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The objectives of this ta-k were to establish.the forced convection heat transfer
character!stics of Standard and Modified High Density Acid (HDA) and the effect of iron
impvrity level up to 100 parts per million as Fe20 3 on IIDA heat transfer.

Thirty tests were conducted utilizing. resistance heated, circular, 6061T6 aluminum
tubes. Results showed that normal nucleate boiling did not occur with either of the HDA
compositions.- As the tube wall temperature increased above 300 F it was generally
observed that heat transfer was adversely affected. This effect was manifested by an
i, rea,et; .nermal resistance which resulted in generally higher wall temperature to
suppert a given heat flux.

The experimental forced convection heat transfer coefficients were unaffected by
iron impurity level and exhibited increased values with increased bulk temperature.-

Modified HDA when compared to Standard HDA produced about 10% lower heat
transfer coefficients and somewhat higher heat flux at rbe destruction.
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ABSTRACT

The objectives of this task were to establish the forced convection he t
transfer characteristics of standard and modified High Density Acid (HD.,) and the
effect of iron impurity level up to 100 parts per million as Fe20 3 or HD' heat
transfer.

Thirty tests were conducted utilizing resistance heated, circilar, 6061T6
alumindm tubes. Results showed that normal nucleate boiling did aot occur with
either of the HDA compositions. As the tube wall temperature increased above 300OF
it was generally observed that heat transfer was adversely affected. This effect -as
manifested by an increased th .rmal resistance which resulted in generally higher
wa.dl temperature to s.pport a given heat flux.

The experimental forced convection heat transfer coefficients were unaf-
fected by iron impurity level and e.ibited increased values with increased bulk
temperature.

Modified HDA when compared to Standard HDA, produced a2bot 10 per-
cent lower heat transfer coefficients and somewhat higher beat flux at tibe destruc-
tion.
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1.0 INTRODUCTION

Previous HDA work was conducted by BAC under Lockheed Mi-siles and
Space Company Subcontract to Air Force Contract F04701-68-C-0235 in 1970
(Reference 1). This program involved Agena Engine fire test investigations with
HDA/UDMH and HDA/UDMH + Si propellants. Although satisfaetory engine operation
was demonstrated the thrust chamber thermal margin could huot be defined since the
HDA coolant properties were unknown. Further, -:.ce a Modified HDA containing
PF 5 inhibitor was developed under Task I a need for experimental determination of
its coolant properties was required.

Iron contamination of HDA occurs during manufacture and storage and
the present procurement specification requires maximum limits of 20 ppm as iron
oxide (Fe2 0 3 ) for procurement and 30 ppm for use. These limits resulted from
early Agena engine development fire tests during which thrust chamber overheating
occurred. This overheating was attributed to iron contamination of the JRFNA cool-
ant (Reference 2).

The overall objective of this program is to improve the propellants used
in the Agena and other propulsion systems. As a result of conducting this task the
following specific objectives were achieved:

(1) The heat transfer properties of Standard and Modified HDA ,vere
established; and (2) the effect of iron impurity level up to 100 ppm as Fe2 0 3 on
heat transfer of Standard and Modified HDA was determined.

2.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

2.1 Summary

Heat transfer tests were conducted with resistance heated 6061T6
aluminum, 1/8-inch diameter tubes to determine the coolant characteristics of
Standard and Modified HDA. The effects of iron impurity level, propellant inlet
temperature and simulated engine shutdown were established. Thirty tests were
conducted, 15 with each type HDA. Coolant conditi-ns, velocity and pressure, were
those characteristic of the Agena thrust chamber which is regeneratively cooled
with HDA.

2.2 Conclusions

As a result of performing this work the following conclusions were
obtained:

Normal nucleate boiling did not occur with either of the HDA composi-
tions. As the heat flux was increased the tube wall temperature increased :auch
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above the saturation temperature of 280 0 F. Film boiling cooling was apparent up to
wall temperatures of about 900OF when tube failure occurred. As the wall tempera-
ture increased above 30u'F, heat transfer was adversely affected with both HDA
compositions at all levels of iron impurity.

Tubes which had previously been operated at wall temperatures above
3000F with shutdown, generally exhibited increased thermal resistance during the

subsequent test. For Standard HDA, this effect was observed to vary with iron
impurity level, i.e., slight at 30 ppm, nil at 55 and 72 ppm and pronounced at 96 ppm.

This effect was observed as an increased thermal resistance which caused generally
higher wall temperatures to support a given heat flux. This increased thermal re-
sistance was attributed to scale formed on the inner surface of the tube. Qualitative
analysis of the scale from a sectioned tube showed its composition to be inorganic
sulfates and nitrates, with aluminum as the major metallic component.

Tes - with Modified HDA showed that increased thermal resistance was
exhibited at each of the iron irmpurity levels of 10, 50 and 97 ppm. Tests with tubes
which had previously been operated up to near engine conditions and shutdown by
venting to simulated altitude conditions generally indicated presence of the increased
thermal resistance. Slight scale formation was observed on the sectioned tubes,
which chemical analyses showed to be inorganic nitrates, with aluminum as the major
metallic component.

Iron impurity level had no effect on the forced convection heat transfer
coefficients which were derived from initial tube tests.

Comparison of results showed that the Modified HDA exhibited about 10%
lower forced convection heat transfer coefficients but somewhat higher heat flux at
tube destruction than Standard HDA.

The effect of propellant temperature followed the expected trend of in-

creasing heat transfer coefficient with increased bulk temperature.

Thermal analysis of the Agena thrust chamber using the results from the
investigation indicate that adequate thermal margin exists for the most severe cool-
ant side conditions.

2.3 Recommendations

Based on results from this investigation, it is recommended that the
present HDA specification limits for iron impurity be relaxed. Agena thrust chamber
fire tests are recommended to demonstrate o.peration with higher iron impurity
level, prior to HDA procurement and use limits specification changes.

2



3.0 TECHNICAL DISCUSSION

3.1 Test Plan

Thirty tests were planned to establish tie effects of soluble iron impurity
on the heat transfer characteristics of HDA. Effects of the impurity level were
determined with both Standard and Modified HDA at two levels of bulk inlet tempera-
ture. Composition of Standard and Modified HDA is included in Table I. In addition,
simulated shutdown under altitude conditions was evaluated. The following test
variables and associated levels were investigated:

Percent Iron Impurity 3 levels 20 ppm
60 ppm

100 ppm

Type HDA 2 levels Standard
Modified

Type Test 2 levels W/O Shutdown
XW/Shutdown

Bulk Inlet Temperature 2 levels 320F
900F

The minimum number of tests necessary to conduct a statistically com-
plete test program is 23 x 3 = 24. Furthermore, simulated shutdowns require two
tests which increases the total number of tests to thirty-six.

These thirty-six tests can, nder certain as.sumptions, be reduced by
conducting a partial factorial test program. Therefore, assuming that the second
order interaction among the variables with two levels are negligible, and noting that
the effects of percent impurity are of primary importance, it was decided to frac-
tionalize with respect to only the variables with two levels. The resultant test plan
was one half replicate of the complete 23 experiment, with the following test series
conducted at each impurity level.

Bulk HDA
Temperature Type Test Type

320 STD Wf10 Shutdown

o90 STD W/Shutdown

900 STD W/O Shutdown

320 MOD W/Shutdown

320 MOD W/o Shutdown

900 MOD W/O Shutdown

3



A matrix consisting of 18 tests as shown in Table II was planned for initial evaluation.

This left 12 tests available to further define the relationship between the response
variables and the impurity level.

3.2 Test Specimen

Each test spectimen (Figure 1) was constructed from a 10.7 inch seamed
tubing section of 6061T6 aluminum of 1/8-inch nominal tube diameter. The actual

outside diameter of the tube varied between 0.1258 and 0.1265 inches with a wall

thickness of 0.020 ± 0.002 inch. The 10.7 inch section allowed six inches for the

heated section, four inches for the two electrodes, and 0.7 inches for attachment to

the upstream and downstream adapter fittings.

The heated length of 6 inches was selected for two reasons:

(1) It provided sufficient electrical resistance to generate a heat flux

well beyond the expected ma-imum burnout heat flux for the test

program.

(2) It provided a convenient length with enough room to attach five

surface temperature th'rmocouples.

Aluminum sleeves were joined to the 6061T6 aluminum test sections by

an interference fit. This allowed for the attachment of large copper bus bar clamps

for electrical power input. Because of the very small resistance associated with this
bus bar clamp technique, almost all the resistance and thus the temperature rise,

f occurred in the six inch test section.

Surface temperature thermLcouples were ma by tightly twisting No. 28

gauge chromel-alumel wire together and forming a junctio. bead by arc welding,
using an inert gas and a non-consumable tungsten electrode. The thermocoup.e junc-
tion bead was made as small and as smooth as possible nd then turned to the inside

to contact the tube surface. The thermocouples were electrically insulated from the

tube surface by an initial uniform ceramic coating of aluminum oxide which was
0.005 ± 0.001 inch thick. A support was inqtalled across the pressure fittings approxi-

mately one inch from the toW as shown in Figure 2, and the individual leads were

formed around the tube, pulled taut and secured to the support. The outer insalation
was pulled down and a recheck made of each thermocouple bead to assure contact to

the initial coating. A second coating of aluminum oxide approximately 0.030 inches

thick, was then applied over the entire length of the test section of the tube to securely

fasten the surface thermocouples as shown in Figure 3.

3.3 Test Apparatus

Power was provided by four 28 volt dc - 75 ampere, compound-wound

Hobart motor generators. These units were connected in an equalizer bus connection

in the positive leg, which tied their series fields in parallel. A contactor rated at

4
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1000 amps de, complute with arc chute and blowout coil was installed in the negative
leg of each machine, so that it could be switched on-line individually. The field of
each generator was separately excited by a 0-72 vdc supply, resulting in a saturation
no-load terminal voltage of 50 vdc. Generator bus bars and cable were sized for
1000 amps per machine. The entire system was wired for a capacity of 4000 amps.

When the tube failed the generators were shut down, the upstream and
downstream propellant valves were closed and a CO2 fire extinguishing system was
automatically turned on. In all cases the termination of the test was well controlled
with no test stand damage.

Shutdown simulation tests at 70% of burnout were terminated by auto-
matically switching the generator contactors off, closing the upstream propellant
valve and energizing a three-way valve. This ducted the downstream section of the
test specimen to a vacuum tank, all in a timed sequence (see Figure 4).

The power source characteristics map shown in Figure 5 was constructed
to depict the voltage and current values expected. Only aluminum tubes with 0.020

inch wall thickness were available, although 0.015 inch wall thickness tubes were
sought. Superimposed on the map are lines of constant heat flux cover-ng the expected
range for the HDA.

The propellant supply system is shown schematically in Figure 6. The
supply tank and receiver tank each have a capacity of 100 gallons and can be pressur-
ized to 1200 psia. For this program the supply tank contained 90 gallons of propellant
which allowed test durations of up to 60 minutes for an 1/8 inch tube at a flow velocity

, of 75 feet per second. Both the supply and receiver tanks were pressuri.ed witn a
regulated gaseous nitrogen source to obtain the required 750 psia opera, ing pressure

at the test specimen.

Propellant was conditioned to the required inlet temperat; -es by a system
consisting primarily of a circulation pump, and a steam heat exchang r for hot condi-
tioning or a CO 2 cooled brine exchange for cold conditioning. It is F '.losed loop
system, circulating the propellant from the supply tank only, and car; provide uniform
propellant temperatures over the entire range of 300 to 200°F. Du- -ng the test the
propellant conditioning system was isolated from the supply tank.

A 1/2 inch diameter linn carried propellant to the test section. Flow was
controlled by two parallel valves (one for cn.re adjustments and one for fine adjust-
ments) which were located downstream of the test section. The test section -ould be
isolated from the suppiy and receiver system by upstream and downstream pneumatic
operated valves. Under normal )peraLing conditions, flow through the test specimen
was remotely controlled by these valves. When6ver a rapid drop in pressure occurred
(as is the case at tube destruction) a pressure switch automatically closed these
valves, isolating the test section. The receiver tank was vented to sea level atmos-
pheric conditions during all tests except those designed to determine the effect of
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simulated altitude shutdowns. Altitude simulation capability of approximately 100,000
feet was provided by an aspirator vacuum tark and cold trap connected to the three-
way type propellant valve located immediately downstream of the test section.

3.4 Test Instrumentation

Standard instrumentation provided the capability of recording propellant
flow rate, supply and receiver tank pressures, inlet and outlet pressure and temper-
ature, surface temperatures, and the current flow and voltage drop.

Pressure measurements were made with Taber Teledyne (PSIA) trans-
ducers and Statham (PSID) transducers. Transducers used to measure the inlet and
outlet pressures were electrically isolated from the heated test section by special
insulation blocks. The demonstrated measurement uncertainty for this type of trars-
ducer is L0.7% (three sigma) of nominal output.

Propellant temperatures were measured using probe type chrcmel-alumel
ungrounded thermocouples, which are imbedded in a mineral insulation and protected
from the propellants by a stainless steel sheath. The demonstrated measurement
uncertainty for these thermocouple probes is -2.0cF of nominal temperature.

Surface temperatures of the test tubes were measu.-ed with thermocouples
made from No. 28 gauge chromel-alumel wire with an asbestos/glass fiber insulation.
Accuracy of these thermocouples is rated at :4.00 F up to 530°F and ±0.75% from
5300F to 14000F. All of the thermocouples, four propellant and five surface temper-
atures, were referenced to 150°F using a Pace Reference Junction Box.

The power delivered to the test section was determined by measuring the
current flowing in the circuit and the total voltage drop across the heated section of
the tube. Current was measured wvith a shunt calibrated to generate 50 mv at 2000
amps. Voltage was measured directly across the test section by wires attached to

the bus-bars. To obtain a millivolt output, the measured voltage was divided by a
calibrated circuit.

Redundant Fischer-Porter turbine-type flowmeters were used to measure
propellant flow rates. Prior to the initiation of the test program the flowmeters and
their installation line sets were calibrated as a unit in water. At least two calibrations,

tover the expected region of operation, were conducted on each flowmeter set and an
average sensitivity derivd for test data reduction. Measuremerit uncertainty associ-
ated with this type of flowmeter has been demonstrated to be approximately z-1.0%.

Millivolt outputs of the transducers, the current level and voltage drop

across the test specimen were patched to signal conditioners and recorded on a Brush
Recorder, with an accuracy of ±3% of full scale; A CEC Oscillograph, with an accuracy
of less than ±5% over the range of the galvanomrter used: and on a Beckman Model
210 Data Acquisition System, with an accuracy of ±-0.1% for 20 millivolt full scale

6



input. The Beckman 210 data acquisition system converts the conditioned millivolt
outputs of the various transducers and measu-ed devices to a digital data bit and
records the data on magnetic tape in a format suitaible for data reduction on an IBM
360 Model 44 computer.

3.5 Test Procedure

General procedure for condicting a test was to first condition the propel-
lant to the desired inlet temperature by circulating from the supply tank with an
appropriate heat exchanger. The test specimen was installed in the test stand, see
Figures 7 and 8, pressure tested and an instrumentation check made. The next step
was to pressurize the propellant system to the flow control valves by means of the
gaseous nitrogen regulator. Flow control valves were then adjusted to obtain the
proper inlet velocity and operating pressure at the test specimen. Once the desired
propellant system conditions were obtained, a 10 second data file of tie test para-
meters, such as supply pressure, flow rate, imet and outlet temperature and pressure,
and receiver tank pressure was recorded on magnetic tape.

Power was then applied to the test specimen in predetermined increments.
Once steady-state was attained at each increment, as evidenced by a visual recording
of the test specimen outside wall thermocouples, a 10 second data file of all pertinent
parameters was recorded on magnetic tape. This procedure was followed until either
70% of the anticipated burnout point or the anticipated simulated shutdown point was
achieved, depending on the nature of the test being conducted. The data recorders
were then tur-ned on and continuous recording of data was made as power was incre-
mentally applied until automatic shutdown occurred (in the case of burnout). In the
case of simulating an altitude shutdown the test engineer manually terminated the test
from the control panel.

3.6 Data Reduction

Test data were obtained from the electrical output of the various pressure
transducers, flowmeters and thermocouples. The outputs were converted to and re-
corded as digital data on a magnetic tape. These data were then used as 4nruts to a
series of assembler and Fortran language programs which performed the calculations
necessary to produce engineering units and data. The physical p3roperties of the tube
materials and propellants were inputs to these programs. These data were obtained
from References 3 and 4.

The following describes the engineering rationale ard resultant equations
which were programmed for the computer.

The heat flux into the liquid at any point is given by the following equation:

QA = (0.000948) (AE) (I) BTU
( ) (D.) (L) Sec-in.2

Heat flux was treated as a constant along the length of the tube.

7
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Bulk temperature at any station is given by the following equation:I x
T Ti + (o-T) OF

B 0 i L

This assumes that no significant change in temperature occurs outside
the heated section, and that the temperature variation along the length of the tube is
linear.

The equation for local static pressure is similar to the equation for bulk
temperature. However, it is assumed that pressure drops linearly between the two
pressure taps which are placed at either end of the 11-inch test section and a single
phase flow exists. The pressure is therefore given by the following equation:

2.5 +Xp -. -Po
-i 0

Inside wall temperature at each thermocouple station along the heated
section of the tube was calculated from the thermal conductivity of the tube material
and the measured power input, surface temperature, and tube dimensions, i.e.

K = A+BTm ,etal1 s

TW = - A+ A2 +2B. AT+ -EOJQA" 1 I.D In2 oeID

s 2O- 2 I.D.

B

Where A and B are the coefficients of the appropriate therm-d conductivity relation-
ship.

Energy transfer into and out of the system is giv -n by the following
equations:

Q = 0.000948 (A E) (I) BTU
in sec

Qout = W C To-Ti -(T-T i)P Q/A= -)

Ad of th,.- electrical energy releaz-ed .nto the system is assumed to be

converted to enthalpy increase of the fuel. Heat losses due to convection and radiation
have been calculated and found to be negligible. Change in the kinetic energy of the
fluid as it passes through the system is negligible. The (T0 -Ti) term is

included to account for frictional effects and thermocouple errors which are oresent

before power is applied.

8
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Flow rate used in - e equation above was derived from the measured
volumetric flow rates:

=p- q

\Vhure q is the measured volumetric flow rate, and p, is the propella.nt density.

The heat transfer coefficient can be calculated at any station by applying
the equation shown below.

h = Q/A (Tw -TB )

Flow velocity is calculated by applying the simple one-dimensional con-
tinuity equation:

V = W (p) (J.D )  ), (4x1t44)

where I.D. is the inside diameter of the appropriate test specimen.

The computer was also programmed to calculate the following dimension-
less correlation parameters with fluid properties evaluated at local bulk temperatures
and estimated mean film temperatures.

* - Nuasselt Number NL- = (I.D.)

Reynolds Number Re _ (ID.)(p)

C
Prandtl Num-ber Pr p) (P)

KL

These parameters were utilized to monitor test results.

3.7 Description of the Heat Transfer Process

A graplic illustration of the heat transfer nrocess for forced convection
turbulent flow of normal flu;ds is shown in Figure 9. With reference to this figure,
he heat transfer process may be e.xplained as follows:

a. The boundary layer characteristics for the nonboiling condition are
shown. The heat is transferred through three layers.

9



Layers Mode of Heat Transfer

Laminar E%,b-layer Conduction

Buffer Layer Co.duction and Eddy Curren.s

Turbulent Laver Eddy Currents

In this iegion the thermal resistance to heat transfer remains -,n-
stant for a given flow rate, geometric configrati-on and type of fluid. The driving
force is the tenperabure difference between the heated surface and coolant temper-
ature.

b. If the heat transfer rate is sufficiently high, the heated surface
temperature nay exceed the saturation temperabe of the coolant, and nucleate
boiling, will occur at the heated surface. The agitation of the boundary layer caused
by these fast moving bubbles, de..-ese the thermal resistance to heat transfer to
such an exent that it is possible to obtain increased beat transfer rates with no change
in heated su'rface temperature. As the rate of heat transfer increases, t- bubble
population increases to such a point that a vapor layer corers the heated surface.
From this point the heat transfer process may proceed by two means.

c. if the thermal resistance offered by the gas film is low enough, stabi-
lized film boiling will occur. The heat will t.- transferred across this vapor film into
the liquid. Stabilized film boiling will usually occur at high coolant velocities and at
pressures above the coolant's critical pressure. Fl Uure of the heated surface occurs
when the temperature exceeds the melting point or the working pressure exceeds the
stress limit of the materid3 at this hige.-r temperature.

d. If the thermal resistance of the vapor film is great enough, the

temperature %f the heated surface will rise to the melting point of the material and

burnout will ecur.

3.8 Test Results

Shown in Figure 10 is the heat flux versus wall temperature for Test 1199
which typifies the general trend of results obtained with the HDA. It can be seen that
wall temperature increases with heat ilux to values much in excess of saturation.

Normal nucleate boiling did not occur when the wall v~mperature increased above the
saturation temperature of 280*F- .An audible oscillation was observed at wall temper-
atures in excess of about 4000 F. The tube wa; apparently cooled by film boiling and
the oscillation was atriate . to two phase fow . Also, surface temperatures were
non-uniform with abnormal tempera ture gradients indicated along the tube length in
this film boiling mode. These temperature gradients increased with beat flux until
tube burnoet occurred. Measured and derived data for Test 1139 a-e included in
Table III which shows tube wall inner wall temperatures of 90SrF near the irlet
(Station 1) and 445F near the outlet (Station 5) at a heat flux (Q/.A of 1.58 TUI/in.- 71
sec. The average inside wall temperature of this data point was 637 F.

10



This test was a reneat of the .-uitial test coaduzted ith a coolant inlet
temrnerarure of 32"F. This test condition always resulted in tube wall temperature
maximums and tube destruction near the inlet end. Tests 5ilF inlet reulted in
tube all temperature maximums and tube destruction rear the outlet end. Because

of the abnormal results obtained from the initial test some additional verification
tests were conducted including one with CRES 347 tube material.

Results from the CRES :47 tube tssting were consistent with the 6061
aluminum material testing except tht the former exhiled much higher heat flux at
tube destruction. Thir was attributed to the highez tempierature capability of the
CRES 347. Wall temperatures in the range of 18GCAF were indicated and the t.zbe
was observed to glow during this test. A summary of hemt transfer test results is
presented in Table IV.

3.S.! Effect of Iron Imp-urity Level

In accordance with the test matrix the fir-st zest series was conducted
with SLadard HDA containing 30 ppm iron impurity as Fe2O3. This impurity level
was somewhat higher than the 2u ppm level originally ptamd, however, it was Con-
sidered satisf2cto-T for use since it conformed to the mraximum iron concentration
use limits allowed in MIL-P-7254F. Tests with Stadard HDA were then conducted
at 96, 55 and 72 ppm- lxnmrity concentr2ap was corkrolled by iron nitrate addition
or dilution techniques. Results from these tests are presented in Figures 11, 12, 13,
and 14 which show the he,t fx versus wall temperature characteristics obtained.
Each of these figures include the shutdown test during whmch the tube was operated
up to the heat flux condition correspondg to that of the Agena thrust chamber throat
station and then sub ected to a simulated altitude shutdown after which tWe same tube
was then operated to burnout. As the wall teaperature increased above 300 F heat
transfer was adversely affected with both HDA compositions at all levels of iron

fmpnritv.

Tubes which had previously been operated at wall temperatures above
3000 F with shutdo-n generally exhibited increased thermal resistance during the
subsequent test. For Standard HDA this effect was observed to vary with iron im-
purity level i. e., slight at 30 ppm, .nil at 55 and 72 ppm and pronounced at 96 ppm.

This effect was observed as a reduced heat transfer coefficient or an
increase in thermal resistance which is indicated by the generally higher wall
temperatures required to support a given heat flux This increased thermal resis-
tance is appaenfly caused by scale formed oi: tube inner surface. Inspection of
Figures 11-14 indicates that the scale appears to form, as reflected by the change
in slope, at heat flux values above 3.0 BTU/in. 2 sec with corresponding wall mper-
atures above 3000F. The tube from Test 1207 w-hich was sectioned for observation
and analysis, showed a tan gel over a brown stain. Qualitative analyses by emission
spectroscopy and infrared, revealed that the scale was composed of ;norganic sulfates
and nitrates with aluminum as the major metallic component.

U€
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Similar tests were then conducted with Modified HDA (0.55% PF 5 ) c, -

taining iron contaminant levels of 10, 50 and 97 ppm.

The 10 ppm level for the initial series was the iron measured upon chem-
ical analysis after blending the Modified HDA in the test cell tank. Subsequently, the
impurity level was adjusted by adding iron nitrate.

Shutdown tests were conducted with a propellant inlet temperature of
32*F, and the 10 ppm tests were repeated at a 90OF inlet temperature. Results pre-
serted in Figures 15, 16, and 17 show that the increased thermal resistance was
indicated at each of the contaminant levels investigated. However, the variation
between the iritial and burnout test was somewhat different than that observed with
Standard HDA. It was observed from these tests that the effect was greatest at 50
ppm with less degradation at 97 ppm. No cause for this could be established, however,
it should be noted that chemical analyses indicated the total solids of the Modified HDA
increased from 0.026% initially io 0.120% following Test 1223, and finally to 0.140% at
the conclusion of the program. It is possible the higher solids which indicates nigher
concentration of aluminum nitrate altered the scale composition formed during tests
subsequent to Test 1923.

Tubes from Tests 1223 and 1226 were sectioned for observation and
analysis. It should be noted that each of these tubes was inerted prior to sectioping
with- methylene chloride while the tube from test 1207 was inerted with water. This
inerting fluid was selected because it has little or no dissolving effect on the scale
deposit. Results of the chemical analyses which showed there was less deposit when

PF 5 was vsed as inhibitor are included below. The major metallic component was
aluminum. Infrared showed mostly anhydrous inoxganic nitrates. Hydrates :&nd
suifates were also discernible in the deposit formed from Standard HDA. .4.a-)er

than attributing the variance in the aralysis results to a diffe:ent reaction or material,
I* it was concluded that the water inerting used on Test 1207 formed the hydrates and

removed most of the nitrates.

TUBE ANALYSIS RESULTS

Appearance
Test Of Tube Inhibitor Spectroscopic Infrared
X1-1207 Moderate coat, tan HF Al > Fe, Cu Hydrated Sulfates

gel over brown fim Hydrated Nitrates

X -1223 Trace of white salt PF_ Al > Fe, Cu Anhydrous
Inorganic Nitrates

X1-122M 3mall amount of PF 5  t > Fe, Ni, Anhvdrou.
white salt over Cu Inorganic Nitrates
brown stain

12



3.8.2 Effect Of Inlet Temperature

Temperature effects were included by conducting the heat transfer tests
at 32 and 90 0 F. It was previously mentioned that all of the burnout tests at 32 0 F
inlet temperature exhibited maximum tube wall temperatures at Station 1, near the

ialet. Tests at 90cF inlet temperature indicated a maximum tube wall temperature
at Station 5, near the tube outlet. These effects were as predicted by calculation of
the forced convection heat transfer coefficient hL according to the classical corre-

lation - hL = 0.0265 (DVP 0 8 (pp)0.4 k
\ A / kI D

The hL is a function of temperature since the coolant properties vary
with temperature. This temperature effect was calculated to show the variation of
hL over the inlet temperature range evaluated using the properties of Reference 5 as

shown below:

HDA Properties

32 0 F 90OF

Density g/cc 1.677 1.612

Viscosity, Centipoise 4.95 1.88

Specific Heat, cp BTU/Lb OF 0.446 0.446

Thermal Conductivity, K BTU/Hr Ft OF 0.189 0.184

Substituting in the hL equation:

SDV 1.612 1.88 .189
h 90 __ 1.88 p 0.184 D

h 32 1.677 c 4.95 .184
L D 4 / p 0.189 D

= (2.535) 0 .8 (0.391) 0 .4  1.03

h 90
L Sh = 1.495

F hL 32

Therefore, the hL at 90"F is shown to be 50 percent greater than the
vale obtained at 32'f. The lower hL at 32 0 F results in higher wall temperature
to support a given heat flu.

1
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Actual forced convection heat transfer coefficients derived from tests of
this investigation are presented in Table IV and graphically in Figure 18. Data shown
in this figure were nermalized to 75 ft/sec inlet velocity. The data follows the pre-
dic'.id trend but the values were generally greater.

3.8.3 Effect Of Velocity

The final three tests were conducted at 30 ft/sec inlet velocity corres-
ponding to Agena thrust chamber section conditions. Results shown in Figure 19 and
Table IV show both lower forced convection heat transfer coefficient and heat flux at
tube destruction than obtained at 75 ft/sec inlet velocity.

3.8.4 Analysis Of Test Results

A regression analysis of available data from the heated tube test program

was conducted to determine the sensitivity of the heat transfer coefficient to various
test variables. The variables considered in the analysis were:

Propellant (Standard or Modified HDA)
Iron Impurity Level
Bulk Temperature 3

Non-linear influences of bulk temperature were also conzidered. Of the data avail-
able three tests were rejected as outliers, runs 1201X-1 (Station 5), 1212X-1 (Station
1) and 1222X-1 (Station 1). However, with the exception of the form of the regression
equation obtained, the results concerning the statistical significance of each variable
would have been essentially the same even if all the data had been used.

The following results were obtained:

a. The type of propellant used does seem to influence the value of the
heat transfer coefficient. Use of Modified HDA results in a decrease in the heat
transfer coefficient of about 10%, 0.001 BTU/in. 2 -sec (F.

b. Over the range tested the iron impurity level has no effect upon the
heat transfer coefficient.

c. Bulk temperature has a strong non-lnear influence upon the heat
transfer coefficient.

On the assumption that the required function should be monotonic a fit of
the form h = TB w.s established. The resultant expression plotted was given by:

hL = 0.00425 T

14



3.9 Application To Agena Thrust Chamber

Peak heat flux of the Agena nozzle at the geometric throat was established
based on previous water cooled fire tests with HDA/UDMH + SO. This is the gas side
heating rate imposed across a unit nozzle surface area which differs from the heat
flux of the heated tubes used in this program and the coolant passages of the thrust
chamber. Since the coolant passage is non-uniformly heated with most of the heat
flux imposed on that part of the circumference exposed to the gas side, a two dimen-

sional analysis is required to establish heat flux rates and temperature distribution.
An analysis was conducted to assess the effect of the experimental results from this
program on the Agena thrust chamber thermal conditions. Allowance was made for
coolant side scale formation which occurred on most tests at wall temperatures above
3000F by utilizing two values of coolant characteristic as shown il Figure 20.

The chamber throat station wall element is presented in Figure 21 which
also inciudes coolant bulk and gaq side conditions, and resulting temperature distri-
butions. A maximum gas side wall temperature of 501"F, which is safely below the
maximum design allowable value of 750°F results. Assessment of margin based on
peak nucleate boiling heat flux was precluded since HDA exhibited no nucleate boiling

character.

15
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TEST NO: 1199 CELL: X-1

TEST DATE: 9-8-72
PROPELLANT TEMPERATURE: 32 0 F
INLET VELOCITY: 75 FPS
METAL TYPE: ALUMINUM

TUBE SIZE: 1/8 INCH
PROPELLANT TYPE: STANDARD HDA

TEST TYPE: W/O SHUTDOWN
PERCENT IM4PURITY: 30 PPM IRON
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t 12

z I
L 11

100

9

B 1'- -

T s~t
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AVERAGE NSIDE WALL TEIPERATURE - F

Figure 10. Heat Flux Versus Wall Temperabue - Test 1199
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O INITIAL TEST X-1 1202 SHUTDOWN

0 INTERMEDIATE TEST X-1 1203 SHUTDOWN
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Figure 11. Effect Of Shutdown On Heat Transfer With Standard
tHDA Containing 30 PPM Iron Contaminant
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Figure 12. Effect Of Shutdown On Heat Transfer With Standard
IIDA Containing 55 PPM Iron Contaminant
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Figure 13. Effect Of Sbutdown On Heat Transfer With Standard

HDA Containing 72 PPM Iron Contaminant
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O INITIAL TEST X-1 1206 SHUTDOWN

( FINAL TEST X-1 1207 BUR, OUT
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Figure 14. Effect Of Shutdown On Heat Teansfer With Standard
HDA Containing 96 PPM Iron Contaminant
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o INITIAL TEST X-1 1216 SHUTDOWN

+ INTERMEDIATE TEST X-1 1217 SHUTDOWN
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Figure 15. Effect Of Shutdown On Heat Transfer With Modified
HDA (0.55% PF 5 ) Containing 10 PPM Iron Contaminant
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0 INITIAL TEST X-1 1222 SHUTDOWN
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Figure 16. Effect Of Shutdown On Heat Transfer With Modified
HDA (0.55% PF 5 ) Containing 5) PPM Iron Contaminant
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Figure 19. Effect Of Shutdown On Heat Transfer With Monified
HDA (0.55% PF 5 ) Containing 92 PPM Iron Contaminant
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Figure 20. HDA Composite Coolant Char2Cteri-tic
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COOLANT 4 6
BULK

2 -

3- 9 -7

T = 3300OF

h eff = 0.00168 BTU/IN. SEC OF

NODE TEMPERATURE - OF NODE TEMPERATURE 2 F

1 180 4 229

2 373 5 169

3 501 6 238

COOLANT BULK 114 7 488

Figure 21. Agena Thrust Chamber Wall Element

At Throat Station
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TABLE I

HDA COM.POSITION (WEIGHT %

Standard Modified

HNO 3  BAI BAL

NO.42-46 -42-46

2 0.5 max. 0.5 mam

HF 0.6-0.8 - - -

PF.. OA -0-0-7

Total Nitrates 0.05 max. 0.05 max.

Fe 20 0.003 max. 0.OO3max-



TABLE II

TEST MATRIX

Test Impurity Bulk HDA
Number PPM Temperature - OF Type Test Type

1 20 32 STD W/O Shutdown

2 20 90 W/Shutdown

3 20 90 W/O 'Shutdown

A 60 32 WIO Shutdown

5 60 903 W/Shutdown

6 60 W!O hutdown

7 100 32 W/O Shutdown

8 100 90 W/Shatdwn

9 100 90 STD W/O Shutdoan

10 20 32 MOD W/Shutdown

11 20 32 W/O Shutdown

12 20 90 W/O Shutdown

13 60 32 W/Sbutdown

14 60 32 W/O Shutdown

15 60 90 W/O Shutdown

16 100 32 W/Shutdown

17 100 32 WIO Shutdown

18 100 90 MOD W!O Shutdown

19 throtgh 30 (1)

The lollowing conditions are fixed for all test-:

Velocity = 75 Fps

Bulk Pressure = 750 Psia

Tube Material -- 6.,6- Alumirum

Note (1): To be determined
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