/sec~in? (0.327 MW/m?)
Inlet Pressure: 1000 psia (6.90 MN/m?)

Figure 28.

Run Time, hr

TUBE PRESSURE DROP DURING 20-HOUR RUNS 81, 88 AND 95
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Tube Pressure Drop, psi
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Heat Flux: 4 Btu/sec-in? (6.54 MW/m?)
Inlet Pressure: 1000 psia (6.90 MN/m?)

Exit Fluid: 1000°F (538°C)
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Run 85
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Figure 29. TUBE PRESSURE DROP DURING 20-HOUR RUNS 85, 91 AND 98

S-14115
67374

k N/m?



Heat Flux: 4 Btu/sec-in? (6.54 MW /m?)
Inlet Pressure: 1000 psia (6.90 MN/m?)
Exit Pressure: 1000°F ( 538°C)

- Run 85
Hastelloy C Tube -

0 0 0
4
2 Run 91
Q: B Stainless Steel B
é" - Type 316 Tube I
s / — 20
o
::;, .
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0 | | 1 ! 0

Run 98
_ L-605 Tube /.. —1 10
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Run Time, hr

Figure 30. FILTER PRESSURE DROP DURING 20-HOUR RUNS 85, 91 AND 98
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Figure 31. TUBE TEMPERATURE PROFILES DURING 100-HOUR RUN 101
WITH DEOXYGENATED FUEL
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Figures similar to the above illustrations are presented for Run
113 with aerated fuel. Profiles of the tube temperature at various times are
shown in Fiégge 35, curves of thermocouple temperatures as functions of time
in Figure 36, the tube pressure drop in Figure 37, the pressure drop across
the product filter in Figure 38, and the product gas rate in Figure 59.

The tube temperatures declined immediately following the start of
each of the 100-hour tests. This was caused by initial coke deposits creating
a rougher surface, which increased fluid turbulence and improved heat transfer.
This improvement in heat transfer continued for different times up to 10 hours,
depending on the location along the tube, until a minimum tube temperature
was reached. Afterwards tube temperatures began rising slowly, and fthese
temperatures generally continued to rise throughout the remainder of the test
as additional coke deposits accumulated. These changes are shown for a few
points along the heat exchanger tubes in Figures 32 and 36.

In Figures 40 and 41 the profiles of tube temperature are shown for
the beginning and end of each test run along with a profile for the lowest
temperature at each point. Profiles of the coke deposit are included to show
the correspondence between the amount of coke deposition and the increase in
the tube temperature. Heavy local deposits during Run 113 resulted in very
high temperature peaks at two locations along the tube, which almost forced
early termination of the test.

In Run 101 it appeared that the coke deposit did not adhere firmly
to the tube. During a weekend shutdown at the 40-hour point a substantial
portion of the coke deposit apparently left the tube surface. This resulted
in lower temperatures along much of the tube length when the test was resumed.
This phenomenon was not observed at the 90~hour weekend shutdown.

Unstable operation was encountered during the period of 50 to Tk
hours in Run 10l. The instability was evident as an oscillation of pregsure
and flow rate. These surges in pressure commenced with the startup at 50
hours and continued despite efforts to prevent them by minor changes in the
power, flow rate, and pressure. Also, a new filter was installed in this
attempt to eliminate the pressure surges. The instability terminated abruptly
and operation was smooth once again at Th hours.

Oscilloscope traces (Figure 42) photographed during Run 101 showed
the difference between the stable and unstable operation experienced in this
test. Photograph A shows a trace taken at 2 hours of operation, while opera-
tion was smooth. This trace shows that the pressure was oscillating at a
frequency about 600 Hz and an amplitude of 3 psi (21 kN/m®). Photograph B
was taken at 60 hours and shows the pressure oscillation that was character=
istic of the unstable operation. The instability was characterized by 2 low
frequency pressure surging of 2.5 Hz and 35 psi (240 kN/m®) amplitude.

There was a burst of high frequency oscillation at the peak of each surge,
and its form is shown in Photograph C. In this instance the frequency was
about 800 Hz and the amplitude 30 psi (210 kN/m®). The frequency spectrum
at the peak of a surge is shown in Photograph D. Photograph A is typical of
the quiescent period during the unstable operation shown in Photograph B.

~25= Figures 35 through 42 follow
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Gas product flow rate, liquid product color, and analyses of the
liquid and gas products (Table XXIII) all gave indication of the relative
amount of thermal reaction of the fuel during test runs. Jet A fuel consists
of hydrocarbons mostly in the range of Cg to Cig. When cracking occurs, the
concentration of light hydrocarbons increases, as illustrated by the appearance
of Cs to Cg hydrocarbons in several analyses. Since some of these hydrocarbons
remain in the gas phase upon cooling, the cracked fuel yields a greater flow
rate of gas product. Discoloration of the liquid fuel from water-white to
yellow or amber also accompanies cracking.

The most severe cracking occurred in Run 56 and at the start of
Runs 81, 88, and 95, all at the same conditions. These runs had the highest
flow rate of gas product, the greatest hydrocarbon concentration in the gas
product, the greatest concentration of Cs to Cg hydrocarbons in the liquid
product, and the most pronounced discoloration (amber). The gas product
flow rate and the concentration of Cs to Cg hydrocarbons in the liquid showed
that at least 4% of the feed reacted. In Runs 81, 88, and 95 a decrease in
the maximum tube temperature caused the rate of cracking to decline as the
run proceeded, as shown by decreases in the gas product flow rate, hydrocarbon
concentration in the gas product, and Cs to Cg hydrocarbon concentration in
the ligquid product. Also, the initial liquid product was amber and gradually
changed to a very light yellow.

A severe cracking condition was encountered in Run 73, during which
at least 2% of the fuel reacted. A tube of 1/8~inch (0.32 em) ID was used
in this run, and the extent of cracking was greater than with a tube of
1/16-inch (0.16 cm) ID at the same heat flux, inlet fuel pressure and temp-
erature, and outlet fuel temperature (Run 68). These conditions required a
flow rate twice as great through a volume four times as great in Run 73 as
in Run 68. Hence, the residence time of the fuel was about twice as long
and the cracking more severe in Run 73 than in Run 68.

Analyses for the final stages of the two 100~hour test runs are
included in Table XXTIT. The liquid product from Run 101 remained water-
white throughout the test, while the product from Run 113 was very light
yellow. Hence, cracking was almost nonexistent in these rums.

Specimens from tubes used in the 20 and 100~-hour test runs were
examined by metallographic analyses. These specimens had the heaviest
deposits and had been exposed to the highest temperatures in each runm.
Results of these analyses are presented in Table IX.

Table TX. CARBURIZATION OF HEAT EXCHANGE TUBES

Run Time Maximum Surface Depth of
Run Tube Material h ’ Temperature Carburization
I‘ Q [«} .
F C mil um
85 | Hastelloy C 20 1275 691 0 0
91l | Stainless Steel Type 316 20 1375 T4h6 0 0
98 | L=-605 20 1385 752 0 0
101 | Hastelloy C 100 1330 T2l o] 0
113 | Hastelloy C 100 1610 877 2.4 60
D6 -
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WITH AIR-SATURATED FUEL

800

600

800

800

600

°C



1600—

- 1400}— V,—mf\'“
1.7 ft

1200

Outside Tube Temperature, °F

.

Sy

1.1t

:
i
5

T.C. No. 10 Failed

W/“”

f”'JJJ 0.6 ft from Entrance

00

800

700

600

500

100

1000 [H— /
= 2 |
800
0 20 40 60 80
Run Time, hr
Figure 36. TUBE TEMPERATURES DURING 100-HOUR RUN 113 WITH
AIR-SATURATED FUEL
S-14115

67374

°C



1000 ~
1000
100f}—
'z -
N L
) L —
0
0 -
5 i »
o
o
_8 B / - NE
> ~.
N yd
5 [ / =
O
_é / ] 100
o / B
10— // -
B o =] ”
[ [
R v
v ©
n b 0
= =
— 10
1
0 20 40 60 80 100

Run Time, hr

Figure 37. TUBE PRESSURE DROP DURING 100-HOUR RUN 113
WITH AIR-SATURATED FUEL

5-14115
67374




\/v\mﬁ'& 15
2
g P |
© A
C
3
g 8 —
s [ g / — 10
a = ~
o i / £
2 ] Z
8 3 -
o a -
21— M
=
—5
T e} o
[ C
(] (0]
.4 Y4
[ o -
Q [(}]
= =
0 0
0 20 40 60 80 100
Run Time, hr
Figure 38. FILTER PRESSURE DROP DURING 100-HOUR RUN 113 WITH
AIR-SATURATED FUEL
S-14115

67374




1y/gw

1304 QILVHNLYS=dIV HLIM €11 NNY dNOH=-001 ONIYNA ILVvY SVYD 10NdOodd “6¢ aunbi
1y %még uay
001 08 09 14 0¢ 0
0 0
5 =
2 -
= 3 g
o o
¢00°0 mwnwmxum“
i 10
¥00°0}—
QOO
% (@]
O O —z0
900°0
0
800 0 }— O
£°0

Jq/gﬁj ‘ajey seq) jonpoud

5-14115
67374




1600

°F

E-N
Q
Q

1200

Qutside Tube Temperature,

1000

8000

7 PQ/Cm2

if

4000

Coke Depos

S-14115
67374

10 20 30 40 50 60

S,

' R

\ l ] | | | 1 l L

800

700 °C

600

0.4 0.8 1.2 1.6 2.0

Tube Length, ft

Figure 40. TUBE TEMPERATURES AND COKE DEPOSITS FOR
100-HR RUN 101 WITH DEOXYGENATED FUEL




1600
800
u 1400
o
"3 700 °C
g
&
= 1200
©
s
=
© R ’//’ — 600
© \ s
g \ e i
O 000 M e
\ -
N\ i
\ =" Lowest Temperature 1500
- \\______..-—-“’, at Each Point
800 ! | | | ; | | I |
' l ' | ! l ' l ' | ‘ E
g —
~ 8000
£
O
>
3 n
8
o
A 4000 f—
3
o)
U -
0 ] | ] | i | | | {
0 0.4 0.8 1.2 1.6 2.0
‘ Tube Length, ft
Figure 41. TUBE TEMPERATURES AND COKE DEPOSITS FOR
100-HR RUN 113 WITH AIR-SATURATED FUEL
S-14115

67374




N4 GILVNIOAXOIA HIIM 0L NNY ¥NOH-00L ONIYNA SNOILVSING 3¥NSSI¥d  Zp 24nbiy

sobing jo yesyg Je wniyosdg Aocusnbeiy g seBing Jo veed i Wiog SARAL )
zHy ‘Aousnbaiy
0°l S0 ‘ 0 S| swiy
I | o e
T Ei : >
,, AN I
T 3 =
A S R R A S
I Fs ] c
i \ AU I| &
T < i -
! . NRYAR \/
-+ 6 - -
I e x I S
T Z T
: ? § T il
_ T ~ T
sinoH 9 Je uoyesed s|qeisuny g sinoy z 4o uoijesedQ) jusdssiny 'y
sWw 0ol swig sw | sulj
T T \
£ \ “
\llm . i\ \ H” >
m/ 3 A \ \ \_ | 3
HHH R = A5 A RRARNR ‘v ARESISErERRRS B =
T g t\ T /& 5
—+ o + (1]
T o T
o T : T
0 — O ; -
= T =) ~ T
Ve I 7 £ “ T 2,
3 I - 3 T
N T ~ | T
T | | ] T i

S-14115
67374




Discussion

Temperatures at the start of 20~hour Runs 81, 88, and 95 (Figure 2k)
were similar to those observed during the 5-hour Run 56. The same 50°F temp-
erature difference between the top and bottom of the tube was observed, although
this is not shown in Figure 24. Flow throughout the tubes was laminar with
significant free convection to cause this temperature difference. As each test
run proceeded the transition to turbulent flow, which initially occcurred near
the tube outlet, moved upstream. This was caused by the formation of coke on
the tube surface, which presented a rougher surface to the fluid and caused
earlier transition to turbulent flow. One of the curves in Figure 26 shows
how this shift of the transition point upstream caused nearby tube tempera-
tures to decrease with time. The greatest coke formation occurred at the flow
transition point in each tube, since the tube temperature was generally the
highest at this point. The levels of coke deposition among the three tubes
differed in the same way as the relative temperatures. The flow fransition
point in Run 81 occurred farther downstream at a higher temperature than in
Runs 88 and 95. Hence, the maximum coke deposit was greater in Run 81.

Other effects of temperature change were changes in the color of
the 1liquid product, flow rate of the product gas, concentration of Cs; tc Cg
hydrocarbons in the liquid product, and concentration of hydrocarbonsg in
the product gas. These are all indicators of the relative extent of thermal
reaction. Initially in each of the above runs there was some cracking of
the fuel at the high temperatures near the tube outlet. This resulted in a
liquid product which was amber. As each test proceeded the maximum tube
temperature decreased, which resulted in less cracking and a liquid product
that changed in color to yellow and gradually to a faint yellow tint. A%
the same time reduced cracking yielded less product gas, as evidenced by the
lower gas flow rates. Also, the concentration of light components in the
ligquid product and of heavy components in the product gas decreased during
the run, as illustrated by the product analyses for Run 81 {Table XXIII).

The initial temperature profiles for Runs 85, 91, and 98 (Figure 25)
were similar, but this similarity ended during the runs with irregular forma-
tion of coke in each tube. The dominant behavior generally was a significant
rise in tube temperature at certain points, which is illustrated by cne of the
curves in Figure 27. This temperature rise was in the form of a plateau in
the temperature profile for Run 85 and as temperature peaks in Runs 91 and 98.
The variation of coke deposits corresponded very closely with the tube temp=
erature, the heaviest deposits occurring at the locations of the temperature
maxima. These peaks did not form at the same time or rate, and even the loca«
tion in different tubes varied to some extent.

The fuel flow in the above three runs was turbulent, and pressure
drops across the test section were large (Figure 29). These pressure drops
increased in the first few hours of a run due to the rough surface formed by
the coke. Iater the pressure drop generally remained at a constant value.
Pressure drops across the product filter increased during each run due to
filtration of particles or formation of condensable solids in the filter.
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Results of the 20~hour tests showed that coke formation was irregular,
and the only wvariable having a distinct effect on coke deposition was the tube
temperature. Results for various metals did not indicate that materials have
different effects on coke formation. These tests did show that coke has two
effecte on heat transfer. One is detrimental in that the coke acts as an
insulator, which decreases the heat transfer coefficient and increases the
temperature difference for a given heat flux. The second effect is beneficial
in that the coke acts as a turbulence promoter to improve the convective heat
transfer. This occurred in flows which initially were not fully turbulent.

In laminar flow the coke even caused an earlier transition to turbulent flow.

The effect of temperature on the rate of coke deposition is illus-
treted dramatically by the data from the 5-hour test runs. In Figure 43
coke surface density for these runs is plotted as a function of tube tempera-
ture. The coke measurements at tube temperatures below 1340°F (727°C) are
21l very small, most of them less than 40 ug/em®. Coke deposits at tempera-
tures above 1340°F (727°C) are much greater. The maximum observed deposit
during these runs was 663 ug/cm® at the maximum tube temperature of 1405°F
(763°C). This corresponds to an average deposition rate of 133 ug/hr-cm®.
At times the actual rate of coke deposition was greater than this. At this
point and most of the other points where heavy coke deposits were detemined,
the temperature of the tube was greater than 1340°F (727°C) initially, but
during the test run the local tube temperature decreased to some lower value.
These high initial temperatures are due to low heat transfer coefficients at
flow conditions that were not fully turbulent. As coke formed, more turbulence
developed, which improved the heat transfer and decreased the tube temperature.

This decrease in the rate of coke formation as the temperature
dropped is illustrated by the coke analyses in Table X. The coke analyses for
the tube used in the 100-hour Run 101 are givenalong with data from a 5-hour
test at the same conditions. After five hours of operation the maximum coke
depogits existed in the first part of the tube, where the tube temperature
wag the highest. At later times during Run 101 the tube temperature near the
inlet decreased due to more turbulence and better heat transfer. Hence, the
rate of coke deposition at this point decreased appreciably, and coke deposits
here were only 2 to 3 times as much at 100 hours as the deposits at 5 hours.

Farther downstream the tube temperature increased during the test
run. The initial rate of coke deposition was low and gradually increased to
a higher value as the tube temperature increased. After operating about 25
hours the outside tube temperature levelled out at 1350°F (732°C). Later on
during the run the tube temperature decreased abruptly and then increased
gradually to 1550°F (843°C) again. Apparently some coke was lost during a
weekend shutdown. Afterwards the coke deposited on the tube as before.
Profiles of the tube temperature at two points (Figure 32) illustrate these
cobservations. There were no distincet maxima in the final coke profile,
which was generally flat and matched the temperature profile at the end of
the run. Rates of temperature changes at various times during this test are
listed in Table XI. These were used to calculate the rates of coke deposition
based on the assumptions of constant thermal conductivity of coke and that the
tube temperature rise was proportional to the increase in coke deposit.

-28- Figure 43 follows
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Table X. COKE ANALYSES FOR DIFFERENT RUN TIMES

Run L6 101
Run Time, hr 5 100
Tube Section Coke Deposit, ug/em®
ft cm

0 - 0.2 0 - 6.1 663 1365
0.2 = 0.4 6.1 - 12.2 | 48k 1h21
0.k - 0.6 | 12.2 - 18.3 92 1456
0.6 - 0.8 | 18.3 - 24k b | 26 1280
0.8 = 1.0 | 2k.kt - 30,5 | === 1351
1.0 - 1.2 | 30.5 - 36.6 10 1256
1.2 - 1.4 | 36.6 - k2.7 | --- 1693
1.4 - 1.6 | k2.7 - 48.8 11 1665
1.6 - 1.8 | 48.8 - 54,9 | === 1431
1.8 - 2.0 | 54.9 - 61.0 16 658

The last test was the 100-hour Run 113 with aerated Jet A fuel.
This test was run in the same manner and at the same conditions as Run 101.
However, shutdowns over the weekends apparently had no effect on the coke
deposits.

The profile of tube temperature in Run 113 initially was rather
flat,similar to the profile in Run 10l. The fuel was in transition flow
in most of the tube. During the first few hours of operation coke formed on
the tube surface, which presented a rough surface that increased turbulence
in the fuel. This improved the heat transfer and decreased the tube tempera-
ture by 200-500°F (111-278°C) along most of the tube length. The minimum
tube temperatures were reached at this time. Afterwards the deposition of
coke only increased the heat transfer resistance; tube temperatures began to
increase slowly. The rate of temperature increase was somewhat erratic, but
the maxima in the temperature profile increased to 1400°F (760°C) in 10 hours and
remained near this value up to 80 hours of operation. ILater the temperatures
of these peaks increased once again at a fast rate and eventually reached a
maximum of 1650°F (899°C).

Figure 37 shows the change in the pressure drop across the tube during
the run. Initially the pressure drop was 2.4 psi (0.017 MN/m2) and increased
at a moderate rate during the test. It reached 16.% psi (0.113 MN/m®) at 50
hours, after which it increased more rapidly until the end of the run. The
increase during the last 10 hours was from 108 to 364 psi (0.74 to 2.51 MN/n®)
and was due to the formation of coke which almost plugged the tube.

-29-
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Teble XI. RATES OF COKE DEPOSITION DURING 100-HOUR RUNS

Location Operating Rate of Calculated | Range of Ins}de
B Period Temp. Increase |Rate of Coke | Tube Temp.?
Lft m ’ Deposition
hr o . p ’
F/hr C/or | pg/hr-cm °F °C

5-20 11 6 T0 1110-1280 | 599-693
2h-40 0.6 0.3 4 1300-13%10 | Tok~-T10
101 | 0.4 | 0.12K 4o=50 10 6 60 1150=-1250 | 621-6T7T
Th-8L 6 3 ko 1230-1290 | 666-699
84 -98 0.8 0.k 5 1290-1300 | 699-TO4
/420 12 T 75 1070-1270 | 577-688
24-50 0.6 0.3 y 1295-1310 | T02-T10
101 1.5 | 0. 461 53-60 9 5 55 1180-1240 | 638-6T1
60-84 6 3 4o 1145-1300 | 618~T0k
\.8L4-100 1.5 0.8 10 1300-1325 | To4-T718
5~30 3 1.7 8 880-950 471 =510
113 | 0.6 10.18 {30-50 10 6 25 960~1140 | 516-616
50=100 N 2 10 1140-1320 | 616=-T16
0-50 10 6 130 oko-1400 | 50L4-T760
1131 1.1 | 0.3k {50-75 1 0.6 15 1400-1430 | T60-TTT
75-100 9 5 120 1430-1650 | T77-899
0-10 30 17 600 1150-1400 | 621~760
1131 1.7 | 0.52 {;o-so 2 1 50 1400-1480 | T60-80L
0=T0 0 0 0 1460-1470 | T93-799

a) Inside tube temperatures were 50-55°F (28-31°C) less than outside tube
temperatures.

~30=-
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Figure 44 is a group of photographs showing coke deposits formed at
various points in Run 113. The most extensive deposits occurred at the location
of the temperature maxima, 1.1 and 1.75 £t. (0.34 and 0.53 m). At 1.1 ft
(0.34 m) coke filled the tube completely (in spite of the appearance in Figure
E&), which was the reason for the high pressure drop observed at the end of
Run 113. Coke deposition in this run varied from 900 to 9300 ug/cm®. The
deposit profile gemerally followed the final profile of tube temperature.

The lowest surface density of coke occurred near the tube inlet, and most of
this coke formed during the first few hours of the test when tube temperatures
at this point were the highest. During the run the minimum temperature was
lower than in Run 101, which was probably due to a coke deposit that had a
rougher surface exposed to the fuel in Run 113.

The density of coke was estimated from data in Run 113 at the two
points of maximum deposits. The deposits at each end of the tube section
between 1.7 and 1.8 ft (0.52 and 0.55 m) were about the same thicknesses,

5 to 6 mils (130 to 150 um). A calculation based on this thickness and the
measured surface density of the deposit yielded a coke demnsity of 0.5 to 0.6
g/em® (500 to 600 kg/m®). The coke thickness at 1.2 ft (0.37 m) was about

10 mils (250 um), and at 1.1 ft (0.34 m) the coke extended over the whole
cross~section of the tube. Very likely the coke thickness was 10 mils (250 um)
or larger in this section of the tube. Based on a lower thickness 1limit of

10 mils (250 um) the density of the coke in this section was estimated to be
0.k g/em® (400 kg/m®) or less. These calculated densities correspond to the
bulk density of coke, 0.3T to 0.51 g/em® (370 to 510 kg/m3), which means that
the coke deposits were quite porous.

Thicknesses of coke deposits in all other runs, including Rim 101,
were very small and generally could not be measured. The greatest deposit
thickness in these runs was less than 1 mil (25 pm) in Run 101l. The fuel used
in these runs was deoxygenated Jet A fuel. Hence, it is very desirable to
use fuel as a coolant with an oxygen concentration as low as possible.

Efforts were made to estimate the thermal conductivity of the coke
deposits. Figure U5 is a plot of the increase in tube temperature versus the
amount of coke deposit. Curves were drawn for assumed thermal conductivities
and an assumed deposit density of 0.5 g/em® (500 kg/m3). The data for the
deposits, especially for Run 113, are quite scattered but do fall in the
range of the bulk thermal conductivity for a mixture of coke particles, 0.11
Btu/hr-ft-°F (0.19 W/m+°C) for powdered coke and 0.55 Btu/hr-ft-°F (0.95 W/m-°C)
for 20-100 mesh coke particles. The scatter of the data was expected, since
the coke deposits do not form uniformly but present quite irregular surfaces

as shown in Figure Lk,

The temperature profiles shown in Figures 32 and 36 and the deposit
measurements were used to estimate rates of coke deposition at varicus times
during the 100-hour runs. These calculated rates are listed in Table XI. In Run
101 the rate of deposition at 5-20 hours, about 50 ug/hr-cm®, was fairly high.
When the inside tube temperature reached 1300°F (T04°C), the rate decreased by
an order of magnitude to 5 pg/hr-cm®. There was no apparent reason for this
change. Perhaps the temperature at the surface of the deposit had decreased,
but there was no indication of this. Since the temperature profile was gener-
ally flat, deposition rates throughout the tube apparently were similar with
the deoxygenated fuel in Run 101.

~31- Figures 44 and L5 follow
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In Run 113 the deposition rate was less predictable. The rate was
variable throughout the tube with rapid deposition at some locations, where
temperature maxima occurred, and slow at other places. The temperature maxima
did remain in the vieinity of 1L400°F (760°C) for TO hours but eventually
increased at a rapid rate before the end of the run. Much faster deposition
rates and heavier deposits were characteristic of the aerated fuel.

Carburization was detected only on the inside surface of the tube
used in Run 113 (Table IX). Photographs of specimens from tubes used in the
100-hour runs are shown in Figure 46, The depth of carburization, approximately
2.4 mils (60 um), is clearly visible in the photograph for Run 113.

Because of the extent of coke deposition during Run 113, the inside
tube temperature reached 1610°F (877°C). In the other 100-hour test (Run 101)
the surface temperature reached only 1330°F (721°C), which was too low to cause
carburization. In the 20-hour tests the inside tube temperatures were somewhat
higher with a maximum of 1385°F (752°C), but no carburization was detected.
Although the run times for these tests were only 20 hours, the tubes were
exposed to the highest temperatures during much of this time. This should
have been sufficient for any carburization to occur and later be detected.

Based on these analyses, carburization of Hastelloy C occurs at a
fast rate at 1600°F (871°C) and has a threshold temperature between 1400 and
1600°F (760 and 8T1°C). Stainless steel type 316 and L-605 (Haynes 25) alloy
do not carburize at surface temperatures up to 1400°F (T760°C).

HIGH FREQUENCY PRESSURE PULSATION

Pressure oscillations severe enough to cause an audible whistling
noise were detected at the two test conditions listed in Table XII. The
conditions for Runs 85, 91, and 98 were duplications of the 5-hour Run 32,
during which the whistle was not heard. During the 20-hour tests the whistle
could not be detected at the start of each run but became audible after a few
hours of operation.

Table XIT. CONDITIONS FOR AUDIBLE PRESSURE OSCILLATIONS

Outside Tube Heat F1 Outlet Fuel Inlet
Diameter Run Time, e Temperature | Pressure
Run Tigh
inch| ecm Btu/sec-in? | MW /P °F °C | psia |MN/m?
Lo 1/8 | 0.32 . » " "
p 1. 0 00 | 3.
79 | 3/16] 0.48 2 5 Tl 290 [ 344
85
91 1/8 | 0.32 20 L 6.54 1000 | 538 | 1000 | 6.90
98
=Se- Figure 46 follows
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Figure 47 shows photographs of oscilloscope traces taken during the
20-hour tests. Photograph A shows the wave form of the pressure fluctuation
with an amplitude about 150 psi (1.0 MN/m®). Photographs B and C show the
frequency spectrum of the pressure oscillations with well-defined peaks at
4300 and 8500 Hz. There also was much high frequency noise between 15,000
and 40,000 Hz.

Runs 42 and T9 were made at the same conditions with tubes of dif-
ferent diameters, and whistling was heard during both runs. Figure 48 shows
the sensor output signal and frequency spectrum obtained while using the
smaller tube (Run 42), and Figure 4O shows similar results for the larger
tube (Run 79). The frequency spectra were quite similar for the two cases
with a major peak at 1500 Hz and smaller peaks at frequencies of 5000 and 7000
Hz. However, the amplitudes of the pulsations differ appreciably: 100 psi
(0.7 MN/m®) for the smaller tube and 350 psi (2.k4 MN/m2§ for the larger tube.
The steady 350-psi (2.4 MN/m®) pulsation was interrupted for short periods
at intervals of 1 to 10 minutes by a low frequency surge. Oscilloscope traces
taken during a period of this surging operation and 5 minutes later during 2
period of steady pulsation are shown in Figure 50. The surging operation was
characterized by a high frequency burst every O.4 second This high frequency
burst was similar to the steady oscillation observed during most of this test.
During half of each low frequency cycle the oscillation was very low with an
amplitude about 15 psi (0.1 MN/m®). These low frequency oscillaticms were
similar to the ones observed during the unsteady operation of the 100-hour
Run 101.

While the whistling noise was heard at only two operating conditions,
a whistle was heard frequently while heating the unit to operating temperature
or while shutting down at the end of a run. This generally occurred when the
outlet fuel temperature was near or slightly above the pseudocritical tempera-~
ture of the fuel. When the whistle was heard during startup or shutdown the
conditions in the tube were changing, so that the whistle was changing in
pitch and intensity. Figure 51 is an illustration of the wave form (Photograph
A) and frequency spectrum (Photograph B) observed during one of these shut-
downs. Conditions for the results shown in the photographs were approximetely:

Heat Flux 1.8 Btu/sec-in® 2.94 M /m®
Outlet Fuel Temperature 580 °F 30L4°C
Inlet Pressure 1000 psia 6.90 MN /i
Outside Tube Diameter 1/8 inch 0.32 cm

Stainless Steel Type 316 Tube
This particular whistle was a very clear tone, and its wave form was particu-
larly sharp. The whistle apparently had a primary frequency at 3000 Hz and
a secondary frequency at 5500 Hz; its amplitude was 18 psi (0.12 MN/m®).

These pressure fluctuations are thought to be flow instabilities

which were caused by rapid changes in the fluid properties during heat transfer.
The following description is a possible explanation of these instabilities.

~35= Figures 47 through 51 follow
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The fuel at the tube outlet generally was near its pseudocritical point. As
heat was trensferred to the fuel there were rapid changes in its physical
properties, especially a sudden decrease in viscosity. This decrease in
viscosity. caused a thinning in the heat transfer boundary layer and an increase
in the heat transfer coefficient, which in turn caused a decrease in the film
temperature of the fuel and a resultant increase in its viscosity. Because of
this change in viscosity, the boundary layer then increased, and the cycle
repeated itself. This phenomenon is similar to the instability caused by
boiling and could be considered as pseudoboiling heat transfer. Observations
of pressure fluctuations were more frequent at 500 psia (3.45 MN/m®) than at
1000 psia (6.90 MN/m®). At the greater pressure changes in fuel properties
were less severe; hence, there was less tendency for flow instability to occur.

CONCLUS TONS

Heat transfer to Jet A fuel was investigated in both turbulent and
laminsr flow. Considerable free convection occurred in laminar flow, which
greatly enhanced the heat transfer rates. Temperature differences between the
top and bottom of the tubes were as great as 150°F (83°C) in tubes of 1/8-inch
{0.32 em) inside diameter. Observed Nusselt numbers in some cases were several
times the theoretical value for Poiseuille flow. The laminar flow apparently
wag stabilized by the free convection, in some cases at Reynolds numbers up to
15,000 for high Grashof numbers. For these Grashof numbers turbulent flow
occurred at higher Reynolds numbers and in some cases at Reynolds numbers down
to 5000, For low Grashof numbers turbulent flow was observed at Reynolds
numbers above 2200,

Correlations were developed for predicting heat transfer coefficients
in the two flow regimes. The Grashof number was found to be the most important
independent variable for laminar flow heat transfer enhanced by free convection.
Other significant variables were the Prandtl number and the ratio of the bulk
fuel density 1o the fuel density at wall conditions. In turbulent flow the
Reynolds and Prandtl numbers were significant variables which correlated with
the Nusselt number. The ratio of the bulk fuel temperature to the wall temp-
erature improved this correlation.

A large number of metals and alloys were screened in coker tests
with aerated fuel to determine the influence of tube material on coke deposi-
tion. Although the deposition rate varied for different materials, there was
no obvious relationship between coking tendency and tube composition. Deposit
measurements on all materials were found to be small or moderate, and there
were no heavy deposits on any metal. Further testing with deoxygenated fuel
in the heat transfer test rig at more severe conditions yielded similar results
for different metals. Coking at conditions of laminar flow with free convec-
tion was mnild and not extremely different for each tube material. In turbulent
flow coke deposition was irregular, and the results did not indicate clearly
any relationship between coking tendency and tube material. The primary factor
affecting deposit formation was the tube temperature. Test runs showed that
the deposition rate was significant at surface temperatures above 1340°F (T727°C)

-3

S-14115



- T <
a + Z
o I -
B 0
+ <
I )
[0]
0
2 3
o
£ L.
< R r~ d
v T ‘
Time 0.05 ms
A. Wave Form
ot i b
> ‘ 4 _: > \ :: i
- [! T N v T
o ' T o | T
UL T i \E T
s |t T |1 T
Z T T ! £ H +
) | T s | Al i
S —HHHHHHHHHH HHH IR RALARRARAI | WAASS RN RAR AN R R REN AR
g "]' ! ‘A T ! 'Co " d 1 T
3 1 o i T
il » T
' ] ; i T
Y ) T
I ||
0 5 10 0 30 100
Frequency, kHz Frequency, kHz
B. Frequency Spectrum C. High Frequency Spectrum

Figure 47. PRESSURE PULSATIONS DURING 20-HOUR RUNS 85, 91 AND 98

S-14115
67374




Z4/N 8El

At

B L

5ms

Time

1sd oz

A. Wave Form

Ll
T

T T

I

4

LI LI S

bd e

-

LA I IO O 2 2

WO A I S Y SU U B W SC AU

lllljvif

AT°0

Aytsuajuy [eubig

O U W U T TR 0 S0 TOR 0 200 SO0 0 000 N U N0 0 O 100 VO OO0 00 B W

LI I S S A A A A

I

AZ°0

Ajisuayuy jeubig

100

50
Frequency, kHz

10

5
Frequency, kHz

High Frequency Spectrum

C.

Y in (0.32 cm)

Frequency Spectrum

B.

Qutside Tube Diameter

PRESSURE PULSATIONS DURING RUN 42

Figure 48.

S-14115
67374




/N> 689

-

N i

1sd 001 °pn!

jdwy

1 ms

Time
A. Wave Form

LI N

VAN A IRV

1

L LENE A T I O  H

Bt debeabded b b3 41

— R
Al Ajisuayuy jeubig
Al Kyisusyu JeuBig

100

50
Frequency, kHz

10

5
Frequency, kHz

High Frequency Spectrum

C.
Outside Tube Diameter = 3/, in (0.48 cm)

Frequency Spectrum

B.

PRESSURE PULSATIONS DURING RUN 79

Figure 49.

S-14115
67374




:E NE
‘& + ~.
o I yA
(= T v
o ¢ {1 o
- T co
T 0
| +
[ y : .
e x “-&g :’— o 3
2 p 5 R
e R 4 fHHHHH H A
g‘ - i Y
< ; ] -
VANE %
3 % >
i R LT |
Time 100 ms
A. Surging Operation
T o~
.;; E
o8 + >
o T ~
S T ]
= + o
' I ee)
I )
{ ' T ' i
[} tieor o T T .
e ! Pi ‘.
=
=
o
£
<|
I ; 208
A y T
Time 100 ms

B. Non-Surging Operation
Outside Tube Diameter = ¥, in (0.48 cm)

Figure 50. PRESSURE PULSATIONS DURING SURGING OPERATION OF RUN 79

S-14115
67374




Time

2W/N3 69
—
>
<
HHHHHH Iiwmlﬂl_ HHHH

WAM
T DS
<y
<4

tsd | apnyyjduy

0.2 ms

A. Wave Form

+4

o d bbb L

TTTT 1T LRI

AR\

Il 1\ I
T YT\ TT T

|

i

oot
T

ALTO

Aj1suayup _mcm_m.

10

5
Frequency, kHz

B.

Frequency Spectrum

PRESSURE PULSATIONS DURING SHUTDOWN OF RUN 91

E_gure 51.

S-14115
67374




There were two effects of coke deposition on heat transfer. At
the start of many tests the formation of a rough coke surface increased the
fluid turbulence and the convective heat transfer coefficient to those for
fully turbulent flow. Only a very thin deposit was necessary to achieve
this effect. This phenomenon had the additional benefit of reducing the
rate of coke deposition. On the other hand, the resistance to heat transfer
increased as coke formed. This effect on heat transfer was insignificant
for thin deposits.

Experiments also showed that oxygen had a strong influence on coke
deposition, which affected the heat transfer. Deposits formed from deoxy-
genated fuel were relatively thin, less than 1 mil (25 pm). The use of
aerated fuel resulted in faster rates of deposit formation and much heavier
deposits, which almost plugged a tube of 1/16-inch (0.16 cm) inside diameter.
Heat transfer resistances of deposits formed from the aerated fuel were
greater, and surface temperatures of the tube reached a maximum of 1610°F
(877°C). This was high enough for carburization of the tube to occur.

Deposit formation was the result of thermal reaction of the fuel,
which also produced other changes in the fuel. Thermal cracking occurred
and yielded light hydrocarbons and hydrogen. This also resulted in a color
change of the fuel from water-white to yellow or amber. The extent of
cracking during the thermal reaction was small; hence, cracking was an
insignificant contribution to the heat sink of the fuel. However, some of
the reaction products must have enhanced the rate of coke formation.

Pressure oscillations were audible at certain turbulent flow condi-
tions when the exit fuel was near the pseudocritical temperature. Amplitudes
of these pressure fluctuations ranged up to 350 psi (2.4 MN/me) in tubes of
1/8-inch (0.32 cm) inside diameter and 150 psi (1.0 MN/m®) for 1/16-inch
(0.16 cm) inside diameter. Primary frequencies varied from 1000 to 5000 Hz.
The noise was heard at both 500 and 1000 psia (3.45 and 6.90 MN/m®), but it
was more common and its amplitudes were greater at the lower pressure.

These oscillations apparently are analogous to boiling heat transfer, and
the effect of pressure is probably due to greater changes in the fuel viscosity
and density at lower pressures.

In these tests coke deposits were light in the deoxygenated fuel,
even after extended test runs of 20 and 100 hours at a heat flux of 1.0
Btu/hr-ft® (1.63 MN/m®). Aerated fuel was tested for 100 hours, and, although
coke formation was faster in this fuel, most of the coke deposition ceccurred
near the end of the test. Increases in the pressure drop across the test
section were small with the deoxygenated fuel and only slightly higher during
most of the run with the aerated fuel. Experimental results with both fuels
showed that a thin layer of coke was beneficial in promoting more turbulence
to enhance the convective heat transfer coefficient.

RECOMMENDATIONS

This study has been frultful in providing information on heat
transfer and coking when Jet A fuel is used as a coolant. Additional testing
can furnish more data on coking, and the following points are suggested for
future work.

-35-
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Additional heat transfer and coking tests of 100-hour duration are
desirable. Although tube temperature is a primary factor affecting the rate
of coke deposition, tube temperature is determined by other factors such as
heat flux, tube diameter, and flow conditions. The relation between these
variables and tube temperature is complicated by the presence of coke, and
data from extended tests at other heat fluxes and tube diameters would be
ugeful, :

Other long coking tests at oxygen concentrations between 0.5 and
66 ppm would provide useful data. There is an enormous benefit achieved by
maintaining a low oxygen concentration, as illustrated in the reported
tests. However, these tests were run under laboratory conditions, and it
may not be possible to achieve such a low concentration at all times in
actual use. Hence, data at other concentrations which are considered to be
eagily reached and maintained in actual use would be desirable.

Repetitive experiments of extended duration are desirable to
determine the reproducibility of coke deposits, since coke formation is
irregular and its rate is difficult to predict.

Experience from these tests indicate that cracking and coking in
the fuel should cause no difficulty in the fuel system downstream of a heat
exchanger. Also, the effect on ignition and combustion of the fuel should
be very slight. Nevertheless, system studies would be useful to verify
this expected behavior, and there may be some slight effect on combustion
efficiency and some differences in the production of smoke or undesirable
combustion products.

-36-
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Modified Jet Fuel Thermal Oxidation Tester

The Jet Fuel Thermal Oxidation Tester (JFTOT) was designed as a
reduced version of the standard CRC-ASTM fuel coker. A bagic objective of
the design was to reduce the volume of test fuel from the 5 gallons (0.02 m®)
required for the standard coker to about 1 quart (0.001 m3®). Accordingly,
the entire system was scaled down by a factor of about 20, without changing
the basic flow and heat itransfer characteristics of the test. For example,
in the JFTOT the fuel residence time in the preheater at the established
flow rate of 3.0 em®/min (0.05cm®/s) is about 12 seconds. In the stendard
coker the residence time is about 10.4 seconds at a flow rate of 5 1b/hr
(0.63 g/s). Tests in both cokers have a 5-hour duration. Comparisons of
maximum visual ratings of two different Jet A fuels in the JFTOT with ratings
on the same fuels in the ASTM Coker showed good agreement (Table XIIT)s. The
difference in ratings are within the reproducibility of the two tests.

A schematic diagram of the JFTOT fuel system is shown in Figure 52.
The essential elements of this test rig were modified somewhat to withstand
1000°F (538°C) and 1000 psig (7.0 MN/m®) compared to the standard 300 psig
(2.1 MN/m?). This modification required a stronger fuel reservoir and fuel
flow indicator.

In preparing the system for operation the fuel charge is placed in
the bottom of the cylindrical stainless steel reservoir. An aluminum piston
with a rubber V-seal is placed on top of the fuel, and a flange cover is bolted
to the reservoir. Nitrogen pressure is supplied through a regulator to the
top side of the piston to establish the system pressure. Fresh fuel is pumped
through the system from the bottom of the reservoir back to the top of the
reservoir above the piston. The V-seal on the piston prevents intermixing
of the fresh and spent fuels.

As the fresh fuel is forced from the reservoir, it passes through a
membrane filter at the reservoir outlet. The fuel then enters the btottom of
an annular heater tube section and flows up around an inner tube, which is
heated directly by resistance heating. A movable thermocouple inside of
this heater tube iz used tc measzure its temperature profile during
the test. At the outlet of the heater section the fuel passes through a test
filter. The pressure drop across this filter is measured by a differential
pressure transducer and printed on a recorder. The spent fuel then passes
through a cooler and enters a Zenith metering pump, after which it is returned
to a fuel flow drip indicator to the top of the reservoir. Hence, the fresh
fuel is never exposed to the pump.

During a run in the JFTOT the tube temperatures are measured by the
movable thermocouple and printed by a recorder as a profile along the tube
length. Also, the liguid outlet temperature is measured by a thermocouple
and printed. Our unit is supplied with a Minarek Electric variable speed and
torque control on the pump to permit compensation for flow changes due to the
effects of flow resistance or pump wear, whereas the commercial version has a
fixed pumping speed. System pressure is indicated on a Heise gauge with a
range of 0~2000 psig (0 - 13.8 MN/m?).

-39~ Figure 52 follows
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Table XIII. COMPARATIVE RATINGS ON THE JFTOT AND ASTM COKERS

5=hour Tests with Jet A Fuels

Fuel Fluid Temperature
Designétion Test Method v | °C Maximum Code Rating

F-185 JFTOT %18 214 4
F-185 ASTM w7 | 21k 4
F-185 ASTM 420 216 L
F-187 JFTOT 410 210 2
F-187 AST™M 410 210 1
F-187 JFTOT 415 213 o
F=-187 ASTM K15 213 2.5
F-187 JFTOT hoo 217 2.5
F-187 ASTM 420 216 3.5

The heater tube section is dismentled following a test and the
inner tube removed, washed with normal heptane, and rated for deposits.
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The Beta-Ray Deposit Rater (BDR) is an instrument used for measuring
deposits on coker tubes. In measuring the deposits in the BDR a beam of low
energy electrons impinges on the deposit and tube surface, from which back-
scatter of the electrons occurs. A detector is used to measure the intensity
of electron backscatter, and the signal from the detector is recorded. The
extent of backscatter is related to the surface density and atomic number of
the deposit and the average atomic number of the substrate metal. Calibration
data for organic films on various metals and alloys are used to interpret the
detector signal and determine the amount of coke deposit. A scanning mechanism
is used to translate and rotate the tube past the detector so as to measure
coke deposition over all the tube surface.

Beta-Ray Deposit Ratera

The instrument is shown in Figure and consists of the following
functional units: (1) vacuum system, (2) scanning mechanism, (3) beta-ray
source, and (4) detection system.

The vacuum system consists of a chamber made from a 3-ft (0.9 m)
length of 6-inch (15 cm) Schedule 40 steel pipe. End plates are attached and
sealed by O-rings. One end plate is removable and provides access for insert-
ing a coker tube; the drive mechanism is connected through the other end plate.
Vacuum in the system is achieved by a Welch 1402B fore pump. The suction side of
the pump is connected by rubber tubing to a pipe nipple welded to the vacuum
chamber. The remainder of the vacuum system consists of a thermccouple gage
and a bleed valve for pressure regulation.

The scanning mechanism serves to translate and rotate the coker tube
past the source and detector. It consists of a track fastened to the inside
of the vacuum chamber on which a carriage rides. The carriage holds the coker
rod and is driven by a shaft and lead screw arrangement attached to the end
plate of the vacuum system. The drive shaft in the test chamber is connected
through a vacuum seal to a variable speed reversible motor.

The beta-ray source is contained in a block which is mounted on the
face of the detector. The source material is tritium, which was obtained from
the target of a Texas Nuclear neutron generator. The block consists of layers
of brass with two milled slots to direct the beta-ray beam to the coker tube,
which is located at the intersection of the beams. Between these two slots
is a third slot which is aligned with the opening in the detector. Backscat-
tered radiation passes through this slot and is measured by the detector.

The detection system measures the radiation that is backscattered
from the coker tube and presents the count rate on a strip chart recorder.
The detector is a flow proportional counter with an ultrathin window and
operates on P-10 gas (90% argon and 10% methane). The window is a thin film
of cellulose nitrate. It is supported by a Buckbee Meers Company nickel
sereen of T0% transmission. The detector is attached to a flange that provides
a vacuum seal and can be moved while under vacuum to position the opening
relative to the coker tube in order to focus the radiation.

a) The Beta -Ray Deposit Rater was developed under Air Force Contract F53615-[0~C~1038
for the Air Force Aero Propulsion ILaboratory, Air Force Systems Command,
United States Air Force,and is more completely described in Semiannual
Progress Report No. 2 (Shell Development Company Report No. S-1h11h,

April 1971).

-4 - Figure 53% follows
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The rest of the detection system is outside the vacuum chamber and
consists of a high voltage power supply for the proportional counter, a low
noise preamplifier, a linear amplifier, a count rate meter, and a strip chart
recorder with an offset zero adjustment.

The readout signal on the strip recorder is calibrated in beta
radiation counts/second, which may be converted to deposit surface density
by using calibration curves such as that illustrated in Figure ﬁh. A family
of curves is shown for deposits of average atomic number 5, 6, and 7 on an
Inconel 600 tube of 5/8-inch (0.16 em) OD. A different family of curves is
required for each metal substrate. The general expression describing these
curves is as follows:

- - o 4 1l + Z
IMA{l exp{l.8x10 Gg—é——:—z-l-)ﬂ}
22 7y Y/
- 4 41173
+ B exp{l.BxlO [“('—6_5—'10 +22> <Zg> ] X} (7)
where I = observed count rate for deposit on the tube, counts/second
A = observed count rate for pure deposit, counts/second
B = observed count rate for clean tube, counts/second
Zy = average atomic number of deposit
Z» = average atomic number of tube
X = deposit surface density, g/cm®

-2~ Figure 54 follows
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Table XTV.

SPECIFICATIONS FOR AVIATION

TURBINE FUEL TYPE A%/

Property Specification AigﬁhESSt
Gravity, max, °API 51 D 287
Gravity, min, °API 39 D 287
Distillation Temperature, °F: D 86
10% Evaporated, max 400
50% Evaporated, max 450
Final Boiling Point, max, °F 550
Distillation Residue, max, % 1.5
Distillation Loss, max, % 1«5
Flash Point, min, °F 110 or legal |[D 56
Flash Point, max, °F 150 D 56
Pour Point, max, °F - D 97
Freezing Point, max, °F -0 D 1477
Viscosity at -30°F, max, cs 15 D bh5
Net Heat of Combustion, min, BTU/1b 18,400 D 1hozoor
D2
Net Heat of Combustion, BTU/gal None
Copper Strip Corrosion, 3 hr at 122°F, max No. 1 D 130
Total Acidity, max, mg KOH/gram 0.1 D 9Tk
Sulfur, max, % 0.3 D 1266
Mercaptan Sulfur, max, % 0.003 D 1323 or
D 1219
Water Tolerance, vol change, not to exceed, ml b | D 109k
Existent Gum, max, mg/100 ml i D 381
Total Potential Residue, 16 hr, max, mg/100 ml 14 D 873
Thermal Stability at 300 to 40O°F:
Filter Press Drop, max, in Hg 12 D 1660
Preheater Deposit less than Code 3
Combustion Properties. One of the following
requirements shall be met:
(1) Luminometer Number, min L5 D 17k0
or
(2) Smoke Point, min 25 D 1322
or
(3) Smoke Point, min 20 D 1322
Burning Test, 16 hr =) D 187
or
(4 Smoke Point, min 20 D 1322
Naphthalenes, max, % 3 D 0000
or
(5) Smoke Volatility Index, min None D 1%22 and
D
Aromatics, vol, max, % 20 D 1319
Additives --a)

a) ASTM D 1655-61 T.
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Table XV. INSPECTION DATA FOR

JET A FUEL (F-107

Property Measurement
Gravity, °API 39.8
Color, Saybolt 30+
Flash, Tag c.c., °F 136
Pour Point, °F B-60
Viscosity, cs at 30°F 10.2k4
Copper Strip Corrosion at 122°F 1
Copper Strip Corrosion at 212°F 1
Corrosion, Silver Strip 0
Mercaptan Sulfur, % wt 0.0001
Odor ok
Smoke Point, mm 20
Aromatics, % vol 14.1
Freezing Point, ASTM °F B-58
Water Reaction, Inc. or Dec., ml 0.5
Interface Rating 1
ASTM Distillation, °F: '
I.B.P. 34k
10% Evaporated 365
50% Evaporated k19
90% Evaporated 478
95% Evaporated ko1
End Point 504
Recovery, % vol 98
Residue, % vol 1.0
Loss, % vol 1.0
Aniline Gravity Constant 5532
Net Heat of Combustion, Btu/lb (Calc) 18,500
Gum, Existent, Steam Jet, mg 1
Gum, Potential, Steam Jet, mg 1
Total Acid Number, Colorimetric Neutral
Strong Acid Number, Colorimetric Nil
Olefins, % vol 0.7
Naphthalenes (Diaromatics) 0.31
Water Separometer Index Mod 98
Luminometer Number 7.3
Thermal Stability, ASTM~-CFR
Pressure Drop, in Hg 0.05
Preheater Deposit Rating 0

bl
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Table XVI. ANALYSES OF JET A FUEL (F-187)

Gum, Steam Jet: 0.1 mg/100 ml

Fluorescent Indicator Analysis ASTM D86 Distillation
Component Concentration, Distilled, Temperature,
P % vol , % °F
Saturates 8k I.B.P. 33l
Olefins 1 5 35k
Aromatics 15 10 363
15 369
20 375
Mass Spectrometer Ring Analysis 30 388
Num?er Concentration, gg iﬁ?
Q_f_BL-ngg. % vol 60 16,1
0 38 TO bl
1 33 80 458
2 25 90 L5
3 b 95 hgo
E.P. ko8
Trace Impurities Recovery 98.52 vol
s Residue 1.5% vol
Component Concegggatlon, Pressure T66.4 mm Hg
Sulfur 10,000
Lead 500
Nickel 13
Copper T
Iron T
Hydrocarbon Type Analysis Carbon Number
(High Resolution Mass Spectrometer) (Chromatographic Analysis)
Type Concentration, Avg. C Carbon Concentration,
% vol Number Number % wt
CnHan+a 35 12.1
CpHan 27 11.5 8 0.1
CnHan-2 21 12.2 9 L.3
Crtlon-4 5.1 12.°7 10 13.3
CnHop-6 5.5 10.7 11 1h.b
CnHon-s 3.9 12.2 12 19.5
CpHan-10 1.1 11.9 13 18.8
CrHon-12 0.27 11.8 1L 1k.2
CnHon-14 0.25 13.7 15 10.6
CnHon-16 0.11 12.3 16 3.3
Cann—l 8 to 17 0.8
CnHan-20 0 18 0.k
Avg. Molecular Weight: 166 19 0.2
> 19 0.1
“L45.
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Table XVII. FEXPERIMENTAL PHYSICAI PROPERTIES

OF JET A FUEL (F-187)

Temperature Density
°F °C g /mi kg /m>
32 0 0.83h4 834
100 38 0.809 809
200 93 0.768 768
300 149 0.725 25
Viscosity
cp uNes /m®
T0) -ho 11.35 11350
32 0 2.4 2740
100 38 1.28 1280
210 99 0.587 58T
348 176 0.303 303
Thermal Conductivity
cal/sec-cm-°C | mW/m-K
77 25 0.000328 137
Vapor Pressure
mm Hg kN /m?®
100 38 1.8 0.2k
150 66 7.0 0.93
200 93 23, 3,1
Refractive Index
59 15 1.4561
68 20 1.4542
L6~
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Table XVIII. LIQUID PROPERTIES OF JET A FUEL

Average Molecular Weight
Pseudocritical Pressure
Pseudocritical Temperature
Pseudocritical Density

170.1 -
265 psia 1.82 MN/m®
T21°F 383°C

14.8 1b/rt3 237 kg/m

. R t
Towp. | Demsity | ElE | Ghecsess pecssure
°r | °c |1b/rt3| kg/m® | Btu/1b| kJ/kg |Btu/1b-°F | kJ/kg-°C
0| =18 | 52.8 8Ls5 0 0 0.4k40 1.84
100 | 38 | 50.5 809 b7 110 0.508 | 2.13
200 | 93 | 48.0 769 101 236 0.575 2. b1
300 | 149 | 45.3 25 161 375 0.644 2.69
Loo | 20k | k2.2 677 227 528 0.719 3,01
500 | 260 | 38.6 619 298 693 0.807 3,38
600 | 316 | 33.9 543 375 872 0.943 3,94
TOO | 371 | 25.2 ko3 465 | 1081 1.5%31 6. 41
Temp. Viscosity Thermal Conductivity
°r | °C | 1b/ft~hr | uNes/m®| Btu/hr=-ft-°F | mW/m-°C
o|=-18| 11.73 4850 0.101k4 175
100 | 38 3.07 1270 0.0907 157
200 | 93 1.43 591 0.081k4 141
300 | 149 0.889 368 0.0732 127
4oo |20k 0.650 269 0.0658 114
500 | 260 0.Lhok 167 0.0588 102
600 |316 0.221 91 0.0523 90
700 | 371 0.111 L6 0.0522 90
-47-
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Table XXI. DATA SUMMARY FOR 20-HOUR TEST RUNS

Heat Exchange Tubes: Runs 81 and 85; Hastelloy C - 0.1268-in OD x 0.0317-in Wall
x 2-ft Length {0.03325-ft® Inside Surface)
Runs 88 and 91; Stainless Steel Type 316 - 0.1260~-in OD
x 0,026-in Wall x 2-ft Length (0.03875-ft%
Inside Surface)
Runs 95 and 98; L-605 (Haynes 25) - 0.1278-in OD x 0.0313%-in
Wall x 2-ft Length (0.03409-ft® Inside Surface)

Fuel: Jet A, Oxygen Content < 0.5 ppm

Run Number & 88 95 85 91 98
Nominel Run Conditions
Heat Flux, Btu/sec~in® .2 .2 .2 b h 4
Inlet Pressure, psia 1000 1000 1000 1000 1000 1000
Exit Fluid Temp., °F 1000 1000 1000 1000 1000 1000
Actual Run Conditions {Time Avg.)
Feed Rate, 1b/hr 5.09 6.05 5.4 106 123 107
Inlet Pressure, psia 1005 1000 1000 1010 1000 1005
In (Measured) . 100 100 100 100 100 100
Fluid Temp., °F { Out (Meesure?) 950 973 970 1006 1006 1000
out {Cale. )P 10k 1008 1036 998 1010 996
Power Supplied, Biu/hr x/kli-a . 3.73 4,25 3.93 28.8 81.7 69.3
¢) [ Btu/hr v 107 3.50 3.97 370 8.5 81,4 69.0
Net Heat to Fuel { Btu/In 688 656 683 648 660 L6
Net Heat Flux, Biu/sec-in® © 203 .198 .209 3.98 k.05 3,90
Run Time, Hr L1 W8 ka7l 9.6|19.8] .1 .T| W9] 9.8{20.0] .1] .9| k.7 9.8/20.0] .3} 5.0} 9.8|20.0] .3 k.9} 9.9|19.7| .3| u.8| 6.5| 9.9l20.0
Outside Wall Temp., °F a)
I.C. No. Loecation, ft
1h 0.05 T T16| Te8| Tkl 30| TUB| 686] TOT| TOO| 699| 699| Ehs| Eh6| 6ho| 650| 660|1389|1294{1301] - |1343|1320]1299| 1520
2 .125 B 8sk| 863| 882| ool 911] 835| Blo| Bho| 831| 835| 8sk| B38| 8ik| 860| 898[133k|1329|1305(1289]1335]1328]1267|1510
15 .2 B 900| 907 920| 913| 933| 867| 883| 875| 80| 872 888| 885F 884| 900 6| - - - - 11257{1238{1222[1200
3 .3 T 980| 991{1001| 983|1001| 96k4| 96T| 973| 962| 966] 980i 958 961 9T9|1012] - - - - |1223[1228{1190]1184
16 R T 102411030| 2039|1023 1033| 5999|1020 (1015 {100k]1008| 1009} 1002| 1001{ 1016|1050]1295}1350{1361 |1372| - |12h111208]1195
IS .5 B 1010]1017|1025|1007|1051| 973| 984%| 989 976! 985|1019] 993| 995|1012{1080| ~ - - ~ |1218|1kg1j1527] 1465
17 .6 B 1047 |1045| 1055 [ 1047} 1152| 1005|1019 1020|1009 1028| 1037| 1028| 1027| 1042 1152| 125k4| 1292|1333 {1380| 1230| 1369[1323| 1258
5 -7 T 1112(1119(1132|1119 1218] 1087|100k {1112(1099(1130( 1120| 1094| 1095| 1118| 1197(1283( 1326|1358 ]| 1400} 1243 | 13421353 | 1302
18 .8 T 1151 (115121711 1176] 12h5/1126/ 114511150 | 1135 | 1162| 1147|1134 1130| 1147|1182 |1282| 1298|1336 | 1400] 1259|1303 | 1278] 1247
6 .9 B 11241136 1178{1180| 1200{ 1120] 3115|112k [1115]|1155) 1142 |1118] 1115|1118[1162] - - - - |12bk7]1eko)1238
19 1.0 B 1158|1170{ 1162|1162[ 1165|1130(1153| 1154 1129|1151 1170] 11541 1150) 1143| 1159] 1285 1272| 1309|1573 1271} 1222] 1221
7 1.1 T 1235|1249 1229| 1202| 1206| 12481253 1250 1209) 1220] 1225] 1202 1179) 1179) 1188 1316) 1291 { 1342 |1ko5| 1319|1514 1366|148
20 1.2 T 126611279 1279|1243| 1232| 1268|1291 | 1282 | 1128{ 1140| 2280| 1264 1223 12331 1138| 1325| 1275|1270} 1231 | 1327|1574 1hko| 1450
8 1.3 B 12h7[1261 | 1263|1223 1195| 1254|1255 [1222 1073 | 1004{ 1270| 1239| 1191 | 1220| 1028| 1316|1273 | 1279|1284 1342|1381 | 1398|1355
21 1.4 B 1279|1289( 1295|1257} 1120} 1268|1294 1017|1041 | 21061| 1298 1245( 1152( 1161|1085 | 1338|1323 | 1316 |1307] 1361|1393 | 1306 1387,
9 1.5 T 1343(1356| 13601 1320/ 10611 1370| 1359| 977| 999|1064 1367| 1332|1116/ 1055|1066| - - - - | 1432{1k36) 1423|1395
22 1.6 T 1370|1379 1387| 1202| 1084 1384 10521034 11032| 1083} 1376 1296] 1.092| 108%| 1108{ 1396| 1390| 1368|1361 14601 1481 1457|1415
10 1.7 B 13542 | 1334 1330) 1159] 1095] 1352] 1060] 104511096| 1103] 13211 1117} 1076} 1116|1141 ] 1411) - - - |1b3g) 175|152 k52
23 1.8 B 1340|1260 1223|1195 1165|1350 1147|1172|1160| 1242] 1302{ 1158] 1151 1130 1148] - - - ~ | 1489|1460 133! -~
1 1.875 T 136211195/ 1207|1260 1165|1403 | 1191 [1209|1140]1158| 12k0| 1202| 1170| 1150] 1162| 1466] 1465|1457 1463| 1539| 1486| 14621 1450/
12,24 1.95 T 12961189 1166| 1168| 1196| 1336(1190[1209(1199] 1166( 1173| 1192| 1161 1163| 1182 1476| 1471|1473 | 1868] 1539| 1482] 1458] 1437
Tube Pressure Drop, psi a3 .13 .7 .31 .39) .10) W20j1.10| .88 .17 .1b| 15| 19| .23| 33| s2| 66| 64| i 27| kol kol LG
Filter Pressure Drop, psi edledled|ed|edlel|el|edie|ele)|e)]|e)| el el . o7 .80 .50/2.45 .20[1.35]2.15]35.17]
Product Gas Rate, SCFH 1.13 1135107 .21 .12(1.25| .50| .16| .03| .06 .75[ .s50f .17 .08 .06] - - - - L32| Jh8| kst Lk
Coke on Filter, mg 5.7 7.6 5.5 39,977 59,4 6.0
Fllter Temp., °F 600 570 550 860 830 850
Coke Deposit in Tube, wg/em?®
Tube Section, ft
0.2 - 0.4 3 12 1 27 12 1
0.k - 0.6 357 725
0.6 - 0.8 11 8 b 55 21 8l
0.8 - 1.0
1.0 - 1.2 96 121 98 45 L5 3
1.2 ~ 1.k 335 361 308
1.bh - 1.6 45 289 2ks 13 26 13k
1.6 - 1.8 295 160 89 &0
1.8 - 2.0 92 105 3l b2 116 1%

a) Measured exit fuel temperaturcs for low flow rate runs were Jow due to rapid cooling of fuel before reaching the temperature measuring poinmt.

b) Culeulated from power input, flow rate, and heat copacity Aata correeted for losses.

c) Corrected for heat losses.

d) T.C. No. refers to order of printout on 2k-pt recorder. Location is measured from start of heeted section. T and B Indicate Junction on Top or Bottom of test section.
©) Lless than 0.001 psi.

r) New filter insinlled after initial 5-hr periocd. 9.6 mp on filter during 0-5 hr, 30.3 mg during 5-20 hr.
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SYMBOLS

A observed backscatter count rate for pure deposit
B observed backscatter count rate for clean tube
p - specific heat at constant pressure

d tube diameter

3
Gr? modified Grashof number [gé_gég]
i
gravitational acceleration

g

h heat transfer coefficient

I observed backscatter count rate for deposit on tube
k

thermal conductivity

Nu Nusselt number [:%f ]
Pr Prandtl number [E%E]
a heat flux

Re Reynolds number [QEQJ

temperature
u linear velocity
X deposit surface density (weight of deposit per unit surface area of tube)
Z1 average atomic number of deposit
Zs average atomic number of tube
) viscosity
p density
Subseripts
B bulk fluid conditions
P Poiseuille flow
W wall conditions
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