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FOREWORD

This special report presents the results of an investigation, conducted
under Contract A? 04(611)-10785, to determine the heat-transfer characteristics
of 98% H 0 at high pressure and high velocity. Portions of this study have
been prelelted in various progpres reports and have be-n compiled herein to
""sslst the reader in application of the technology discussed.

The Investigation was part of the Advanced-Propellant Staged-Combustion
Feasibility Program conducted by the Advanced Storable Engine Division of Liquid
Rocket Operations, Aerojet-General Corporation, Sacramento, California.

Technical managerial control is provided by Mr. R. J. Kuntz, PE, Project
ZngLnoer. Mr. R. Deichel is Program Manager.

Contributors to this report, in addition to those noted on the title
Page, included the following Aerojet-Oeneral personnel:

R. F. Bechtold

A. Fink

This technical report has been revieved and is approved.

Richard Weiss
Air Force Program Manager
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High-pressure hest-transfer experiments have been conducted with both
90 and 98% H20 . Zlectrically heated 3/16- and 1/4-in.-di Inceonel 718 and a
/ p6-in.-disiatsnless-stol test sections were used, at pressures of 850 to

4700 psi and at coolant velocities of 25 to 198 ft/sec. Titration of the
peroxide af~ter shor•t-dutration testin indicte~td that litt-le or no N.0. deoolin,-position had occurred in the test section. The short-dwration tests

have shown that the maximm burnout heat flux is directly proportional to
coolant velocity and is insensitive to coolant pressure. The Dittus-Doelter
equation vas found to yield a conservative estimate of hast-transfer ooefrl-
cients for 98% H 0 and is recomended for design purposes. LUng-duration
tests conducted Wt•veloeities of 50 to 150 ft/sec with hconel 718 tublin
indicated that the long-&-ratiom burnout host flux is degenerated to About 60
of that demonstrated In sbhart ,duration tests. Titration of the peroxide after
these tests Indieste(i that minor B202 decompositi ,a had occurrod.

It can be concluded that 98% 102 vould be an excellent regenerative cool-
ant in rocket engine systoms. The log-=duartIon burnout p at high
pressure can be avoided by limiting the design burnout eat flux to about 65$
of the short-duration burnout point.
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I.

Advanced concepts for storable propellant liquid rocket engines have
been under extensiie investigation for the past few years. These studies have
shown that the performance of existing N0 h/AeroZINE 50 systems can be
increased significantly by using high chimker pressures, a staged-combustion
engine cycle, and fuels that are gelled mixtures of hydrazine and metals or
metal hydrides. The system under investigation in the Advanced Propellant
Staged Combustion Feasibility Program, Contract AF 04(611)-10785, employs 98%
H 0 /Alumizine-43 propellants at a chamber pressure of 3000 psia. It has been
eltiblished that a regenerative coolant for this system must be capable of
accepting high heat fluxes.

Because of the low burnout-heat-flux limits and because of the uncer-
tain heat-transfer characteristics of Alumizine (1), 98% H 0 was chosen as
the more suitable regenerative coolant for 98% H 0 /Alumigige-43 systems.
The feasibility of using H 02 as a regenerative Po~lant has previously been
demonstrated in experimentll investigations with 98% HO0- (2) and 90% HO0
(2, 3, 4). These previous results were obtained at reiafively low presiuges
(300 to 1100 psia) and low velocities (14 to 67 ft/sec). Data on the heat-
transfer characteristics of 98% H2 00 at pressures up to 5000 psia and veloc-
ities up to 200 ft/sec are needed f~r evaluating regenerative cooling designs
for high-pressuro, high-heat-flux systems.

In the present investigation, 24 heat-transfer tests were conducted with
98% H 0• in electrically heated round tubes with uniform heat-flux distribu-
tion. 2 The ranges of conditions encountered in these tests were:

Pressure, psia 830 to 4700
Velocity, ft/sec 27 to 200
Bulk Temperature, OF 40 to 215
Heat Flux, Btu/ino sec Up to 48

Thirteen of these tests were burnout tests, in which the burnout or
ultimate heat flux was evaluated in electrieally heated round tubes by increas-
ing the heat flux in increments, at a fixed flow rate and at fixed pressure
conditions, until failure of the tube occurred. Data on the forced-convection
heat-transfer characteristics were also obtained at each heat-flux level below
the burnout point.

The remaining 11 of the 98% H2 0, tests were extended-duratirtn tests in
which a constant heat-'lux level was maintained for durations up to ten min-
utes. This extensive investigation of duration effects was initiated when it
was found that burnouts occurred during extended operation at signi2.cant2.y
lower heat fluxes than during the shorter-duration burnout test-,

Page 1
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I, Introduction and Susnary (cont.)

Seven tests to determine the pressure-drop characteristics of 98% H2 02
at isothermal and heated conditions were also conducted.

Heat-transfer tests with 90% H 0 and deionized water were conducted in
addition to the 98% H 0 testing. ThE Lrnout beat flux of 90% H 0 was eval- Y
uated in four tests a( E nominal pressure of 4000 psi&, with veolJshes, from
45 to 135 ft/see, bulk teoperatures from 140 to 2050F, and at beat fluxes up
to 36 Btu/In. 2 see.

Testing with deionized water consisted of two burnout tetst and of one
extended-duration test. The water burnout tests served as loop-checkout tests,
and the extended-duration test with water provided a comparison to the results
Of the 9% H 0 extinded-duiation tests. Water testing was done at velocities
from 38 to10 ft/see, pressures from ;,000 to 3000 psia, and bulk temperatures
from 120 to 285°F with heat fluxes up to 28 Btu/in.2 see. Sections of the
"burn,ad-out tubes were subjected to metallogr~phic analysis to detoemir. the
sltwface cheages that occurred (Appendix A).

All testing was done on Aerojet-General '5 high-pressure, stovable-
propellant heat-transfer loop. This "blowdown" type loop is pressurized with
a nitrogen systea capable of operating at 10,000 puia. The liquid run tank
can operate at pressures up to 5500 psia. Mlecxrical power fte preheating the
98% H 0- and for applying a heat flux to the test section Is provided by a
20;-kX-•ated de. power source. •,P

!a
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TECHNICAL DISCUSSION

This section contains descriptions of the experimental apparatus,, at the
types of tests conducted, of the test procedures used,, and of the method of data
analysis. A discussion of the results obtained is also Included.

A. M(PERIMKNTAL APPARATUS

1. Hjj serur .- Heat-Transfer LoaD

All tests were conduct, 'A on Aerojet-General 'a high-pressure
"blowdown" hest-transfer loop shown schematically in Figure 1.* The main
componentsi of the loop are the pressurization system, tL.e run-tank assembly,
the preheater-test section assembly, the heat exchanger, the flow-control
valve, and the dump-tank assembly. Electrical power for the preheater-test
section assembly is provided by four 15-v power supplies rated at 50 kv dc each.

The pressurization system, shown in Figure 2, consists of an
18-ft3 1.0,000-psig-rated nitrogen storage vessel, of a high-pressure booster
pump, and of associated piping and valve components. The run-tank assembly
consists of a 115-gal. 5500-psig-rated 321 stainless-steel spherical vessel, of
piping and valve comsponents, and of a control system which allows remote
operation. Three :tntercaanected ).2-3al 2000-psig-rated spherical stainless-
slteel vessela make up the dump-tank system. The electrically operated flow-
control valve is l.,ocated. upstream. of the dump tanks. The run tank and the
dump-tank assemblies are shown in Figure 3.

The preheater-test section assembly consists of a 150-ky-rated,
preheater coil constructed from 1/2-in.-OD by O.058-in.-thick stainless-steel
tubing, of a test-section mounting stand with attached copper bus-bar clamps
for holding the test section in place; of inlet and outlet fluid-a~ixing sections;
and of a stand for mounting pressure transducers and the thermocouple ice bath.
A water-tooled, multi-pass,, shell and tube-type heat exchanger is located
downstream of the test section. The preheater-test section assembly and the
heat exchanger can be seen in Figures 3 and 4.

2. Te.ot Sections

Tear~ sections were constructed from 1/4i- and 3/16-in..-OD tubing
with vail thicknesses from 0.015 to 0.016 in. The tube material was Inconel 718
for the majority of the tests, but scne testing was done with 3i17 stainless-steel
tubing. The basic configuration of a test section Is shown in Figure 5. Dimen-
sions of the test sections used in each test are given in Table I.

The heated 1-ingths of the test sections were formed by silver-
brazing two predrilled copper 7..1inders onto the tubing. These copper cylinders

Page 3
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II * A, Ifperitmotal Apparatus (cant.)

fit the copper bus-bar clasp. Fittings for connectinag the test section to
the aminng sections and to the transducer lines were then Installed,, together
With the wall-temperatur and voltage tap instrumentat ion.* An unheated
entranee length of, 5In. (yielding longth-to-dismater, LID, ratios of 23 and
31 for the 1/4- and 3/l6-in.-CD tubing,, respectively) was maintained on all
test sections. Figure 6 shows a completed test section installed on the

meUtng stand.

3. ZteyJo gM

Piora to testing with 98% 5,00 the heat-transfer loop was
tho'ogh~ iasivzted. Passivation was acooapft shed in the following

seqsme :l) the system was cleaned with solvents and flushed with delonized
wa~ter (2) TO% nitric sacid was flushed through the system and loft In the tanks
and lines foe' A~ hr& (3) the system vas flushed with demoised water; (I&) the
entire sysem was filled with 35% 160., vas left full for about 60 hr. and was
then drained; (5) the run tank was rihed with 98% 1202.

Test sections were also passivated prior to installation by
filling the sections with, 70% nitric &acid and allowing the acid to remain In
the tubes for' four hourk,. *The tubes were then flushed with deioniued water
and purged with nitrogen.

lhe following measurements were made in each test:

a., Test-sect ion outer wall'tempierature (at two or three
axial positions),

b. Test-section Inlet and outlet bulk temperature,

c. Flow rate,

d. Test-section Inlet and outlet pressure,

0. Test-section current,

f. Overall test-section voltage drop, and

g. Voltage levels at incremsental distances along the test
section.

In addition,, test-section pressure drop was measured in seven pressure-drop
tests. The accuracy of the data was enhanced by taking redundant measurements
when Iever possible. Average readings of these measurements were used in
evaluating the data.

page 1
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II, A, Ixperimental Apparatus (cont.)

Tost-section outer wall temperatures wre measured with
hO-gago chromel-alumel thermocouples installed upon a 0.0005-in. -thick layer
of mica. They yore held in place by an overvrap of glass roving. The accuracy
of these measur•ents ws evaluated by comparing the readings from two thermo-
couples placed opposite each other at each axial position where a wall-
temperature measurement was desired. The data Indicated agrement within 20
to lOOOF at wall temperatures from 500 to l500'F.

Both the Inlet and the outlet bulk temperatures were measured
with three copper-constantan immsrsion-type thermocouples installed downstream
of the nixing baffles in the fluid-mixing sections, Agreement between the
readings of the three thermocouples was generally within 207.

Flow-rate measurements were obtained from two turbine-type
flow meters connected in series upstream of the preheater. Agreement between
these two meters was consistently within 1.5%.

Test-section inlet end outlet pressures were measured with
transducers connected to pressure-tap fittings upstream and downstream of the
test-section electrical connections. Readings from these two transducers
consistently agreed within 2% at the no-flow data point recorded in each test
aftoe system pressurisation had been achieved. Test-section pressure-drop

Smeasurements were obtained using 0-to-100-psi and 0-to-500-psi pressure-dtransducers.

Overall test-section voltage drop wan measured between the
test-section electrodes. Incremental voltage levels along the test-section
tube were also measured with voltage taps, which consisted of O.005-in.-dia
wire that was spot-welded to the tube. Agreement between these voltage
measurements was good, and1 a linear voltage relationship vas found to exist
along the test section.

Test-section current was measured with a 50-wv shunt. The
accuracy of this measurement was good, as indicated by the overall energy
balances calculated for each test, vhich generally compared within 10% for
short-duration variable-heat-flux tests and within 4% for long-duration
constant-heat-flux tests.

B. TISTING

Three typei of tests were conducted: (1) burnout tests,
(2) extended-duration tests, and (3) pressure-drop tests. These tests are
discussed separately in the following paragraphs.

page 5
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I, so Testing (Cost.)

The objective of the burnout tests was to determine the burn-
at beet flux and the forced-convection characteristics of P8% R 0 at given

pressures, velocities, and bulk temperatures. In these toots, tG 2 het flux
wes Increased stepvise until the test se•tion burned out. Tcwed-convection
date wre obtained at each heat-flux level up to the point of burnout. The
duettice of these tests was typic&al from three to ftor minutes. During
this t1 * heat fluxes ranging from seo" to the burnout value were applied
to the test seotiom.

Thirteen burnout tests vere conducted with 98% H202, four

with 90% 320 2, and two wvith delonized vater (loop-checkout tests),

1. LIctedeB uation Tests

Tests with extended durations at a constant heat flux vere
also conducted. The objective of these tests van to determine whether the
burnout heat-flux limits established for 98% H 0 in the burnout tests of
relatively short duration vere applicable for •Q•ration at longer durations.
In these ext eded-duretton tests, a predetermined heat flux van applied to
the test section after the desired flow conditions had been established, and
the system vas then allowed to operate at steady-state conditions until the
desired duration (ranging from 5 to 10 min) had been achieved or until burnout
of the test section occurred.

Tvelve extended-duration teats vere conducted: eleven vith

98% H202 and one vith vater.

3. Pn'ssure-Dro Tests

Testing with 98% H 0 included tests to evaluate pressure-
drop characteristics at Isothermal Gn heated conditions. Seven of these
te#+,- were conducted.

C. TMST PROCZWR8

Prior to testing, the high-pressure ON receiver vae pressurised

to 10,000 psi by utilising a boost-pump system. Rxit, the dump tanks were
vented, the &min lines ywre closed, water flow in the heat exchanger Vas
initiated, and the system vas pressurised to a predetermined level.

The desired flow rate and outlet pressure for the test section was
then initiated and controlled by slowly opening the electrically operated

Poo 6
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11 oTest Procedures (cost.)

flov-control valve. When the desired flow conditions had been achievied, power
vms applied to the preheater and the t~st-section inlet teMperature was adjusted

% to the desired value. Test-section powar was then raised to a predetermined
levels mand the wall temperature of the section was monitored an a visual Mae4
to determine when steady-state conditione were obtained (the time required to
&achieve steady state was generally about 10 seec). All pertinent data were then
recorded automatically on magnetic tape and oscillograph paper.

In the burnout tests,, test-section power was slowly Increased to
a higher level ande, as soon as inteady-state had been achlieved, the data-taking
process was repeated. This step-wise Increase In heat flux was repeated until
burnout of the test section occurred. J

The heat flux Initially applied to the test section was not changed I J
during the long-duration testsl, and the systam vwas maintained at steady state
for a specified time or until the test section burned out.* The high-pressure
tests (outlet pressure ), 2000 pai&) with durations exceeding five minutes
were coaducted in two blowdowne of the loop.

The pressure-d"o tests were conducted in essentially the sae
manner as the burnout and long-duration tests except that during the start
sequence the system was pressurisied. more slowly and with the flov-control
valve slightly open to avoid an excessive pressure difference across the
pressure-drop transducers.

D. DATA R=MTI0N

The data obtained during these tests were reduced using Aerojet-
General's data,-reduction cemputer program, Program 22105 (5). The outputs
from this program for the 98% B202 and 90% H202 tests are given In Appendix S.

Local values of heat-transfer coefficient were calculated from the
relationship:

h T -T
I 3 T

where:

2h = heat-transfer coefficient, ktu/in. sec OF

* a local heat flux, ktu/in.20ec

T a Inside tube wall tesierature,, OF

II

Page 7
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U1, D, fta Iteduotie (cont.)

Vluaes o heat flux were calculated trom electrical power meaeuz'ýmnts and
frm the tube eemetry,

Awlel

1 "Its" dmo

I * cu rrent . p

ID a inside tube diameter, in.

AL a length between voltage taps, in.

C a 0.000948- watt

Inner-wall temperatureis were evaluated asruming radial conduction and no beat
transfer at the outer tube wall. The thermal conductivity and the electrical
resistivity of the tube vwal were considered as functions of temperature.
The differential equation (6) for this condition is:

A ,Ia IdT ak -C"N2

r d2 kdrdr Oe•

where:

T a temperature, F

r a radius, in.

I k - tube-wail thermal conductivity, Btu/sec in.7F

ae - tube-wail electrical resistivity, olm-in.

Substitution of the expressions:

d TPn -Ta
Z; a Ar

8k k n-i a
Ar Ar

&
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UI, D, Data Reduction (coat.,)

and

42? T -2 T5  ÷ T3 1

into the differential equation yields the filnite-difference equation from
which the inside tube-vall temperature wa calculated:

*Tn (Tn~ -Tn AL 4... +11

""~ r. kn

k A5n

where:

n*l, n, n-I refer to adjacent radial increments of thickness Ar.
The values of k and P. used for Inconel 718 and 3T7 stainless steel ae sbow
in Figure 7 and vere taken from References T, 8, and 9. Local bulk tempera-
ture vis calculated assuming uniform power input along the length of the test
Sectioln, L.e.,

TB BITDi + (Tout TBmn) L

where:

TBin = inlet bulk temperature, or

Tou outlet bulk temperature, OF

L m heated length of test section, In.

X * distance from downstream end of heated length, In.

The local pressure ams calculated frcm a similar expression:

where:

P4 Inlet pressure, psi&

Pout a outlet pressure, psi&

Pae 9

7; 7
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It, D, /mtsa Detion (cont.)

rhe dimesio less tfoaed-oometice oomelAting parameters listed below were
ewluated at the local balk tqerature and at the average film temperature:

h d
HI s Eumeelt Number 0 -- 1

_ k

Re ftlyndlds liMber

12w

V *velocity, ft/soc

d eq0 * iralest diter, in.

P donsity Ibm/ft 3

P viscosity, Ibm/ft-sec

c P specific heat, Ku/lbmF

The overall reliability of the data was evaluated by performing an energy
balance for the test section:

Moeay Balance a nQ-QA

where:

Sin = electrical energy input to the fluid, Btu/sec

W sensible energy transferred to the fluid, Btu/see

The input energy was calculted from

SM 0.o000o 8 N I

wbere:

Sa total test-secticm voltage drop,

I a test-section current, me

Page 10
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11, D, Data Reduction (coat.)

and output energ was calculated from:
(v,'• t12 (v n2 o

Qo ; [ (T".,-T:) 2 g J A TJ

where:

W " flow rate, Ibu/eoc

C averme specific heat, Btu/ltb.F

g a 32.lT7 lb. ft/lbf see2

J - 778 ft lbf/Btu

The term ATo is the bulk-temperature rise observed before applica-
tion of test-section power. This tesperature rise Is caused by frictional
heating and van observed to increase velocity. Incorporation of this
term into the energ balance also provwe A zero correction for the inlet and
outlet bulk-toersture tVaroooules. Values of AT, ranging from 0.2 to
5.07F were observed at velocities from 25 to 200 ft/ec.

X. DISCUSSION OF RESULTS
1. 985 Y2

s. Burnout Heat Flux

(1) Burnout Test Results

Thirteen burnout tests were competed with 9ft
0 In which burnout beat fluxes frm 8.1 to 48.2 ktu/in. we. were encotered.

S of these tests were eonfdcted at presues above the critical pressure
of 3220 gia In these tests, test-section outlet pressures ranged from
3500 to 0 psi, velocities from 25 to 200 ft/see, and bulk temperatures
140 to 2357F. The reioaing five burnout tests wer conducted at suberitical
pressure levels of 3000 and 850 jsia, velocities ftm 50 to 170 ft/eec, and
blk tameratures from 150 to 1907. M results of the 98% 1202 burou
tests are suimarised In Table II.

The burnouts observed in these tests ocTurred within
about one inch of the downstream end of the test section. This location of the
buroutpoint is typical and has been observed with =ay fluids. Two types of
burnout were observed, the aost comon being a comlete severance burnout in
which failure of the tube wall occurred in a fairly even plane roughly per-
pendicular to the axis of the test section. In addition, splitting of the

Pag" 11
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II, 1, Discussion of Results (cont.)

tube in the longitudinal direction downstream of the severance point usually
occurred. Local melting on the outside of the tube at the point of severance
was observed on al complete smrance burnouts. Heat mrks (purple-hued
disc~lorations) were consistently observed on the inside of the tube along
the edges where tube failýre occurred. Typical complete severance burnouts
i'th and without tube splitting are shown in Fi~g'res 8 and 9. The most
explosive burnout occurred during Test UT-4-109 where complete severance
occurred in two locations, as shown in Figure 10.

In two of the burnout tests, a tube-split failure
oec¢Arred, as shown in Figure 11. These failures were accompanied by bulging
of the test section in the region of the @plit and by heat marks on the inside
of the tube. No melting of the tube wall was observed.

It is apparent that burnout resulted from a sudden
excursion in tube-wall temperature since outer tube-vall temperatures ranging
fros 850 to 170er were observed Just prior to burnout.

A satisfactory correlation of the burnout test
results is obtained by plotting burnout heat flux as a function of velocity.
The data reported In Reference 2 for pressures from 3C0 to 1000 psia and bulk
tomperatures from 213 to 298eF also correlate well. As shown in Figure 12,
the variation is essentially linear, and a good representation of -he data is
obtained with:

0.24 v (Eq 1)

No significant effect of pressure or bulk temperature is evident. All but one
of the data points are within 2 Btu/in. 2 sec and at velocities greater than
40 ft/sec are within 10% of the values predicted by Equation 1. All the data
correlato within 25% for the general range of conditions:

P = 300 to 1700 psia

V - 14 to 198 ft/sec

Tb " 137 to 2980F

The burnout obtained in Test BT-4-139 appears low in comparison to the rest
of the data and lies about 25% below the line given by Equation 1. This
suggests an effec€:*. of material since Test 139 was the only test conducted with
a 347 stainless-steel test section instead of an Inconel 718 test section.
However, the agreement of the data given in Reference 2 for 316 sa. iless-
steel test sections with the data points for Inconel 718 tubing tends to
negate this effect.
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I1, E, Discussion of Results (cont.)

The data obtained at subcritical 1pressures also
correlate with the product of velocity and subcoolinl,. (AT sub, an shown in
Figure 13, from which the following equation in derived:

4 2.5 + 0.0003 (VATsb) (Eq 2)

where:

ATsub m TEat - TBO OF

Tsat a saturation temperature, OF (boiling
point at operating pressure)

This type of correlation has been found to be applicable to a wide variety of
subcritical fluids at high velocity and high subcooling (AT ) conditions
(discussed in References 10, 11, and 12). Equation 2 does 9 yield a more
precise prediction of the subcritical pressure data because deviations of up
to 30% are present.

However, the applicability of Equation 2 to the
98% H 0 data is questionable because this type of correlation was established
for b;g~out caused by the transition from nucleate to film boiling. Nucleate
boiling apparently did Dot occur in the 98% H2 00 subcritical-pressure tests,
as evidenced by the relationship between heat flux and wall temperature shown
in Figures 14 through 17. The slope in heat flux is not steep, as in nucleate
boiling, and this indicates that a convective heat-transfer mechanism was
present up to the point of burnout. Furthermore, these data indicate that
burnout occurred at wall temperatures below the saturation temperature
(boiling point). Calculated wall temperatures at burnout ranged from 350 to
400°F at 850 psia (Tsat - 6550F) and from 500 to 600°F at 3000 psia (T
85•OF). sat

The lack of a boiling phenomenon was also noted in
the data reported in Reference 2; however, these data indicated that wall
temperatures at burnout exceeded the saturation temperature by as much as
3000F. The discrepancy between the two sets of data hap not been explained.
Comparison of inner-vall temperatures calculated from water checkout test
data with the temperatures given by the superheat correlations developed for
water by Bernath (13) and by Jens and Lottes (1) indicate that the inner-Vall
temperatures obtained in thits investigation are low by about 100 to 1500F, as
shown in Figure 18. This error is not sufficiently large to explain the
difference between the wall temperatures obtained for 98% H2 02 it this inves-
tigation and those reported in Reference 2.

The tests at supercritical pressure yielded the
same relationship between heat flux and wall temperature as the tests at
subcritical pressure. A noimal, convective heat-transfer mechanism is

Page 13
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i1, I, Discussion of Resuits (cant.)

evidenced up to the point of burnout, as shown in Figures 19 through 24. This
"" t f relationship has also been observed for Aero*Z•1E 50 at supercritical
pressures.

(2) Extonded-Duration Test Results

Twelve extended-duration tests vere conducted:eleven with 9 %00 and oe vita delonised water. Theme tests were conducted
at velocities of 30, 100, and 150 ft/sec at pressures from 830 to 3700 psia,
and at bulk tenprwatureo rangain from 115 to 155F. Inconel 718 test sections
were eUlP4yd in the high-pressure tests (2800 to 3700 psi&), vhereas a 347
stainless-steel test sertion was used for low-pressure testing. The results
of these tests are suarised In Table III and Figure 25.

Six Of the 98%H202 extended-duration tests
teUminated in test-section burnout at heat Mxes that were 20 to 35% lover
than the burnout values given by the velocity correlation (Equation 1)
established from the results of burnout tests at relatively short 4uration.
Buinouts vowe observed at 50, 100, and 150 ft/sec, as shown in Figure 25.
The time irtervl m start of steady state to burnout ranged from 50 sec
to 8.3 min.

Testing with 98% H,0• in Inconel T18 test sections
(eight tets, five burnouts) at pressures of to 3700 psia resulted in
burnout whenever the heat flux exceeded 65% of the burnout heat flux given by
Equation 1. At het fluxes below this critical level, durstions of up to ten
minutes were achieved without burnout,L :Somewhat different extended-duration burnout
characteristics were observed with a stainless-steel test section at lower
pressure (P a 850 isia). Tests HT-1.-l40v -141, and -142 were conducted vith
a stainless-fteel test section at the same flow conditions as the stainless-
steel burnout tast (Test 139) disciissed earlier. During extended duration
testing, burnout did not occur until the maximum heat flux observed in the
burnovt test (Test 139) was attained. This corresponds to about 75% of the
value given by Equation 1. These maximum heat flux results obtained with
stainless-steel tubes are vhat is normally expected because burnout-heat-
flux limits are not usually related to duration. A general agreement between
burnout-heat-flti limits of 981% 0 in short-duration and in extended-duration
tests has also been noted In RefeRece 2 for 316 stainless-steel test sections,
at a velocity of 15 ft/sec and at a pressure of 300 psi&. However, Reference 4
reports anomalous behavior (e.g., transient and recurrent vall-temperature
peaks) in some extended-duration tests vith staimless-steel test sectiona.
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II E. Discussion of Results (cont.) S

Again, indications are that the material my affect
the buraout heat flux of 98% H 0 . However, tests vith Inconel 738 at low
pressures and wIth stainless X11 at high prssurse are needed to evaluate
the effect of pressure on the mazxism heat aux for extended duration.

The faat that extended-duration burnouts are a
unique charazteristic of 9 H20 was demonstrated by conducting a test with
deionlsed vater and an Inconel '(1, test section (Test 144A, Ell at the velocity,

pressure, and beat-flux conditions of extended-duration tests with 98% H U
that resulted in two burnouts. This test had a duration of 11 min, and 1o-

burnout occurred,

An extended-duration test was also conducted with .1
an Inconel T18 test section that wa cleaned but not paosivated (Test
HT-4-3IkB). This test had a duratian of 6.5 min at a heat flux about 60%
of that given by Equation 1; no burnout occurred.

All the extended-duration burnouts occurred at heat
fluxes equal to or greater thsn 65% of the fqiatiun 1 value. Thus:

o 0.16V (Eqfl

appears to represent a good upper limit for safe extended-duration oreration
with 98% H202 and is recamendaL for design purpose•. ¼

(3) Burnout Mechanism

Purnouts with fluids at suberitical preasures are
normally related to the transition from nucleate to film boiling, vhereas
most burnouts with fluids at sumercrttical pressure appear to result from a
degradation of the neat-transfer coefficients when the properties of the fluid
near the vali begfn to change rapidly. These two mechanisms ae mntarely
different, and the burnout data at these tvo pressure levels cannot be
expected to correlate. The fact that the burnout data for 98% H2O2 correlate
over such a wide range of pressures (300 to 4T00 psia-rcughly 10 to 150% of
the critical pressure) suggests that H.02 burnout is governed by a mechanism
uther than film-boiling or variations In fluid properties.

The burnouts obtained with 98% 20 appear to be the
result of a sudden deterloration of the normal forced-convectfve heat-tranifer
mechanis caused by exotheruic decomposition:

2 22 o2 0+ 02 (3q, 4)

AM = 23.4 Kcal/aole

Page 15
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Z,, 1, DiOMssiom of Results (cost.)

A relationahip between the burnouts and decomposition is indicated by the
emep-hIýmbaee ealemlatilms per•ormed for the burnout and extended-duration
tests. In the burnout tests, the energy balances tended to become increasingly
asptive ba 1rnout me approached. By definition, a negative energy balance
Indicates an excess of sensible energy (Q ) over the input electrical energy
(41n)._ Such an excess in sensible indicated at the burnout point
1in'ah of the brmt tests. As sh• in Table II, the amount of excess
eme'y r&apd from 1.5 to 23%. Typical examples of the manner in which the
alarent eamer e*mess Increased an burnout was approached are shown in
Figure 26.

The energy balances for the extended-duration tests
in which burnout occurred also indicate an increasing excess of sensible energy
as burnout Is approached. The magnitude of excess energy Is somewhat less
than observed In the burnout tests, ranging from 1.5 to 6%. As shown in
Figures 2T through 32, a slowly increasing excess in sensible energy is
indested for each extended-durattion test that terminated in burnout.
85agficeantly, the enera balances for the extended duration tests where nt
brout occurred do not show su=h a perceptible trend towards excess sensible
ANar. This is demonstrated in Figures 33 through 38.

The amounts of excess energy indicated at burnout
are small and genetaU17 within the + 10% energy balance tolerance normally
considered sufficient to ensure rel 4 able heat-transfer data. However, the
fact that this mnll excess was consistently observed prior to burnout is
strong evidence that burnout In caused 1,y exothermic decomposition of the 98%
N202-

Comparison of the heat of reaction (Equation 4) to
the energy balances at burnoat indicates that only 0.1 to 0.6% of the 98%
1202 need decompose to yield the indicated excess energy. This is consistent
with the fact that no large-scale R20 2 decomposition was observed throughout
"the course of testing. The lowest concentration measured was 96.3%, as shown
in Table IV.

The onset of the decomposition which causes burnout
is apparently quite sudden. In most of the tests, no degradation of the heat-
transfer coefficient was observed prior to burnout. Only a slight degradation
was inuicated for some of the burnout tests and in four of the extended-duration
tests vhich terminated in burnout. This degradation is evidenced by an increas-
ing inner-wall temperature at relatively constant heat flux and velocity con-
ditioniC-Ts JOtho in Figure -XT for Test HT-A-1lO (burnout test) and in
Figure 27 for Test HT-4-130 (extotnded-fdration test).

4
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II, E, Discussion of Results (cont.)

A plausible qualitative explanation of the 98%
H0 2 burnout mechanism is obtained b) considering a discrete packet of fluid
wich comes intb contact with the heated wall for a certain period of time,
6, and is heated free its initial temperature TY (the bulk tooprature of
the main stream), to a new temperature T3 '.

TB'T *B C (Eq

where:

b - heat flux, Btu/in.2 sec

8 contact time, see

Ac a effective contact area, in. 2

C a thermal capacity of fluid packet, Dtu/eF

The packet then Joins the main fluid stream and contributes to an increase In
* bulk temperature.

It is conceivable that a chemical decomposition
begins when the temperature of the fluid packet reaches a certain value. If
sufficient mixing occurs as a result of turbulence, a small mmnt of this
decomposition can be quenched in the mainstream. Previous analyses (15) have
shown that up to 0.5% of the decomposition products of 98% H 0 can be
dissolved in the mainstream at high pressures. This would aJcunt for the
excess sensible energies observed prior to burnout. Eventually,, an the heat
flux is increased, the exothermic decomposition overcomes the turbulent
quenching process, and high-temperature decomposition products suddenly cover
the tube wall locally. Burnout is the result because of the drastic reduction
in the liquid-side heat-transfer coefficient.

Equation 5 indicates that the temperature rise of
a given fluid packet depends on the heat flux, 01, and on the contact time, f.
The contact time can be expected to decrease with an increased intensity of
turbulence. Therefore, it to logical that the contact time would decrease
with increased velocity. Consequently, at higher velocities, higher heat
fluxes are required to raise the temperature of the packet to the point
where excessive decomposition begins. This is consistent with the observed
correlation betveen burnout heat flux and velocity; i.e., the heat flux at
which burnout occurred vas found to increase with velocity.

Page 1T
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1U, s, DIoeusium st Results (ecat.)

It is not known vwh burnout in the extended-duration
tets oeeuZTed at lIver heat fluwes than expected; possibly, It may bays been
aued I mi eroeooplea Whages in the surface of the tube wall* which catalyti-

@&a y Fmed the exothsz'mie dec~ompition of 5RO2* Hovever,, examination of
se&-aut test seotioss revealed no obvious chagn s of the surfaces. (See

Appeadlx A for further discusslon.)

If the extended-duration burnouts are caused by
smieosoapie changes In the exposed surface of the tubes, the tube material,
the snhtoe finish, and the passivatlon techaique may be Important factors
atfeetila the bunwut hMat flux. The tests conducted during this investiga-
ties eppear to comfirm that a material effect exists, as shown by the different
resilts obtaLn*d with Incosel 718 end stainless-steel tubing. However, a
pumesw effect -V' also exist and additional tests with Inconel T18 at lov
pressun and it _ stainless steel at high pressures are needed to clarify
the inlluence of material and pressure on 985 ,O burnout heat flux. Testing
rith an unpassivated (but thoroughly cleaned) T1cSnel T18 test section
(Test 14s3) Indicated that nitric-a4id passivation does not yield significantly
dIfferent extended-duration burnout limits with this material. Alternative
pasesivation techniques should be Investigated for future testing.

b. Forced Convection

•.al values of beat flux, inner-vall temperature, and
heat-transfer coefficient calculated at each test-section thermocouple station
and for each power level of the 98% burnout tests are given in Appendix B.

T. lata are correlated in terms of the Nusselt,
Reynolds,, and Prandtl ' "ors in Figures 39 and 40. Data points having energy
balances greater than + 10% are not shown.

As shown in Figure 39, the two most commonly used bulk-
temperature property equations do not correlate the test data very well. The
most generally accepted correlation for high-velocity heat transfer is that
developed by Nines (16):

u0 9 5  P 0.4 (Eq 6)

A plot. of this correlation passes through the center of
the data, but deviations up to 80% are present. Part of this deviation is
caused by L/D effects. The data for L/D >20 correlate within + 40%.

The Dittw,•t-oelter correlation (1T):

0.8 0.14u% b 0.023 oNb

Pae 18
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I19 1. Discussion of Results (coat.)

yields conservative values for beat-transfer coefficilents that will be
sufficient for most design applications.

Use of average film-ta~erature properties does not
improve the correlation, as shovn In Figure 4.0. A Dittus-Doelter type equation
evaluated with average film properties passes through the center of the data;
however, deviations of +TO% and -1.0% exist.

The correlation presented In Reference 18:

)O0. 3l (kb)...O 3 3 (~O 3  ~8
Iua(u')Cpb F.3

where:
(f/B) Reb Prb

Nut
12.7 v/'/h (pr 2/3 -i) + 1.07

f a C1.82 10620 Reb~ 1 .64]- 2

T V

- b
Cp Tv Tb

is compared to the observed hest flux-inner vall temperature data in Figures
191, 201, 22, and 21.. This correlation predicts the general trend of the data
although in some cases significant deviations are present. A modified version
of this equation may yield a more precise correlationt, and it In reccdiend~
that efforts be expended to obtain such a correlation. To this end, the
actual data have been Included In this report as Appendix B.

C * Pressure Drop

The results of the 98% H20 2 pressure-drop tests are
shown in Tables V and VI. In two of these tests the pressure drop was
evaluated during isothermal flow with bulk teperatures of T0 and 2000F. In
five tests, the pressure drop with TOOF Wnet tmprte was evaluated at
heat fluxes ranging from zero to 7T% of the burnout heat flux observed in the
burnout tests.* These tests were conducted at pressures ranging from 3800 to

* 14600 psia. and velocities from 50 to 200 ft/sec. Inconel T18 test sections
were used in all the pressure-drop tests.
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Ieother.'al frictits Is evs calculated from the data are
-'soin In VIpm 41 as -. tv-.0timt or liegml s AWber.* These data generally
* rm with th sm i." ohrts e: &- ric ti*. tactor (i9). but the dependency of
xPer~umtal friction factor an AIeym;" U. mutwC Is loes than would be antiai-.

Voted. CA suxiw deW' *i frv the pual~ishad curve for drawn tubing is
e'ý .t 100. %hin disrý , ya been caused by the fitting used to
e Ah the p~or.'are-i~rensfteer IA.-~ V t the tz.ov section (the fitting I. shown
In a )iu 10). The fitting 'm obarvel to contract the diameter of the tube
L14ght2 A the region wheze It was fastoand, producing a slight contraction
mmd wWV;.* at each ead of thz4 toot section. This could conceivably yield

, SGuro-&,4 characteristics different from those of a constant-diameter

The ratio of pressure drop with and without heat
trensi.-r In sMow In Figure 1I2 for velocit~ies ringing from 55 to 188 ft/ oc.
Datt were, obtLLned at heat fluxes of 2,, 501, and (except for Test 123) 75% of
f~e burnoat heat flux.* In gsner,'_L, these curves are similar to those obtained
fcoj, !Wdraaine in the noaboiling region reported in Referemce 20. A certain
mount of error exists In these calculated ratios because the pressure..drop
mee'murements were obtain"~ scross beated and unheated sections of approximately
ejual length. The unusual behavior Indicated at 98 ft/sec velocity and
VkIOQ psia, pressure (Test 122) Is probably a result of this error. However,
tt, data are considered valid, and they demonstrate that heated 98% R202 does

P~ot exhibit u.n unusual pres sure-drop characteristics.

d. Testing Difficulties

Most of the 98% H A tests were conducted without
d4.fficulty; however, certain problems alifibutable to equipment failure vere
ew'ovuntered, and these wre staited In the following paragraphs as a matter of
record. No explosions or detonations ever occurred simply as a result of test-

In Test UT-)-131, an inadvertent electrical connection
of the power supplies allowed current to leak through an adjacent test system
and back into norin~ly~ unheated portions of the high-pressure heat-transfer
loop. This resulted in heating of relatively stagnant 981;%009 and
ultimately caused detonations In a short length of tubing Cc fecting the
main propellant valve to a drain valve) and In the drain lines.* The test
section was destroyed, apparently an a result of the pressure spikes produced
by the detonations.

Test M-Ji-132 vas scheduled for a ton-minute duration,
but was terminated after two minutes of steady power when the electrical
insulator in the outlet pressure-transducer line failed and caused the 98%
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%0S5 I this line to beat-up and to detonate.* This detonaticmt collapsed the
tos~ection tube at the point where the transducer line Is &ttached, stopped

the flow Of 98% 2O2~ sand caused the test section to burn out .,

2. 90% I%02

Four burnout tests were conducted with 90% 00,09 at a seminal
pressure of 400 psia, at velocities of 1.5 to 155 ft/sec end ThJM temperatures
Of 11.0 to 205?.- The 90% %202 was obtained by diluting the 98% E,02 with
"dIcuised water after completion of the 98% %202 heat-transfer tests.

The results of these tests awe listed In Table VII and

com0pare'd to the 98% 0202 data In Figure 1.3 together with the low-priessure
90% 3202 data presented in References 2 and 1.. Figure 1.3 ohmw that the
burnout heat flux Of 90% B02 Is essentially the gam as that Of 9n
correlates equally wel wt velocity. The 90% 122forced-convectiam t
also agree with th,98% 5 0 data. no extended-dura-tion tests were cooducted
With 90% 1 oeeit Is recommended that behavior similr to that

obsrvd w:i919% %202 be &aused for design purposes.

3. Wteri
Tvo burnout heat-flux tests were conducted with deicaised

water to checkout the loop prior to 98% 1202 testing. In these water tests,
pressures of 1000 and 2000 jai&, velocities of 38 and 4.8 ft/sec, and bulk
temiperatures of 165 and 280 F were encountered.

The results obtained in the water teats are listed in
Table VII. These results awe compared in Figure 441 to the high-velocity,
high-subcooling burnout data obtained for distilled and deicaised water in a
previous Investigation (Ref 21). Oood agresiment with the previous data is
apparent, anad the expression:

OBO 3.1 + ooo86o (VAToub)

yields predictions of the burnout heat flux within + 20%.
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2c2c=ueMoAs AND fli0MiDg I -on1

A. The burnout beat flux of 98% U90at pressures fram 300 to u700 psia,
bulk temperatures from 130 to 2WF, and Aitigs tram l1 to 196 ft/sec
oo latrel with velocity. The burnout heat fluies observed 1n burnout tests of
relatively short duration are predited within about 25% by the expression:

Ono a 0.24 V

The burnout heat fluxes observed In the extended-duration tests were sipnifl-
cmatly lower than the burnout test values. The equation rios mied for design:

Ono 0.16V

yields a value which lies below all the observed burnout points.

B. The burnouts observed with 98% 16,09 appear to be emsed by the
sudden anset of exotberic d"cmposition in CA boundary layer. Boiling or
boiling-like phenamna were not observed at subcritical or supereritical pres-

C. The long-duration burnout heat flux of 908 2 20 is possibly epom-
dent on tube material, surface conditionas, nd pressure, Further investigation
of these effects is recommnsded.

D. No chemical attack of the Incosel T18 test sections by the 98%
H202 was observed.

2. The Dittus-Boelter equation:

Nu w 0.023 R% . "b

yields a conservative estimate of beat-transfer coefficients for 98% 2202 and
is recomended for design purposes. Precise correlation of the forced-
convection data was not obtained, but the general trend of these data is pre-
dicted by an equation which includes bulk-to-wall-temperature fluid property
ratios.

F. Ninety-eight percent bydrogen peroxide does not exhibit any unusual
pressure-drop characteristics at isothermal or boated conditions.

G. Ninety-eight percent Y202 can be used as a regenerative coolant.

H. Test results clearly indicate that 98% H202 will not detonate at
burnout.
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TABLE I

TEST -SECTION DIMERSIONS

OD.In. B*ate4 Uaur4e Noina Well
Test MateraIel Nos. Mbe". A ,JAL ID.ilm. TlLknessa•e 0a. 4

1-4-1-05 Inc. 718 1/4 5.0 0.015
-106 347 SS i/) -- 4.O -- 0.016

HT-4-108 Inc. 718 1/4 -- 5.0 -- 0.015
-109 Inc. 718 3/16 -- ).o - 0.015
-11o Inc. 718 3/16 -- 3.5 - 0.015
-111 Inc. 718 3/16 -- 4.0 - 0.015
-11 Inc. 718 1/4 -- 4.5 -- 0.015
-113 IAo. 718 1/4 - 5.0 -- 0.015
-114 Inc. 718 3/16 - 4.5 -- 0.015
-115 Inc. 718 3/16 - s.0 -- 0.015
-116 Inc. 718 3/16 - 3.5 -- 0.015
-117 Inc. 718 3/16 - I.o -- 0.015
-118,-119 Inc. 718 1/4 -- 5.0 -- 0.015
-120 to -123,

& -125 Inc. 718 3/16 - 5.0 -- 0.015
-124 Inc. 718 1/4 -- ..0 -- 0.015

HT-4-126 Inc. 718 3/16 -- 5.0 -- 0.015
-127 Inc. 718 3/16 -- 6.0 - 0.015
-128 Inc. 718 1/4 -- 5.0 -- 0.015
-129 Inc. 718 1/4 -- 0.0 -- 0.015

T-14-130 Inc. 718 3/16 0.1895 4.0 0.160 0.015
-132 Inc. 718 3/16 0.1895 5.0 0.160 0.015
-133AB Inc. T18 3/16 0.1895 4.0 0.159•, 0.015
-134 Inc. 718 3/16 - 4.5 -- 0.015
-135 Inc. T18 3/16 0.1895 4.0 0.159 0.015
-136A,B Ino . 718 3/16 0.1895 4.0 0.159 0.015
-137A,B Inc. T18 1/4 0.25)40 5.0 0.224 \ 0.015
-138 Inc,, 718 3/16 -- 5.0 -- 0.015
-139 347 SS 3/16 o.1865 4.5 0.15)4 _. o.016
-10,-141,-142 34T SS 3/16 0.I:55 4.5 0.15)4 0.016
-143A,B Inc. 718 3/16 0.1895 4.0 0.159 0.015
-14A,B Inc. 718 3/16 k).1895 4.0 0.159 0.015

1', - -- i i • -- *------------'

- ~ .. .. ... .___ "'____ -•-~-- ;:/•: - --7 - ..... *7u""7 7" --- "-----
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-- AM

~ý -

TEe.o.... nL..TE-6 -26

wk % 2020
hsse tsa~m l2 -Ana Tll. Date Rinsrks

W-41-106 98.00 -GM 10/l/66
-109 98,09 - 10/4.
_110 96.69 - 10/13
-112 96.35 10/141
-113 96.63 96.29 10/1 Reftilled unit after Test 113.
-,11 0.01 97.12 10/21
-115 97.52 97.52 10/21
11 .969 96.33 10/22

-117 %6.71 96.68 10/25
_118 96.6" -- 10,29
-119 95,66 - 10/29
-in 96.66 - 11/1
-121 96.4S- 11/2
-122- 311/2 Fre, 98% 11202 added after Test 122.

-123 96.6 -U /3-124 96 o8' 96.67 11/,4l
-125 96.68 -- 11/5 Diluted for 90% H1202 tests after

Test 125.
-126 91.05 -T2 U/10

-128 90.811 11/12
-129 90.03 - 11/15
-130 96.6* n8.6" 12/17 Refilled unit prior to Teit 130.
-1335 - 91-5.5 1/11
-135 - 96.5 1/19

1139 96.115 96.6A/
-.110 96.25 96.15 2/3
-141 96.5 96.2 2/3
-1113 96.-5 96.35 2/T

iet-ermined by' titration except Teet 130
a11.~ietr dats
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HEAT

DETONATIO

LOO

TETSETO

COI

Figure k*Preheater--Test-Section Assembly
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OULTMIXER PRESSURE TRANSDCR

Figure 6. Mounted Test Sect ~or.I
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40 160
INCONEL 718 - - -

~20 40~

10- 30~

U U_ _ _ 0

40800 1200 1600 2000 -

H ~TEMPERATURE, *F

Figure T. Thermal Conductivity and Electrical Resistivity of Inconel.-718
and 3i47 Stainless Steel
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200

i•, Z0'" /•0 0"

N

0 0

-10

w 4___ STA I- L/D =14.0

0 STA 2 - L/D = 20.0

o STA 3- L/D=27.0

4 INDICATES LAST DATA
POINT PRIOR TO BURNOUr

100 200 400 600 800 1000

Ti, WALL TEMPERATUREv OF

HT4-3

V" 101.5 FT/SEC

Tb 156"F

0 Bo - 22. 0 STU/IN. 2 SEC

Figure 14. Subcritical 98% H2 02 He&, Flux-Wall Temperature Data, Test 134
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2@

10

A NTA I - L/D- Z.0

0 STA Z - L/D wZ8.0

2 -j

100 200 400 80 So0 1000

Ti, WALL TEMPERATURE, F

HT-4"139

CONDITIONS AT BURUOUT POINT:

P a 460 PSIA
V a 106. O FT/ZC
Tb a 1470T

1.$. 6 STU/IN. Ic8C

Figure 15. Subcritical 98% H20 2 Heat Flux-Wall Temperature Data, Test 139
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10 _ _ _

6

0
4 -

A STA 1 - L/D 11.0

O STAZ" L/D 17.0

O STA 3 - L/D = Z4.0

A INDICATES BURNOUT

100 Z00 400 600 800 1000

Ti, WALL TEMPERATURE. TF

CONDITIONS AT BURNOUT POINT:

P u 3020 PSIA

v -91 rT/SEC

Tb u 176"F

0Bo 19.6 BTU/IN. 2 SEC

Figure 16. Subcritical 9 H2 0 2 Het Flux-Well Temperature ata,, Test 109
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20-
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4 + -- D STA 3 - L/V a Z0.0-

A INDICATES LAST DATA POINT

PRIOR TO BURNOUT

4 L

100 zoo 400 600 600 1000

Ti, WALL TZMPEKATURZ, or

MT-4-110CONDITIONS AT BURNOUT POINT:

P a Z910 PSIIA
V a 169 VT/SZC
T b - I 54 *" r

2

no A 4T1.E5 ATUTUN. SEC

Figure 1T. Subcritical 98 H 202 Host Flux-Well Tpesrature Data, Test 110
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ze ~ IrBERNATH4I ACORRELATION

'i•A Il lNS AND
LOTTES
CORR•LATION

10

CALCULATED VALUES or AT BURNOUT:
1) BERN! ATH ORLAINME 3

T- Teat cr)'
il ~ ~ ~~T i - T l i 6 F"i

2) JENS AND LOTTES CORRELATION (REF 14)

60 [0(1")(360 o 1/4

Ti- T ta 10

Ti -1 'sat w 331F

100ll~! " 600 9" 1" OM

Tie WALL TEMPEDATURZ, *J

CONDITIOIN AT BURNEOUT POINT

P a 1020 POIA

V a 38.0 FT/SEC

0l 1 I4.6 SITUAN. M.

A - LID w 16 IOTA 1)

L - LiD a 10 IliA 2)

Ftiure 18. Detontzed Water Heat Flux-Wall Temperature Data, Test 106
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N 6• PREDIC TION
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4/
0
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too zoo 400 600 no0 1000
TI, WALL TEMPERATURE, Or

A STA I - L/D 13.0

O STA 2 - L/D - 17.0

o STA 3 - L/DZZ.0

A ZNDICATE$ BURNOUT

HT-.4- 113

CONDITIONS AT BURNOUT POINT:

P w 4020 PSIA
V a 35. S rT/SlC
Tb 1" jrf

o a S. 1 BTUAIN. aSEC

Figeo 19. Supoerritical 98% R202 Heat Flux-Wall Tineoturo Data, Toat .13
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100 200 400 600 800 1000

Ti. WALL TEMPER.ATUREL, OF

o STA Z - L/D v Zl.0

* STA 3 - L/D - V.0

* INDICATES BURNOUT

i

HT -4-114

CONDITIONS AT BURNOUT POINT:

P a 3750 PKAA
V" 161. 5 FT/SEC

Tb = 144OF
=39.6 BTU/IN. Z SEC

Figure 23. Superoritiosi 98% R202 Rest Flux-Wall Temperature Data, Test 114
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Figure 2J4. Supe~rcrtical 96% H2 02 Heat Flux-,T•aU Temperature Data, Teat 13.5
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U BURNOUT
INCONEL 718___ ___

TEST SECTION

'POUT *3900 PKtAIn

TROUTEIS

141I7.s
MhAT nLux

0I5

45 ST0 I

40 8TA.9

390

0 20 40 10 00 130 140 160

Figure 31. 90% ý202 Extended-tDzsit on Togt Parameters'. Test 130
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0 10 20 so 40 so 60 70 s0
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Figure Ii.Water Burnout Hest-Flux Data
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APIMDIX A

TZBT-SMCTIU METALGRAPEIC EIAMIIATION i

Two of tbhe Incosel 718 text sections in vhich burnout occurred with
98% RO., were sectioned and examined for evidence of chemical attack. These
test Beftion had beeused in Tests IT-4-110 and ET-4-130.

Test 110 was a burnout test in which tube fai ure occurred at the
folloving local conditions: heat flux, 41.5 Btu/in. sec; velocity, 169
ft/sec; bulk taemprature, 154*; pressure, 2910 plsa.

Test 130 was an extended-duration test which terminated in burnout

three minutes after steady state had been achieved at a beat flux of 28
Btu/in. 2 sec. The test-section outlet conditions for this test were velocity,
150 ft/see; outlet pressure, 3300 psia; mad outlet bulk temerature, 1350F.

The Investigations and their results are discussed in the following
two Materials R&D reports.
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I.

MATERIALS R&D REPORT LRD 65-344

PURPOBE. To determine the material condition of an Inconel 718 heat-
transfer test specimen (tubing) after exposure to hot, flowing hydrogen
peroxide.

CONCLUSION. The Inconel 718 tubing material was not attacked by the
hot, flowing bydrogen peroxide.

INVESTIGATION AND RESULTS. A section of annealed Inconel 718 tubing
was submitted for observation after it was utilized in a heat-transfer test,
in which 98% H202 was flowed through the tubing (heated electrically) until
a burnout occurred. The tubing was cross-sectioned in the center (midway
between the two electrical connections) and close to the point of burnout.
These two sections were compared to a control specimen (i.e., a section of
tubing that had not been exposed to H202) to determine the effect of H202 on
the tube material (Figure 1). The total duration of testing was 3 min
(from start to burnout). Power was increased gradually during this time
until the burnout occurred. The average inner wall temperature at the end of
the test was calculated to be 6007F.

Examination of the inner wall of the tubing showed that the hot H2 02
had very little, if any, effect on the Inconel 718 material. At a magnifica-
tion of 500X the tube wall still appears to be relatively smooth, and no signs
of intergrantlar attack are present (Figure 1).

DISCUSSION. The tubing utilized in heat-transfer testing is in the
annealed condition. For heat-transfer test purposes, annealed Inconel 718
will give the same results as solution-annealed and aged material. However,
for compatibility studies, the material should be tested in the condition In
which it will be utilized in the finished hardware. If the Inconel 718 tubing
will be solution-annealed and aged when put into service, it should be
compatibility-tested in the same condition. The aging treatment of this
itterial causes precipitation of a constituent by which the material is
strengthened. Precipitation of a constituent sometimes changes the corrosion-
resisting properties of a material, especially at the gra.aL boundaries. In
a previous compatibility study, tests indicated that hot NOj attacked
solution-annealed and aged Inconel 718 at the grain boundaries.* Hydrogen
peroxide may have the same effect on the material. further, the test dura-
tion abould b. increased to equal the proposed life of the chamber tubes.

RECOMM.SDATIONS. SolutioL-annealed and aged Irconel 718 tubing should
be utilized in compatibility testing with the hot, flowing hydrogen peroxide.

Compatibility testing duration should be equivalent to the planned
service life of the chamber tubes.

*Bechtold, R. F., Materials Development Report DVR 64-365, Aerojet-General
Corporation, Liquid Rocket Components Department 4630, 15 July 1964.
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• II,

MATERIALS R&D REPORT FSC 66-132 5

PURPOSE. To determine if premature "burnthrough" of an Inconel 718
heat-transfer test specimen (tubing) was caused by corrosion attack.

CONCLUSIONS. The Inconel 718 tube material vas not attacked (corroded)
by the tube coolant (hydrogen peroxide).

Overheating of the tube at the test conditions of pressure and flow
rate caused the tube t_- rupture.

HISTORY. Heat-transfer Test Specimen HT-4-130 (annealed 3/16-in.-dia
Inconel 718 tuhing) had been undergoing testing at a heat flux of 28 Btu/in. 2

sec (electrical resistance heating) for about 3 mim when a rupture occurred
1 in. from the downstream electrode (Figures 2 and 3). Hydrogen peroxide
with a concentration of 98% was flowing at a pressure of about 3000 psi through
the tube at a rate of 150 ft/sec at the time of failure. Calculations indicate
that the olater and inner wall temperatures were 1200 to 130 0oF and 400 to 500?F,
respectively, shortly before failure.

VISUAL OBSERVATIONS, Three cross-sections of the tube were mounted
and polished for examination. Two cross-sections of the tube were taken in
the immediate rupture area (Figures 4 and 5), and the third was taken about
1/4 in. away (Figure 6). Figure 5 shows that the tube melted completely
through. No evidence of corrosion attack on the inner wall is present, and
the inner surface of the tube appears to be relatively smooth even at a
magnification of 50OX (Figure 6). The tube wall thickness (0.015 in.) was
unchanged by testing except in the immediate rupture area where it thinned
to 0.014 in.

DISCUSSION. The tube specimen sustained a heat flux of 28 Btu/in. 2 sec
for 3 min before rupture occurred. Heat-tranafer date indicated that the
tube should have been able to withstand the applied heat flux, fluid pressure
(about 3000 psi), and coolant (bydrogen peroxide' flow rate without failure.
However, the appearance of' the failure indicates that overheatirng and melting
initiated tube rupture. No evidence of corroslve at-tack was found, and the
tube wall thickness was unchanged (except in the inmediate runture area where
the reduction-in-area effect due to yielding thinned the tube).

Although short-duration heat-transfer data indicate that the tube mate-
rial should withstand the conditions applied to the failed tube, several other
heat-transfer test sections have failed during extended-duration operation at
similar test conditions. Apparently, an unknown factor (possibly a catalytic
reaction between the surface layer of the tabe material and the hydrogen
peroxide) remains to be determined. Further testing !,a necessa'y to determine
the combination of maximum heat flux, pressure, and flo% rete the Jnconel 718
tube material will withstand.

REC0MMENDATIONS. Investigat: tnd test for a catv'•tic reaction between
Inconel-718 and hydrogen peroxide utilizing various temperatures and pressures.
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TOPi: Inside surface of a tube that was not exposed to hot H0
(control specimen)

Ceinter: Inside surface of a tube section cut from the approxi-

j I imate midpoint of the heat-transfer test specimen.
Bottom: ID area of a tube section cut approximate1~j 3/16 in.

~' H from the burnout area (high temperature are&a).
The relatively smooth inside surface of the heat transfer test
tubing indicates that no corrosion occurred during testing. No
intergranular attack is evidenced. (Black spots in the materiatl
were caused by the etchant)

Figue 1 PhoomirogryheShowing the Inside Surface (Tube ID) of the
Incone17TO Tbing Material (Magnification 500 X; Etchiant- -

HNO V ECi, HF and H120)
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IIN HE

Top: outer surface a: xBottom: inner surface

Figure 2. Thotographa of the Rupture Edges of the Tube (Ri,3bt Side on Both
Tubes). Arrows point to the area which appears to be the initial
rupture area (see Figure 3).
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II

Mug: 13X

Figure 3. Probable Area or Rupture Initiation (Axe"s or
maeltedl metal and several cracks appear. The
imicrostructure of this area appears in Figure i)
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Etc3n - HCl,' BF & H2 0 Meg: 1500C

Figure 4.Microstructure of the Tube in the Initial Failure Are."
The OD of the tube is at ;he top of the photogral~h.
Melted tube metal (darkened metal) appears in the center
of the thinned area. Incipient melting at the grain
boundaries probably initiated intergrsnular cracking
(indicated by arrows).
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Etchant -- HBO3 , Ed, H & 20 ag: lOOX

Figure 5. Failure Area of Smaller Tube Section Shown in Figure 2.
Darkened metal shows that melting proceeded entirely
through the tube. The ID of the tube appears to be
unaffected by the hot hydrogen peroxide (no corrosion
occurred).
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Etchant: HNO,3"HC1, HP& H2 3Mag: 500X

Figure 6. Inside Surface of the Tube Approximately 114 in. from
R~upture Area. Staining., caused by the etchant,, has
darkened the edge, but no indications or corrosion
attack are present.
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TAWMITED NEAT-TRANSF•R DATA

The outputs from the data-reduction coaputer progrm for the 980 BO0
burnout tests, the extended-duration and heated pressure-drop tests, adl
90% H 0 burnout tests are given a the following plaes. The data are listed
in nJekcal order, by test number. The equations for the datam-trenwtieo
computer programs ars ien Hin SDection IID of the main body of this re~port.

The output for each test consitst of three sections-: weal test -
parameters, local test paraeters, and diamensioless parameters. The nomen-

clature for each section is described below.

Overall Test PArameters

AF a Test section flow wae&, ft 2

D a Test section inside dimteter, ft

L M Heated length, in.

DELTA TO W Bulk temperature rise observed prior to
application of test section power, OF

* POINT* a Refers to a heat-flux level in the burnout
DATA P03IT tests and a certain time in the extended-

duration tests

PB-IN a Inlet pressure, psi&

PB-0OUT 0 Outlet pressure, psi&

TB-1I a Inlet bulk temperature, @r

TB-0UT a Outlet bulk temperature, OF

W a Flow rate, lb/sec

E2 a Overall test-section voltage drop

12 a Test-section current, amp

QP a Electrical power, Btu/sec

T BAL a Heat balance, %

o a Mass velocity, lb/sec ft
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hA ~ W * efr to aiial poeltios whee wall Wiser&two

PS 0 Lteal preseme, psis

0 a Local bulk temerature, OF

IVa unsound outside wal -rstow., or

Y0 O alcuatted inside vall temperature, OFS

Q/A 0 Bu~t flux calculated from wall teoersture p~adlet
ku/IS.2 see

Q/AP a aSot flux calculated P=m voltage and current

* *Ev 0~zm~ ft* *Ln a" ~

VSa Local coolant velocity, ft/soc

LIa Leagtb-to-dimester ratio based an length between
data station and upstremn en of beated length

DIM Z M Voltge dro

Lz a Length over whi~ch AN wa meud in.*

DML2Mio~iss? mtr

vu 0 htss.1t amber based cc bulk-te erte properties

ft a Phuaatl number based an bu3.k-temperature properties

33 a Reyfolds number based an bulk-tooersture properties

TIMY a Ratio of Inside wall temperature to bulk temperature,
*m/el

iiJ/PI(0.11)0 fusselt no./(1rmatl No.)0.41

R3O RATIO * Ratio or balk-teme-tr density to wall-temperature

density
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DLaensloules. ELrmmters (Cont.)
K RATIO Ratio of bulk-temperature thermal conductivity to

wall-temperature thervowl conductivity

NU RATIO a Ratio of bulk-temuerature viscosity to wall-
teerature viscosity !

CP RATIO a Ratio of average specific beat to bulk-temperature
specific heat, wbere:

9vCp dT

average specific beat C- . Tb*

NU(M) 0 Nusselt number based an average filt-temperature
properties

PR(F) a Prandtl amber based an average film-temperature
properties

RI(F) Reynolds number based on avere4ge film-temerature
properties

TIMTF - Ratio of inside mal temperature to average film
temperature, OR/OR

T 1/2 (TB + TI)

P

$
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