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SUMMARY \qu% !

A single J33 combustor and an experimental tubular combustor incor-
porating a fuel vaporizor were operated with gaseous hydrogen at tempera-
tures slightly above the boiling point of the fuel. Data were obtained
to explore possible effects of the fuel temperature on combustor perform-
ance and on the control and measurement of fuel flow. Combustion effi-
cilencies and combustor outlet tewmperature profiles were determined over
a range of cowbustor inlet-air pressures from 4 to 40 inches of mercury
absolute and at a combustor inlet-air temperature of 300° F. For com-
parison, similar data were obtained with hydrogen fuel at ambient

temperatures.

In general, combustion efficiency was near 100 percent for both
combustors and for both the cold and the warm fuels. Combustor outlet
temperature profiles were similar to those obtained with liquid hydro-
carbon fuels in the J33 combustor and were not affected by the tempera-
ture of the fuel. The vaporizing combustor produced an outlet tempera-
ture profile having a hot core.

Measurements of the transfer of heat to the boiling liquid hydrogen
in the 3/4-inch vacuum-insulated transfer piping indicated a2 heat-leak
Pressure and

rate of approximately 38 Btu per hour per foot of length.
temperature oscillations were obsgserved in portions of the system where
boiling of the fuel occurred; however, it 1s believed that these oscil-

lations can be eliminated by further refinement in the fuel system.
inned-tube heat exchanger,

In addition to the combustor tests, a T
such as may be used to vaporize liquid hydrogen, was subjected to large
temperature transients by introducing cold fuel at fuel temperatures
near -400° F while the heat exchanger was immersed in a 15000 F ga /
No noticeable damage occurred after several trials. /é?t 1;\'
/
/

strean.

*Title, Unclassified.
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TNTRODUCT ION

Considerable improvements in aircraft range and altitude may be
realized with the use of liquid hydrogen as a fuel (ref. 1). In addition,
substantial gains in turbojet combustor performance can be obtained with
the use of warm gaseous hydrogen (refs. 2 and 3). Further, reference 4
shows that, with the use of gaseous hydrogen, combustor length can be
reduced without sacrificing combustor performance. The practical use of
hydrogen for turbojet engines requires that it be stored as a liquid in
the fuel supply tanks. Ultimately, the large heat sink available 1n the
cold liquid fuel would be used to cool various parts of the airplane and
the engine, and warm gaseous fuel would then be supplied to the combustor.
However, in the early development phases of hydrogen-fueled aircraft, fuel
systems and combustion chambers may have to operate with cold gaseous
hydrogen at temperatures slightly above its boiling point. Also, during
takeoff and low-speed flight of a hydrogen-fueled aircraft, cooling re-
quirements would be greatly reduced, and fuel temperatures slightly above
the boiling point may be encountered at the combustor. The investigation
reported herein was conducted to determine whether there is any adverse
effect of cold fuel on combustor performance and to gain operating ex-
perience in the measurement and control of fuel flow at these low
temperatures.

Two different combustor designs were operated with cold gaseous
hydrogen fuel. The first design, a J33 combustor with a modified fuel
nozzle, was operated over a range of combustor inlet-air pressures from
4 to 30 inches of mercury absolute. The second comwbustor design incor-
porated vaporizing tubes in which the fuel mixed with some of the air
before it entered the combustion zone. This combustor was operated at
inlet-air pressures of 36.6 and 40.6 inches of mercury absolute. The
performance data obtained with these combustors include combustion effi-
ciency and the temperature profile at the combustor outlet.

Descriptions of the special equipment, instrumentation, and operating
techniques required for the control and measurement of liquid and gaseous
hydrogen flows at temperatures close to the boiling point are included
herein. The liquid hydrogen was supplied under pressure from a storage
Dewar tank. Two types of heat exchanger were used to vaporize the fuel be-
fore it entered the combustor. For the J33 combustor tests, a concentric-
tube heat exchanger was used in which helium was used as a source of
heat. For some of the runs with the vaporizer-tube combustor, a finned-
tube heat exchanger was installed in the exhaust section downstream of
the combustor.

ot
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APPARATUS AND PROCEDURE
Combustors
Installation. - The test combustors were installed in a connected-

duct facility as shown in figure 1. Combustion air from the laboratory
supply system flowed first through a sharp-edged orifice for measuring
the airflow rate and then through an electric heater for controlling the
combustor inlet-air temperature. The airflow and pressure at the com-
bustor test section were controlled by regulating valves in the air
supply line and in the altitude exhaust system. Water sprays located in
the exhaust section cooled the exhaust gases and diluted them with water
vapor to reduce the over-all mixture ratio to a safe level in the event
some of the fuel did not burn in the combustor.

J33 Combustor. - A J33 combustor with a modified fuel nozzle (fig. 2)
was chosen for this investigation, since reference performance data with
warm fuel were available (ref. 2). Hydrogen was injected through six
0.063-inch holes equally spaced about the axis of the nozzle tip and
inclined at an angle of 450 from the axis (fig. 2). In addition, one
hole 0.016 inch in diameter injected fuel along the axis. Ignition was
provided by a standard ignitor located in the dome area of the combustor
liner. The combustor was operated at inlet-air pressures of 4, 8, 15,
and 30 inches of mercury absolute with cold fuel, and at 4, 8, and 15
inches of wmercury absolute with hydrogen fuel at ambient temperatures.

Vaporizer-tube combustor. - The vaporizing-tube combustor was designed
to simulate the combustion process that occurs in several current full-
scale engines. A photograph of the combustor is shown in figure 3. The
proportioning of the entrance air-hole areas in the liner was patterned
after a current vaporizer-tube coumbustor. The dummy liquid-fuel injectors
shown in figure 3 were installed to simulate the added blockage of the
vaporizer-tube area that would exist if hydrocarbon feed tubes were in-
stalled for alternate fuel eoperation. Ignition was provided by a spark
gap formed between a wire connected to a high-voltage transformer and a
wetal surface in the dome region of the combustor liner. The vaporizing-
tube combustor was operated at the following inlet-air conditions: pres-
sure of 36.6 and 40.6 inches of mercury absolute, reference velocity of
about 65 feet per second, and temperature of 300° F. 1In addition, the
combustor was operated at a high reference velocity (191 ft/sec) to
simulate the conditions in an engine tailpipe {670 ft/sec in combustor
outlet section) for the tailpipe heat-exchanger tests.

Instrumentation. - Instrumentation stations are shown in figures 1
and 2. Total-pressure tubes were manifolded together at stations A and
D, and the average reading of each station was indicated on absolute
manometers. Average and individual thermocouple readings from stations
B and C were indicated on self-balancing potentiometers. Construction
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details of the total-pressure tubes and of the thermocouples used are
shown in figure 4. The Chromel-Alumel thermocouples for measuring com-
bustor outlet temperatures (station C) were of the bare-wire crossflow
type with a large length-to-diameter ratio to minimize conduction
errors (ref. 5).

An attempt was made to verify the combustion-efficiency values
calculated from the outlet thermocouple measurements by using gas analysis.
Six of the outlet total-pressure tubes were used to obtain a sample of
the exhaust gases. The sample was passed through dryers to remove the
water vapor and then analyzed by a thermal-conductivity wethod. Since
hydrogen has approximately seven times the thermal conductivity of the
other constituents of the mixture, a high degree of sensitivity was
achieved. However, the sampling tubes were not cooled, and unburned
fuel present in the exhaust products may have reacted in the sampling
tubes because of catalytic action of the hot metal surfaces of the
sampling tubes.

Fuel System

A schematic diasgram of the fuel system is presented in figure 5,
showing the basic piping, valves, instrumentation, and so forth, for
control and measurement of the fuel flow. Liquid hydrogen was stored
under pressure of hydrogen gas in the Dewar. During operation, the
liquid fuel flowed through vacuum-insulated transfer piping to the heat
exchanger, where it was vaporized. The cold gas flowed through an
emergency remotely operated fuel shutoff valve (J), a throttle valve
(K), and an orifice (M) to the combustor. The vacuum-insulated piping
extended from the Dewar to the inlet of the orifice run; from this
station to the combustor connection, a synthetic foamed plastic was used
for insulation. The other piping shown in figure 5 was necessary for
pressurizing the Dewar, purging the system, flowing helium to the heat
exchanger, and relieving excessive pressures in the system through relief
valves. Before operation, the system was checked for leaks with soap suds
when the system was warm, or with a gas analyzer when the system was
cold. )

To start operation, the system was first evacuated with the vacuum
pump. The system was then filled with helium under pressure, re-evacuated,
and filled again with helium to assure that no air was left in the system.
Some helium was allowed to flow into the coumbustor to purge the nozzle
feed line. Before cold fuel was fed into the system, the heat-exchanger
helium flow was turned on to prevent air from condensing in the heat
exchanger. After the ignition spark was turned on, the cold fuel was
admitted to the system. The fuel temperature at the combustor was con-
trolled by varying the helium flow through the heat exchanger or by turning
off the helium and evacuating the heat-exchanger outer shell with the

vacuum pump.
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Dewar. - A schematic diagram of the Dewar supply tank is shown in
figure 6. The Dewar consisted of an imner tank (a) containing the liquid
hydrogen, surrounded, in turn, by an evacuated chamber (v), a liquid-
nitrogen tank (c), and a second evacuated chamber (d). The liquid nitrogen
reduced the heat-leak rate due to radiation from the outer shell to the
inner tank, and the vacuum chambers reduced the heat leak due to con-
vection and conduction.

Some of the associated measuring and control equipment are also
shown in figure 6. Provision was made for filling and draining both the
nitrogen and hydrogen tanks and for venting the gases boiled off from
the liquid. Pressure in both tanks was controlled by manual and automatic
pressure-relief valves.

Piping and valves. - The construction of the vacuum-insulated fuel
line is shown in figure 7. The fuel line consisted of a 3/4-inch
stainless-steel pipe wrapped with aluminum foil, spaced inside a 1.5-
inch copper shell. The space between the two pipes was sealed and
evacuated to a pressure of about 3 microns of mercury absolute. A bellows
was spliced into the inner tube to relieve stresses in the pipes due to
thermal expansion. A carbon-block gas absorber was installed about every
2 feet along the length of the tubes to absorb residual gases in the
annulus. The sections of vacuum-jacketed tubing were connected by special
unions that provided for an overlap of the vacuum Jjacket to reduce the
heat leak.

Construction of a typical valve for cold-flow service is also shown
in figure 7. The valve stem and the bonnet were extended about 12 inches
from the valve seat. Both the valve stem and the bonnet were vacuum-
insulated; thus, the valve seal and the threads were in a warmer location
to assure proper valve operation. For remotely operated valves, the valve
stem was actuated by a pressure-operated piston.

The entire transfer system contained a number of components repre-
sentative of a typical fuel system. The over-all length of piping was
about 22 feet and contained the following components: two T's, two
valves, five 90° bends, 4 feet of straight pipe, and a short flexible
connection. These components were connected by 11 unions.

Heat exchangers. - The counterflow concentric-~tube heat exchanger
used to vaporize the liquid hydrogen fuel was provided by wodifying an
8-foot-long section of the vacuum-insulated transfer pipe. A short -
piece of 3/4-inch copper tubing was soldered to the outer shell of the
transfer pipe at each end to provide inlet and outlet connections for
helium. Installation of the tailpipe heat exchanger in the combustor
exhaust duct is shown in figure 8(a). The control valves in the fuel line
for directing the fuel flow through the heat exchanger or through a by-
pass line are also shown. Figure 8(b) is a photograph of the heat
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exchanger. Thin, closely packed (approximately 32 per in.), spiral fins
were attached to a 0.375-inch-diameter, 0.03125-inch-wall stainless-steel
tube., The fins were copper covered with stainless steel. Tests of in-
stantaneous introduction of cold fuel on the hot inner surface of the
heat exchanger were conducted by first flowing fuel through the bypass
into the combustor. Combustor outlet temperature and velocity of approxi-
mately 15000 F and 670 feet per second, respectively, were established

to simulate engine tailpipe conditions. After the heat-exchanger metal
temperatures were stabilized at some temperature near the gas teupera-
ture, the fast-acting valves were switched and the cold gaseous hydrogen
at approximately -400° F flowed through the heat exchanger. No inter-
ruption in combustion was noted during the transition.

Fuel-gsystem instrumentation. - The temperature of the fuel was umeas-
ured with copper-constantan thermocouples at the inlet and outlet of the
concentric-tube and tailpipe heat exchangers and at the orifice (figs. 5
and B(a)). Construction details of thermocouples installed at the inlet
and outlet of the orifice run are shown in figure 9. The thermocouples
at the inlet of the orifice run and one of two thermocouples at the outlet
were shielded to reduce radiation from the walls of the orifice run. The
second outlet thermocouple was a bare-wire crossflow type. Thermocouple
connector plugs were mounted above the level of the orifice run to prevent
the liquid air that formed on the piping from reaching the plug.

Construction details of the orifice used for measuring fuel-flow
rates are also shown in figure 9. The inlet pressure and the pressure
drop across the orifice were measured with 100-inch mercury manometers;
for low flow rates a 100-inch water manometer was used. The helium flow
through the outer shell of the heat exchanger was measured with a sharp-
edged orifice instrumented with a pressure gage, and a differential pres-
sure manometer. The temperature of the helium entering and leaving the
heat exchanger was also measured.

Calculations and Calibrations

Combustor performance. - Combustion efficiency was calculated as
the percentage ratio of actual to theoretical increase in enthalpy from
the combustor inlet to the combustor outlet instrumentation plane (ref.
2). The calculation of fuel-flow rate, the calibration of the fuel tem-
perature thermocouples, and the corrections applied to the combustor
exhaust-gas temperature indications are described in the appendix.

Accuracy of data. - The data presented herein show combustion effi-
ciencies as high as 108 percent; obviously, considerable error is present.
The errors are attributable to three factors: (1) errors in measurement
of fuel temperature (see appendix), which affects fuel density and, hence,
fuel-flow rate, (2) oscillating flows and tewperatures that existed during

191%
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some of the runs, and (3) large exhaust-gas temperature corrections that
were subject to error (see appendix). The measured variables oscillated
at 1 to 2 cycles per minute at a relatively high amplitude. The data

were recorded at both the maximum and minimum values of the cycle. Since
all the variables appeared to reach the maximum and minimum values at

the same time, each extreme of the cycling was considered to be a separate
point in the calculations.

RESULTS AND DISCUSSION

The performance data obtained with the J33 and the vaporizer-tube
combustors are presented in tables I and II, respectively. Data relating
to the operation of the fuel system are also included in the tables.

Combustor Performance

Combustion efficiency. - The combustion efficiencies of the J33
combustor with gaseous hydrogen fuel at ambient temperatures are shown
in figure 10. 1In general, efficiencies from approximately 95 to 100
percent were obtained at all operating conditions investigated. The few
data points that fall above 100 percent indicate the probability that
the radiation corrections applied to the outlet thermocouples were in
error. The combustion efficiencies of the J33 combustor with cold fuel
are presented in figure 11. The greater scatter of the data is due to
inaccuracies in the flow and tewperature measurements with the cold fuel,
as previously discussed. There appears to be no relation between the
combustion-efficiency level and the fuel temperature (indicated at each
data point). The fuel temperatures shown in figure 1l were wmeasured at
the outlet of the orifice run with a bare-wire thermocouple.

Comparison of figure 11l with figure 10 indicates that the large
change in fuel teumperature apparently had no effect on combustion effi-
ciency. The efficiency level is near 100 percent even at the lowest pres-
sure condition of 4 inches of wercury absolute.

The combustion efficiencies obtained with the vaporizer-tube com-
bustor are presented in figure 12. The performance is similar to that
obtained with the J33 combustor; efficiencies were near 100 percent and
there was no apparent relation between efficiency and fuel temperature.
The data of figure 12(a) were obtained at a reference velocity of 191
feet per second as compared with 68 and 60 for figures 12(b) and (c),
respectively.

Vaporizer-tube temperatures. - Temperatures of the mixture of air

and cold hydrogen fuel flowing through the vaporizer tube, as well as the
vaporizer-tube wall temperatures, are presented in figure 13. The gas
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temperature was measured at three stations (1, 2, and 3), as shown in the
sketch in figure 13. Most of the data were beyond the range (-1000 to
7000 F) of the instrument used to indicate the temperature. Station 1
temperatures are plotted in figure lS(a). Three data points at -100° F
indicate that the temperature was -1000 F or lower. The other two data
points show the increase in gas temperature with an increase in fuel
temperature. Temperatures measured at stations 2 and 3 were always

above 700° F, the maximum reading of the instrument. These data indicate
two possible occurrences: (l) a small flame may have existed in the tube
between stations 1 and 2, causing the large temperature rise, or (2) the
thermocouples at stations 2 and 3 may have been influenced by conduction
and radiation from the tube walls.

Attempts were made to correlate vaporizer-tube wall temperatures
with combustor outlet temperature, fuel flow, and fuel temperature entering
the tube. The data indicated a much better correlation with fuel tempera-
tures than with either of the other two variables. The data are shown in
figure 13(b). These data (fig. 13) indicate that, if a hydrocarbon fuel
and cold hydrogen are injected simultaneously into the vaporizer tube,
the hydrocarbon could possibly freeze; but it is unlikely that any build-
up of solid fuel would occur, since the tube wall temperatures are high.

Temperature profile. - The temperature patterns at the outlet of the
J33 combustor for both warm- and cold-fuel operation are presented in fig-
ure 14. The data used for developing the isotherms in the figure are not
included in the data table. Fuel temperature had no apparent effect on
outlet temperature profiles; the differences that do exist are probably
due to the difference (1460 F) in the average exhaust-gas temperature.
The profiles were similar to those obtained with hydrocarbon fuels in this
combustor. The temperature patterns at other test conditions were similar
to those presented in figure 14.

A typical temperature pattern measured at the outlet of the
vaporizing-tube combustor is presented in figure 15, This combustor pro-
duced a hot region in the center of the duct. The difference between the
maximum and the minimum temperatures is about 800° F as compared with
about 400° F for the J33 cowbustor (fig. 14(a)). No design changes were
made to reduce the temperature gradient.

Fuel System

Qualitative observations, together with limited quantitative data
relating to the design and operation of the liquid-hydrogen fuel system,
are described in the following paragraphs.

Fuel-system tewperature. - The temperature of the hydrogen fuel at
various stations in the fuel system from the outlet of the concentric-
tube heat exchanger to the fuel feed tubes in the vaporizer-tube combustor

19T%
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is shown in figure 16 as a function of fuel-flow rate. These data were ob-
tained with the fuel system arranged as shown in figure 8(a). The data of
figure 16(a) were obtained with the fuel flowing through the bypass,
around the tailpipe heat exchanger, directly into the combustor. The
lowest curve (A) represents the fuel temperature at the outlet of the
concentric-tube heat exchanger, where the fuel temperature is slightly
above its boiling temperature. The temperature difference between curve
A and curve B represents the heat leak into approximately 16 feet of
vacuum-insulated transfer pipe plus the heat leak into the orifice run.
The temperature difference between curves B and C represents the heat

leak into the fuel line between the orifice-run outlet and the inlet

of the fuel feed tube in the combustor (30 in.). Since the length of

the line from the orifice to the fuel feed tube is about the same as

the length of the orifice run, and since the temperature difference
between A and B is about the same as between B and C, the heat leak

into the vacuum-insulated pipe was very small. A substantial tempera-
ture rise (C to D) occurred in the 3.5-inch-long fuel feed tubes; these
tubes were immersed in the 300° F combustor inlet air.

Fuel temperatures obtained with the fuel flowing through the tail-
pipe heat exchanger (fig. 8) are shown in figure 16(b). As would be
expected, the largest temperature increase is in the tailpipe heat
exchanger.

The effectiveness of the vacuum-insulated transfer pipe in preventing
heat leak into the liquid hydrogen could be calculated from the fuel-
system data obtained. The fuel temperature at the inlet to the concentric-
tube heat exchanger is plotted against fuel flow in figure 17. The fuel
temperature remains constant to a minimum flow of 5 pounds per hour. At
this point, the heat-leak rate into the pipe is sufficient to vaporize
all of the flowing fuel. This accounts for the increase in fuel tempera-
ture at fuel flows below 5 pounds per hour. The scatter in the data is
due primarily to the variable pressure in the fuel line and to possible
errors in the temperature measurement. From the data obtained at mini-
mum fuel-flow rates, the heat-leak rate was calculated to be approximately
38 Btu per hour per foot of length.

Fuel-system oscillations. - The hydrogen fuel, supplied as a liquid,
boiled or flashed into a vapor either in the heat exchanger or in the
transfer piping. Oscillations occurred in the fuel system downstream of
the station where boiling occurred. These oscillations affected the
fuel pressure, temperature, and flow rate, and combustor outlet tempera-
tures. A recording made of the fuel temperature at three different
stations in the fuel system is presented in figure 18. The temperature
of the liquid hydrogen entering the concentric-tube heat exchanger was
constant at its equilibrium temperature; whereas, the temperature at the
outlet of the heat exchanger oscillated between the liquid temperature
(-416° F) and -400° F. The temperature variations at the fuel-orifice
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run are shown in figure 18 for a high and a low fuel-flow rate. The
amplitude of the oscillations at the high flow rate was about three times
that at the lower flow rate. The frequency of the oscillations shown in
figure 18 is approximately 1 cycle per minute. Other data showed slightly
higher frequencies; the frequency is probably a function of the dynamics
of the fuel system, which would vary with design.

During operation, it was noted that fuel pressure, teuwperature, and
orifice pressure drop varied in unison; that is, when the pressure was
at a maximum, the tewperature would be at a low value and the pressure
drop across the orifice would be at a high value. Thus, the fuel density
varied over a large range, causing large variations in fuel flow during
the oscillation. Several attempts were made to control the oscillation
by making design changes in the fuel system. The original fuel system
had a length of pipe of negative slope following the heat exchanger. If
the 1liquid fuel periodically spilled over into the lower section of the
system and vaporized at the bottom, oscillations could occur. The trans-
fer pipe was relocated so that the fuel flowed uphill over most of the
distance to the combustor. This change did not eliminate the oscillation;
however, the combustor temperature variations were less erratic.

Liquid hydrogen has a very low density and low viscosity, and thus
low inherent damping characteristics. ZFor this reason, additional re-
strictions to fluid flow were installed at several points in the fuel
system in an attewmpt to eliminate the oscillation. Seven 8-foot lengths
of 3/16-inch copper tubes with the ends sealed off were installed inside
the concentric-tube heat exchanger. The amplitude of the oscillations
at the highest flow rates was reduced; however, oscillations still ex-
isted in the middle flow range. Next, fuel velocity in the system was
increased by operating at a lower pressure level. A check valve designed
to maintain a line pressure 20 pounds per square inch lower than the Dewar
pressure was installed in the liquid-hydrogen fuel line near the Dewar
tank. Approximately half the data reported herein were obtained with
this valve installed. The fuel flows were relatively stable in the lowest
and the highest 25 percent of the over-all fuel-flow range. Oscillations
were still encountered in the middle 50 percent of the range. In the
high flow range, a change in fuel-flow setting would cause the oscillations
to reoccur; they would, however, slowly diminish with time.

A brief study was made with an automatic, piston-operated valve
installed in the fuel line close to the orifice run. The pressure down-
stream of the valve was regulated equal to a control pressure signal
supplied to the piston independent of the variable upstream pressure.
This control method worked well, but difficulty was encountered in pre-
venting leaks through the shaft seals of the valve.

Finned-tube heat exchanger. - The finned-tube heat exchanger was a
compact design for adding heat to vaporize liquid hydrogen. Tests were

1aQTH
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conducted to determine the effect of rapid temperature changes on the unit.
The unit, which was immersed in a 1500° F gas stream, was subjected to
rapid cooling by introducing into it hydrogen gas at -400° F. Examination
of the tube after several trials showed no damage that could be attributed
to the thermal shock.

SUMMARY OF RESULTS

The results of a brief study of turbojet combustor performance and
of fuel-system variables with hydrogen at a tewperature near its boiling
point are summarized as follows:

1. Combustion efficiencies near 100 percent were obtained for two
different combustor designs over a range of combustor inlet pressures
from 4 to 40 inches of mercury absolute. Similar results were obtained
with fuel at ambient temperatures, indicating no significant effects of
fuel temperature on combustion efficiency.

2. Combustor outlet temperature profiles were not adversely affected
by the low fuel temperature.

3. Control and measurement of fuel-flow variables showed that pres-
sure and temperature oscillations occurred in the two-phase portion of
the cold-hydrogen-fuel system.

4. The rate of heat leak into a vacuum-insulated transfer pipe was
calculated to be approximately 38 Btu per hour per foot of length.

5. No noticeable damage occurred in a finned-tube heat exchanger
that was subjected to cold-fuel introduction at fuel temperatures near
-400° F while immersed in a 1500° F gas stream.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Novewber 26, 1956
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APPENDIX - CALIBRATION

The copper-constantan thermocouple wire used for fuel teuperature
measurement was calibrated at three temperature reference points: 1liquid
hydrogen, liquid nitrogen, and ice water. The method used to obtain a
complete calibration curve is illustrated in figure 19. Data for copper-
constantan thermocouples reported in reference 6 were used as a basis.
The data were plotted on semilogarithmic paper and adjusted empirically
until a straight-line calibration was obtained. Two different scale
factors had to be used to linearize the data, as shown in figure 19. The
data obtained with two different thermocouples reported in reference 6
were linearized by the same scale factor at temperatures below 130° R.

The low temperatures measured in this investigation were indicated
by millivolt readings obtained on a slide-wire potentiometer with a
reference bath of liquid nitrogen. For liquid hydrogen and with the
liquid-nitrogen bath, the millivolt variation per degree change in tem-
perature was small, approximately -0.006 millivolt per COR. Millivolt
readings were obtained with the thermocouple immersed in the liquid hydro-
gen at the inlet side of the concentric-tube heat exchanger. The tem-
perature of the hydrogen was assumed to be the equilibrium tewperature
at the pressure existing in the flow system. Twelve of these data points
are shown in figure 19. Since the other two curves were linear between
400 and 140° R, 1t was assumed that the thermocouples being calibrated
were also linear in this range with the scale factor chosen. At tempera-
tures above 130° R, the calibration differences were negligible. The
scatter of the data points indicates an error of approximately +2° R
due to drift in the potentiometer. When the calibration was completed,
the data were replotted on rectilinear coordinates similar to those shown
in figure 20. In the example shown, the millivolt readings were corrected
to a reference temperature of ice water.

The possible error due to thermocouple calibration is illustrated
in figure 20. A difference of approximately 10° R may be obtained at the
same millivolt reading of -6.15 millivolts. In this temperature range
(40° R), this represents a 25-percent difference in absolute temperature
due to thermocouple calibration alone.

The effect of shielding the thermocouple used in the orifice run is
illustrated in figure 21. Original calculations showed that indications
from bare-wire thermocouples in the cold stream may be erroneously high
by approximately 5© R owing to radiation from the surrounding tube. The
data presented in figure 21, however, show that the bare-wire thermocouple
in most cases indicated lower temperatures than the shielded thermocouple,
particularly at lower temperatures approaching liquid-hydrogen teumperature.
The indicated temperature differences were, in most cases, no greater
than #4° R, representing about 28 percent at the lowest temperature of
500 R and about #2 percent at 2300 R. These differences may be attributed

JIQTH
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to the drift in the potentiometer and to the reading error. They cannot
be attributed to heat added to the system between the two thermocouples,
because the bare-wire thermocouple was installed about 1 inch downstream
of the shielded thermocouple.

Fuel-Flow Measurement

The following equation was used for calculating fuel flows:

we = 358.9 d5 Cpy YE /pOP
where
Wy  fuel-flow rate, 1b/hr
do orifice diameter, in.

Cey over-all flow coefficient, dimensionless

Y expansion factor, dimensionless
E area multiplier for thermal expansion, dimensionless
p fluid density, 1b/cu ft

AP differential pressure drop (in water)

Most of the terms in the equation are affected by variations in properties
of the hydrogen fuel at the low temperatures. The flow coefflcient sz

is constant over most of the range of fuel flows but increases quite rap-
idly at low Reynolds numbers. Some of the data obtained were in this low
Reynolds number region. The viscosity of cold hydrogen varies markedly
with tewmperature and had to be accounted for in the calculation of Reynolds
number. Since the incompressible-flow equation was used, the factor Y
was introduced to account for the expansion of the gases following the
orifice. The term Y 1is affected by the ratio of specific heats of the
fluid as well as the pressure ratio across the orifice. The ratio of
specific heats of hydrogen varies considerably at temperatures below
ambient, as shown in figure 22 (ref. 7). Most of the data reported were
at fuel temperatures in the region where the ratio of specific heats was
constant at 1.67. Some of the data, however, were in the temperature
range above 100° R, where the ratio varies with temperature and also
depends on the form (ortho or para) of hydrogen. Under standard tempera-
ture and pressure conditions, hydrogen exists in the ratio of three parts
ortho to one part para; however, at very low temperatures all hydrogen
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molecules tend to convert to the para form. Since the proportion of
ortho- and para-hydrogen supplied to the fuel system was not known, the
intermediate, "ormal" curve shown in figure 22 was used in the
calculations.

The area correction factor E in the flow equation affected flow rate
by only about 0.5 percent, which was negligible compared with the effects
of the other variables. The density of the hydrogen p at temperatures
near the boiling point deviates somewhat from the perfect gas laws. The
densities, therefore, were read from a chart (ref. 7).

Combustor Outlet Temperature

The 25 thermocouples used to measure combustor ocutlet temperatures
were arranged in three rings, each containing eight thermocouples and
one located in the center of the duct. The thermocouples were designed
with a long length-to-diameter ratio to minimize conduction error (ref.
5). Radiation corrections were applied to the average thermocouple
readings by the wmethod of reference 5. Unpublished data obtained in
combustion tests with hydrogen indicated that the radiation correction
could be applied to the average of the individual readings rather than
to each thermocouple reading individually. Values of radiation cor-
rection in tables I and II were as high as 405° F at the highest tempera-

ture level. These large corrections are themselves subject to appreciable

error because of limited wall temperature data used to calculate this
correction.
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EXPERIMENTAL DATA FOR J33 COMBUSTOR

S -
lheltum | Heltum |Heltum |outdoor

flow inlet outlet |ambient

heat ex-| ature,
op

ature, |ature,
op OF

52 34
52 34
52 34
52 34
| os2 34
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TABLE II. - EXPERIMENTAL DATA FOR VAPORIZER-TUBE COMBUSTOR
Run |Combus- [Combus-|Alr- Combus~|{ Fuel |[Fuel- [Average [Average Combus-{ Combus-~
tor tor flow tor flow, |air combustor|combustor tion tor
inlet |inlet |rate, |refer- |1b/hr ratio joutlet outlet effi~ |outlet
total [total 1b/sec|ence tempera- |total tem-|ciency, |total
pres- temper- veloc- ture un- |perature |percent|pres-
sure, ature, ity, correctedcorrected sure,
in. Hg op rt/sec for radi-|for radi- in. Hg
abs ation, atiog, abs
or F
1 15.1 296 0.875 95 21.18 |0.0087 1710 1934 107.6 14.2
2 15.2 300 .685 97 16.34 | .0049 1145 1211 98.6 14.2
3 40.6 299 1.110 60 26.3 .0080] 1490 1595 91.0 39.3
4 39.6 298 1.134 61 14.96 | .0037 975 1003 100 38.7
5 36.4 298 1.324 78 20.11 | .0042] 1110 11586 106.2 35.1
6 36.4 298 1.127 66 9.01 | .0022 720 730 98.0 35.5
7 36.9 296 1.165 67 9.64 | .0023 710 720 93.3 36.0
8 37.0 296 1.139 66 17.68 | .0043] 1020 1044 90.2 36.1
9 37.0 296 1.139 66 15.92 | .0039| 1020 1075 104.6 36.1
10 36.8 298 1.175 69 20.22 | .0048| 1150 1174 96.3 35.7
11 36.9 298 1.248 72 12.39 | .0028 830 800 89.9 35.9
12 36.2 294 1.100 65 20.98 | .0053] 1230 1267 97.6 35.2
13 14.3 295 1.296 193 24.87 | .0053] 1225 1272 98.0 8.5
14 14.2 298 1.264 192 31.00 | .0068| 1425 1513 97.9 9.5
15 13.0 296 1.175 193 23.08 | .0055| 1200 1246 92.4 8.7
Run| Fuel Fuel Tailpipe|Tailpipe |Fuel Fuel Gas tem- Gas tem- Vapor-
pres- temper- heat-ex-|heat-ex- |1n- in- perature perature izer
sure ature changer |changer |Jector |Jjector |inside inside tube
in orificeiinlet outlet inlet outlet |of vapor- |of vapor- |wall
fuel run, fuel fuel fuel fuel 1zer tube,|izer tube, |temper-
supply OF temper- |temper- |[temper-|temper-|station 1,|station 2,]ature,
line, ature, |ature, |ature, |ature, oF O oF
1b/sq oF OF op op
in. abs
1 27.7 -303 ———— —— -—— ———= | ==—-- -——-- -——
2 18.6 -295 ———— ——— -———- -—— ——r-- ——— -———
3 28.5 -398 -—- -—— -—-- et it ---- -—
4 27.9 -347 ——— -——- ——-= ve== | --=-- -———- -—
5 27.9 -354 -———- -——— -298 -244 <-100 >700 746
6 21.7 -291 ———- -—— -221 -149 | —eee- >700 1085
7 21.8 -298 ——— -——— -204 -128 | ——ee- >700 1080
8 36.1 -181 ~355 -224 -139 -96 | —-e-- Burned out| ----
9 se.7 -181 -355 ~224 -139 -96 | —=e=- 960
10 40.5 -174 -329 -261 -152 -88 150 1400
11 29.9 ~-143 -304 -224 -110 -44 390 1960
12 43.2 -185 -346 -252 -144 -89 0 1470
13 43.7 -231 ~404 ~-273 -202 -158 <-100 1020
14 52.6 -240 -416 -300 -201 ~166 <~-100 860
15 43.3 -187 -357 -271 -165 =117 | ~=--- 1065
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Combustion efficiency, percent
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(a) Inlet-air pressure, 4 inches of mercury absolute; reference
velocity, 126 feet per second.
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(b) Inlet-air pressure, 8 inches of mercury absolute; reference
velocity, 98 feet per second.
110
]
o
100 & 5 - 5
o a
o]
90
0 .002 .004 .006 .008 .010 .012

Fuel-air ratio

(¢) Inlet-air pressure, 15 inches of mercury absolute; reference
velocity, 98 feet per second.

Figure 10. - Cambustion efficiencies of J33 combustor with hydrogen fuel.
Fuel temperature, approximately 80° F; inlet-air temperature, 300° F.
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Combustion efficiency, percent
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(a) Inlet-air pressure, 14.3 inches of mercury absolute; reference velocity, 191
feet per second.
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-354
o
(]
-181
100
° -l%?
-174
-291 °
o
-298 -181
90 o o
-143
80
(b) Inlet-air pressure, 36.6 inches of mercury absolute; reference velocity, 68
feet per second.
110
-347
100 °
90 ©-398
.002 .003 .004 .005 .006 .007 .008 .009

Fuel-air ratio

(¢) Inlet-air pressure, 40.6 inches of mercury absolute; reference velocity, 60
feet per second.

Figure 12. - Combustion efficiencies of vaporizer-tube combustor with hydrogen fuel.
Inlet-air temperature, 300° F; fuel temperature indicated at each data point.
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Gas temperature, (station 1), °F

Vaporizer-tube wall temp., °F
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(a) Gas temperature (station 1).
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Feed-tube outlet fuel temperature, °F

(b) Vaporizer-tube wall temperature.

Figure 13. - Variation of gas and wall temperature with feed-
tube outlet fuel temperature for vaporizer-tube cambustor
using cold hydrogen fuel.
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(a) Fuel temperature, 80° F; average outlet temperature, 1785° F.

Figure 14. - Exhaust-gas temperature pattern in J33 combustor.
Combustor inlet-air temperature, 300° F; inlet-air pressure,
8 inches of mercury absolute; reference velocity, 98 feet
per second.
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(b) Fuel temperature, -370° F; average outlet temperature, 1931° F.

Figure 14. - Concluded. Exhaust-gas temperature pattern in J33 com-
bustor. Combustor inlet-air temperature, 300° F; inlet-air pres-
sure, 8 inches of mercury absolute; reference velocity, 98 feet
per second.
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Figure 15. - Temperature pattern at outlet of vaporizer-tube
combustor. Combustor inlet-air pressure, 15 inches of mercury
absolute; inlet-air temperature, 300° F; reference velocity,
60 feet per second; fuel temperature, -303° F; average outlet

temperature, 1748~ F.
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Millivolts referenced to liquid nitrogen
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Figure 19. - Method of calibrating copper-constantan thermo-
couples used in investigation.
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Shielded-thermocouple reading minus
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Figure 21. - Difference in temperature readings obtained
with shielded and unshielded copper-constantan
thermocouples. '
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