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FOREWORD

This special report presents the results of an investigation, conducted
under Contract AP Ok(611)-10785, to deteraine the heat-transfer characteristics
of 98% H_0, at high pressure and high velocity. Portions of this study have
been proioGtea in various progress reports and have be~n compiled herein to
assist the reader in application of the technology discussed.

The investigation was part of the Advanced-Propellant Staged-Combustion
Peasidility Progrem conducted by the Advanced Storable Engine Division of Liquid
Rocket Operations, Aerojet-General Corporstion, Sacramento, California.

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

Contridbutors to this report, in addition to those noted on the title
page, included the following Aerojet~Oeneral personnel:

R. 7. Bechtold
A. Pink

This technicel report has dbeen reviewed and is approved.

Richard Weiss
Air Force Program Manager
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ABSTRACT

' High-pressure hest-transfer experiments have been conducted with doth
90 and 98% H,0,. Electrically hested 3/16- and 1/k-in.-dia Inccnel T18 and

v 3/16-4in.-41a u@dnlou-nt«l tost sections were used, at pressures of 8350 to
4700 psi and et coolant velocities of 25 to 1980 ft/sec. Titration of the
peroxide after short-duration testing indicated that litile or no H,0, decom-
position had occurred in the test section. The short-duration tests
have shovn that the maximum burnout hest flux is directly proportionmal to
coolant velocity and is insensitive to coolant pressure. The Dittus-Boelter
equation wvas found to yield a conservative estimate of heat-transfer coeffi-
cients for 98% H 0, and is recommended for design purposes. Loag~-duration i
tests conducted §tovelocities of 50 to 150 ft/sec with Iacomel 718 tubing Ly '
indicated that the long-dvration burnout heat flux is degenerated to about 55%
of that demonstrated in short-duration tests. Titration of the peroxide after ;
these tests indicated tuat minor H,0, decompositi.n had occurred. n

¥

It can be concluded that 9851:322 would be an excellent regenerative cool-
ant in rocket engine systems. The =duration burnout phenomenon at high

DTN to HAIRORM AT 5 W o &1
- cemn o mp e g -

Lo o

pressure can be avoided by limiting the design burnout heat flux to sbout 65%
of the short-duration dburnout point.
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I.

INTRODUCTION AND SUMMARY

Advanced concepts for storable propellent liquid rocket engines have
been under extensive investigation for the past few years. These studies have
showvn that the performance of existing N,0, /AeroZINE 50 systems can be
increased significantly by using high chgm r preseures, 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 O4(611)-10785, employs 98%
H,0,/Alumizine-43 propellants at a chamber pressure of 3000 psia. It has been
egt_ lished 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_O, was chosen as
the more suitable regenerative coolant for 98% H_O /Alumigige-h3 systems.
The feagibility of using H O2 a8 a regenerative go lant has previously been
demonstrated in experiment§1°investigations with 98% H,0, (2) and 90% K_0
(2, 3, 4). These previous results were obtained at rega ively low presguges
(300 to 1100 psia) and low velocities (14 to 6T ft/sec). Data on the heat-
transfer characteristics of 98% H20 at pressures up to 5000 psia and veloc-
ities up to 200 ft/sec are needed fO6r evaluating regenerative cooling designs
for high-pressure, high-heat-flux systems.

In the present investigation, 24 heat-transfer tests were conducted with

98% H.0, in electricelly heated round tubes with uniform heat-flux distribu-

tion.2 e ranges of conditions encountered in these tests were:
Pressure, psla 830 to L4700
Velocity, ft/sec 2> to 200
Bulk Temperature, ;F 4O to 215
Heat Flux, Btu/in.” sec Up to 48

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

The remaining 11 of the 98% KZO tests were extended-duratirn tests in
which a constant heat-flux level was mgintained 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 signilicantiry
lower heat fluxes than during the shorter-duration burncut test-.

Page 1
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I, Introduction and Summary (coat.)

Toom

Seven tests to determine the pressure-drop characteristics of 98% B,0,
at isothermal and heatel conditions were also conducted.

-
o R ik

Heat-transfer tests with 90% H. 0. and deionized water were conducted in
addition to the 98§ H.O, testing. Th§ Burnout beat flux of 90% H_O, was svel- Y
uated in four tests a 2 nominal pressure of 4000 psia, with vologieiu from
45 to 135 ft/sec, dbulk temperatures from 140 to 205°F, and at heat 7luxes up
to 36 Btu/in.2 sac.

Ty W Mg i ik

Testing with deionized water consisted of two burnout terts 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 98% H 0, extnded-du.ation tests. Water testing vas done at velocities -
from 38 to 1§0 ft/sec, pressures from }000 to 3000 g-u. and bulk temperstures ?
from 120 to 285°F with heat fluxes up to 28 Btu/in.€ sec. Sections of the ;
ournad-out tubes were subjected to metallogriphic analysis to determirs the L
surface changes that occurred (Appendix A). '

All testing was done on Aerojet-General's high-pressure, stoable-
propellant heat-transfer loop. This "blowdown" type loop is pressurised with
a nitrogen system capable of operating at 10,000 psia. The 1liquid run tank >
can operate at pressures up to 5500 psia. Eleccrical power fo- preheating the
98% H,.0, and for applying a heat flux to the test section is provided by a
200-1:3- ated 4« power source. . v

e e - gy ——— e o o it
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II.

TECHNICAL DISCUSSION

This section contains descriptions of the experimental apparatus, of the
types of tests conducted, of ths test procedures ussd, and of the method of data
analysis. A discussion of the results obtained is alsc included.

A. EXPERIMENTAL APPARATUS
1. High-Pressur 2 Heat-Transfer Loop

All tests were conduct:d on Aerojet-General's high-pressure
"blowdown" heat-transfer loop shown schematically in Figure 1., The main
components of the loop are the pressurization system, ti.¢ run-tank assembdly,
the preheater-test section assemdbly, the heat exchanger, the flow-control
valve, and the dump-tank assembly. Elecirical power for the preheater-test
section asaembly is provided by four 15-v power supplies rated at 50 kw &c each.

3 The pressurization system, shown in Figure 2, consists of an
18-£t~ )0,000-psig-reted nitrogen storage vessel, of a high-pressure booster
pump, and of associated piping and valve components. The run-tank assemdbly
corsists of a 115-gal 5500-psig-rated 321 stainless-steel spherical vassel, of
piping and valve coaponents, and of a control system which allovs remote
cperation. Three :nterconnected L2-zal 2000-psig-rated spherical stainless-
steel vesselc make up the dump-tank system. The electrically operated flow-
control valve is located 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-kv-rated
preheater coil constructed from 1/2-in.-0D by 0.058-in.-thick stainless-steel
tubing, of a test-section mounting stand with attached copper bdbus-bar clamps
for holding the test section in place; of inlet and outlet fluid-mixing sections;
and of a stand for mounting pressure transducers and the thermocouple ice bath.
A water-c~00led, multi-pass, shell and tube-type heat exchanger is located
downstreem of the test section. The preheater-test section assembiy and the
heat exchanger can be seen in Figures 3 and L.

- Tect Sections

Tes: sections were constructed from 1/4- and 3/16-in.-0D tubding
with wall thicknesses rrom 0.015 to 0.016 in. The tube material was Inconel 718
for the majority of ths tests, but some testing was done with 34T stainless-steel
tubing. The basic configurstion of a test section is shown in Figure 5. Dimen-
sions of the test sections used in each test are given in Tabdble I.

The heated langths of the test sections were formed by silver-
brazing two predrilled copper cylinders ounto the tubing. These copper cylinders

Page 3
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II, A, Bxperimental Apperatus (cont.)

£1t the copper bus-bar clamps. PFittings for comnecting the test section to
the mixing sections and to the transducer lines were then installed, together
with the wall-temperature and voltage tap instrumentation. An unheated
entrence length of 3 in. (yielding length-to-dismeter, L/D, ratios of 23 and
31 for the 1/k- and 3/16-in.-0D tuding, respectively) was maintained on all
test secticns. Figure 6 shows a completed test section installed on the
mounting stand.

3. psssivation Procedurs

Prior to testing with 98% 3: , the heat-transfer loop wvas
thoroughly passivated. Passivetion vas accollpfished in the following

sequence: (1) the system was cleaned with solvents and flushed with deionized
wter; (2) T0S nitric scid was flushed through the system and loft in the tanks
and lines for 2 hr; (3) the system was flushed vith deionised water; (L) the
entire system wos filled vith S”I?;) » Was left full for about 60 hr, and was
then drained; (5) the run tenk vas $1fled vith 985 H,0,.

Teat sections were also passivated prior to installation by
£illing the sections with 70% nitric acid and allowing the acid to remain in

the tudes for four houru. The tubes were then flushed with deionized water
and purged with nitrogen.

M.  Znstrumentstion
ihe folloving measurements were made in each test:

a. Test-section outer wall temperature (at two or three
axial positioms),

b. Test-section inlet and outlet bulk temperature,
¢. Flovw rate,

d. Test-secticn inlet and outlet pressure,

e¢e. Test-section cur:;ent.

z. Onrn.n test-section voltage drop, and

g Voltage levels at incremental distances along the test
section.

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

Pago b
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1I, A, Experimental Apperatus (cont.)

Test-section outer wall temperatures vere measured with
kO-gage chromel-aluael thermocouples installied upon a 0.0005-in.-thick layer
of mica. They vere held in place by an overwrap of glass roving. The accuracy
of these measurements was evaluated by comparing the readings from twvo thermo-
couples placed opposite each other at each axial position wvhere a wall-
temperature measurement was desired. The dats indicated agreement within 20
to 100°F at wall temperatures from 500 to 1500°F.

Both the inlet and the ocutlet bHulk temperatures were measured
vith three copper-constantan immersion-type thermocouplies installed downstream
of the mixing baffles in the fluid-mixing sections. Agreement between the
readings of the three thermocouples was generally within 2°F,

Flowv-rate measurements were odtained from two turbine-type
fiov meters connected in series upstream of the prehesater. Agreement between
these two meters wvas consistently within 1.5%.

Test-section inlet and outlet pressures were measured wvith
transducers connected to pressure-tap fittings upstrean and downstream of the
test~section electrical connsctions. Readings from these two transducers
consistently agreed within 2% at the no-flowv data point recorded in each test
after system pressurisation had been achieved. Test-section pressure-érop
measurensnts were obtained using 0-to-100~-psi and 0-to-500-psi pressure-drop
transducers. :

Overall test-section voltage drop vas measured between the
test-aection electrodes. Incremental voltage levels along the test-section
tube were also measured with voltage taps, wvhich consisted of 0.005-in.-dia
vire that was spot-welded to the tube. Agreement between these voltage
measurenents was good, ancl a linear voltage relationship was found to exist
along the test section.

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

B. TESTING

Three types 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.

ony2
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IZ, B, Testing (comt.)

1. Duragut Tests

The objective of the burnout tests was to determine the burn-
out heet flux and the forced-convection characteristics of 96% 5,0, et given
pressures, velocities, and dulk temperatures. In these tests, tﬁcahcst flux
was iacreaded stepwise until the test section burned out. TForced-convection
date were obtained at each heat-flux level up to the po.nt of burnout. The
duration of these tests wvas typically from thres to foir minutes. During
this time, heat fluxes ranging from sero to the burnout value were applied
to the test section.

Thirteen burnout tests were conducted with 98% 8202. four
vith 90% H,_0,, and two with deionised wvater (loop-checkout tests).
e

2. ati 1

Tests with extended durations at a constant heat flux were
aleo conducted. Ths objective of these tests was to determine vhether the
durnout hest-flux limits established for 98% H,_0. in the burnout tests of
relatively short duration were applicadble for Gpiution at longer durations.
In these extended-duration tests, a predetermined heat flux was applied to
the test section after the desired flov conditions had been established, and
the system was then allowed to operate at steady-state conditions until the
desired duration (ranging from $ to 10 min) had been achieved or until burnout
of the test section vccurred.

Twelve extended-duration tests were conducted: eleven with
98% naoa and one with water.

3. sts
Testing with 988 H_O, included tests to evaluate pressure-
4drop characteristics at isothermal inﬁ heated conditions. Seven of these
test  were conducted.
C. TEST PROCEDURES

Prior to testing, the high-pressure GN, receiver was pressurized
to 10,000 psi by utilising & boost-pump system. !lzxt. the dump tanks were
vented, the drain lines were closed, water flow in the heat exchanger was
initiated, and the system wvas pressurized 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

Page 6
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II, C, Test Procedures (cont.)

Il
"y A T IR

flov-control valve. When the desired flow conditions had been achieved, power
wvas applied to the preheater and the tvst-section inlet temperature wvas adjustad

. to the desired value. Test-section powsr was then raised to a predetermined !
level, and the wall temperature of the section vas monitored on a visual gage
to determine when steady-state conditions were obtained (the time required to
echieve steady state wvas generally about 10 sec). All pertinent data were then
recorded automatically on magnetic tape and oscillograph paper.

. AR

In the burnout tests, test-gection power wvas slowly increased to
e higher level and, as soon as steady-state had been achieved, the date-taking
process was repeated. This step-wise increase in heat flux was repeated until
burnout of the test cection occurred.

The heat flux initially applied to the test section was not changed
during the long-duration tests, and the system vas maintained at steady state
for a specified time or until the test section burned out. The high-pressure
tests (outlet pressure > 2000 psia) with Aurations exceeding five minutes
vere confucted in two blowdowns of the loop.

o e e
o T e
RO R SE PRRE T N | SR 1

‘ The pressure-drop tests were conducted in essentially the same
manner as the burnout and long-duration tests except that during the start
sequence the system was pressurised more slovly and vith the flow-control

v valve slightly open to avoid an excessive pressure difference across the
pressure-drop transducers.

D. DATA REDUCTION

The data obtained Quring these tests were reduced using Aerojet-
General's dats~reduction computer program, Program 22105 {(5). The outputs
from this program for the 98% B0, and 90% H,0, tests are given in Appendix B.

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

h e

vhere:
h = heat-transfer coefficient, Btu/in.zuc °r
¢ = local heat flux, Btu/:ln.znc
. '1'1 = inside tube wall temperature, °F
T, = local bulk temperature, °F
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' 12, D, Data Reduction (cont.)
Yalues of heat flux were caloulated from electrical power measurements and .
from the tube geometry:
4
&
E = voltage drop
‘ I = current, amp
ID = inside tudbe diameter, in.
1 AL = length between voltege taps, in. ,'
Btu/gec
| C = 0.000948 att
Inner-wvall temperatures were svaluated azeuming radisl conduction and no heat
4 transfer at the outer tube wall. The thermal conductivity and the electrical °
3
]

resistivity of the tube wall were considered as 7unctions of temperature.
The differential equation (6) for this condition is:

.
e 1ar, 100k car®
dr2 dr k ar Aar pem2
vhere:
1 T = temperature, °F

r = pradius, in.
.k = tube-wall thermal conductivity, Btu/sec in.°F
Pe = tube-vall electrical resistivity, ohm-in.

Substitutior of the expressions:

; P S

: dr Ar
a Sy oy
dr ar

Page 8
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II, D, Data Reduction (comt.) ; %

. s - Tner 2%s * Tpg i
ar? (ar?) P
] E

into the differential equation yields the finite-difference equation from :
vhich the insid> tube-wall temperature was calculated: 3

K . -
Toer = Ty - (Tn-l"rn) [;‘z ¢ _Ezé__kl¢1]
Q n

4 CaE® ar®
3

k o AL
R e

b where:

n+l, n, n-l refer to adjacent radial increnents of thickness Ar.
The values of k and P, used for Inconel T18 and 347 stainless steel are showm
in Figure T and were taken from References T, 8, and 9. Local bulk tempers-
ture wss calculated assuming uniforam power input along the length of the test

aection, i.e.,
{L-X)
s * Tain * (Thout = Than) %

Tpyn = inlet bulk tempersture, °F

Tpout = Outlet bulk tempersture, op

L = heated length of test section, in. _
X = distance from downstream end of heated length, in.

The locsl pressure vas calculated frcm a similar expression:

L-X
P =P, =R, -F,) ()

P = inlet pressure, psis

in

Pout = outlet pressure, psis

Page 9
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II, D, Deta Reductioa (cont.)

The dimensionless forced-convection correlating parameters listed below were
ovaluated at the local bulk tempereture and at the average film temperature:

ha
Bu = Nuspelt Mumber « T"‘

Re = Reynolds Number =

Pr =

y =

Cp-

-

P8

Prandtl Number =

K
>

velocity, ft/sec
equivalent diameter, in.
density, lbm/ft3
viscosity, ltm/ft-sec
specific heat, Btu/1bm°F

The overall relisbility of the data was evaluated by performing an energy
balance for the test sectilon:

Energy Balence = —i2_— Sout

vhere:

i.-i.n

Q, " e¢lectrical emergy input to the fluid, Btu/sec

Yout

= gensible energy transferred to the fluid, Btu/sec

The imput energy vwas calculated from

Qiu

vhere:

“!’

I

0.000948 By I

total test-sectiu: voltage drop,
test-section curremt, amp

Page 10
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II, D, Date Reduction (cont.)

and output energy was calculated from:

PR U RE TR [

15 (¢ - _zL_____i._a__J
Qut = ¥ [cp (Tpgut ~ T + AT

vhere:

¥V = flow rete, lbtm/sec

JURSED Trrar

C_ = average specific hest, Btu/ltm’F

)
g = 32.17h ltm £t/1bf sec? !

J = TT8 £t 1bf/Btu

v

The term 4T, is the bulk-tempersture rise observed before spplice-
tion of test-section power. This temperature rine is caused by fricticmal
heating end was observed to incresse vi. velocity. Incorporation of this
term into the energy balence also provides & zero correction for the inlet and
outlet bulk-temperature thermocouples. Values of AT, renging from 0.2 to
5.0°F were observed at velocities from 25 to 200 ft/sec. :

E. DISCUSBION OF RESULTS
1. 98% 1202
&, Burnout Heat Flux

(1) Burnout Test Results

Thirteen buranout tests were eusuctod with 98%

0, in which burnout hest fluxes from 8.1 to 48.2 Btu/in.%sez were encountered.
: of these tests were conducted at pressures adove the critical prassure

of 3220 rh. In these tests, test-section ocutlet pressures reanged from

3500 to &TOO psi, velocities from 25 to 200 ft/sec, and bulk temperatures from

1k0 to 235°F. The remaining five burnout tests were conducted st suberitical

pressure levels of 3000 and 850 psia, velocities from 50 to 1TO ft/sec, and

bulk temperatures from 150 to 190°F, m:-muam”azozmm

tests are suamariged in Table II.

The burnouts observed in these tests ocrurred within
abdout one inch of the downstream end of the test section. This location of the
burnout point is typical and has been observed with many fluids. Two types of
burnout were observed, the most common being a complete geverance 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

Page 11
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II, E, Discussion of Results (cont.)

tube in the longitudinal direction downstream of the severance point usually
occurred. Local meltiang on the outside of the tube at the point of severance
vas observed on all complete severance burnouts. Heat murks (purple-hued
discrlorations) were consistently observed on the inside of the tube along
the edges where tube failure occurred. Typical complete severance burnouts
+4h and without tube spiitting are shown in FPigures 8 and 9. The most
explosive burnocut occurred during Test HT-L-109 vhere complete severance
occurread in two locations, as shown in Figure 10.

In twvo of the burnout tests, a tube-split failure
occarred, as shown in Figure ll. These failures were accompanied by bulging
of the test section in the region of the split and by heat marks orn the inside
of the tube. HNo melting of the tube wall was cbserved.

It iz apparent that burnout resulted from a sudden
excursion in tube-wall temperature since ocuter tube-wall temperatures ranging
from 850 to 1TOO°T were observed just prior to burnout.

A satisfactory correlation of the burnout test
results is obtained by plotting burnout heat flux as & function of velocity.
The deata reported in Reference 2 for pressures from 3CO to 1000 psia and bulk
tomperatures from 213 to 298°F also correlate well. As shown in Pigure 12,
the variation is essentially linear, and a good representation of the date is
obtained with:

$pe = 0.2k V (Eq 1)
No significant effect of pressure or bulk temperature is evident. All but one
of the data points are vithin 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
correlatc within 25% for the general range of conditions:

P = 300 to 4700 peia
V = 1k to 198 ft/sec

T, = 137 to 298°F

b
The burnout obtained in Test HT-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 insteed of an Inconel T18 test section.
However, the agreement of the data given in Reference 2 for 316 si. 1less~
steel test sectiors with the data points for Inconel T18 tudbirng tends to
negate this effe:t.
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The data obtained at subcritical pressures also
correlate with the product of velocity and subcooling (AT.ub , a8 shown in
Figure 13, from which the following equation is derived:

$30 ® 2.5+ 0.00034(VAT_.) (Eq 2)

wvhere:

aT s T

[ ]
sub sat Tg» °F

T .t = ssturation temperature, °F (voiling
point at operating pressure)

This type of correlation has been found to be applicable tc a wide variety of
subcritical fluids at high velocity and high subcooling (AT . ) conditions
(discussed in References 10, 11, and 12). Equatior 2 does ﬁgk 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.O, data is questionable becsuse this type of correlation was established
for out caused by the transition from nucleste to film boiling. Nucleate
boiling apparently did not occur in the 98% H,0, subcritical-pressure tests,
as evidenced by the relationship between heat flIux 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. PFurthermore, these data indicate that
burnout occurred at wall temperatures below the saturation temperature
(boiling point). Calculated wall temperatures at burnout ranged from 350 to
4LOO°F at 850 psia (T = 655°F) and from 500 to 600°F at 3000 psia (T =
° sat sat
850°F).

The lack of & 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
300°F. The discrepancy between the two sets of datc has not been explained.
Comparison of inner-wall temperatures calculated from water checkout test
data with the temperatures given by the superbeat correlations developed for
water by Bernath (13) and by Jens and Lottes (1k) indicate that the inner-wall
temperatures obtained in this investigation are low by about 100 to 150°F, as
shown in Figure 18. This error is not sufficiently large to expilain the
difference between the wall temperatures obtained for 98% 3202 in this inves-
tigation and those repcrted in Reference 2.

The tests at supercritical pressure ylelded the

same relationship between heat flux and wali temperature as the tests at
subcritical pressure. A normel, convective heat-transfer mechanism is
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II, B, Discussion of Resulta (cont.)

evidenced up to the point of burnout, as shown in Pigures 19 through 2k. This
type of relationship has also been observed for AeroZINE 50 at supercritical
presgures.

(2) Extended-Duration Test Results ‘

Twelve axtended-duration tests were conducted:
elever with 98% 0, and cne vitua deionised vater. These tests ware conducted
at velocities of 50, 100, and 150 ft/sec at pressures from 830 to 3700 psia,
and at dulk temperatures ranging from 115 to 155°F. Inconel T18 test sections
were employed in the high-pressure tests (2800 to 3700 psia), whereas a 3UuT
stainless-steel test secticn was used for low-pressure testing. The results
of these tests are summariszed in Teble III and Pigure 25.

8ix of the 98% H,0, extended-duration tests
terminatad in test-sectiocn burnout at heat PFluxes that were 20 to 35% lower
than the burnout values given by the velocity correlstion (Equation 1)
established from the results of buraout tests at relatvively short duration.
Buiaocuts wexe observed at 50, 100, and 150 ft/s2c, as shown in Pigure 25.
‘.l'hcetin irierval from start of steady state to burnout ranged from 50 sec
to 03 mo -

Testing with 98% BZO in Inconel T18 test sections
(eight tests, five burnouts) at pressures of 660 to 3700 psie resulted in .
burnout whenever the heat flux exceeded 65% of the burnout heat flux given by

Equation 1. At hec. fluxes below this critical level, durations of up to ten

minutes were achieved without burnout.

Somevhat different extended-duration burnout
characteristics were observed with a stainless-steel test section at lower
pressure (P = 85C sia). Tests HT-L-1L0, -141, and -142 were conducted with
a stainless.nteel test section at the same flow conditions as the stainless-
steel burnout tast (Test 139) discussed earlier. During ertended duration
testing, burnout did not occur until the maximum heat flux observed in ike
burnovt test (Test 139) vas attained. This corresponds to about 75% of the
value given by Equation 1. These maximm 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-flux limits of 98% #.0, in short-duration and in extended-duration
tests has also Yeen noted in Refe?eﬁce 2 for 316 stainless-steel test sections,
at a velocity of 15 ft/sec and at a pressure of 300 psia. However, Reference L
reports anomalous behavior (2.g., transient and recurrent wall-temperature
peaks) in some extended-duration tests with stainless-steel test sectiona.
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Again, indications are that the material uay affect
the buraout heat flux of 98% H,0.. However, tests with Inconel T18 at low
preasures and vith steinless .3.31 at high prossure are neeaded to evaluate
the effect of pressure ocn the maximum heat flux for extended duration.

The fect that extended-duration burnouts are a
unique characteristic of 98% B0, vas demonstrated by conducting a test with
deionised water and an Inconel 723 test section (Test 1LLA, B) at the velocity,
pressure, and heat-flux conditions of extended-Gurution tests with 96% H 02
that resulted in twvo Mwarnouts. This test had a duration of 1l min, and ﬁo

burnout occurred.

An axtended-duration test was also conducted with
an Inconel T18 test section that was claaned but not passivated (Test
HT-4-143A,B). This test had a Quraticn of 6.5 min &t 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 than 65% of the Equatiun 1 value. 'Thus:

$p = 0.26V (Eq 3)
. appears to represent a good upper limit for safe extended-duration oreration
wvith 98% H,0, and is recommended for design purposes.

(3) Burncut Nechanism

Burnouts with fluids at sudcritical pregsures are
normally related to the transition from nucleate to £ilm boiling, vhereas
most burnouts with fluids at supercritical pressure asppear to ressult from a
degradation of the neat-transfer coefficients when the properties of the fluid
near the wall begin to change rapidly. These two mechanisms are ant.rely
different, and the burnout data at these two pressure levels cannot be
expected to correlate. The fact that the burnout data for 98% H,O, correlace
over such a wide range of pressures (300 to 4700 psia--roughly 10 to 150% of
the critical pressure) suggests that H,0, burnout is governed by a mechanism
vther than film-boiling or variations fluid properties.

The burnouts obtained with 98§ H.O, appear to be the
result of a sudden deterioration of the normal forced-convective heat-tranafer
nechanise caused by exothermic decomposition:

2 H,0, + 2 H,0 + 0, (Eq ¥)

AE = 23.4 Kcal/mole
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I1, B, Discussion of Results (cont.)

A relationship between the burnouts and decomposition is indicated by the
eaergy-balance calculations performed for the durnout and extended-duration
tests. In the burnout tests, the energy balances tended to become increasingly
negriive as durnout was approached. By definition, a negative energy dbalance
indicates an excess of sensible enmergy (Q_.) over the input electrical emergy
(Q,.). BSuch an excess in sensidle mrgy% indicated at the burnout point
in of the durnout tests. As shown in Table II, the amount of excess
energy ranged from 1.5 to 23%. Typical examples of the manner in which the
mwﬁm excess increased sa durnout was approached are shown in

The energy balances for the exteénded-duration tests
in which bdurnout occurrsd also indicate an increasing excess of sensible energy
as burnout is approached. The magnitude of excess energy is somevwhat less
than observed in the dburnout tests, ranging from 1.5 to 65. As showa in
Pigures 27 tbrough 32, a slovly increasing excess in sensible energy is
indicated for each extended-duration test that terminated in burnout.
Significently, the energy dalances for the extended duration tests where nu
burnout occurred do not chov such a perceptible trend towards excess sensible
energy. This is demonstrated in Figures 33 through 38.

The amounts of excess energzy indicated at burnout
are small and gene.ally vithin the + 105 energy balsnce tolersnce normally
considered sufficient to ensure rel‘able heat-transfer data. However, the
fact that this small excess wvas consistenily observed prior to burnout is
strong evidence that burnout in caused by exothermic decomposition of the 98%

320 .

Comparison of the heat of reaction (Equation 4) to
the energy balances at burnout indicates that only 0.1 to 0.6% of the 98%
Hy02 need decompose to yield the indicated excess energy. This is consistent
wvith the fact that no large-scale H;0, decomposition was observed throughout
) the course of testing. The lowest concentration measured vas 96.3%, as shown
| in Table IV.

The onset of the decomposition which causes burnout
iz apparently quite sudden. In most of the tests, no degradation of the heat-
transfer coefficient wvas observed prior to burnout. Only a slight degradation
' vas 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-
1 ing inner-wall temperature at relatively constant heat flux and velocity con-

: ditions, ds Shown in Figure IT for Test HT-U-110 (burnout test) and in
Figure 27 for Test HT-4-130 (ext«nded-duration test).

Page 16
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A plausible qualitative explanation of the 98%
Op burnout mechanism is obtained by considering a discrete packet of fluid
ich comes intd contact with the heated wall for a certain period of time,
¢, and is heated from its initial temperature, '1‘ (the bulk temperature of

tho main stream), to a nev temperature 'rB'

I -’-g-‘-i (Bq S)

vhere:
¢ = heat flux, Btu/in.zuc
§ = contact time, sec
A = effective contact ares, 1n.2
C = thermal capacity of fluid packet, Btu/°rF

The packet then joins the main fluid stream and contributes to an increase in
bulk temperature.

It is conceirable 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 anount of this
decomposition can be quenched in the mainstream. Previous analyses (15) have
shovn that up to 0.5% of the decomposition products of 98% H,O, can be
dissclved in the maingtream at high pressures. This would .?,cﬁm for the
excess sensible energies observed prior to burnout. Eventually, as 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, #, and on the contact time, (.
The coatact time can be expected to decrease with an increased intensity of
turbulence. Therefore, it is logical that the coatact 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
vhere excessive decomposition begins. This is consistent with the observed
corrslation between burncut heat flux and velocity; i.e., the heat flux at
which burnout occurred was found to increase with velocity.
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It 1s not known why burnout in the extended-duration
tests ccourred at lower heat fiuxes than expected; possidbly, it may bave deen
caused Yy microscopic changes in the surface of the tube walls which catalyti-
oally promoted the exothermic decomposition of 0y. However, examination of
burned-out test sections revealed no obvious ¢ s of the surfaces. (See
Appendix A for further discussion.)

If the extended-duration burnouts are caused dy
microscopic changes in the exposed surface of the tubes, the tube material,
the surface finish, and the passivation techiique may be important factors
affecting the bturnout heat flux. The tests conducted during this investiga-
tion sppear to confirm that & material effect exists, as shown by the different
results obtained with Inconel 718 and stainless-steel tubing. However, a
pressure effect =ay alsc exist and additional tests with Inconel T18 at low
peeasures and * .a stainless steel at high pressures are needed to clarify
the influence of material and pressure on 98% 530 burnout heat flux. Testing
with an unpassivated (but thoroughly cleaned) I c8nel 718 test section
(Test 143) indicated that nitric-acid passivation does not yield significantly
different extended-duration burnout limits with this material. Alternative
passivation techniques should dbe investigated for future testing.

b. Forced Convection

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

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

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

"

Mo, = 0.005 Re”*9 pr0: (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 + 4O%.

The Dittus-Boelter correlatica (17):

0.8 0.4
llu.b = 0,023 Reb Prb
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yields conservative values for heat-transfer coefficients that will be
sufficient for most design applications.

-.wqw-wmydi;ﬂ"“-‘.Evm!m W;m; -

Use of average film-temperature properties does not

improve the correlation, as shown in Pigure k0. A Dittus-Boelter type equation
evaluatad vith average film properties passes through the center of the data; '
however, deviations of +70% and -UO% exist. .

The correlation presented in Reference 18:

Vv

o - (5u') (:2 0.11 (%)-0.33('%‘)0.35 (2q 8)

vhere:

+ ot i e e ————— -
Pt B . on

(£/8) Re, Pr,
12.7 V278 (Pr, 273" 1) 4 1.0

' s=
r = [1.82 log,, Re, - J..Glo]'2

Ty, € ar
- -

is compared to the observed heat flux-inner wall temperature data in Figures
19, 20, 22, and 2k. 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 correlation, and it is recoomended
that efforts be expended to cbtain such a correlation. To this end, the
actusl data have been included in this report as Appendix B.

¢. Pressure Drop

The results of the 98% H,0, 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 temperatures of 70 and 200°F. In
five tests, the pressure drop with TO°F inlet temperature was evaluated at
heat fluxes ranging from gzero to T5% of the burnout heat flux observed in the
burnout tests. These tests were conducted at pressures ranging from 3800 to
4600 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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Jeother.al rrictics fec’~vs caloulated from the data are
~sown ia Pigure k]l as - D .eticw of heynolds umber. These data generally
.3P0¢ with the stands.od charts fro Ivictin.. Cactor (i9), but the dependency of
.xperimsntal friction fector on deynr'ds rusder is less than would be antici-
pated. Tue suximum dev’ " ".8 Iy~ the pullished curve for drawn tubing is
¢ wt 108, This disc. .oy mar ™ been caused by the fitting used to
& 4Ah the preusure-iransducer . k.. L the t.o. section (the fitting is shown
in ’igure 10). The fitting wa: observe\ to contract the diameter of the tube
slightly ’n the region vhere it vas fasteaed, producing s slight contraction
and exprans.op at each end of t:« test section. This could conceivadbly yielad
T ::mdrap characteristics different from those of a constant-diameter
B N

The ratio of pressure drop vwith and vithout heat
transt :r 1s shown in Pigure k2 for velocities runging from 55 to 188 ft/ ec.
Dat* were obtiined at heat fluxes of 25, 50, and (except for Test 123) 75% of
the durzout heat flux. In gener-.i, these curves are similar to those obtained
fou Lydrasine in the nondoiling region reported in Reference 20. A certain
anount of error exists in these calculsted ratios because the pressure-drop
neasurements were obtainea scross heated and unheated sections of approximately
eual length. The unusual behavior indicated at 98 ft/sec velocity and
4100 psia pressure (Test 122) is probably & result of this error. However,
th: data are considered valid, and they demonstrate that heated 98% H,0, does
pot exhidbit wny unusual pressure-drop characteristics.

d. Testing Difficulties

Most of the 98% H_O_ tests were conducted without
d'fficulty; however, certain prodblems o tfibutablo to equipment failure vere
en~ountered, and these are stated in the following paragrsphs as a matter of
record. No explosions or detonations ever occurred simply as a result of test-
section burnout.

In Test HT-L-131, an inadvertent electrical connection
of the power supplies allowed current to leak through an adjacent test system
and back into normally unhested portions of the high-rressure heat-transfer
loop. This resulted in heating of relatively stagnant 98% , and
ultimately caused detonations in a short length of tubing (cénfiecting the
main propellant valve to a érain valve) and in the drain lines. The test
section was destroyed, apperently as a result of the pressure spikes produced
by the detonations.

Test HT-L-132 was scheduled for a ten-minute duration,
but wvas terminated after tvo minutes of steady power vhen the electrical
insulator in the outlet pressure-transducer line failed and caused the 98%

Page 20




-

+
“n

. Report AVRPL-TR-66-263

II, B, Discussion of Results (cont.)

. I'O in this line to heat-up and to detonate. This detonaticn collapsed the
t ls-uction tube at the point where the transducer line is sttached, stopped
the flov of 98% B,0,, snd caused the test section to burn out.

- . <‘~w—nmmw ur WWTW n

2. 90% B0,

Pour burnout tests were conducted with 90% K0, at a nominal
pressure of 4000 psia, at velocities of &5 to 155 ft/sec and tenperatures
of 140 to 205°F. The 905 H0 mommwaixmmtuwsh: with
delonised vater after complotion of the 98% 5,0, beat-transter ¢ $.

The results of these tests are listed in Table VII and
compared to the 988 H,0, data in Pigure 43 together with the low-pressure
90% Hy0p data presented in References 2 and k., Figure 43 shows that the
burnout heat flux of 90% o 1s essentially the same as that of 98% H;0, and
correlates equally well vith velocity. The 90% H,0, forced-comvection diu
also agree with the 98% H,O. data. No extended-duration tests were conducted
vith 90% 00 boweer, 1€ €s recommended that bebavior similsr to that
observed 3 98% 1,0, be assumed for design purposes.

3. Water

T™wo burnout heat-flux tests were conducted vith deionised
vater to checkout the loop prior to 98% H,0, testing. In these water tests,
pressures of 1000 and 2000 g-h. velocities of 38 and k8 ft/sec, and bulk
temperatures of 165 and 280°F were encountered.

The results obtained in the water tests are listed in
Table VII. These results are compared in Figure 4k to the high-velocity,
high-subcooling burnout data obtained for distilled and deifonized water in a
previous investigation (Ref 21). Good agreement with the pravious dats is
apparent, aud the expression:

ﬂm = 5.1 + 0.000860 (VATlub)
yields predictions of the burnout heat flux within + 20%.
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III.
(o _+:] ' On8

A. The burnout heat flux of 98% 330 at pressures from 300 to 4700 psia,
bulk temperstures from 130 to 298°F, snd v818cities from 14 to 198 ft/sec
correlates with velocity. The burnout heat fluxes observed im burnout tests of
relatively short duration are predicted within about 25% by the expression:

"o = 0.24 V
The burnout heat fluxes observed in the extended-duration tests were signifi-
cantly lower than the durnout test values. The equation recommended for design:

ﬂ,,o = 0.16V

yields & value vhich lies below all the observed burnout points.

B. The burnouts observed with 98% H, 0, appear to be caused ty the
sudden onset of exothermic decomposition in boundary layer. Boiling or
boiling-1like phenomena were not observed st subcritical or supercriticsal pres-
sures.

C. The long-duration burnout heat flux of 98% H,0, is possidbly dewpen-
dent on tube material, surface conditions, and pressure. aiu-thcr investigation
of these effects is recommended.

D. No chemical attack of the Inconel 718 test sections by the 98%
5202 was observed.

E. The Dittus-Boelter equation:
¥, = 0.023 Re,”®

yields a conservative estimate of heat-trausfer coefficients for 98% 11202 and
is recommended 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.

0.k
Pry,

F. Ninety-eight percent hydrogen peroxide does not exhibit any unusual
pressure-drop characteristics at isothermal or heated conditioms.

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

H. Test results clearly indicate that 98% H,_ O, will not detonate at
burnout.
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Test

BT-k-105
-106

HT-4-108
-109
-110
-11l]l
=112
-113
=11k
-11%
=116
=117
-118,-119
=120 to "'123’

& -125
-12k

HT-4-126
=127
-128
-129

HT-4-130
~132
=133A,B
-13k
-135
-136A,B
=13TA,B
-138
=139
-3140,-141,-142
-1“3A ’B
~14hA +B

Material

Inec.
347

Ine.
Ine.
Inc.
Inc.
Inc.
lac.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.
Ine.

Inec.
Ine.
Ine.
Inc.

Inc.
Ine.
Inec.
Iane.
Inec.
Ine.
Inc.
Inc.
347

347

Ine.
Inc.
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TABLE I

TEST-SECTION DIMENSIONS

T18
88

T18
718
718
718
718
T18
718
718
718
718
718

718
718

T18
T18
T18
718

718
718
718
718
T18
718
718
718
S8

S8

718
718

OD,in.

/4
1/%

1/4
3/16
3/16
3/16
1/4
1/4
3/16
3/16
3/16
3/16
1/b

3/16
1/k

3/16
3/16
2/h
1/4

3/16

3/16
3/16

3/16

3/1€
3/16
1/4

3/16
3/16
3/16
3/16
3/16

2.1895
0.1895
0.1895

0.1895
0.1895
0.2540

0.1865
0.1855
0.1895
De 1895

L]
COVWVMOOOOWVMOOO OO0 00 cooOoOVOVOVVOWUBOO (= =

3 L]

Heated Msasured Nominal Wall
Meags. Length.in, _ID.in. Thickneass,in.

0.160
0.160 1
0.159
0.159
0.22 |
0.15k __~
0.154 |
0.159 -
0.159

. 0.015

0.015
0.016

0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
00015
0.015

0.015
0.015

0.015
0.015
0.015
0.015

0.015
0.015
0.015
0.015
0.015

0.015
0.015
0.016
G.OIG
00015
0.015
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TABLE IV
CONCENTRATION DATA

Eeﬁ

2
w g ‘g_g; 3
Tegt Before Test After Test  Dete Remarke
Br-h.108 98.00 - 10/1/65
=109 98.09 - 10/k
-110 96.69 -~ 10/13
<112 96.3% - 10/14
«113 96.63 96.29 10/1% Refilled unit after Test 113.
~11h 99.01 97.12 10/21
~11% 97.52 97.52 10/21
«116 5.69 96.33 10/22
-117 6.7 96.68 10/2%
"'na &‘ . 66 " 10.’29
-119 95.66 - 10/2%
-m “‘ [ 66 —— 11/1 *
-121 96.65 - 11/2
-i22 96.67 - 11/2 Fresh 98% 0, added after Test 122.
-123 % [ 6 el 11/ 3 -
-125 96 2 35 % [} 61 11 / h
=125 96.68 . 11/5 Diluted for 90% B 0, tests after
Test 125.
-126 91.05 T2 11/10
=127 91.0k - 1n/1
-126 90.8h - 1112
-130 98,600 ng,60e 12/17 = Refilled unit prior to Test 130.
-135% -— 96.5 1/19
“‘139 % . ks % . & a/ 2
=140 96.25 96.k5 2/3
=141 96.5 96.2 2/3
-143B 96.4s 96.35 /7

“WDetermined by titration except Test 130
HHydrometer date
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Figure 6. Mounted Test Sect.orn
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P., ELECTRICAL RESISTIVITY, OHM-IN. X 10°

Figure 7. Thermal Conductivity and Electrical Resistivity of Inconel-T18
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#. HEAT ¥LUX, BTU/IN.ZSEC

6 /

4 / A STAl -L/D=14.0 —
O STA2-L/D=20.0
O STA3-L/D-=217.0
A INDICATES LAST DATA

POINT PRIOR TO BURNOUY
2
100 200 400 600 800 1000

Ti, WALL TEMPERATURE, °F

HT-4-134
CONDITIONS AT BURNOUT POINT:

T « 840 PF A

V = 101.5 FT/SEC

T, = 156°F

9p, = 22.0 BTU/IN.2sEC

Figure 14, Subcritical 9% H,0, Hea. Flux-Wall Temperature Data, Test 134
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. O STA2-L/D=128.0
L
2 /
1
100 200 400 600 800 1000
| Ti, WALL TEMPERATURE, °F
HT-4-139
CONDITIONS AT BURNOUT POINT:
; ) P = 860 PSIA
| V = 106.0 FT/8EC
; T, = 141°F
E ® "o [ ’-‘o‘ DTU/m.z"C
E

Figure 15. Subcritical 98% H202 Heat Flux-Wall Temperature Data, Test 139
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20
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. HEAT FLUX, BTU/IN.%SEC
[-

STAl -L/D=11.0
STA2-L/D=1i17.0

STA 3 -L/D =24.0
INDICATES BURNOUT

z | |

100 200 400 600 800 1000
Ti, WALL TEMPERATURE, °F

Q00 b

ettt e
i 4

CONDITIONS AT BURNOUT POINT:

P = 3020 PSIA

V = 91 FT/SEC

T, = 176°F .
L =19.6 BTU/IN. 23EC

b
'B

Figure 16. Subecritical 98% 3202 Heat Flux-Wall Temperature Data, Test 109
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4 O BTA 3 -L/D=20.0 -
a INDICATES LAST DATA POINT
PRIOR TO BURNOUT
2 | |
100 200 400 600 800 1000
Ti, WALL TEMPERATURE, °F
HT-4-110
CONDITIONS AT BURNOUT POINT:
P = 2910 PSIA
V = 169 FT/SEC
Ty = 154°F

#p, = 41.5 BTU/IN. % sEC

Figure 17. Bubcritical 99% H_O_, Heat Flux-Wall Tempersture Data, Test 110
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JENS AND
LOTTES

f‘{ |

10

BERNA Tiﬂ
CORRELATION

CORRELATION

U Tear

' a
CALCULATED VALUES OF Ty AT BURNOUT:
1) BERNATH CORRELATION (REF 13)
v
T - Teat*T* “Tut/.rcr’
T‘ - Tlit x 86.,-
Z) JENS AND LOTTES CORRELATION (REF 14)

1/4
144)(3600
o Hisezo0
T - Teat ™ P /L[] JR—
T, - 7T = 33°F

1 il sat I I

ek

100 200 450
Ti, WALL TEMPERATURE, °F

CONDITIONS AT BURNOUT POINT
P = 1020 PSIA
V = 38.0 FT/8EC
T, = 202°F
0y, * 14.6 sTu/in.2 sxc
A-L/D =16 (STA 1)
0 - L/D =10 (STA 2)
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1
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Ti, WALL TEMPERATURE, °F
A BTAL -L/D=13.0
O STA2 -L/D=17.0
O STA3-L/D=22.0
& INDICATES BURNOUT

HT-4-113
CONDITIONS AT BURNOUT POINT:

P = 4020 PSIA
V=25.377/8KC
Ty = 137°F
2
0'. 8.1 BTU/IN.® SEC

Figure 19. Supercritical 90% B0, Heat Flux-Wall Temperature Data, Test 113
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Figure 24. Supercritical 98% H,0, Heat Flux-Yall Temperature Deta, Test 115
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Figure 26. Burnout Test-Energy Balances
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FPigure 31. 96% H,0, Extended-Duration Test Parameters, Test 13
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Figure 33. 98§ H O, Extended-Duration Test Paramsters, Test 132
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Figure 42, Pressure-Drop Data for Heated 98% H0,
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0 - DATA FROM AEFERENCE 21 7/
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90 |— . L .

30 7

,'/ Op, = 5:1 +0.000060 VAT,
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Figure Ui, Water Burnout Hest-Flux Data
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AFPENDIX A

TEST-BECTION METALLOGRAPHIC EXAMINATION

Two of the Inconel T18 test sections in which burnmout occurred with
98% B_O,. were sectioned and examined for evidence of chemical attack. These
test ions had been used in Tests NT-4-110 and ET-k-130.

Test 110 was a bureout test in which tube fajlure occurred at the
following local comditions: heat flux, k1.5 Btu/in.c sec; velocity, 169
ft/sec; bulk temperature, 154°; pressure, 2910 paia.

Test 130 was an extended-duration test which terminated in burnout
three minutes after steady state had been achieved st a heat flux of 28
Mtu/in.2 sec. The test-section outlet conditioms for this test were velocity,
150 ft/sec; outlet pressure, 3300 psia; and outlet bulk temperature, 135°F,

The investigations and their results are discussed in the following
two Materials RLD reports.
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I.

MATERIALS R&D REPORT LRD 65-34k

PURPOSE. To determine the material condition of an Inconel 718 heat-
truno::r test specimen (tubing) after exposure to hot, flowing hydrogen ¢
peroxide.

CONCLUSION. The Inconel 718 tubing material was not attacked by the

hot, flowing hydrogen peroxide.

INVESTIGATION AND RESULTS. A section of annealed Inconel 718 tubing
wvas submitted for observation after it was utilized in a heat-transfer test,

in vhich 98% Hp0, was flowed through the tubing (heated electrically) until (‘
& burnout occurred.

The tubing wvas 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

sed to H202) to determine the effect of Hs02 on
The total duration of testing was 3 min

Power was increased gradually during this time

The average inner wall temperature at the end of

tubing that had not been e

the tube material (Figure 1).
(from start to burnout).
until the burnout occurred,

the test was calculated tc be 6C0°F.

annealed condition.

strengthened.

Examination of the inner wall of the tubing showed that the hot H0p
had very little, if any, effect on the Inconel T18 material.
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
For heat-transfer test purposes, annealed Inconel T18
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,
will be solution-annealed and aged when put into service, i¢ should be
compatibility-tested in the same condition.
materisl causes precipitation of a constituent by which the material is

Precipitation of a constituent sometimes changes the corrosion-

resisting properties of a material, especially at tbe gra.n boundaries. In

a previous compatibility study, tests indicated that hot Np0) attacked

solution-anncsled and aged Inconel T18 st the grain boundaries.* Hydrogen ‘ -
peroxide may have the same effect on the material.
tion should *» increased to equal the proposed life of the chamber tubes.

RECOMMLNDATIONS. Solutiou-anneaied and aged Irconel 718 tubing should
be utilized in compatitility 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 196k,
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St W

11,
MATERTALS R&D REPORT FSC 66-135

PURPOSE. To determine if premature "burnthrough" of an Inconel T18
heat-transfer test specimen (tubing) was caused by corrosion attack.

CONCLUSIONS. The Inconel 718 tube materia) was not attackad (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.?
sec (electrical resistance heating? for about 3 min 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 thrcugh
the tube at a rate of 150 ft/sec at the time of failure. Calculations indicate
that the outer and inner wall temperatures were 1200 to 1300°T 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. avay (Figure 6). Figure S 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 (o be relatively smooth even at a
magnification of 500X (Figure 6). The tube wall thickness (0.015 in.) was
unchang:d by testing except in the immediate rupture area where it thinned
to 0.014 in.

DISCUSSION. The tube specimen sustained a heat fiux of 28 Btu/in.2 sec
for 3 min before rupture occurred. Heat-transfer date indicated that the
tube should have been able to withstand the apvlied heat flux, fluid pressure
(about 3000 psi), and coolant (hydrogen peroxide) flow rate without feilure,
However, the appearance of the failure indicates that overheating and melting
initiated tube rupture. No evidence of corroesive attack was found, and the
tube wall thickness was unchanged (except in the immediate rupture area where
the reduction-in-area effect due to yislding thinned thz tube).

Although short-duration heat-transfer data indicate thet the tube mate-
rial should withstand the conditions applied to the railed tube, several other
heat-transfer test sections have failed during extended-duration operation at
similar test conditions. Apparently, an unknown factor (possidly a catalytic
reaction between the surface layer of the tabe materisl and the hydrogen
peroxide) remains to be determined. Further testing is necessa~y to determine
the combination of maximum heat flux, pressure, and flow rete the Ynconel T18
tube material will withstand.

RECOMMENDATIONS. Investigat: and test for a catel,tic reaction hetween
Inconel Ti8 and hydrogen peroxide utilizing various temperatures and pressures.

Page T8
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Top:: Inside surface of a tube that was not expoaed_ to hot H,0O

4 (control specimen) ¢

. Center: Inside surface of a tube section cut from the approxi-
'i mate midpoint o the heat-transfer test specimen.
|

s TTRCTEETE LR T T ey e

Bottom: ID area of a tube section cut approximately 3/16 1in.
from the burnout area (high temperature arva).

The relatively smooth inside surface of the heat transfer test

| tubing indicates that no corrosion occurred during testing. No
L intergranular attack is evidenced. (Black spots in the material
i vere caused by the etchant)

Figure 1. Photomicrigrqha Showing the Inside Surface {Tube ID) of the
Inconel 718 Tubing Material (Magnification 500 X; Etchant--
HH03, HCl, HF and H20)
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INCHES

Top: outer surface Mag

El Bottom: inner surface
{ .

rupture area (see Figure 3).

Page 80

Figure 2. Photographs of the Rupture Edges of the Tube (Right Side on Both
Tubes). Arrows point to the area which appears to be the initial

il
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Flgure 3.

Report AFRPL-TR-66-263, Appendix A

1
Mag: 13X
Probable Area of Rupture Initiation (Areas of :
melted metal and several cracks appear. The
microstructure of this area appears in Figure U).
Pege 81
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Etchant -- HNO,, HC1, HF & H,0 Mag: 150X

Figure 4. Microstructure of the Tube in the Initial Fallure Area.

The OD of the tube is at he top of the photograph.
Melted tube metal (darkened metal) appears in the center
of the thinned area. Incipient melting at the grain

boundaries probably initiated intergramular cracking
(indicated by arrows).
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Etchent -- HNO,, EC1, HF & H0 Mag: 100X

Figure 5. Failure Area of Smaller Tube Section Shown in Figure 2.
Larkened metal shows theat 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: HNO3, HCl, HF & 320 Mag: 500X

Figure 6. Inside Surface of the Tube Approximately 1/% in. from
Rupture Area. Staining, caused by the etchant, has
darkened the edge, but no indicationas of corrosion
attack are present.
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APPENDIX B
TABULATED HEAT-TRANSFER DATA

The outputs from the data-reduction computer program for tbe 98% H,O
burnout tests, the eatended-duration and heated pressure-drop tests, and Ghi
90% H,0, burnout tests are given on the following pages. The data are listed
in nulefical order, by test mumber. The equations for the data-reduction
computer progream are given in Section II,D of the main body of this report.

The output for each test consists of three sections: overall test
parameters, local test parameters, and dimensionless parameters. The nomen~
clature for each section is descrided delow.

Over Test [
AF - Test section flow area, ftz
D - Teat section inside diameter, ft
L =  Heated leagth, in.
DELTA TO - Bulk temperature rise observed prior to
application of test section power, °F
POINT, - Refers to a heat-flux level in the burnout
DATA POINT tests and & certain time in the extended-
duration tests
PB-IN = Inlet pressure, psia
PB-OUT - Outlet pressure, psia
TB-IN - Inlet bulk temperaturs, °F
TB-OUT - Outlet bulk temperature, °F
W - Flow rate, 1b/sec
E2 = Overall test-section voltage drop
I2 = Test-section current, amp
QP - Blectrical power, Btu/sec
RT BAL = Heet balance, ¥
G - Mass velocity, lb/sec ft
Page 85
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oA ®  Defers to axial position where wall temperature
vas msasured. _
”» - Local pressure, psia '
™ e  Local Sulk teapersture, °F | ‘
™ e  Neaswred ostsids wall tempersture, °F
7 - Caloulated imside wall tempersture, °F '
VA - Heat flux calculated from wall temperature gradiemt,
Btw/in.2 gec |
Q/AP - Reat flux calculated Sru voltage and curreat |
msasurements, Mu/in.c sec
X =  Nest-traasfer coefficiest based o Q/AP, Btu/in.2 sec °F
IRLYF = TI-TB |
s ®  Local coolant velocity, ft/sec ’
L/® - Length-to-dismeter ratio based on length between
data station and upstream end of heated length .
DEITAE = Voltage drop
1z =  Length over which AF was measured, in.
Dimensjonlees Persmeters
»n - Fusselt number based on dbulk-temperature properties
PR - Prandt]l mmmber based on bulk-temperature propertiss
RE = Reynolds number based on bLulk-temperature properties
T1/7B - Ratio of inside wall temperature to bulk tempsrature,
°2/°R
NU/PR(0.M)=  Nusselt No./(Presttl ¥o.)%"
REO RATIO = Ratio of bdulk-temperature density to wall-temperature
density
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Dimensionless

K RATIO

MU RATIO

CP RATIO

xu(r)

PR(F)

RE(F)

T1/7F
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ers ont .

Ratio of bHulk-temperature thermal conductivity to
wall-temperature thermal conductivity

Ratio of bulk-temperature viscosity to wall-
temperature viscosity

Ratio of average specific heat to bulk-temperature H
specific heat, where: :

aversge specific heat = C = ¥ T . .
v ,

Fusselt number based on average film-temperature
properties

Prandtl aumber based on average film-temperature
properties

Reynolds aumber based on aversge film-temperature
properties

Ratio of inside wall temperature to aversge film
temperature, °*R/°R

1/2 (TB + TI)

f
i
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