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ABSTRACT

Data are'preéented for incipient boiling superheat for sodium
flowing upward in a vertical annulus formed by a heated stainless
steel tube of 1/4-in., diameter located inside a tube of 1/2-in.
diameter. The data cover the folléwing ranges: heat flux,

0.09 x 10® to 0.825 x 10° .
let subcooling, 20 to 300°F; sodium velocity, 2 to 6 ft/sec; and

Btu/hr—ftz; pressure, 2 to 15 psia; in-

wall superheat, 0 to 241°F, All-liquid heat transfer relationships
permit clear identification of the major trends due to heat flux,
velocity, and inlet subcooling and thereby allow improved inter-

pretation of the incipient boiling data.

The application of various bbiling inception theories to
fofced convection, liquid metal systems is examined and eval-
uated. For the maximum observed superheats, consideration
of the dominant physical forces results in a dimensionless plot
of wall superheat vs Reynolds number and shows the trends to
be expected for forced convection laminar and turbulent flow in

LMFBR systems.
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I. INTRODUCTION

The occurrence of boiling, under certain flow and/or power conditions in a
Liquid Metal Cooled Fast Breeder Reactor (LMFBR) can potentially initiate a
major accident through the increase in reactor power caused by the insertion of
positive reactivity associated with coolant voiding. However, the analysis of
boiling and two-phase flow of sodium depends upon data in which large apparent

(1)

and for measured and predicted values of two-phase flow
(1)
a

‘has been obtained under conditions which do not even remotely resemble those

existing in a Liquid Metal Fast Breeder Reactor (LMFBR).

discrepancies exist in the values reported for boiling initiation superheat,

(2)

pressure drop.(3) In addition, .the bulk of the incipient boiling superheat dat

for void fraction,

The boiling inception theories developed to date either have serious short-

comnings or do not apply to liquid metals. For example, Hsu's thermal crite-

(4)

whereas in sodium at high heat fluxes, the growing bubble is in a virtually

rion requires a pronounced temperature gradient through the growing bubble

isothermal environment. As other examples, boiling inception theories de-
pendentfon "Trapped Gas in Cavity Models' such as those advanced by I—Ioltz,(s)
Chen,(é) and Dwyer,(7) emphasize the initial présence of non-condensible gas in
the active cavity. Recent corrosion experiments,(s) however, show that flowing
sodium at 1200°F removes the ""as received' surface of Type 304 stainless -
steel tubing in several hundred hours, leaving the surface grains highly polished,
and produces conical etch pits (40 tc 80 pin. in diameter and depth) in the

grain boundaries. As a result of this thorough wetting, the effect of non-
condensible gas in the cavity, on boiling inception, in flowing sodium should be

negligible. These theories!>’ 6,7)

also ignore the possible influence of heat
flux and fluid velocity on incipient boiling superheat despite substantialt experi-
mental evidence of this influence. For incipient boiling of sodium, examination
of the relative magnitude of bubble drag, surface tension, and buoyant forces
indicates that wall superheat and bubble size can be expected to be strongly

influenced by fluid veloc ity in turbulent flow.

Thus, to provide a more realistic basis for safety analysis of LMFBR's,
there are requirements both for obtaining accurate, reliable data and for devel-

oping an improved model of the incipient boiling of sodium under conditions

AI-AEC-12767



approaching those of LMFBR operation.' Such an investigation has been made

on forced convection, sodium boiling initiation superheat utilizing electrically
powered, high flux heaters which simulate the thermal and hydraulic character-
istics of LMFBR fuel pins.

AI-AEC-12767
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Il. EXPERIMENTAL APPARATUS

A, INTRODUCTION

To obtain meaningful superheat data for LMFBR design use, certain experi-
mental conditions are necessary. The heating surface must be of the same
material and geometry as used in the LMFBR, and the heat transfer to fhe
sodium must take place at a discrete surface. The surface heat fluxes must
be at least 0.5 x 106 Btu/hr-ft2 at a boiling temperature of about 1800°F, The
all-liquid sodium velécity in the flow passages must be 5 to 30 ft/sec. The
physical condition of the heating surface must bé known and be related to the
incip;ent'boiling superheat data. The wall superheat (heating surface wall tem-

perature minus sodium saturation temperature) should be measured directly.

The present single channel experiment meets the material, pin geometry,
and heating mode requirements, but does not meet the general multi-channel
geometry requirement. The heat flux requirement is exceeded and tempera-
tures of up to 1600°F are reached. Velocities of up to 6 ft/sec are attained.
During the experimenf, periodic examination and stereo-photographs of electron
microscopy projections of replicas of the heating surfaces have been performed
and relatedto superheatdata. Theheated surfaces do not have attached thermo-
couples or other artificial boiling sites. Though the experiment uses pressure
measurement techniques to determine sodium saturation temperature, the
absence of heating surface thermocouples requires the use of the all-liquid

film coefficient to calculate the wall temperature, and hence the wall superheat,

B. FORCED CONVECTION LOOP

The performance characteristics of the Forced Convection Loop were
established by the requirements discussed in A, above, to create conditions
representative of those that could exist during boiling in an LMFBR, within the
limits of experimental technology. The present loop was developed from an

(IN10)

‘existing loop used in forced convection boiling studies.

The Forced Convection Loop shown in Figures 1 and 2 is composed of a
pump, economizer, preheater, test section, high flux heater, condenser, sub-

cooler, and cold trap. The principal features of the loop are listed below:

AI-AEC-12767
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Figure 1. Force('i..Convectio.n Loop Schematic
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Material

Loop, most components, and high

flux heater cladding Type 304 Stainless Steel

Preheater, subcooler, and some

original piping Type 347 Stainless Steel
Flow Rate 16 gpm maximum
Sodium Temperature 1850°F maximum
Maximum Heat Flux 1 x 106 Btu/hr-ft2

Temperature, flow rate, pressure, and electrical power are measured and

monitored at various locations.

Ls o Bump

Heat transfer loops in which boiling occurs tend to be hydrodynamically un-
stable. To stabilize the system, alarge steady pressure drop is provided by a
high-pressure pump and a throttling valve. The pump assembly, shown in
Figure 3, consists of two electromagnetic, multipass, linear-induction pumps
connected in series; it is designed to produce 200 psi at 6 gpm, using a 3-phase,

230-volt power supply. Each pump consists of two 18-in. long by 6 in. deep

7519-54441

Figure 3. Electromagnetic Pump

AI-AEC-12767
14




stators positioned about the throat. This throat, or pumping section assembly,
is constructed of two parallel Type 304 stainless steel tubes, 1/2-in., OD by
0.028-in, wall, wound into a six-pass rectangular coil, 26 in. long by 21 in.
wide and brazed together in the pumping region with high-temperature nickel
braze alloy. Nickel wires are brazed into the cusps between the tubes in the
throat region, and nickel plated copper bars are brazed on the top and bottom
of the throat to provide external return paths for induced eddy currents. The
sodium flow, on entering the throat, splits into two parallel paths at the suction
nozzle and rejoins on leaving the pump. The stator assemblies, mounted on
aluminum bases, are freely suspended to allow free movement between the
pump components during thermal expansion. To improve the power factor and
to balance this highly inductive load, 3 -phase capacitors are connected across
the pump. Figure 4 shows the head developed by the pump and its efficiency as

a function of flow rate.

T T 1 T
160 | .
‘E 144 volts
2 120 ~
& S
@ ~
L \\
@ 80 od
=
]
& G YOILE Figure 4. Performance Curves
a . .
40 |- \\\\ e for the Multipass Linear Induc-
Ss tion Sodium Pump at 750°F
o
144 volts
6 - S
~ St
B 111 volts
= ~
> 4 T
>
a 3 -
3]
A =
w
| —
0 |
0 4 8 12 13 20
FLOW (gpm)
9-16-64 7641-5436
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2. Main Heat Exchanger and Preheater

The main heat exchanger consists of a condenser, an economizer, and a

subcooler.,

The A condenser, shown in Figure 5, was used for all the experimental
runs throughKC 25 and was constructed so that the sodium entered the top of
the condenser and fell approximately 2 ft through the argon cover gas before
reaching the surface of the sodium pool in the condenser. The A condenser
design was such that gas entrainment could be anticipated as the flow rate in-
creased. To reduce the probability of gas entrainment, a new condenser (B of
Figure 5) was designed and installed in the loop and was used on all runs after
KC 25, The B condenser is constructed so that the hot sodium entering the con-
denser is released below the surface of the sodium pool through 48-1/2 in, di-
ameter transverse holes in a vertical 2-in. diameter pipe. In both condenser
arrangements, the heat is removed by a close fitting, water-cooled, outer con-
tainer. Heat transfer across the narrow annular gap between the outer container
and the inner container of the condenser is by means of radiation and forced

convection of argon.

SODIUM FLOW
ARGON COVER GAS

ARGON COVER GAS
%L}‘UL/\

L

SODIUM FLOW

~———— 8-in. SCHEDULE 80 PIPE

LEVEL | 2-in. SCHEDULE 40 PIPE
iior |« 8-in. SCHEDULE 80 PIPE

KNOWN
3in.

e

~—7 2-in. SCHEDULE 40 PIPE

(SPACE REDUCER) 48-1/2 in. HOLES

MINIMUM LIQUID
LEVEL ABOVE

HOLES T ——BAFFLES (WITH 65-1/2 in. HOLES EACH)

‘A’ CONDENSER
A

‘“B" CONDENSER

3-17-69 UNCL 7702-45156

Figure 5. "A'" and '""B'" Condensers
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The countercurrent flow economizer, consisting of a coiled tube inside an
annulus, is used to cool the sodium entering the subcooler while heating the

sodium entering the preheater.

The subcooler consists of an inner and an outer container. The design of
the water-cooled outer container is similar to that of the outer container of the
condenser. In the inner container, the sodium flows in an annulus which has a
stagnant air space in the center. The purpose of the subcooler is to insure that
the temperature of the sodium entering the pump is below 750°F and to thereby

provide sufficient subcooling to prevent cavitation at the pump entrance.

The pool type preheater, shown in Figure 6, can dissipate 80 kw into the
flowing sodium. Inlet and outlet lines are located near the top at opposite ends
of the vessel. The preheater is constructed from a Schedule 60 type 347 stain-
less steel pipe section, 26 in., long x 12 in, in diameter, which is welded to two
pipe end caps. This vessel is suspended by two hangers welded to its top and
is positioned at a 15° angle to the horizontal to permit easy draining through a
bottom tap. Twenty-five 3750 watt, Inconel sheathed, immersion heaters are

welded to the bottom of the vessel., These heaters are attachedthrough specially

2-6-64 7593-5468A

Figure 6. Sodium Preheater

AI-AEC-12767
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designed fittings to allow replacement of burned out units; they are welded at a
true vertical position to insure uniform vapor release from the heater surface
and to prevent heater burnout from vapor blanketing. The power to the heaters

is provided by a variable transformer.
3. Cold Trap

The cold trap shown in Figure 7 is designed so that ite temperature gradi-
ent can be controlled by circulating ethylene glycol through a coil which is
bonded with Thermon to the outside of the cold trap. The glycol is circulated
from a storage vessel that can be heated or cooled. Control of the cold trap
temperature gradient permits variation of the oxide level in the loop. During
the experiments, the cold trap was usually operated at 245°F, thus ensuring an

oxygen concentration of ~3 ppm.

4, Instrumentation

a. Data Acquisition

Temperature, flow, pressure, heater current and heater voltage signals
are scanned, digitized, converted to engineering units and recorded on a line
printer or magnetic tape by a centralized data acquisition system. Analog sig-
nals in the range from zero to £100 mv are coupled by direct cable to the data
logger through a remote data gathering box which has 25 sequentially scanned
channels. The heater current shunt and the thermocouples at the upper edge of
the heated zone require high scan rates, so each is connected to five different
channels. They are thus recorded five times as often as instrument outputs
connected to a single channel. The data logger can scan and record data on
magnetic tape at the rate of 25 bits every 3-1/2 seconds. When using the line

printer, the scan rate is 25 bits every 6-1/2 seconds.

als
S

As shown in Table 1, the arithmetic section of the data logger,q is pro-
grammed to provide direct conversion of instrument signals to engineering
units, enabling direct on-line evaluation of test data and simplifying data

analysis.

The analog signals in the range of £100 mv are measured with a resolution

of 0.01 mv. In the case of non-linear sensors, such as thermocouples, an

*Beckman Instrument Co., Model 210 Data Logger

AI-AEC-12767
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internal comparator automatically selects the appropriate scale and offset fac-
tors for each voltage level. The measured value, with scale and offset correc-
tion, is then recorded with 4-digit resolution on the line printer or magnetic

tape. Readout resolution for the various measurements are shown in Table 1.

TABLE 1
READOUT RESOLUTION

Measurement Range-Resolution Nominal Accuracy*
Temperature (°F) 9999 +4°F
Flow (mv) 9999 +0,05 mv
Voltage (v rms) 999.9 +0.5 + 1% of valuel
Current (amp rms) 9999 £0.5 + 1% of valueT
Pressure (psia) 99.99 £0.05 £ 1% of valuel

*Depends also on scan rate and time dependence of sensor output
T Limited by accuracy of signal conditioning converters

b. Boiling Detector and Heater Protection System

Several boiling detectors are used to protect the high flux heater from burn-
out due to vapor blanketing and to indicate the onset of boiling.* One detector
consists of an electronic circuit which analyzes signals obtained from the elec-
tromagnetic (EM) flowmeter located at the inlet of the test section. These sig-
nals are amplified, filtered, and coupled to a rate- and level-sensing compar-
ator which trips a relay, cutting off power to the high flux heater after a selected

time delay.

A second boiling detector uses signals from an accelerometer! mounted on
the test section, These signals are amplified and filtered to discriminate against
background noise and are coupled to an integrating circuit and comparator as
well as to a loudspeaker in the test area. The circuit is designed to cut off
heater power within 2 or 3 seconds if the integral of sound intensity exceeds a
preset limit. Spurious intermittent acoustic emissions associated with temper-

ature changes do not trip the comparator.

*An earlier version of the EM boiling detector is described in References 11 and
12; a detailed description of boiling detector development is in Reference 13,
tEndevco Model 2235M-10 Accelerometer,
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A third boiling detector uses the signal from an electronic pressure trans-
ducer.* The signal is amplified, filtered with a high pass filter, and coupled
to a comparator. Pressure transients observed at the outlet of the test section
at the onset of boiling are damped sinusoids at about 6 cps. The NaK-filled
coupling lines, the bellows, and the mechanical linkage to the ferrite cam de-
tector combine to act as a band pass filter which responds with high sensitivity
to void formation. The comparator cuts off heater power if the oscillations on

the observed pressure signal exceed a preselected threshold.

These devices permit the heater to operate without danger of burnout
caused by surface boiling at power levels comparable to, or in excess of, those
of a LMFBR fuel element. If the heater were allowed to operate at full power
during surface boiling conditions, the temperature would rise at rates approach-
ing 1800°F/sec. (Prior to the installation of this boiling detector circuitry,
heater failure usually occurred within one to five boiling tests. However, with
the aid of this boiling detection system, more than 150 successful sodium boiling
tests under various flow, power, and pressure conditions were carried out with

each of several high flux heaters.)

In addition to the boiling detectors, a current-rate-change system is also
used to detect sudden changes in heater electrical resistance, which would
indicate failure or electrical breakdown of the insulation material. In this sys-
tem, the signal from the ammeter shunt, which is in series with the high flux
heater, is rectified, filtered, differentiated, and coupled to a comparator.

This circuit is designed to detect sudden changes in the current applied to the
heater under test. The system automatically trips input power if heater current
changes by more than 5% of full scale at a rate exceeding about 10%/sec. Re-
sponse time, including power relay, is less than 50 msec. The use of a current-
sensing detector permits a single sensitivity setting to be used for a graphite
heater of any length., The various components of the heater protective system

are summarized in Table 2.

5. Test Section

The test section consists of an annular passage formed by two concentric

Type 304 stainless steel tubes. The 0,250-in. OD inner tube is the sheath of

*Barton Model 296 Absolute Pressure Transducer
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TABLE 2
HEATER PROTECTION SYSTEM

Ewvents

Problems

Sensors

Methods of
Detection

Boiling in test
section simulat-
ing LMFBR fuel
element and flow
channel

Electrical break-
down of ceramic
insulation in
high flux heaters

Burnout of elec-
trical heater,
partial channel
blockage during
transient boiling
tests

Heaters burn in
two, destroying
evidence of failure
mechanism and
damage instru-
mented test
section

EM flow meter
at inlet to test
section

Accelerometer
mounted on test
section

Pressure at out-
let of test sec-
tion

Current

Rate of change of
noise amplitude in
1 to 10-cps band

Rate of change of
integral of noise
amplitude in 1 to
3-kc band

Amplitude of noise
in 1 to 10-cps
band

Rate of change of
60-cps heater in-
put current

the high flux heater.

The outer tube is 0.75-in. OD with a 0.120-in. thick wall

through which the thermocouples, pressure taps, and heater centering pins are

mounted. Figure 8 shows the test section used before Run B22; however, ex-

cept for an increased number of instrumentation penetrations, the construction

and general appearance of the most recent test section is very similar to the

one shown.,

Figure 8.
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The heater is centered in the test section by 12 centering pins the locations
of which are shown in Figure 9. Four pins are located 90° apart, 3/4 in. above
the heated zone of the heater. Two pins are located 180° apart, 4-1/2 in. below
the upper edge of the heated zone. Two other pins are located 180° apart,

6-1/2 in. below the upper edge of the heated zone and are rotated 90° from the
pins at the 4-1/2 in. position. Four pins are located 90° apart, 14 in. below
the upper edge of the heated zone. When originally fabricated, the centering
pins had essentially zero clearance from a heater which was nearly perfectly
centered. After many boiling transients, an estimated 2-mil clearance devel-

oped between the centering pins and the heater.

Several pressure taps are built into the test sections, but only one tap was
used throughout all the tests. This tap is located 1/2 in. above the downstream
edge of the heated zone of the heater and is a drilled hole, 0.152-in, in diameter.
Figure 10 shows a typical thermocouple and pressure tap installation as well as

the upper part of the test section.

There are 27 chromel-alumel thermocouples (0.062-in. diameter, Type
304 stainless steel sheath) in the test section. The thermocouples are installed
through the test section wall so that they probe 1/16 in., £5 mils, into the
sodium annulus surrounding a heater. Table 3 lists the location of each

thermocouple.

6. High Heat Flux Heater

In its present developmental state, the high flux, electrically powered
heater shown in Figure 11 is fabricated by project personnel. It is a replace-
able element that produces a uniform heat flux of known magnitude (>106 Btu/hr-
ftz) at sodium temperatures of 1600°F. The main components of the heater
consist of a body assembly, Type 304 stainless steel sheath, graphite heating
element, boron nitride insulating sleeve, and electrode. The boron-nitride
sleeve is slip-fitted into the sheath and insulates all but the grounded end of the
graphite heating element from the sheath. A spring-loaded electrode, which is
maintained in alignment by insulated bushings, permits an input of up to 48 kw
of ac power to a 30-in. long heater. The sodium at the grounded end of the
electrode provides a short current return path to the outer wall of the test

section,
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TABLE 3
THERMOCOUPLE LOCATIONS

Degrees Rotated

Thermo- Inches From Upper ot
couple Edge of Heated Zone DRaEsatel Tatns
1 1/2 above 90
% 1/2 above 270
3 0 0
4 0 180
5 1/2 below 90
6 1/2 below 270
7 1 below 0
8 1 below 180
9 2 below 90
10 2 below 270
18] 4 below 0
12 6 below 180
13 8 below 270
14 10 below 90
15 12 below 0
16 15 below 90
157 15 below 270
18 15-1/2 below 0
19 15-1/2 below 180
20 16-1/2 below 90
21 16-1/2 below 270
22 17-1/2 below 0
23 17-1/2 below 180
24 19-1/2 below 270
25 21-1/2 below 90
26 25-1/2 below 180
27 29-1/2 below 0
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7702-40113

Figure 11. 15 in. Graphite High Flux Heater

Most of the liquid superheating runs used 15 in. long heaters; however,

some runs were made with a 30 in. heater.

7. Auxiliary Systems

Auxiliary systems to the loop include an argon-air loop, a water loop, a
sodium storage tank, a sodium vapor trap, and a vacuum system. With the
exception of the pump, throttle valve, and primary flow meter, the loop is
enclosed in an argon-filled, 1/4-in. thick, carbon steel containment box. The
argon atmosphere quickly smothers fires from sodium leaks thus minimizing
damage. The pump is located in a separate compartment to permit air cooling

of the stator coils,
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I1l. EXPERIMENT

A:; TEST PROGEDURE
1. Discussion

The sodium liquid superheat needed to initiate boiling in an annular channel
was studied over a range of variables by use of the Forced Convection Loop de-
scribed in Section II. The experimental data (tabulated in Appendix 1) consists
of 642 runs divided into 17 groups. Operating conditions covered the following
ranges: saturation pressure, 2 to 15.3 psia (1290° to 1626°F); liquid sodium
velocity, 2 to 6 ft/sec; heat flux 0.09 x 106 to 0.825 x 106 Btu/hr-ftz; inlet sub-
cooling, 20° to 300°F; wall superheat 0° to 241°F,

In most experiments the pressure, flow rate, and inlet sodium temperature
were maintained constant throughout the run, while the power to the high flux
heater was raised until boiling occurred.* For a few experiments (P type data)
the flow rate, inlet sodium temperature, and power to the high flux heater were
maintained constant throughout the run, while the pressure in the test section

was lowered until boiling occurred.

In both procedures, as boiling was approached, the heater power, flow rate,
test section pressure, and several temperatures at various locations were re-
corded. The results do not appear to depend on which of the two procedures

was used.

2. Surface Preparation

The surface finish of each heater on which liquid superheating tests were
performed was initially one of three types (Table 4). The initial surface was

(1) as-received, (2) refinished with 600 grit abrasive, or (3) refinished with

*As measured by signals from one of the boiling detectors. In many cases the

onset of boiling was so smooth that sound intensity signals from the accelerom-
eter and wall pressure fluctuation signals from the Barton pressure transducer
occurred for several seconds before the integrated signal tripped the compar-
ator and cut off heater power. In these cases the sodium temperature did not
climb after boiling started even though heater power continued to increase.
When some bulk superheat existed before boiling was initiated, a violent tran-
sition from non-boiling to boiling occurred and tripped the EM flowmeter boil-
ing detector.
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TABLE 4
INITIAL HEATER SURFACE FINISH

rms Reading

Surface Refinished

. || amEeste | As Reabed he I apm | owim
Group : 320 Grit 600 Grit 23p
R Abrasive | Abrasive | Abrasive

Ref. 8 I'5.- 25 X

A Not measured X

B ~2" X

C 25 -.:30 X

CA 2 -8 X

) i X

JA 2 -8 X

JiB 2 -8 X

JC 2 -8 X

JID 2 -8 X

K ~2 X

L Bii=-1:2 X

KA ~2 X

KB ~2 X

KC ~32 X

KD ~2 X

MA 2 -8 X

NA 2 -8 X

*This reading is believed to be for Heater '""B'"' as-received tubing; however,
the sample marking was smeared and could not be positively identified.

23pu abrasive.
on surfaces that had been mildly corroded by sodium during experimental oper-
ation. A stereo photograph pair of a replica'ﬁ of an '""as-received'' tubing sam-

ple used in the FBR Fuel Cladding and Structural Materials Program is shown

However, most of the liquid superheating tests were performed

*The replica was prepared by standard electron microscopy replica transfer

techniques from a collodion film first shadowed with chromium, then covered
with evaporated graphite.
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in Figure 12a.(8) Figure 12b is a stereo photograph pair of the same tubing

‘ after 589 hours of operation, at a surface heat flux of 106 Btu/hr—ftz, sodium
velocity of 20 ft/sec, and sodium temperature of 1210°F, The tubing for the
FBR Fuel Cladding and Structural Material Program is prepared by grinding
with a 320 grit abrasive and has an rms reading of 15 to 25u. Thus, Figures 12a
and 12b show the range of surface change expected to be experienced by the clad-
ding of a typical LMFBR fuel element. This surface change was used as a ref-
erence for the heater surfaces in this program by first preparing the surface of
the tubing to a smoother finish than shown in Figure 12a by first grinding with
600 grit or 23u abrasive and then by running boiling transients with the heater
until the surface was corroded more than shown in Figure 12b. This process
assureda surface roughness range which spanned that which would occur for typ-
ical LMFBR fuel pin cladding. Figure 13 is a stereo photograph pair of a rep-
lica of the surface of heat K ""as-received' tubing. The grain boundary etching
of this surface would indicate that the tubing was pickled during its fabrication
process. Figure 14 is a stereo photograph pair of the same heater surface
after the K runs, which took 85 minutes heater running time. Figure 15 is a

stereo photograph pair of a typical surface after refinishing with 234 abrasive.

In its latter runs, heater B surface was severely pitted by high tempera-
ture sodium. Figure 16 is a stereo photograph pair of the heater B surface
after 170 runs. (Corrosion of the heater surface to the extent shown in the fig-

ure definitely reduces the superheating capabilities.)

3. Flowmeter Calibration

The flowmeter in the test loop had previously been calibrated by a volumet-
ric method, but another calibration was made as considerable time had elapsed
since this procedure. Under all-liquid conditions, the output of the pump flow-
meter was compared with the output of another calibrated* flowmeter at the end
of the test section. The new calibration based on magnetic field strength, and

the original volumetric calibration compared very closely as shown following.

*This flowmeter was calibrated at the Liquid Metal Engineering Center, Santa
Susana, California by measuring the strength of the magnetic field and then
calculating the flow constant for the flowmeter by means of a computer pro-
‘ gram. Prior experiments have verified this method.
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) B. HEATED ZONE AFTER 589 HOURS OPERATION
Figure 12, Stereo Photograph Pairs of Replicas of FF'BR

Fuel Cladding Surface Used by the FBR Fuel Cladding
and Structural Material Programs (2500X)
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2-24-69 UNCL 7702-45138

Figure 13, Stereo Photograph Pair of Replica of the
Heater K '""As-Received' Surface
(2500X)
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2-24-69 UNCL 770251

Figure 15. Stereo Photograph Pair of Surface
Replica of a Heater Surface Refinished With
23 Micron Abrasive
(2500X)
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Figure 16. Stereo Photograph Pair of Replica of the Heater B Surface
After 170 Liquid Sodium Superheat Tests (2500X)
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Original Calibration 0.843 gpm/mv with 600°F sodium
New Calibration
lst Magnet 0.839 gpm/mv with 600°F sodium
2nd Magnet 0.848
B. RESULTS OF EXPERIMENT

1. Data Analysis Method

The experimental superheat data were plotted by two methods in order to

facilitate comparison with other data and to clarify important trends.

The first method, used for data groups B through L, plots boiling initiation
superheat as a function of saturation pressure. This type of plot affords con-
(1)

venient comparison with previous data and, in the case of pool boiling incep-

(14)

tion at fixed heat flux, adequately depicts the experimental data. However,
for forced convection boiling initiation, such a presentation is quite inadequate

3 as it cannot distinguish, even for the case of fixed heat flux, the contributions
of inlet subcooling and fluid velocity. As a consequence, graphs of wall super-
heat vs saturation pressure for forced convection boiling initiation exhibit appre-
ciable vertical distributions, often classified as scatter, which are, in reality,

due to deficiencies in the method of data plotting. See Figures 17, 18, and 19.

In the second method, the data are plotted as superheat vs heat flux, for

fixed velocity and pressure. In this case, curves of constant inlet subcooling
result with a minimum of data scatter. See Figures 20 and 21. Since this
method more clearly reveals the important trends, it has been used for plotting

the most recent data.

For all liquid conditions  the following relations apply at boiling initiation:

(TW - Ti) = (TW - Tb) e (Tb - Ti) E (TW - TS) -+ (Ts - Ti) L
(TW—TS)= (TW- Tb)+(Tb- Ts) Rl

*The all-liquid heat transfer approach to boiling inception in liquid metals was
suggested by J. G. Collier in a private communication reported by Kosky.(15)
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T,. = liquid bulk temperature (measured='< directly)

b
Tw = wall temperature at the end of the heated section (ca.lculaxtedT from
Tb via Equation 3)
T = saturation temperature (measured as pressure and calculated from

(16),

sodium saturation properties
Ti = inlet liquid temperature (measured directly)
(T. - T )= wall superheat

(T, - T ) = bulk superheat

b S
(TS - Ti) = inlet subcooling
(Tb - Ti) = temperature rise of the flowing sodium in the test section.

: (Q/A)
(T, - Ty) - | e (3)

where (Q/A) is the heat flux at the heating surface and h is the all-liquid heat
§

transfer coefficient.

The temperature rise of the flowing sodium is,

(Q/A) - (Q/A)
A We

*During experimental runs, the heater was usually slightly off center and, as a
result, the thermocouples in the four quadrants of the liquid annulus generally
had different readings. The maximum liquid bulk temperature reading was
used each time to compute the bulk temperature.

tTo avoid mechanically perturbing the heater surface T was not measured
directly. w

§No detectable difference in film temperature drop would result from the use of
either the Dwyer(17,18) or Kays and Leung(lg) method of determining the
sodium heat transfer coefficient. (See Appendix 2.)

AI-AEC-12767
43



where (Q/A)L is the heat flux, based on the heated surface area, corresponding
to the test section heat loss, W is the liquid sodium flow rate, A is the heated

surface area, and c is the liquid specific heat.

Combining Equations 1, 2, and 3 gives:

(Q/A)
a1, A Ll
(Tw_Tb)+(Tb—Ti)_Kf+W[1—(Q/A) =Te - T
= (T - T)+ (T, -T,) . ... (5)

Except for the inclusion of the effect of test section heat loss, which is present

in any real system, the above expression is identical to that used by Kosky.(ls)

2. A Condenser™

a. B Group

Figure 17 shows wall superheat vs saturation pressure for the B group of
runs. The wall superheat ranges from 13° to 148°F. For improved interpre-
tation, the symbols identify velocity and relative operational time on the heater
(solid points, initial runs; points with a tail, final runs). At 2 psia, the initial
tests produced the highest superheats, while the final tests generally produced
the lowest superheats. The lowest superheats are generally obtained at the
highest velocity, The 5-psia data shown in Figure 17 show that the initial B
Group runs, which were taken after the similarly identified runs at 2 psia, span
almost the entire range of superheat. The final runs, however, group in super-
heat range which is very narrow and of intermediate magnitude.,” The maximun

superheat decreases with increasing pressure whereas the minimum superheat

*Because of strong indications of gas entrainment, the data for velocities
greater than 4 ft/sec are excluded from the B through L runs. In addition,
the initial shakedown runs (A Group) are not included.

T Corroboration of this observation has been presented by Heineman(20) angd
Pinchera, et al. ,(21) who showed that both the magnitude and scatter, for
sodium superheat data, decreased with increased heater operational time.:
Pinchera, et-al.(21) have related this aging effect to surface changes due to
corrosion in flowing high temperature sodium.
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remains essentially constant. It is emphasized that, for the B Group shown in
Figure 17, a total of 170 sequential runs were made on the heater and resulted

in extensive pitting of the surface.

b. C Through L Groups

Verification of the constancy of surface condition is shown in Figure 18
(C and J Groups) where, at 5 psia, superheats obtained in the early, inter-
mediate, and latter part of the heater operational time exhibit no apparent dif-
ference. Paralleling the trend observed in Figure 17, superheat decreases
with increasing pressure, within the limitations posed by the small amount of

data available for pressures other than 5 psia.

Figure 19 shows wall superheat as a function of saturation pressure for the
K,T KA, KB, KC, JB, JC, JD, and L Groups. The very smooth heated sur-
faces (23 grit surface treatment) constitute all of the runs made at 15 psia and
virtually all of the runs taken at 5 psia; surfaces treated with 600 grit abrasive
constitute the remaining runs. Wall superheats range from 7 to 241°F at 5 psia,
25 to 177°F at 8 psia, and 45 to 194°F at 15 psia. If similar surface finisheé
are compared, i.e., 5 and 15 psia, wall superheat decreases as saturation

§

pressure increases.

It is of interest to note that the superheat data presented in Figures 17
through 19 show an appreciable distribution. Such distributions have previously
been obtained by Holtz and Singer(14) for stagnant sodium and by Grass, et al.,
for both sodium and potassium. In contrast, the forced convection, incipient
boiling superheat data of Chen,(6) for potassium, show very little scatter and

are well represented by a single curve. The apparent absence of scatter in this

*The extensive heater surface corrosion that occurred with the B heater, re-
sulting in many discrete pits, undoubtedly produced the narrow range of super-
heat. (See Figure 16 for surface condition.) For all succeeding groups, the
maximum number of runs, before surface refinishing, was limited to 38 for
the C Group and 51 for the J Group, and to about 35 for all other groups. By
following the procedure of periodic resurfacing of the heater, the number of
boiling sites on the surface of the heater was maintained in a narrow range;
this effectively reduced surface condition as a variable in the superheat data
so obtained.

tSee Appendix 3 for the description of an unusual superheat pattern which
occurred during K runs. ' (14) 4

§This observation coincides with that of Holtz and Singer and Pinchera,
et al.,(21) for stagnant sodium and with that of Heineman(20) for flowing

sodium.
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(6)

latter case may be due to the limited range of test conditions (heat flux,

velocity, inlet subcooling) covered at a given saturation pressure.

To clarify the conditions contributing to the observed superheat distribu-
tion, bulk sodium superheat vs heat flux was graphed at various inlet subcool-
ings, as shown in Figure 20." The runs shown are from Groups KA, KB, and
KC, in which a periodic surface retreatment with 23u abrasive was performed,
Furthermore, the runs are for a fixed pressure of 5 psia and a test section
liquid velocity of 3.2 ft/sec. Thus, the principal variables are bulk superheat
and heat flux at the inception of boiling. The relationship between these two

quantities is discussed below.

Figure 20 shows that for a given bulk superheat heat flux increases with
increasing inlet subcooling; for a given inlet subcooling, the bulk superheat in-
creases as the heat flux increases, This pattern is to be expected from Equa-
tion 4, the all-liquid heat balance, which shows that at constant flow rate the
sum of the inlet subcooling and bulk superheat will be directly proportional to
the net heat input to the test section. As verification, note that at a given gross
heat flux,T e.g., 0.50 x 106 Btu/hr—ftz, the sum of inlet subcooling and bulk
superheating is 239°F for 200°F subcooling, and 250°F for 100°F subcooling.
This may be considered a typical case as a similar condition exists for the other
curves of constant inlet subcooling. Also, extrapolation of the curves of con-
stant inlet subcooling to zero (see Figure 20) results in the dashed line at the
left of the figure. The heat flux indicated by the dashed line at zero bulk super-
heating (0.02 x 106 Btu/hr—ftz) represents the test section heat loss.§ If, for
zero bulk superheat, the test section heat loss (Q/A)L, is subtracted (See Appen-
dix 4) from the heat flux indicated for -.each value of inlet subcooling, then inlet
" subcooling is seen to vary approximately directly with net heat flux. Figure 20
demonstrates the consistency of the heat input and temperature measurements

and shows that all-liquid conditions (i.e., single phase thermal balance as

given by Equation 4) prevail for these data.

*The figure is valid only for a given heater length, in this case, 15 in.
tActually the same net heat flux is being compared if the heat loss-heat flux is
subtracted from the gross heat flux.
§ The test section heat loss has not been subtracted from any of the heat flux
values shown in this report.
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From the above discussion, it is seen that, for incipient boiling, sodium
bulk superheat increases in direct proportion to net heat flux for otherwise
fixed conditions. If the all-liquid film coefficient (Figure 22) temperature drop
is used to calculate wall temperature, a similar relationship, Equation 5, will
hold for wall superheat vs heat flux, as depicted in Figure 21. In this case, the
slope of the lines is somewhat greater than that appearing in Figure 20, but the

Y

trends are identical.q‘

Examination of the trends indicated by the data of Figure 20 may give the
impression that the data distribution is entirely due to preselection of the ex-
perimental conditions and that a true statistical data distribution does not there-
fore prevail. However, this assumption is not correct since, it is recalled, the
flow rate, pressure, and inlet subcooling are set for a given run and the bulk
superheat and heat flux, at boiling inception, are those which concur with either
the acoustic, or flow rate, boiling detector signal. Therefore, while bulk super-
heat consistently increases with increasing heat flux, thus showing heat flux
to be a major contributor to the observed data distribution, the conditions’ exist-
ing at boiling inception, as signalled by the boiling detector, are solely deter-

mined by the inception phenomenon.

In the present experiment, the rate of power increase to the sodium is
maintained essentially constant for a given group of runs, and it typically ré-
sults in a boiling signal about 40 sec after power épplication. The possiblé
effect on the incipient boiling data of a power increase rate other than the one

used is not known but may bear investigation in future tests.

3. B Condenser

a. KD Through NA Group

With the B condenser design, in which the two-phase mixture, or hot
liquid, did not come into contact with the argon cover gas prior to mixing with

the subcooled liquid sodium, no acoustic noise was detected, without boiling,

*This pattern is confirmed by the data for stagnant sodium of Pinchera, etal. ,(21)
Holtz and Singer,(14) and Marto and Rohsenow;(23) all of these data show wall
superheat to increase in approximately direct proportion to the heat flux. Thus,
the trend of wall superheat vs heat flux, at boiling initiation, is identical both
for stagnant sodium and for forced flow sodium. ‘
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),

at velocities up to 9 ft/sec. As a consequence, runs KD, MA, and NA are be-
lieved to be almost free of the influence of gas entrainment; however, the
amount of gas in the circulating sodium has not been measured directly. Fig-
ure 23 shows wall superheat és a function of pressure level for the KD and MA
groups of data. The former group is for 23u abrasive surface treatment. The
heat flux varied from 0.25 x 106 to 0.72 x 106 Bt:u/hr-ft2 and the inlet subcooling
from 100 to 205°F, There is a trend for superheat to decrease with increasing
velocity, as shown by the fact that the 6 ft/sec runs were usually the lowest and

the 3 to 4 ft/sec runs usually the highest.

4. Discussion of Experimentai Results

a. Comparison with All-Liquid Heat Balance

(1) Velocity and Heat Flux Effects

(24)” show boiling initiation

The present data, and those of Pinchera, et al.,
superheat (bulk or wall) to decrease rapidly with increasiﬁg fluid velocity. The
main features of this superheat velocity behavior are consistent with all-liquid
heat transfer relationships, Equations 1 through 5; more subtle secondary
effects on boiling inéeption, such as velocity induced eddies and turbulence at
cavity sites, are not accounted for by all;liquid heat transfer considerations

alone.

Figure 24 shows sodium bulk superheat as a function of heat flux for sur-
faces treated by 23u abrasive, at 5 psia and 100°F inlet subcooling, and veloci-
ties of 3.2 and 6 ft/sec. The lower velocity data are taken from Figure 20,
while the higher velocity points constitute the most recent data (Group KD). It
is believed that the ""A' condenser design did not affect the low velocity results
of Figure 24. Otherwise the comparison in Figure 24 is for identical conditions.
For the same heat flux, bulk superheat is considerably less at 6 ft/sec than at
3.2 ft/sec. For both velocities, substitution of the appropriate values into

Equation 4 will produce two lines which closely correspond to the data points.

*Comparison of the data of Pinchera(24) by the present method of predicting
boiling initiation trends was not possible because his experimental conditions
were not sufficiently described.
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The all-liquid heat balance equation, Equation 4 therefore, not only correctly
accounts for the trends shown by the KD, MA, and NA data but also produces
favorable comparison with virtually all of the data previously obtained. The
predicted lines for 10 and 20 ft/sec are also shown in Figure 24 and indicate
progressively lower superheat with increasing velocity. (Verification of these

latter predictions will require additional data. )

In summary, Equation 4 shows that bulk superheat increases with net heat
flux and, for a given net heat flux, that it decreases with increased velocity and

with increased inlet subcooling.

(2) Surface Finish Effects

An attempt to ascertain the effect of initial surface finish on bulk superheat
is shown by Figure 25, Except for initial surface finish, all conditions, flow
rate, inlet subcooling, and pressure were identical for these tests. The figure
illustrates that the surface treated with 23u abrasive consistently produces
somewhat greater sodium bulk superheatT (about 35°F) than the surface treated
with 600 grit abrasive, Althoug(hz3tl;is trend generally coincides with the obser-

role played by surface condition is not entirely clear. For given conditions, the

vations of Marto and Rohsenow, for boiling initiation in stagnant sodium, the
all-liquid film temperature drop for a smooth surface would be expected to be
larger than that for a rough surface. When coupled with the observed greater
bulk superheat, the wall superheat for a smooth surface would be expected to be
considerably greater than that for a rough surface. The all-liquid prediction
(Equation 4) does not account for these effects, yet produces reasonably good
correspondence with both sets of data, with the comparison being better for the
rougher surface. The bulk superheat vs heat flux data for both surfaces essen-
tially group in a single band and no appreciable distribution difference appears

to exist,

(25)

*Completely analogous behavior has been observed for low pressure, forced
convection local boiling of water,

TA similar relationship would prevail if the bulk superheat data were converted
to wall superheat, : (23)
§This result differs from the Marto and Rohsenow

ish and etched surface.

findings for a mirror fin-
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The influence of surface effects on superheat was minimized by use of a
periodic surface refinishing treatment after each group of approximately 40
tests. Figure 25 shows that, under these conditions superheat is not affected
by operational time on the heater. Comparison of the solid points (runs taken
after 20 previous tests) with the solid points with a tail (initia'l.'runs made with
a new heater), shows that no substantial difference exists between the two sets
of data. As evidenced by the B Group runs, rnor.e than 100 runs are required
before a noticeable change in surface condition and in superheat can be detected.

(See Figure 17.)

(3) Pressure Effects

The all-liquid heat balance equation implies that pressure level will not be
a significant influence, except on test section heat loss, (Q/A)L. Figure 26
shows two sets of bulk superheat vs heat flux data, each set taken under iden-
tical conditions except for pressure., The data points represented by squares
(open points are for 5 psia, solid points are for 2 psia) are for 3 ft/sec and
145 to 150°F inlet subcooling, for an as-received surface, The points repre-
sented by circles (open points are for 15 psia, solid points are for 5 psia) are
for 3.2 ft/sec and 200°F inlet subcooling for surfaces with a 23y abrasive sur-
face treatment. For each set of data, the points group in a singie line and are
well represented by the all-liquid prediction method (Equation 4). For each set
of data, however, the lower pressure level points are not only slightly dis-
placed to the right, but the maximum superheats and the heat flux are greater
for the lower pressures. Also, as discussed in more detail in the following
subsection, the superheat distribution is such that a greater proportion of the
total runs falls into a higher superheat region as pressure decreases, other

conditions being identical,

The pressure effect on bulk superheat illustrates an important limitation
on using the all-liquid heat balance equation. While Equation 4 can be expected
to show the major trends existing for incipient boiling superheat and can predict
the curve along which superheat data fall (for given conditions), it cannot pre-
dict boiling inception, the limits of superheat, or the data distribution. Pres-

ently, only experimental data can provide the latter information.
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b. Superheat Data Histograms

Figure 27 displays the number of runs vs wall superheat for the 5-psia,
3 ft/sec tests (Figure 19) in which heat flux varied from 0.09 x 106 to 0,825 x 106

Btu/hr-ft2 and inlet subcooling varied from 20 to 300°F,

Two histograms are shown, one for the surface treated with 600 grit abra-
sive and the other for the surfaces treated with 23y abrasive. For both sur-
faces,' the bulk of the data fall into the 20 to 80°F range, and the distributions
appear to be similar within this range. However, the smoother surface contains
a much larger portion of the 100 to 180°F range and contains all of the data for
superheats greater than 180°F. As previously discussed, it is emphasized that
the wall superheat, which is the sum of the film temperature drop and the‘bulk
superheat, increases approximately directly with heat flux, That is, the film
temperature drop increases directly with heat flux whereas the sodium bulk
superheat increases directly as net heat flux (with test sectioﬁ heat loss ac-
counted for). Thus, the wall superheat distributions shown in Figure 27 are due
primarily to heat flux variations and secondly to different inlet subcoolings where
superheat increases with increasing heat flux and decreases with increasing sub-

cooling.

Only in the case of a small number of runs (see Figure 20 for inlet subcool-
ings of 20 and 300°F) for which all conditions, including heat flux, are identical

is a real statistical distribution in evidence.

Figure 28 is a histogram of the 8-psia, 3.2 ft/sec runs in which heat flux
ranged from 0.235 x 106 to 0.790 x 106 Bt:u/hr-ft2 and inlet subcooling from
105 to 290°F. The general shape of the wall superheat distribution is similar
to that of the 5-psia data with the bulk of the superheats occurring between 30

and 110°F,

A histogram of the data of Figure 23 is shown in Figure 29 and, as expected
from the previously observed trend, wall superheat decreases with increasing
velocity. The data representations shown in Figures 28 and 29 are the com-

bined result of three strong influences: heat flux, inlet subcooling, and velocity.

Histograms of the data of Figure 26 are shown in Figure 30. For each set
of data (2 and 5 psia; 5 and 15 psia), superheat is greater, and the proportion

of higher superheat is larger, at the lower pressure. The trend of higher
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superheat at lower pressure is in accordance with more detailed predictions

based on the use of the Laplace formula and the liquid-vapor pressure tempera-

ture curve for sodium.

(19) (See Section IV.)

Figure 31 is a superheat map utilizing Figures 24 and 30 and presents the

major influential variables. The figure shows bulk superheat as a function of

heat flux,

with fluid velocity as a parameter, for fixed inlet subcooling. The

effect of pressure level is shown by the shaded areas (representing data distri-

bution for the lowest velocity) and it is seen that superheat decreases with in-

creasing pressure,

5. Summary of Experimental Results

1)

By means of reliable 15-in, long stainless steel clad, high flux heat-
ers and an effective boiling detection system, extensive boiling incep-
tion superheat data were obtained for sodium flowing in an annulus,

at pressures up to 15.3 psia and heat fluxes up to 0.825 x 106 Btu/hr-ftz.

Major trends, but not incipient boiling superheat, for sodium can be
predicted from all-liquid heat transfer considerations. Sodium bulk
superheat increases with increasing net heat flux and, for a given heat
flux, bulk superheat decreases both with increasing inlet subcooling

and increasing velocity.

Wall (or bulk) superheat increases as pressure decreases. The pres-

sure effect appears as a difference in data distributions, superim-

posed on an all-liquid heat transfer representation involving heat flux,

velocity, and inlet subcooling. (See Figure 31.)

For otherwise similar conditions, the smoothest initial heater surface
(23 abrasive) produced somewhat greater bulk superheat than the
next smoothest surface (600 grit abrasive). This difference held
throughout the testing period (up to 40 runs before resurfacing) and no
essential difference in incipient boiling superheat was detected be-
tween initial and final runs made on a given heater. For a severely
corroded heater surface (after 170 consecutive runs) wall superheat
was noticeably less than for the same heater in the initially smooth

condition,
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C. APPLICATION OF TEST RESULTS TO LMFBR FLOW COAST DOWN
ACCIDENT

The trends expected for a simplified LMFBR flow coast down accident in
(26)

which power remains at 100% while flow decreases from 100 to 25% in 15 sec
can be deduced from Figure 31. If a heat flux corresponding to 100% power is
chos‘enﬂ< and fluid velocity is followed as it decreases from 30 to 7.5 ft/sec,
the bulk superheat increases from a negative to a positive value. Even for
boiling initiation at 7.5 ft/sec, the low superheat indicates that the desirable
bubbly flow pattern, rather than slug flow, would likely prevail. Similarly, for
an overpower situation at full flow, the initiation superheat will increase but;
because of the low positive bulk superheat, the onset of boiling will be accom-
panied by bubbly flow. |
Based on Figure 31, the only LMFBR situation in which the rapid formation
of a vapor slug appears to be possible would be a flow condition of less than
4 ft/sec, which is below the minimum flow usually required prior to initial rod

withdrawal.

*In this example both the pressure and inlet subcooling are assumed to be con-
stant, In an actual case, the inlet subcooling would probably decrease as the
system pressure drops. To deal with such a case, knowledge of the pressure
influence on superheat data distribution at high velocities is required but is not
known at this time, :
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IV. THEORY OF BOILING INITIATION

A, SURVEY OF EXISTING MODELS

Consideration of the initiation of boiling in the turbulent flow of liquid metals
requires a survey of the different boiling initiation models and assessment of
such models for suitability of application to LMFBR conditions. Most of the
available information concerning the initiation of boiling in liquid metals-is
either for stagnant conditions or laminar flow and can be shown not to apply to

the forced flow conditions prevailing in the LMFBR,

To denote the outstanding differences éfnong the existing theories, two ex-
treme models for boiling incipience are first considered: The "Trapped Gas in
Cavity Model' and the "Extended Rayleigh Model.'"" Two other schemes, that of
Hsu,(4) and an all-liquid heat transfer method are then considered.

(5,27)

In the Trapped Gas in Cavity Model, sﬁggested by Holtz Chen(6) and

Dwyer,(7)

it is assumed that the initiation of boiling takes place within an active
cavity which contains some gas and that the only external parameter to be con-
sidered in the model is the system pressure. It is assumed that the penetration
of liquid metal into the cavity is caused by the removal of scale inside the cavity
by the liquid metal. The depth of the penetration deioends on the maximum pres-
sure(s) that the system has previously experienced. This model takes into ac-
count neither the hydrodynamic nor the thermal conditions existing in the chan-
nel. It is further assumed thatthe finish of the boiling surface is as-manufactured,
with oxides present in the cavities, which have a wide spectrum of sizes (~lO“‘2
to 1070 in.).(®)

(8)

In contrAast, recent experimental evidence on the corrosive action of
flowing liquid sodium on stainless steel surfaces under LMFBR conditions (im-
mersed in flowing 1200°F sodium at heat fluxes of 106 Btu/hr-ftz), shows that
over a period of time the chromium and nickel are preferentially leached out of
the surface and that etch pits of 40 to 80 Uin. diameter appear in the grainbound-

" (

aries. Other studies 29) have also shown that the hot sodium easily penetrates

10_3 in. into surface microcracks. Thus, under LMFBR conditions the range

(28)

%A similar narrow range of pit sizes has been found by Davis and Anderson
on copper surfaces exposed to boiling water. '
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of sizes for boiling sites is very narrow and the cavities are thoroughly wet by

the sodium.m

In the Extended Rayleigh Model the boiling process is assumed to occur in
the bulk of a stagnant liquid medium, i.e., the growth of a vapor bubble takes
place in an unbounded medium. This problem, in its hydrodynamic aspect, was
first considered by Rayleigh in 1917. The cornbinec(13t2h)ermal and hydrodynamic

densation rates. The Rayleigh model holds for vapor generated in a liquid me-

effects have been considered by Theofanous, et al., assuming variable con-
dium at rest and far from the influence of surrounding walls. (This process is
similar to that which occurs in bubble chambers, where boiling in a superheated
liquid medium is triggered by ionizing radiation.) In the LMFBR, the genera-
tion of vapor bubbles in the bulk of sodium coolant, if possible, is confined to
only one trigger mechanism, that of elastic head-on collision of fast neutrons

(33)

flux, the elastic scattering cross-section for sodium in the range from 1 to

with sodium atoms. Uncertainties concerning the percent of fast neutron

10 Mev, and the path-length of the recoil in sodium do not permit a clear-cut

conclusion.(34)

The work of Hsu(4) initiated a more realistic approach to the description and
interpretation of the onset of boiling. The simplified version of this concept is

(28,35) In Hsu's description, the incip-

usually referred to as '""Hsu's Criterion., "
ient bubble is not confined within the cavity site as in the Trapped Gas in C.a;vity
Model, but emerges from the cavity though remaining attached to it. This -pro-
cess is confined to the region of the thermal boundary layer adjacent to the heat
transfer surface, in which a constant temperature gradient develops. Such a
situation evidently prevails only in a liquid medium in which the turbulence .
does not affect the establishment of a substantial temperature gradient close

to the heat transfer wall,

Hsu's criterion relates the equilibrium bubble diameter to the distance

from the heat transfer wall by a condition of tangency on the superheat curve,

*Under these circumstances it is clear that the pressure-temperature history of
the surface should have little effect on the incipient boiling superheat for forced
convection systems. Dr. Louis Bernath(30) nas suggested that the source of gas
in the cavities may be in the metal itself, i.e., air-melted type 304 stainless
steel contains ~0.1 wt % nitrogen, thereby providing an ample gas supply.

This gas may diffuse through the thin stainless steel cladding and gather at
grain boundaries in the surface, at 1500 to 1850°F during boiling transients.(31)
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i.e., the temperature characteristic curve of the incipient bubble is tangent to
the thermal gradient profile in the liquid at the moment of equilibrium (Fig-

ure 32). The temperature characteristic curve for the spherical bubble is ob-
tained by the Laplace formula and either the Clapeyron formula or the pressure-

temperature values for thermal equilibrium.

< SUPERHEAT CURVE FOR SPHERICAL BUBBLE

CHARACTERISTIC
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2-21-69 UNCL ~ 7702-45152
Figure 32. Graphical Interpretations of
Hsu's Criterion

In Hsu's model, a hemispherical bubble is usually considered,(36) but this
is not a requirement and non-hemispherical bubbles are sometimes consid-
(28) '
d.

ere

This criterion does not account for the existence of cavity sites or for the
presence of vapor or gases ih the cavities; but these inadequacies cannot be a
serious objection to Hsu's criterion, since it has been successfully used in pre-

(28)

dicting wall superheating in ordinary liquids.

The serious difficulties with Hsu's criterion arise when it is applied to

liquid metals, particularly when turbulent flow prevails, since the Prandtl
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number,a‘< Pr, indicates that liquid metals behave differently from érdinary liq-
uids whén thermal and viscous processes occur (Figure 35 and Table 5). In
addition to this material property, not only the wall surface, but also the bulk
of the liquid can be brought to temperatures above the saturation t~emperat1ii'e in
liquid metal cooled heat transfer systems. If the thermal gradient for the liquid
adjacent to the heat transfer surface is used in Hsu's criterion, the tangency
condition leads to very low incipient boiling wall superheats and very large

radius for incipient bubbles in liquid metals.

(36)

Marto and Rohsenow tried to adapt Hsu's criterion to incipient pool boil-
“ing of sodium by abandoning the tangency condition and predicting the onset of
boiling from only the size of the cavities and the bubble characteristic curve
(Figure 33). In their scheme, the wall superheating behavior at different heat
transfer rates is predicted by pivoting the thermal gradient of the liquid adjacent
to the wall around the point in the superheat curve determined by the existing
cavity sizes. This attempt by Marto and Rohsenow for pool boiling (i.e., with
negligible viscous forces) is apparently the only one to date to adapt Hsu's ideas
for liquid metals. '

A different scheme for predicting boiling inception in forced flow sodium,

the all-liquid heat transfer approach, was suggested by Collier.(IS) This scheme

(15) (28)

determine surface cavity size from the steady state, forced convection boiling

(15)

tion to predict critical heat flux, corresponding to boiling inception, for sodium

was used by Kosky, in conjunction with Davis and Anderson's analysis, to

sodium data of Noyesv and Lurie.(38) Subsequently, Kosky used this informa-
and he claimed favorable comparison with experiment.(38) Since established
boiling and incipient boiling are quite different phenomena, this interchange of

3)

results is,questionable. The data( in Figure 34, clearly show the wall super-
heat for boiling inception at a given heat flux to be much greater than that for
established pool boiling. Since the wall superheat is a major influence on cal-

culated incipient bubble size, there is an evident contradiction in predicting

*By definition: Pr = y/x where v is the kinematic viscosity and x is the ther-
mal diffusivity. In flowing media, where not only thermal, but also viscous
processes take place, the Prandtl number is crucial because it relates both
processes. Consequently, the onset of boiling in liquid metals is expected to
behave differently than in common liquids.
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Figure 33. Modification of Hsu's Criterion

for Incipient Pool Boiling of Sodium
(After Marto and Rohsenow)

TABLE 5
PRANDTL NUMBER FOR COMMON LIQUIDS AND AIR
Temperature Prahdtl
Fluid Range Number Reference

- (°F) Range
Glycerin 32 to 104 | 84:7 x 10° to 2.45 x 10° 37
Engine Oil 32 t0 320 | 47.1 x 10° to 84 37
Water 32 to 500 13.6 to 0.874 ‘37
Air (14.22 psia) 32 to 212 0.712 to 0.690 , 37
Mercury 32 to 482 0.0288 to 0.0103 37
Sodium { 800 to 1400 | 0.00487 to 0.00414 16

1400 to 2500 | 0.00414 to 0.00743
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incipient boiling by the use of the cavity size obtained from established boiling.
Furthermore, use of the all-liquid heat traﬁsfer coefficient and film tempera-
ture drop is not valid for established boiling conditions, since the boiling heat
transfer coefficient is considerably greater for steady boiling than that for all-

liquid conditions, as evidenced by the large reduction in film temperature drop.

B. DOMINANT PHYSICAL PROCESSES OCCURRING IN THE TURBULENT
FLOW OF LIQUID METALS

Since turbulent flow prevails under LMFBR conditions, the main parameters

are the channel Reynolds number, Rec,* and the Prandtl number, Pr (the ratio
of the kinematic viscosity and the thermal diffusivity). Martinelli(39) has shown
the role of the Prandtl number during turbulent heat transfer in liquid metals.
In the absence of a pressure gradient, a Prandtl number of Pr = 1 indicates that
the thermal and the dynamic boundary layers possess the same thickness, i.e.,
the temperature and the velocity profiles are essentially the same at Pr = 1, as
shown in Figure 35. With Pr << 1 (liquid metais) the ratio of the temperature
drop in the laminar sublayer to the temperature drop in the turbulent zone is
much smaller than the ratio of the corresponding velocity differences, because
the phenomenon of molecular transfer of heat prevails over that of the molecular
transfer of momentum. This argument reverses when Pr > 1. In the graphical
representation(39) (Figure 35), the temperature profiles for Pr > 1 are on the
upper side of the velocity profile while the temperature profiles for Pr < 1l are

’

on the opposite side.

Attention should be focused on the laminar sublayer (O < y+ < 5), where the
incipient bubbles are located; but, from Martinelli's results it is clear that the
thermal gradient effects, which are the essential ingredient in Hsu's criterion,
are insignificant in liquid metals. The low Prandtl number in liquid metals
makes it possible to disregard the thermal effects, with respect to the viscous

effects, in the laminar sublayer adjacent to the heat transfer surface.

*#*By definition Re; =, 1*u/v, where v is the kinematic viscosity, 1* is the char-
acteristic length of the flowing channel, and u is the characteristic velocity.
The onset of boiling at Re. = O (pool boiling conditions reported by Marto and
Rohsenow) is a limit far removed from the situation prevailing in the LMFBR,
so the conclusions at Re. = O are not applicable to LMFBR conditions a priori.
Discontinuous behavior in the onset of boiling is expected to occur with the
transition from laminar to turbulent flow regimes.
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Results from the present experiment (Appendix I), obtained during turbulent
flow, allow us to compare the dominant forces influencing the initiation of boil -

ing and to corroborate the above conclusions.

. The results for an annular channel configuration, with heat being supplied

from the internal wall, are summarized below:

. 1) In the laminar sublayer adjacent to the heat transfer surface (inner
| surface of the annular channel) there exists practically no thermal
gradient. The thickness of the laminar sublayer is associated(40)
with a dimensionless distance yf = 5, and the thermal gradient is
computed either by the heat transfer coefficient, using the correla-

16(19)

tion for the liquid phase in annular channels and the given tem-

perature difference Tw - Tb’ or by the heat flux Q/A together with the
thermal conductivity of sodium. As a result, a temperature differ-

~ence in the laminar sublayer of the order of 1°F is obtained.

2) The radius of the spherical bubbles at the onset of boiling are smaller
than the thickness of the laminar sublayer; consequently, thermal
effects do not have to be considered. This limits the number of par-

ticipant forces to:

a) Buoyant forces, because of the difference in densities between the
liquid and vapor phases. (It is shown in Section IV -C that the
buoyant forces are unimportant in forced convection boiling of

sodium. )

b) Drag forces, exerted by an'essentially viscous flow (laminar sub-

layer) on the emerging vapor bubbles.

c) Surface tension forces at the vapor-liquid interface are responsible
not only for the higher pressure in the bubbles but also for holding

the vapor bubbles to the heat transfer surface at the cavity sites.

3) The ratio of volumes between the incipient bubbles and the original
cavity sites is of interest because of the possible influence of gases
and vapors other than sodium on the onset of boiling. The radius of
the incipient bubbles is obtained by using the Laplace formula for

spherical bubbles, while the cavity size is obtained experimentally
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with the aid of electron microscopy using replicas of the boiling sur-
face (see Section III). The eiperimental evidence derived from
meaéured superheat distributions shows that, as the volume of the
incipient bubbles is much greater than the volume of the cavity sites,
the amount of original gas or vapor is negligible with respect to the
amount of vapor contained in the released bubbles at the onset of
boiling. In consequence, any dependence of the onset of boiling on
the previo'us history of the system is minimized for the LMFBR

situation.

C. ANALYSIS

" The maximum superheat data for incipient boiling in flowing sodium, in the

Forced Convection Loop, at a system pressure of about 5 psia, were selected

for comparison with analysis, because they cover a wider range of flow veloc-

ities, and consequently heat fluxes, than any other set of data at different pres-

sures in the system.

The established parameters at the moment of incipient boiling during forced

convection flow are:

1)
2)
3)

4)

5)

System pressure, denoted by P in psia,
Flow velocity, s in ft/sec.
Temperature of the flowing sodium, T,, in °F.

b
Heat flux delivered to the sodium flow from the inner wall of the annu-

lar channel, Q/A, in Btu/ft2 -hr.

The conical boiling sites on Type 304 stainless steel exposed to the
flowing sodium at 1200°F, and heat flux rates of 106 Btu/ft2 -hr for
periods of about 600 hr, have been examined by stereo electron
microscopy and shown to be in the range of 40 to 80 Win. in diameter
and depth(8) (see Section III). Similar sites have been found on

Type 304 stainless steel surfaces exposed to boiling transients in the

Forced Convection Loop.

The physical properties of sodium are taken from Reference 16.T

*This result is in agreement with the picture developed from recent corrosion

studies.(8

’

T The use of the Clapleon formula is avoided and with it the criticism pointed
out by Dalle Donne.(41)
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1. Conditions Prevailing Before Boiling Incipience

The liquid sodium flows upward along the annular channel (Figure 36) in a
turbulent regime and removes the heat generated in the centrally located heater.
The idealized situation assumes (1) a constant heat flux is delivered to the fluid
across the inner wall; (2) the outer wall is a thermal insulator; and (3) that cer-
tain hydraulic and thermal conditions are met. The conditions are elaborated

below.

a, Shear Stress

The total shear stress transferred to the walls is formally expressed by

.(6)

k.
\ «

77777} 077777774 ¥,
s
—<—Dw —
107
Ny . Ay
D, = V4 in. 00— ;
Do=1/2in. ; 7 / /
L =15in. g, / / ?L
D¢ = Do = Dy, = 174 in. / 7 é/ UPWARD
r=D,/Dy =1/2 / / ., / FLOW
L/D =60 é ? y 7
NV,
/ 07 /
‘ZZAI l///////l | N/
2-24-69 UNCL 7702-45148-

Figure 36. Experimental Channel Geometry
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where the friction factor f, for smooth pipes and turbulent regime, is given by

the empirical equation of Koo(40)

f= Ti'lg . : .. (7)
c
In the Reynolds number range

5x103<Rec<2x105

The total shear stress is neither at the inner nor the outer wall. In fact, per

unit length of channel,

MO +D )=717 D +7D
o W W w o O

which in dimensionless form'reads,

Ste

brd

r+'r',:(1+r)TL
w

ot
<

If the shear stress ratio T is known, then

R A ‘ ... (8)
T +r
and »

T =TT . ' ... (9)

The cylindrical surface, coaxial with the annular channel and in correspon-
dence with the maximum velocity, is associated with the zero shear stress. ‘In
consequence, if DZ denotes the diameter of such cylinder, the shear stress

ot

ratio T,, is shown to be,
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2 2

D™ -D -2
o} z 1 -s

DZ-DZ gz_rz
z W

T‘

T2 2 - = ; D <D <D
T W z o
W

where s denotes the diameter ratio

o
n
0T

It was proposed by Kays and Leung,(lg) that

* _ 0.343
s =7rT

...(10)

i
where the ratio s is taken, by definition, as

s = —
1= s
Thus
— s‘+r
s = »
l+s
and
* 1+s 1
T ==
s+r s
becomes

b .
* r+1+2s 1

T = b sk ...(ll)
(r+1)s +2r s

For the present channel geometry,

r=1/2
) s =0.788
s = 0.721
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sk

r =1.79
T = 0.656T
W

T = 1177
o

For the conditions prevailing in the channel, the total shear stress T is

predicted by Equations 6 and 7.

b. Laminar Sublayer

The thickness of the laminar sublayer adjacent to the inner wall is of inter-
est for the onset of boiling. If the fluid is considered as incompressible, and
the curvature of the wall is neglected, the demarcation between the laminar sub-

(40)

layer and the buffer layer takes place when both the dimensionless distance

+ . . . + . .
from the wall y and the dimensionless velocity u are equal to five, i.e.,

y =u =5 ., ... (12)

The friction velocity u , a function of the shear stress at the inner wall, is

s T T -
u = u =W = g —
b\y2 T - oy )

Hence
ooy 2t VETwPy
uW uW
and
Fom o [P
u gTW

The thickness of the laminar sublayer is

5
y = — ... (13)

v g‘Tpr

The velocity profile and the thickness of the laminar sublayer are shown in

Figure 37,
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Figure 37. Isothermal Laminar Sublayer

c. Heat Transfer Characteristics

For given geometry and thermal bo'undary conditions (e.g., constant heat
“flux or constant wall temperature, adiabatic outside wall) prevailing in the
channel, there exists a limiting Nusselt number Nu1 , which is considered the
minimum Nusselt number for forced convection., Therefore, the forced con-

vection range for the Nusselt number spans the range
Nu; < Nu< o

where the case Nu » oo (or h = @) corresponds to the thermal equilibrium con-

ditions (isothermal system).

The usual graphical representation (Equation 3, Section III-B-2) for heat vs
wall temperature minus bulk temperature, which gives a slope equal to the heat
transfer coefficient h, can be modified to dimensionless variables as tabulated

bélow.

*By definition Nu = h-D,/k where h is the all-liquid heat transfer coefficient,
De is the equivalent diameter, and k is the thermal conductivity.
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Usual Dimensionless

Item Variable Variable
Abscissa T -T PrzGr
w b
Ordinate Q/A PrZGrNu
Slope h ‘Nu

Pr and Gr denote the Prandtl and Grashof numbers, respectively. When these
dimensionless variables are chosen, the natural convection characteristics for
the vertical annular channel are represented by two straight lines on a log-log
scale: One line for laminar natural convection, and the other for turbulent nat -
ural convection. The situation for the experimental channel is shown in Fig-
ure 38; the natural convection cha.ra.c’ceristicsﬂ< of this figure are valid as long
as boiling does not occur. The natural convection characteristics are obtained

(42)

from the recommended correlations by Kutateladze et al. and are used in the

limit Pr - O,

The Nusselt number is a function of the Reynolds and Prandtl numbers dur-
ing forced flow, so when these two dimensionless numbers Rec and Pr are spec-
ified, they determine a definite line in the forced convection region of Figure 38,

The limiting Nusselt number (Nu, = 6.181) is theoretically calculated for the ex-

]
perimental channel using the results from Reference 43, and it corresponds to

the laminar flow regime.

The main purpose of Figure 38 is to show the different ranges of heat trans-
fer coefficients prevailing for natural and forced convection before the onset of
boiling. As all liquid correlations have been shown to be valid up to the moment
of boiling inception (see Section III), it is clear that at the same differential
temperatures (wall minus bulk) larger heat removals are associated with forced
flows, independent of the prevailing flow regime. The Nusselt number for the
turbulent flow regime can be obtained by using the interpolation tables.(lg) When
results at about the same system pressure are considered, the Prandtl number
remains almost constant, and the Nusselt number is then practically determined
by the Reynolds number alone. The fluid flow and thermal characteristics of the

experimental channel, for the selected runs, are shown in Tébles 6 and 7.

*The ratio L/D, must be observed since Nusselt numbers based on the equiva-
lent diameter D_, instead of the length L, are considered in Figure 38, to
compare the Nusselt numbers for natural and forced convection,
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Figure 38. Experimental Channel Heat Transfer Characteristics

AI-AEC-12767
71



TABLE 6
FLUID FLOW CHARACTERISTICS OF THE ANNULAR CHANNEL

(r =1/2) :
P, T, |T,-T,| T, o, u, w, Re f T T, T
Run
(psia) | (atm) | (°F) | (°F) |(°F) | (b/£t>) (%) (tt/sec) | (10%) | (1073) | (b/2e?y | (1b/£6%) | (1b/£%)
B-77 | 5.23 | 0.356 | 1434 65 | 1499 | 47.2 | 0.411 2.17 1.87 | 6.43 | 0.0222 | 0.0145 | 0.0260
In-6 | 5.05 | 0.344 | 1429 78 |1507 | 47.1 | 0.409 3.17 | 2.74 | 5.96 | 0.0438 | 0.0287 | 0.0512
KB-26 | 4.98 | 0.338 | 1426 | 146 |1572 | 46.6 | 0.397 3.22 2.83 | 5.93 | 0.0445 | 0.0292 | 0.0520
KB-14 | 5.04 | 0.343 | 1428 | 161 |[1589 | 46.4 | 0.394 3.26 | 2.88 | 5.91 | 0.0453 | 0.0297 | 0.0530
KD-34 | 5.01 | 0.341 | 1427 71 {1498 | 472 | 0.4n1 4.03 3.47 | 5.69 | 0.0677 | 0.0444 | 0.0791
KD-17 | 5.92 | 0.403 | 1454 55 1509 | 47.1 | 0.409 5.99 | 5.16 | 5.26 | 0.138 | 0.0905 | 0.161
TABLE 7
HEAT TRANSFER CHARACTERISTICS OF THE
ANNULAR CHANNEL
(r = 1/2; Pr = 0.0042)
Re ky .'h Q/A T, -T T, P, Ap=p  -p,
R Nu 3 - 6
un
(10%) < Btu 120 Btu > <1° Bt“) °r) | °F) | (psia) | (atm) (atm)
ft -hr-°F ft”-hr-°F ft-hr
B-77 | 1.87 | 6.31 29.9 9.05 0.310 34 1533 | 9.35] 0.636 0.280
ID-6 | 2.74 | 6.33 29.7 9.01 0.807 90 1597 | 13.2 | 0.898 0.554
KB-26 | 2.83 | 6.33 28.7 8.71 0.490 56 1628 | 15.4 | 1.048 0.710
KB-14 | 2.88 | 6.33 28.4 8.62 0.759 88 1677 | 19.5 | 1.329 0.986
KD-34 | 3.49 | 6.34 29.9 9.07 0.595 66 1564 [ 11.1 |0.754 0.413
KD-17 | 5.16 | 6.40 29.7 9.10 0.559 62 1571 | 11.5 | 0.782 0.379
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2. Incipient Boiling

The size and magnitude of the forces acting upon the departing bubbles for

incipient boiling can be determined from the experimental data.

a. Size of Departing Bubbles

The departing bubbles are assumed to be brought into existence from the
active nucleation sites on the heat transfer surface. For a given gaseous vapor
volume, the spherical surface enclosing it is known to possess the minimum
area (i.e., the minimum interface energy due to surface tension). Therefore
only spherical bubbles are considered in this analysis. The Laplace formula
relates the differential pressure, or wall superheat pressure, Ap = P, - Py to
the .radius of the bubble, a,

Ap = 20/a o ...(14)

where ¢ stands for the surface tension.

The system preséure P is a measurable parameter —that is the pressure of
the bulk flow — while Py, is the pressure of the saturated vapor contained in the
departing bubble, which is essentially at the temperature of the heated surface,.

In the present case the heated surface is the inner wall of the annular channel.

b. Comparison of Forces Acting Upon Incipient Bubbles

The departure of bubbles during stable boiling has been observed in forced

(44)

by the buoyant forces. During the present experiments on incipient boiling in

flow of water and was attributed to overcoming of the surface tension forces
sodium, the buoyant forces can be shown to be ineffective when compared to the
surface tension and drag forces. Table 8 shows a comparative estimate for the
buoyant, surface tension, and drag forces for run KB-26. The bubble, which

has emerged into“the laminar sublayer, is assumed to be hemispherical. As a
simplifying calculation for the drag forces, the case of an undeformable sphere

)

in a uniform flow is considered as usua1(44A except that the tangential velocity
does not vanish at the surface of the sphere, i.e., slip flow prevails.(45) The
assumption of an undeformable spherical bubble is correct since the surface
tension force is greater than the drag force except in the region where the bub-
ble is in contact with the wall surface. The small Reynolds numbers for the

sphere justifies the use of the drag coefficient for Stokes flow (Resp <1).
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TABLE 8
ESTIMATED FORCES ACTING ON A HEMISPHERICAL BUBBLE

(Run KB-26)

Bubble Radius, a, (in.) 0.126 x 107>
Hemispherical Bubble Volume (ft3) 2.43 x 10-15
Liquid Sodium Density, p,, (1b_/ft3) 46.6
Buoyant Force (1b) 0.113 x 10"12
Equatorial Perimeter (ft) 66.0 x 10"6
Surface Tension (Ib/ft ) 7.86 x 107>
Surface Tension Force (1b) 0.519 x 10_6
Exposed Area Normal to Flow, A_, (ft) 0.173 x 1077
Velocity Gradient, u/y = g7_/H_, (sec_l) 8.74 x 10>
Velocity at Half Radius (ft/.sec) - 0.0459

| Dynamic Viscosity (1b/ft-hr) 0.387
Kinematic'Viscosity, v, (ftZ/sec) 2.31 x 10_6
Reynolds Number for the Sphere, Resp 0.417
Drag Coefficient, Cd = 48/Resp 115
Specific Kinetic Energy of Flow, q, (lb/ftz) 1.52 x lO-3
Drag Force, C4 A 4, (1b) 0.030 x 1077
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All of the forces are quite different in magnitude for the assumed hemisphe-
rical bubble; but if an intermediate situation between the hemisphere and the
complete sphere is considered, it is possible to balance the surface tension and
drag forces. In the present experiments, the departure of the bubbles is attrib-
uted to the overcoming of the surface tension forces by the drag forces, pro-

ducing the detachment of the incipient bubbles.

c. Dimensionless Representation

The example outlined in Table 8 indicates that it is possible to explain the
detachment of the incipient bubbles by considering only the‘drag and surface
tension forces. There are two steps in such an analysis; the first step is to
find the equilibrium conditions, which is the subject of this Subsection (IV-C-2).
The second step is the search for the stability of these equilibrium conditions.
This step is partially surveyed in Subsection IV-C-3., The drag forces acting on
the bubbles have not been determined analytically. Some preliminary models
for hemispherical bubbles (which do not apply in the case for sodium) have been

reported.(46)

The following argument corresponds to the range of the experimental veloc-
ities from 2 to 3.3 ft/sec. If a balance exists between the surface tension and
drag forces for the departure of bubbles at the moment of boiling inception, it
is possible to establish a dimensionless relationship among the variables par-
ticipating in the process., The surface tension force Ft is dimensionally pro-
portional to the product (oa),

Ftocoa . ...(15)

The influence of the dimensionless contact angle cannot be taken into account in
dimensional analysis. If the drag force Fd is assumed to depend upon: (1) the
liquid viscosity,. M, .(2) the velocity gradient in the laminar sublayer, (%)w; and
(3) the bubble radius, a (i.e., a characteristic dimension of the departing bubble)
then,

2u 2

Fd«pwg—(?}‘”: r A . ...(16)
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The ratio between the surface tension and the drag forces is

L9 - e (17)

F
__toc gAp._l_:E_u. .(18)
Fi a2 f f '
Po"b
where Eu is the Euler number.T
If the ratio of forces remains constant, then in the laminar flow regime
EuReC = const.;(fOCReC-l) ; ...(18")
and in the turbulent flow regime,
EuRecl/S = const. ;(f « Re '1/5) : ...(18")

because of the friction factor dependence upon the channel Reynolds number.

In pool boiling, and perhaps in forced convection laminar flow, according

(36)

to Marto and Rohsenow, the sodium superheat for incipient boiling seems to
be determined by the sfze of the largest unfilled cavities. In contrast, as shown
in Table 9, the thickness of the laminar sublayer of the present forced convec-
tion experiments (all of them in well developed turbulent flow) is of the order of

one mil. This thickness is sufficient to completely contain the departing bubbles

#*This is not the ratio between the Reynolds and the Weber numbers, because the
bubble does not face any characteristic velocity but most likely a velocity
gradient,

TThe Euler number is generally conS1dered as gAp/puZ (40 When in Ap the
subtrahend is the gas pressure, the Euler number becomes the cavitation num-
ber,(47) except for a constant. In contrast, when superheating is considered,
the gas pressure is the minuend in Ap. In this way, the Euler number is
always positive,
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TABLE 9 ;
COMPARISON OF BUBBLE SIZE WITH LAMINAR SUBLAYER THICKNESS

Run™ o a T K, y / Eu Rec2 Re,

"l o2 /sty | (1073400 | b/£%) | (b/st-hr) | (1077 a0 | Y (101% | (10%
B-77 8.22 0.333 0.0145 0.404 1.44 0.231 3.00 1.87
ID-6" 7.97 0.163 0.0287 0.393 0.994 0.164 | 5.97 2.74
KB-26 7.86. 0.126 0.0292 0.387 0.976 0.129 8.04 2.83
KB-14 7.67 0.0882 | 0.0297 0.379 0.951 0.093 | 11.3 2.88
KD-34 8.10 0.223 0.0444 0.398 0.809 0.276 4.42 3.47
KD-17 8.08 0.242 0.0905 0.397 0.566 0.428 4.09 5.16

*The runs shown represent the maximum superheats obtained in the respective groups and are

for essentially constant pressure but for different heat fluxes, inlet subcoolings, and velocities.




when boiling is initiated. Under these conditions the laminar sublayer is too
thin to support any significant change in temperature across it, due to the high
thermal conductivity of the liquid sodium (about 28 Btu/ft-hr-°F at the wall
temperature of the selected runs). It follows that the saturated vapor contained
in the departing bubbles is essentially at the wall temperature, as already an-
ticipated. To explicitly show the wall superheat pressure - velocity dependence
of the process during turbulent flow, Equation 18" for the Euler number Eu

is multiplied by Re 9/5 to yield the product EuRe 2, which is a velocity-
independent parameter,

9/5

EuRe 2 - const. Re .{19)
c c

where ReC > 2100.

Actually the critical Reynolds number (2100) is a lower limit for the use of
Equation 19, as can be seen from the perturbation introduced by the bubbles in

the laminar sublayer, which is proportional to the ratio a/y in Table 9.

-yt [ o
\/aogpb aT

w

In fact

pl<

which on the previous assumption of O’/a‘r“‘, = const., and disregarding the
changes in the properties of sodium, becomes

-1/2 .(20)

y/axa
As a decreases with Uy, the ratio y/a increases, i.e., the pebrturbation intro-
duced by the bubbles in the laminar sublayer should decrease with increasing
velocities. This indicates that Equation 19 should be more accurate at higher
ReC

*The channel Reynolds nurnber Re. is used to remove the velocity from the
Euler number, so EuReC stands for a dimensionless pressure differential.
Re. is used not only because of its connection to the flow regime, but mainly
because of the friction factor dependence upon it,
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APPROXIMATE BULK VELOCITY, uy (ft/sec)

APPROXIMATE RADIUS OF INCIPIENT BUBBLES, a (10‘3 in.)
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20x 106 in.
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Figure 39. Dimensionless Representation of Superheat
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The results from the experimental runs under consideration are shown in
Figure 39 where EuReC2 is the dimensionless-wall superheat pressure at the
onset of boiling, while Rec, as usual, is the dimensionless bulk velocity. The
dependence indicated by Equation 19 is shown in Figure 39 which is based upon
the runs with the largest ReC in the velocity range of 2 to 3.3 ft/sec. This de-
pendence is asymptotic because, as seen in Table 9 (first four runs) and from
Equation 20, the perturbation introduced by a single bubble in the laminar sub-
layer vanishes as ReC - 00. The approximate radius of the incipient bubbles and
the bulk velocity of the liquid sodium are shown in the right and upper scales of
Figure 39, respectively, for the present experimental channel and for the con-

stant values
py = 47 /£,

1b

Hy = 0.4 rraen and
_ b
o= 0.008 Tl

3. Discussion of Analysis

In the above analysis, the number of participating parameters was mini-
mized,"‘ producing a hypothetical asymptotic dependence for wall superheat
pressure vs velocity., Only the asymptotic dependence of the slope can be pre-

dicted for the logarithmic representation (Figure 39).

As already shown in Figure 39 the experimental data seem to approach this
predicted depevndence' for large channel Reynolds number, Rec, but the experi-
mental velocities vary only from 2 to 3.3 ft/sec. The curve, using only two
runs (B-77 and KB-14), is the maximum superheat pressure for incipient boil-
ing, i.e., all the other data exhibit lower superheat pressures, The spread in
the superheat pressures at constant ReC indicates a situation of weak stability
which is worthy of further study, even in this stage of the investigation. In fact,

Section IV-B-2 and specifically Figure 39, clarifies that at the onset of boiling,

*Shown by the absence of the characteristic parameters for the cavity sites and
the roughness of the heat transfer surface. The viscosity of the vapor con-
tained in the bubble is tacitly ignored on the assumption of slip flow. In addi-
tion, it is implicit that an unknown function of the contact angle, B, affects the
previous derivation, and it obviously cannot be handled by dimensional analysis.
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BUBBLE STAGE -

(a) ERUPTION

(b) GROWTH
TIME
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| FULL GROWTH
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- Figure 40. Evolution of the Incipient Bubble
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the radius of the bubble is about one order of magnitude greater than the size of

the cavity site. A small contact angle, 8, as shown in Figure 40, is implied.

The incipient bubbles must grow from an initial size [the approximate size
of the cavity site shown in Figure 40(a)] to a size whose radius at the onset of
boiling [Figure 40(c)] could be about one order of magnitude greater than the
initial size. A typical bubble occurring during this process is shown in Fig-

ure 40 in three different situations in its evolution [from (a) to (c)].

As the bubble radius in situation (a) is about 1/10 of the radius in situation
(c) for the onset of boiling, it is clear that a quasi-static evolution of the bubble
is not possible. Dynamic effects must be considered in order to account for the
pressures required to keep the bubble growing; for instance, a sudden vaporiza-
tion of the liquid sodium contained in a'cavity could explain these dynamic effects.
Furthermore, the ratio of‘densities (liquid to vapor) is of the same order as the
ratio of the volume of detaching bubbles to the volume of the cavity sites, which
is of the order of (aa/ac)3, in a first appr0ximation.* The designation of erup-
tion then seems suitable for situation (a} in which liquid, in the cavity volume,
is suddenly vaporized. From here on, the growth rate slows down, and the
growth of the bubble is shown in si'tuation (b). At the final condition, situation
(c), the bubble is still in contact with the heat transfer wall, the dynamic effects
due to the growth of the bubble are attenuated, and the bubble attachment to, or
detachment from, the surface can be determined by means of the formulas de-

rived for equilibrium conditions (see previous section).

Formulas (15) and (16) are indicated in Figure 41 as a function of the radius
at situation (c), assuming that the flow of sodium remains invariable, i.e., con-
stant shear stress. If a_ < a° the bubble would stay attached to the wall because

the surface tension force, F > F the drag force; but, if ac > a° the bubble

d’
would detach from the wall because Ft < Fd'

In the present experiments the occurrence of the highest wall superheats at

low system pressures can be explained with the aid of the liquid-vapor pressure-

(16)

ated at a temperature far removed from the critical temperature the Clapeyron

temperature curve of the sodium. Since the present experiments are oper-

formula can be used for 1llustrat1ve purposes in this particular case, i.e,,

*An effective depth of the order of a_ is assumed for the vaporized volume in
the cavxty site,
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ATTACHMENT ———‘4— DETACHMENT
EQUATION 16

EQUATION 15

FORCES ACTING ON ATTACHED BUBBLE

I
l
|
|
I

EQUILIBRIUM RADIUS 8° —]
|

RADIUS OF ATTACHED BUBBLE AT SITUATION (c)
2-21-65 UNCL 7702-45150

- Figure 41. Surface Tension and Drag Forces
Acting on a Constant Radius Bubble
Attached to the Heated Surface

1

Alogpa-A,f )

or
* -B/T
p e

’

where p"‘ and B are constants in the limited range of temperatures and pressures

in the system.,

At a given Rec, the maximum wall superheat pressure Ap, is obtained from
Figure 42. But, at different system pressures, the same Ap corresponds to
different superheats. This situation 'is graphically illustrated in Figure 42 by
relating the Clapeyron formula to Figures 39 and 43. | '

In contrast to Hsu's criterion, a thermal interpretation of the incipient boil-
ing, the present interpretation is a dynamic one. However, it should be borne
in mind that incipient boiling in the present interpretation is not entirely divorced

from the heat transfer aspects. For instance, during the present superheat
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Figure 42. Maximum Wall Superheat for Incipient Boiling at
Different System Pressures




tests, the experimental runs conducted by maintaining all the parameters con-
stant but increasing the heat flux, lead to increased differential temperatures
AT = TW - TS and consequently increased differential pressure Ap = P, - Pg:
At constant Rec or constant uy (i.e., constant dynamic effects) the maximum

superheat corresponds to the maximum heat flux.

There are limitations on the asymptotic behavior predicted by Figure 39.

These limitations are described below.

a. Spectrum of Cavities and Contact Angle

The relatively limited range for the spectrum of cavities is shown in Fig-
ure 39, The slope of the curve connecting the runs B-77 and KB-14 seems to
approach the predicted asymptotic slope, but the curve cannot be indefinitely
extended because when the bubble radius, a, approaches zero there are no

cavities on the stainless steel surface small enough to support bubble growth.

i

The influence of the contact angle, which rnay vary both with terhpe rature
and with surface condition (aging effects) is believed to be reduced by consider-
ing only runs at constant pressure (about 5 psia). For a limited range of cavity
sites, and if the contact angle remains constant, the validity of the expressions
derived in Section IV-C-2 is also limited, and the claimed asymptotic behavior

at high Reynolds number would never be reached.

b. Perturbation of Attached Bubbles

The bubbles which emerge into the laminar sublayer introduce a perturba-
tion.to the flow. This perturbation grows with increasing ratios of a/y. At low
Reynolds number, the shear stresses are also low and the bubbles are bigger at
the equilibrium situation. But —as Table 9 shows for Run B-77 —a/y = 0.231,
'indic':ating a significant perturbation to the laminar sublayer flow. If the attached
bubbles behave as artificial roughness introduced to the wall, then at low Rec,

but still in turbulent flow, the law would tend to

EuReﬂ 2 x Re 2 : !
c c

or

Eu = const .
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(45)

of the walls is well in excess of the thickness of the laminar sublayer, the fric-

This result is reasonable since it is well known that when the roughness
tion factor becomes independent of Rec. Furthermore, for Eu = const, the

slope is 2, as shown by Figure 39 at lower Rec. But at still lower Reynolds
numbers in turbulent flow, the wall superheat characteristic would tend to flatten.
This effect can be expected from the fluctuations of the longitudinal and trans-
verse components of the velocity to the mean flow in the laminar sublayer. Fig-
ure 39 shows an expected discontinuity at the transition of flow regimes, but in
the present experiments the onset of boiling has not been investigated in the vi-

cinities of Rec = 2100,

c. Effect of Roughnessx of Heat Transfer Surface

The roughness of the surface can be modified by corrosive action of the lig-
uid sodium, but individual experimental runs at relatively high wall temperature
(about 1800°F) are performed for short periods, and the effects of the initial

roughness do not seem to be removed after several runs (see Section III).

In the LMFBR, a continuous and long exposure of the fuel element cladding

(8)

By Equation 20, the perturbation a/y that the attached bubbles introduce into the

to the liquid sodium flow produces a relatively smooth heat transfer surface.

laminar sublayer varies as the square root of a, which decreases with Rec;
consequently, the effect of roughness due to the attached bubbles also decreases
with increasing Rec. But if the roughness of the surface is still predominant,
its perturbation would increase with increasing Rec because y decreases with

increasing Rec.

The type of flow prevailing in the idealized laminar sublayer 'is the plane
Couette flow shown in Figure 37. But this idealization refers to the time aver-
age values of the velocity in the range 0 < y+ < 5; and of course, it does not
describe the instantaneous situations which are affected by the fluctuations in
the velocity., With increasing values of ReC, the shear stress also increases

and wakes develop downstream of the obstacles to the flow, caused not only by

*In the present study, roughness is measured relative to the thickness of the
laminar sublayer instead of to the diameter of the pipe as is usual in engineer-
ing correlations for the friction factor.

'
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the attached bubbles, but also by the irregularities of the heated surface. This
effect apparently tends to decrease the drag force on the attached bubbles, and
the present experiments, in fact, show a decreasing trend for the wall super-
heat pressure with increasing Rec, as denoted in Figure 39, runs KD-34 and
KD-17. An attached bubble is more voluminous than any single prominence in
the heated surface; however, the population of the attached bubbles is less than
the population of those prominences. Consequently the irregularities on the
heated surface produce a more noticeable influence on the detachment of the.
bubbles, not only with decreasing bubble size but also with increasing bulk

velocity (Reynolds number) in the channel,

The transition from an essentially unperturbed laminar sublayer to a sub-
layer exhibiting effects of wakes is denoted in Figure 27; this figure shows that
the more polished surface (23U abrasive) exhibits a broader distribution for the
number of runs than the less polished surface (600 grit abrasive). The polishing ,
effect thus is seen to create a number of small cavity sizes at the expense of the

large cavities, while reducing the roughness of the surface.

Disregarding the boundaries imposed on the incipient spherical bubbles at-
tached to one side of the heated surface by the heated surface itself and the grow-
ing turbulence on the other side, the situation is idealized as spheres in a uni-
form velocity gradient flow (i. e., plane Couette flow). The same argument
applies to surface prominences. As in plane Couette flow, (u/y)W is the char-
acteristic parameter in place of u, and the dimensionless group representing

the Reynolds number for the sphere Resp

Re =22 | .o.(21)
sp vV

*1f we adhere to this idealization for the flow in the laminar sublayer, we may -
recognize that surface prominences and attached bubbles produce two different
patterns downstream flow. This is because slip flow (no boundary layer effect)
exists in the case of attached bubbles, in contrast to sharp velocity gradients
(boundary layer effect) in the flow adjacent to the surface prominences. Flow
separation, which often occurs after rigid obstacles facing uniform velocity
flow, either does not occur or is postponed until higher velocities are reached,
when slip flow takes place. An example of formation of eddies, instead of
flow separation, is shown by Kenning and Cooper,.
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in plane Couette flow becomes,

Re ~e‘2(_u/3’)ﬁ . ...(21Y)
sp v A

Similarly, if £ stands for the characteristic length of the prominences on

the heated surface, Equation 21 becomes,

' 2
Re -4 u/y)w (21
sp 7

When the bulk velocity u, increases, (u/y)w also increases. As the bubble

b
radius a increases with increasing U (at higher Reynolds number such as runs
KD-34 and KD-17), it is clear, from Figure 39, that both Equations 21' and 21"

increase with u,_, the increase in Equation 21' being more pronounced than in

b’
Equation 21",
Though the presently available runs at higher ReC are sufficient to indicate
the decreasing trend in the superheat pressure with increasing Rec, they are
insufficient to extrapolate the curve determined by the runs B-77 and KB-14 of

Figure 39 into the range of higher Rec (Rec >3 x 104).'

Studies of the maximum incipient boiling superheat for sodium with Rec are

summarized in Table 10, and shown schematically in Figure 43.

The maximum wall superheat pressure, whose behavior is indicated in
dimensionless form in Figure 39, is understood to be independent of the pres-
sure prevailing in the system. Actually, higher system pressures are related
to higher temperatures, and some variation in the maximum wall superheat
pressure Ap can consequently be expected with temperature (or pressure).
However, this effect is not seen in Figures 39 and 43 where Ap is plotted in its
dimensionless form, EuReCZ. The limits in the range of the Reynolds numbers,
for Section 2 of Figure 43, depend on the geometry and the heat transfer sur-

faces participating in the process.
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Dimensionless Representation

AI-AEC-12767
95

e



TABLE 10

STUDIES OF MAXIMUM INCIPIENT BOILING
SUPERHEAT FOR SODIUM

Reynolds Number, ReC Summary

Rec <2100 . Experiments by Marto and Rohsenow(36)
show that the size of the incipient bubbles
is of the order of the size of the cavities
for Rec - 0 (pool boiling). '

4

2100< Re < 1.8 x 10 No test performed, but there is some evi-
C .
dence about the behavior,

1.8 x 104 < Rec< 3 x 104 Tests asymptotically approach theoretical
prediction (Eu Recz o ReC9/5) based on
balance of drag and surface tension forces.

3 x 104 < Re <5.,6x 104 Present tests show a decreasing super-

c Cor s .
heat trend with increasing Re_.
ReC < 5.6 x 104 No tests performed.

An explicit dimensionless form for the asymptotic behavior (i.e., in cor-

respondence with the slope of 9/5 in Figure 43) is

Ap=pw-ps«(ub)9/é(De)-l/5 ... (22)

for constant material properties, .
Similarly, for a slope of 2 in Figure 43, the maximum wall superheat pressure
is

Ap = ub2 . el (22)

When laminar flow is considered, the validity of Equation 18, which be-

comes Equation 18', was questioned in the preceding section when compared to

(36)

boiling). When Rec -0, Equé.tion 18' is not valid because it implies Ap - 0,

the experimental results of Marto and Rohsenow in the limit Rec - 0 (pool

i.e., that the drag forces are nil.
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I-t is more meaningful to examine the validity of Equation 18' at the transi-
tion of flow regimes. This situation is possible because the approximate posi-
tion of the line for the asymptotic behavior-is shown in Figure 39, and therefore
the uncertainty posed by the constant factor in Equation 19 is removed, If
Equation 18' were valid at ReC = 2100, it would predict superheat values close -
to'the values expected by extending the asymptotic behavior slope in Figure 39 -
into the Réc = 2100 range. -This argument is valid not only because the known
correlations for the friction factor give values close to that predicted by extrap-
olation, but also because Equations 18' and 18" are for spherical bubbles facing
a plane Couette flow (even though the expressions are for two different flow
regimes). Figure 39 indicates the values for the asymptotic behavior slope'
(i.e., Equation 19) at Rec = 2100 indicate very low superheat pressure.

EuRec2 = 1.2 x 109

a = 0,0085 in.

Ap =2a—°= 0.15 psi

This situation shows that, in the range 0< ReC < 2100, the drag forces either

do not play a significant role in incipient boiling or should be considered together
with other forces in order to account for higher superheat values. But knowledge
of the superheat pressure values in the laminar region is presently not of inter-

est for the LMFBR.

Obviously, the degrees of freedom of a system can be reduced by imposing
constraints on the system. For instance the existence of walls confining the
liquid flow decreases the maximum incipient boiling superheat from the values
expected for liqﬁids in an unbounded medium. In addition to this natural con-
straint imposed by the container, which not only confines the medium but also
transfers heat to it, there mav be other constraints imposed by the experimental
procedure used to determine the incipient boiling superheat. A common way to
detect incipient boiling is to perforrri experiments at constant heat flux but vari-

able fluid velocity. Such a procedure introduces an additional constraint to the
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' system, reducing its incipient boiling superheat. These values are expected to
follow the trend indicated by the energy balance equation from all-liquid con-
siderations (i.e., inversely proportional to the weight flow rate) rather than

the behavior shown in Figures 39 and 43. Figures 39 and 43 clearly indicate
that heat flux and velocity are not independent variables because they are linked
through the incipient boiling superheat and the all-liquid considerations prevail-

ing in the system before boiling incipience (Section III).

With respect to the maximum incipient boiling superheat curve (Figures 39
and 43), a final comment is that, on the basis of the preceding derivations, it
represents cut-off values, i.e., wall superheat values which cannot be sur-
passed. This is in contrast to the superheat values which fall below the curve.

These lower values are real and have a probabilistic character.
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. APPENDIX 1
) : EXPERIMENTAL DATA

AI-AEC-12767
99



EXPERIMENTAL DATA LEGEND

(1) Symbols
A,B,C,J,K, L - heaters with ""as-received' tubing surface finish.

DA, JA, JB, JC, JD, HA — heater surfaces prepared by sanding
with 600 grit abrasive.

KA, KB, KC, KD — heater surfaces prepared by sanding first
with 600 grit abrasive then with 23y abrasive.

P (after number) runs in which boiling was initiated by reducing
pressure; for all other runs boiling was initiated by increasing

heat flux.
(2) Approximate only (£0.3 psi).

(3) T after pressure indicates that test section pressure was established

by throttling between test section and condenser.

(4) Maximum test section pressure prior to boiling initiation tests.

S

(5) Sum of bulk superheat and a calculated all-liquid film temperature

drop.

(6) Boiling detection device which first cut off heater power, F = Flow-

meter, S = Acoustical, P = Pressure.

*For Runs B through L, data for velocities >4 ft/sec are not included in the data .
analyses because of strong indication of gas entrainment.
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TABLE A-1 e
. EXPERIMENTAL SODIUM BOILING INITIATION/DATA (Sheet 1 of 22)
é&rgon Cover Tesf Maximux.'n Test | Test Section Heat Flux- : . i Bulk wall Heate.r
Run .as Pressure Section Section ) Inlet {Btu/hr- Velocit Superheat Superheat Typé of Opex:atlng
in Condenser Pressure Pressure(psia) [Temperature 2 6 (ft/sec) o N Trip Time
(N {psia) (2) (psia) (3) and time (4) (°F) ft7 107) . (°F) (*F) (5) (6) (min)
A38 2,0 1. 96 1198 0.230 2.20 ! 55 78
A39- 2.0 1.97 1197 0. 300 2.20 ! 33 63
A40 2.0 1. 96 1194 0.230 2,20 ! 29 52
A4l 2.0 1. 96 1193 0. 304 2.20 50 80
A42 2.0 1. 96 1191 0. 388 2.23 ! 55 93
A43 2.0 1. 96 1190 0. 408 2.17 l63 103‘
Ad4 2.0 1..96 1190 0.413 2.19 47 88
A45 2.0 1.95 1162 0.413 2.96 37 78
A4b 2,0 1.96 1166 0. 442 2,97 ‘l 31 75
A4T 2.0 1. 96 1168 0.350 3.02 ‘.’ 40 75
A48 2.0 1. 96 1171 ~ 0.313 3.04 | 0 31
A49 5.0 5. 04 14 (~24 hr.) 1351 0.238 3.04 L 32 57
A50 5.0 5. 05 1346 0. 320 3.04 i} 31 65
A5l. 5.0 5. 04 . 1344 0.392 3.04 l; 17 58
AS2 5.0 5. 00 1338 0. 388 3. 04 ,‘ 4 45
AS3 5.0 5. 00 1342 0.392 3.02 24 65
AS54 5.0 5,01 1338 0. 250 3.02 'f 20 46
AS55 5.0 5. 00 1337 0.-292 3.04 H 60 91
AS56 5.0 5. 02 1337, 0. 250 3.02 11 37
AS57 5.0 5. 02 1336 0.270 3.02 ‘ 42 70
A58 5.0 5. 02 1335 0. 400 3.02 ‘ 18 60
A59 5.0 5. 02 1334 0. 400 3.02 | 7 49
A60 5.0 5.02 1334 0.270 . 3.02 { 30 58
A6l 5.0 5. 02 1336 0.321 2.94 | 56 90
Ab2 5.0 5.02 (~ 14 {~ 24 hr. 1348 0. 354 2.94 "; 27 64
A63 5.0 5,02 1343 0.342 2.94 ] 27 63
Ab4 5.0 5.02 1341 0. 408 2.94 ‘; 56 99
A65 5.0 5.02 1336 0: 396 2.96 ’ 30 72
Abb 5.0 5. 02 1347 0.292 2.96 47 78
A67 5.0 5. 02 1346 0. 288 2.96 20 50 )
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION DAT.

A

(Sheet 2 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux ) Bulk wall J Heate.r
Run C{as Pressure Section Section . Inlet (Btu/hr- Velocity Superheat Superheat Typ.e cii Opmjatmg
in Corxdenser Ptes.sure Pressu?—e(psxa) Temperature t,':2 106) (ft/sec) °F) (°F) Trip ), Tln.qe
(1) {psia) (2) (psia) (3) and time (%) (°F) (5) :E (6) _(min)
Ab68 5.0 5. 02 1342 0.233 2.96 23 47 - ‘\J
A69 5.0 5.02 1330 0.300 2.96 57 89 :]
Bl
A70 5.0 5.02 A 14 (~~ 24 hr.) 1339 0, 28R 3.25 21 51 y
ATl 5.0 5.01 1346 0. 346 3.25 45 81 l
A72 5.0 5.02 1334 0.325 3.23 33 67 ‘))
A3 5.0 5. 02 1331 0. 450 3.25 44 91 (
A74 5.0 5.02 1330 0. 450 2.62 45 92
i
Bl 2.0 2.11 ~ 14 (~ 24 hr.) 1220 0. 390 3.55 87 126 |
B2 2,0 2.17 1233 0.330 3.45 75 108 A
B3 2.0 2.16 1235 0. 320 3. 45 73 105
B4 2.0 1.81 1238 0. 350 3.45 105 140
B5 2.0 2. 14 1185 0.370 3.39 45 82
B6 2.0 2.14 1191 0.350 3.25 44 89 i
B7 2.0 2. 11 1199 0.300 3.17 43 73 \
B8 2.0 2,11 1198 0. 300 3. 07 43 73 .
B9 2.0 2.08 ~ 14 (~ 24hr.) 1245 0.370 3.29 103 139 a
Blo 2.0 2. 14 1245 0. 380 3.45 98 136 %
Bl1l 2.0 1.91 1245 0.370 3.35 109 145 :
Bl2 2.0 2. 14 1213 0. 450 3.45 100 144 3
B13 2.0 2. 14 1218 0. 280 3.49 - . }
Bl4 2.0 2. 14 1217 0. 450 3.49 104 148 ; ‘
B15 2.0 2.14 1217 0. 400 3.51 80 120 }
)
B16 2.0 2.14 1220 0. 420 3.45 96 137 :
B17 2.0 2. 14 1220 0. 390 3.43 86 125 B
B18 2.0 2.14 1197 0.430 3.51 75 117 "
B19 2: 0 2.14 1195 0. 420 3. 41 71 112 :‘
B20 2.0 2. 14 1191 0, 460 3.55 80 i?-'i |
B21 2.0 2. 14 1188 - 0. 480 3.57 86 133 . ‘
B22 5.0 5.29 14 (~ 24 hr.) 1364 0.188 3.59 15 35. ,\
B23 5.0 5.25 1364 0.192 3. 64 17 37 AL-AEC-12767
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TABLE A-1 i

EXPERIMENTAL SODIUM BOILING INITIATION DATA (Sheet 3 of 22)
Argon Cover Test Maximum Test | Test Section Heat Flux "E Bulk wall Heater
Run Qas Pressure Section Section ) Inlet {Btu/hr- Vel_?city Superheat Superheat Typfe of - Opex:ating
o | "G | T P s | e eh | W | I A
P P
B24 5.0 5.31 . 1360 0.167 3. lés 1 19
B25 5.0 5.31 1356 0.196 3.55 12 .33
B26 5.0 5.29 1356 0.196 3.§l26' .7 28
B27 5.0 5.27 1325 0.310 3. 6158 27 60
B28 5.0 5.29 1322 0.290 3. jllo 13 44
B29 5.0 5.21 1322 0.280 3. :74 12 41
B30 5.0 5.27 1320 0.290 .74 12 43
B31 5.0 5.29 1322 0.300 3.82 13 45
B32 5.0 5.29 - 0.330 4.66 -13 22
B33 5.0 5.25 - 0.370 3.357 15 54
| - . B34 5.0 5.23 - 0.390 3.‘«:‘;5 36 . 77 )
. B35 5.0 5,23 1285 0.380 3.9 36 76
B36 5.0 5.27 1285 0.370 3.;51’ 19 58
. B37 5.0 5. 25 1296 0. 400 3.51 40 82
B38 5.0 5.25 1295 0,330 z.z[ss 43 78
B39 5.0 5. 25 1294 0.325 2, és 44 78
B40 5.0 5.23 1294 0.300 2.90 24 56 '
B41 5.0 5.25 _ 1293 0.320 2.%;2 35 69
B42 5.0 5.25 ~ 14 {~ 24 hr.) 1288 0.430 453 6 51
B43 5.0 5. 29 1288 0,420 4.53 5 46
) B44 5.0 5.18 ’ 1284 0.430 4.53 8 53
B45 5.0 5.20 1296 0.330 2.85 50 85
B46 5.0 5. 20 1274 0.470 4.47 8 58
Ba7 5.0 5.25 1286 0.410 4.26 6 49
. B48 5.0 5. 20 1289 0.400 4, fzz 5 47
B49 5.0 5.19 1288 0.400 4.09 6 48
B50 5.0 5,20 1286 0,390 4,08 3 44
' B51 5.0 5.20 1289 0.370 3.?0 8 47
BS52 5.0 5,18 1289 0. 480 3.86 45. 95
4
B53 5.0 5. 20 1288 0.460 3.82 43 91 i
) | AI-AEC-12767 i
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EXPERIMENTAL SODIEM BL(%;ILif\IG INITIATION DATA ( Sheet 4 of 22)
4 Argon Cover Test Maximum Test | Test Section Heat Flux Bulk wall ‘Heater
Run Qas Pressure Section Section . Inlet - (Btu/hr- .Velocity Superheat Superheat Typ? of Opeljating
" m(Ccsni\ad)ens(ezr) P(ressisa\;re(3) Prae:;\zir:‘(eps(xz)) Tem?f;iature ftz 106) (ft/sec) °F) (°F) 5) Trip » 'fx::‘:)
P 2] -
B54 5.0 5.19 1288 0.340 3.80 2 38
BS5 5.0 5.18 1285 0.380 3. 66 18 58 ~
B56 5.0 5. 20 1283 0.420 3.61 29 74 “
B57 5.0 5.19 1285 0.380 3.64 11 51 !
B58 5.0 5.19 1290 0.410 3.43 42 85
B59 5.0 5.25 1289 0.380 3.43 27 67 )
B60 5.0 5.23 1287 0. 400 3.43 38 80 . '
B61 5.0 5.19 1287 0.370 3.21 31 70
B62 5.0 5,18 1289 0. 380 3.19 43 83
B63 5.0 5.18 1286 0.370 3.19 32 71 '
B64 5.0 3.16 1284 0.380 2.90 49 89
B65 5.0 5.18 1283 0.370 2.92 45 84 - !
B66 5.0 5.16 1283 0.360 2.90 43 81
B67 5.0 5.19 1283 0.320 2.90 17 51 K
B68 5.0 5.18 1281 0. 400 2.86 60 102
B69 5.0 5.18 1286 0.360 2.70 56 94
B70 5.0 5. 19 1285 0.340 2.70 43 79
B71 5.0 5.19 ) 1284 0.360 2. 68 55 93
B72 5.0 5.19 1284 0,310 2. 50 41 74
B73 5.0 5.19 1284 0,340 2. 50 59 95
B74 5.0 5.19 - 1282 0.330 2.50 46 81
B75 5.0 5. 18 1281 0.340 2. 66 55 91 , .
B76 5.0 5.18 1284 0.290 2.21 48 79 i i
B77 5.0 5.23 1287 0.310 2.17 65 98 :
B78 5.0 5.25 1233 0.240 2.25 52 77 i
B79 5.0 5.23 1329 0,230 2.30 41 65
B8O 5.0 5.23 1328 0.200 2.56 10 31 T
B81 5.0 5. 18 . 1329 0.260 2.52 48 75 -1
B82 5.0 5,18 1336 0,230 2.50 40 64 ]ﬂ
B83 5.0 5.23 1340 0.240 2. 66 42 67 .
AI-AEC:12767
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TABLE A-1 j
EXPERIMENTAL SODIUM BOILING INITIATION DATA (Sheet S of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux ; Bulk wall Heater
Run Gas Pressure Section Section . Inlet {(Btu/hr- Vel:9city Superheat Superheat Typfe of Opexjatmg
() in Co?densiezr) Prgssure(f}) Pr::s::e (p51(a4)) Tempoe;ature ftz 106) (ft/z}sec) R (°F) s 'jF‘np . T;:i:
(psia) (psia) d time (°F) L ‘( ) _(6) ( )
B84 5.0 5.20 1336 0.240 2. 24 44 69
B85 5.0 5.20 1338 0.250 2. 8h6 41 67
B86 5.0 5. 25 1338 0.240 2. ng : 35 60
B87 5.0 5.25 1341 0.210 3. 65 10 32
B88 5.0. 5.19 1340 0.240 3.é1 36 61
B89 5.0 5. 19 1340 0.240 2. ;?7 34 59
B90 5.0 5.16 1341 0.220 3.!2-7 13 36
B91 5.0 5.14 ) 1338 0.220 3. EiS 10 - 33
B92 5.0 5. 16 1336 0.260 3.%4 7 34
B93 5.0 5.18 1330 0.270 3.59 20 49
B94 5.0 5.20 1331 0.310 3.5:1 37 70
B95 5.0 5.20 1332 0.280 3.‘];8 6 36
B96 5.0 5.20 1332 0.280 3.94 12 42
B97 5.0 5. 20 1332 0.300 4. %9 6 38
B98 5.0 5.18 ' o1333 0.300 4.29 13 45
B99 5.0 5. 20 1337 0.290 4. fgl 8 39 -
B100O 5.0 5.20 1337 0.310 4. §3 10 43
B101l 2.0 2. 00 . 1204 0. 360 4.‘1}1 23 61
B102 2.0 2. 00 1202 0.310 4.;1 16 49
B103 2.0 2. 00 1203 . 0.380 4.£1 15 52
B104 2.0 2.03 1205 0. 300 4.%7 15 45
B105 2.0 2.01 1197 0.300 4. 14 16 46
B106 2.0 1. 99 1196 0.310 4, 1t4 18 49
B107 2.0 2.00 1195 0. 300 4. 1!0 : 13 43
B108 2,0 2.03 1197 0.330 4, 112 20 52
B109 2.0 2.06 1206 0,270 3. ?;0 9 36
B110 2.0 2. 04 1206 0.280 3.;;0 11 39
Bl11 2.0 1.98 1208 0,260 3.;90 15 41
Bll2 2.0 2. 04 1205 0.270 3."71 11 38
B113 2.0 198 1196 0.240 3.‘?{;9- 1 ‘ 25 - ALAEG.12767
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION DATA

(Sheet 6 of 22)

Argon Cover Tes.t Maximuf'n Test | Test Section Heat Flux Bulk Wall Heater

Run C.:as Pressure Section Section ) Inlet (Btu/hr- Velocity Superheat Superheat Typf': of Opex:ating
in Co?denser Pres.sure Pressu.re(psu-x) Tempaerature f':2 106) (ft/sec) (°F) (°F) Trip ) Tlrfle

(1) (psia) (2) (psia) (3)| and time (4} (°F) (5). (6). {min)

Bll4 2.0 1.98 1194 0.300 3.69 22 52 l

B115 2.0 1.98 1197 0.300 3.71 27 57

B116 2.0 2.01 1201 0.280 3.52 24 52

B117 2.0 2.05 1201 0.260 3.52 13 39 .

B118 2.0 2.05 1202 0.270 3.53 14 41 ’ )

B119%9 2.0 1. 99 1204 0.260 3.53 16 42

B120 2.0 1.99 1197 0.250 3.36 17 42

B121 2.0 2. 04 1199 0.270 3.38 21 48 1‘

B122 2.0 2.03 1195 0.240 3.38 9 33 :

B123 2.0 2. 04 1197 0.260 3.19 22 48

B124 2.0 2.03 1194 0. 240 3.17 13 37 ’

B125 2.0 2.01 1193 0.240 3.17 16 40 I

B126 2.0 2.03 1197 0.240 2.95 21 45

B127 2.0 2.04 1200 0.230 2.95 17 40

B128 2.0 2.03 1199 0.230 2,95 16 39 .

B129 2.0 2.01 1201 0.190 2. 72 12 27 \

B130 2.0 2. 01 1201 0.210 2.72 20 at :

B131 2.0 2.00 1197 0.210 2.76 19 40

B132 2.0 2. 04 1194 0.230 2. 76 18 41

B133 2.0 2.01 1194 0.196 2.53 13 32 /

Bl34 2.0 2,01 1193 0.210 2.53 20 41

B135 2.0 2.03 1193 0.210. 2.51 17 38

B136 2.0 2.01 1197 0.190 2.32 16 35

B137 2.0 2,04 1203 0,180 2.30 14 32

B138 2.0 2. 00 1202 0.180 2.30 30 48

B139 2.0 2.01 1193 0.170 2.28 16 33 .

B140 2.0 2.04 1197 0.188 2. 00 23 42

B141 2.0 2. 03 1202 0.167 2. 00 25 41 |

Bl142 2.0 . 2.03 1202 0.167 1.98 22 38 ';

B143 2.0 2. 00 1191 0. 160 4.22 13 29 ’

AI-AEC-12767
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TABLE A-1
EXPERIMENTAL SODIUM BOIﬁNG INITIATION DATA

(Sheet 7 of 22)

Argon Cover Tes.t Maximuf'n Test | Test Section Heat Flux . Bulk wall Heate.r
Run Qas Pressure Section Section . Inlet (Btu/hr- Velocity Superheat Superheat Typ‘e of Opel:atmg
() in (C:l:::)ens?xz‘) P(ressisal;re Pr::dsiir;ipm(ag) Temf»oe;;lture ftz 106) (ft/sec) CF). "F) (s Trip 6) Tln.me
psi i) _(min)
Bl44 2.0 2.01 ' 1198 0.325 4.20 -2 30
B145 2.0 2. 04 1199 0.250 4.20 | 12 13
B146 5.0 5. 00 1282 0,370 3.29 ‘ 28 67
B147 5.0 5.06 - 1290 0. 350 3.29 35 72
B148 5.0 5. 02 1286 0.360 3.25 39 77
B149 5.0 5.04 . 1286 0. 330 3.27 22 57
B150 5.0 5. 00 1283 0,360 3.23 18 56
B151 5.0 5. 04 1290 0. 320 3.29 6 40 '
B152 5.0 5. 05 1292 0.330 3.05 24 59 iyl
B153 5.0 5. 04 1291 0. 340 3.05 i Z§ 64
B154 5.0 5. 05 1288 0. 280 3.05 -4 26
B155 5.0 5. 05 1283 0. 350 3.05 25 62
B156 5.0 5. 05 1282 0. 330 2.74 - 28 63
B157 5.0 5.00 1285 0. 300 2. 76 | 22 54
B158 5.0 5. 00 1283 0.310 2.66 24 57
B159 5.0 5.03 1281 0. 320 2. 66 27 61
B160 5.0 5. 04 - 1282 0.300 2. 46 30 62
B161 5.0 5. 06 1286 ° 0.290 2. 46 27 58
B162 5.0 4.97 1288 0. 280 2,44 24 54
B163 5.0 4. 96 1290 0.250 2.21 ; 29 55
B164 5.0 4.98 1296 0. 240 2.17 ‘l 29 54
B165 5.0 4.99 1296 0. 230 2. 15 i“ 27 51
B166 5.0 5. 02 1292 0. 250" 2. 09 ll .32 58
B167 5.0 5. 00 1286 0.230 1.97 | 31 55
B168 5.0 5.02 1286 0. 240 1.93 f 34 59
B1.69 5.0 5.03 1286 0.230 1.91 \ 31 55
B170 5.0 5. 06 1286 0.230 1. 89 ?;Z 56
,Cl1 5.0 5.01 1331 0. 280 4.43 10 40
c2 5.0 4.97 1334 0.270 3.45 ' 30 58
C3 5.0 5. 02 1338 0. 250 3.45 | 24 50
- AI-AEC-12767
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EXPERIMENTAL SODI

TABLE A-1

UM BOILING INITIATION DATA

(Sheet 8 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk Wall ; Heater

Run Cras Pressure Section Section ) Inlet {Btu/hr- Velocity Superheat Superheat Ty'pfa of Opex:ating
in Cor.ldenser Pres.sute Pressu.re(psm) Temp::rature f‘:2 106) (ft/sec) (°F) (°F) Tr\p‘ Txn.ne

(1) (psia)  (2) (psia) (3)| and time (4) (°F) 5) . L (6) (min)

ca 5.0 5.01 1340 v. 260 3. 43 30 57 3

CcsP 5,37 1336 0, 250 3,47 14 40

cep 5.33 1334 0. 260 3. 41 19 46 ‘

c7 5.0 5.01 1338 0. 230 3. 45 18 42 l“

Cc8P 7.33 1333 n. 340 3. 45 13 50

cIr 7.29 1334 0. 360 3. 45 12 51 L

c1opP 7.51 1335 0. 330 3.49 15 51 ;

cl11pP ) 8. 64 1336 0. 400 3.45 10 54 ‘3.

Cc12P 9.58 1339 0. 430 3.49 -1 47 i

Ci3P 10. 00 1334 0. 420 3.51 -22 25 :

cl4P 6. 47 1336 0.330 4. 63 -21 14 !

c1s 5.0 6. 16 1326 0.330 4,33 -12 23 .

C16 5, 2.03 1197 0. 190 3.45 .21 -2

c17 5.0 2.09 1197 0. 190 3. 47 -23 -4 ‘

c18 5.0 2. 09 1198 0. 190 3.45 22 -3 ?

c19 5.0 5. 00 1332 0. 190 3.45 -15 5 J

C20 5.0 5.01 1332 0. 220 3.47 0 23 ;

Gzl 5.0 5. 08 1336 0.210 3.47 -7 15 i

caz 5. 00 1337 0. 180 3.49 19 0 |

ca3 5.0 8. 00 1418 0. 210 3. 49 -1 22

c24 5.0 7.97 1418 0.170 3.51 -17 2 ;

c25 5.0 8. 00 1419 0.170 3.51 -18 1 3‘5

c26 5.0 8. 00 1413 0.170 3.51 -16 3 ‘f(

ca27 5.0 10. 03 1453 0. 200 3. 45 6 16 ;

c28 5.0 10. 03 1450 0. 190 3.53 -16 5 :

c29 5.0 10. 03 1450 0.200 3.53 -13 9 ; )

c30 5.0 12. 00 1481 0. 190 3.43 -13 v"

c3l1 5.0 12. 00 1483 0.250 3.39 14 42 I’

c32 5.0 12. 00 1483 0.230 3.39 6 32 i

33 5.0 12. 00 1483 0. 200 3.39 -7 16 jﬁ

AIZAEC-12767
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION

DATA (Sheet 9 of 22)
Argon Cover Test’ Maximum Test | Test Section Heat Flux Bulk Wall Heater
G.as Pressure Section Section ) Inlet (Btu/hr- Velocit(: Superheat Superheat Ty*p.e of Opez:ating
() m(C:?:)ens(ezr) p(r::;re(s) & e (oan (4 Tem?f;?ture i 10) tfsec 5 CE) s T Tr:?:)

P P

5.0 12.00 1485 0.220 3.45. ! -8 17 .
5. 5.01 1287 0.242 2.94 | 11 36

5.0 5.03 1287 0.271 ©2.98 20 49

5.0 5.07 1284 0.279 2.96 1) 28 57

5.0 5.01 25 (1) 1285 0.242 2.94 ! 10 36

5.0 5.03  [25.1 (15) 1283 9,271 2.88 31 60

5.0 5.03 1283 0.333 2.88 | 60 95

5.0 5.05 1281 0.346 2.94 ‘ 58 94

5.0 5.05 1283 0.271 2.92 25 54 ’

.0 5.01 1284 0.365 2.98 ) 57 96 s

.0 5.01 1285 0.263 3.03 | -1 27 s

.0 5.05 1289 0.367 3.09 | 58 97 F

.0 5.01 25.1 (60) 1285 0.263 2.90 2 30 s

5.0 4,98 25.1 (15) 1284 0.221 2.98 J -23 0 F

5.0 5.01 |15 (15) 1283 0.333 2.98 ] 34 69 s

5. 5.01 1281 0.275 3.03 | 30 s

5. 5.04 1284 0.333 2.98 37, 72 FS

5.0 5.06 1285 0.275 2.98 5 34 S

5.0 5,04 1272 0.296 2.94 , -4, 27 s

5.0 5.00 1281 0.320 2.94 17 51 F

5.0 5,03 1277 0 342 2.94 18 54 F

5.0- 5.05 1285 0.349 3.00 29 66 F

5.0 5,15 1285 0.333 2.98 ‘ 20 55 F

5.0 5.13 25.5 (1) 1292 0.350 2.98 | 38 75 F

5.0 5.14  [25.5 (1) 1286 0.329 2,88 | 26 61 F

.0 5.19 26.0 (5) 1282 0.329 3.00 § 8 43 F

5.0 5,17 1279 0.329 2.94 ! 7 42 F

5.0 5,10 1281 0.308 2.92 % -3 30 F

.0 5.02 1279 0.283 2.90 | -5 25 s 50. 5
5.0 5,03 1280 0.329 2.98 | 9 44 F

Al-AEC-12767
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, TABLE
EXPERIMENTAL SODIUM BOILI

NG INITIATION DATA

(Sheet 10 of 22)

i

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk wall f Heate.r
Run Qas Pressure Section Section ) Inlet (Btu/hz- er.l}ocity Superheat Superheat T’;pf: o{ OpeTI::j:leng
Y i s it o I T I N M NG B MY M

7

J13 5.0 5.06 1282 0.342 2,94 2 38 F

Jl4 5.0 5.01 25.5 (5) 1282 0.313 2.96 4 37 S

J15 5.0 5.04 25.5 (5) 1278 0.325 3.00 2 36 F

J16 5.0 5.07 25.5 (l0) 1278 0.338 3.07 8 44 F

Ji7 5.0 5.12 25.5 (10) 1279 0.342 3.17 5 41 F ’

J18 5.0 5.03 1279 0.346 2.98 3 40 FP

J19 5.0 5.00 1281 0.325 2.96 6 40 FP

J20 5.0 5.03 1283 0.350 2.98 14 51 F

J21 5.0 5.07 1283 0.333 3.00 10 45 F

J22 5.0 5.10 1284 0.333 3.00 9 44 F 87.1

J23 1.9 1.98 1133 0,358 2,98 22 57 F

J24 1.9 1.95 1136 0.346 2.98 18 52 F

J25 2.0 2.00 1136 0.379 2.98 28 65 F

J26 1.9 1.99 25.5 (5) 1136 0.392 2.98 41 80 F

J27 2.0 2.01 25.5 (10) 1133 0.479 2,96 82 129 FP

J28 1.9 1.98 25.5 (10) 1135 0.363 3.00 22 58 F

J29 2.0 2.10 25.5 (10) 1134 0.392 3.00 14 53 F

J30 1.9 1.99 25.5 (10) 1137 0,342 3.00 14 48 F

J3i 2.0 2.00 1134 0.383 3.00 33 71 F

J32 2.0 2,04 1137 0.454 3.02 60 105 FP ‘\

J33 2.0 2,04 1131 0,433 3.22 .40 83 FP ,

734 2.0 2,00 1142 0.354 3.00 11 46 FP .

735 2.0 2,04 1135 0.396 2.94 36 75 F o 138

J36 2.0 5.54T 1294 0.264 2,92 -10 18 F '

J37 2.0 5.09T 1290 0.274 2.94 7 36 F

J38 2,0 4,97T 1295 0,271 2.90 -2 27 F '

J39 2.0 5.00T 1292 0.276 2.98 9 38 Fo,

J40 2.0 25.1 (5) :

J41 2.0 25.0 (1/2) ﬁ

‘J42 2.0 5.51T 17.3 (5) 1292 0.229 3.02 43 67 F \‘

!
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EXPERIMENTAL SODI

TABLE A-1

|

UM BOILING INITIATION DATA

(Sheet 11 of 22)

Argon Cover Tes.t Maximum Test [ Test Section Heat Flux ) Bulk wall Heater

Run G.as Pressure Section Section ) Inlet (.BtU/hr- Vel"city Superheat Superheat Typ.e of Opezjating
in Con:xdenser Pres.sure Pr?ssure.(psxa) Temp:erature ftz 106) (ft/sec) (°F) (°F) Trip Tu'r.xe

()|  (psia) ()] (psia) (3)|&time(min) (4)] (°F) | ) (6) (min)

J43 2.0 5._20T 1294 0.263 2.98 8 36 F

J44 2.0 _ ‘i

Ja5 2.0 5,03T (1/12) 1293 0.244 2:98 -3 23 F

J46 2.0 3.80 1290 0.191 BJEOO 4 24 F

J47 2.0 4,95T 1287 0.256 3.!;00 -3 24 F 192

J48 2.0 5.09T 1290 0.356 4.‘"15 -7 31 S

J49 2.0 5.03T 1291 0.353 4115 -6 31 S

J50 2.0 30.0 (1/12)

J51 2.0 5,03T 25.5 (5) 1284 0.276 4.24 -22 7 S

JAl 2,0 4".97T 1287 0,321 45'15 -20 14

JA2 2.0 4A.93T 1287 0.306 4.‘11 -25 7

JA3 2.0 5.02T 1287 0.376 4.1‘30 -9 31 FS

JA4 2.0 4,80T 1287 0.321 4!{28 -21 13 FS

JAS 2.0 5.00T 1289 0.338, 4.}37 -16 20 s

JA6 2.0 5.08T 15,0 (5) 1288 0.396 4}’32 -3 39 F

JAT7 2.0 5.00T 15.0 (5) 1286 0. 425 4.!;32 7 52 F

JAB 2.0 5.00T 15.0 (5) 1277 0.463 45{28 9 54 F

JA9 2.0 5.05T 1282 0.440 4;!30 -6 40 F

JA10 2.0 4,97T 1281 0.440 4l30 -5 41 FS 30

JAll 2.0 7.65T 1336 0.504 4!20 35 90 F

JAl2 2.0 8.10T 1329 0.558 4.}24 44 105 F

JA13 2.0 8.05T 1328 0.525 424 28 86 F

JAl4 2.0 8.05T 1334 0.521 4.26 36 93 F

JA 1S5 2.0 .8,01T 1344 0.517 4_:26 37 94 F

JA16 2.0 8.00T 1341 0.423 4&28 -5 41 S

JAL7 2.0 8.10T 1335 0.517 4.&28 26 31 F

JA18 2.0 8. 12T 1334 0. 442 4.:;28 -7 42 S 46

IB1 5.0 7.91T 1399 3426 F

JB2 5.0 7.95T 1404 0,266 3.30 19 48 F

JB3 5.0 7.937T 1405 0.236 3 ;28 5 31 F

AI-AEC-12767
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION DATA

{(Sheet 12 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk Wall Heater
Run Cfas Pressure Section Section . Inlet (Btu/hr- Velocity Superheat Superheat Typ.e of ‘ Opex:ating
(| I Somdenser | Preesre e B TR |« 10%) (it/oce) ("F) I T I
PS. P ‘-
IB4 5.0 7.88T 1404 0.288 3,30 26 58 F ;
IB5 5.0 7.97T 1400 0.291 3.30 25 57 F
JB6 5.0 7.98T 1399 0.256 3.32 -3 25 F
BT 5.0 8,00T 1399 0,255 3.30 6 34 F ; 10.1
B8 5.0 7.99T 1408 0.317 3.20 41 76 FS '
JB9 5.0 7.92T 1404 0.297 3.22 26 59 F
JB10 5.0 8.10T 1400 0.346 3.20 41 79 F
JB11 5,0 7.95T 1398 0.327 3.22 3t 67 FS
JBI12 5.0 7.80T 15.0 (5.0) 1403 0.354 3.17 35 74 F :
JB13 5.0 8.04T 1397 0.304 3.15 20 53 F i
JBl4 5.0 7.90T 1397 0.319 3.20 24 59 F ‘
JB15 5.0 7.93T 15.0 (5.0) 1408 0.310 3.13 42 76 FS
JB16 5.0 8.01T 1404 0.340 3.20 41 78 FS
JB17 5.0 7.88T" 1402 0.303 3.13 29 62 F
JB18 5.0 7.92T 15.0 (5.0) 1412 0.235 3.20 3 28 F
JB19 5.0 ©7.96T 1409 0.264 3.11 14 42 F
IB20 5.0 8.14T 1406 0.333 311 41 77 FS ,
~IB21 5.0 7.82T 1404 0.324 3.24 37 72 FP ;
IB22 5.0 8. 11T 1404 0.344 3.20 44 81 FS |
IB23 5.0 8.15T 1404 0.339 3.13 36 72 FS
IB24 5.0 8.15T 1404 0.341 3.13 40 76 FS
JB25 5.0 7.89T 1403 0.325 3.24 37 72 FS
JB26 5.0 8.19T 1398 0.360 3.26 39 78 FS
IB27 5.0 8.04T 1399 0.326 3.15 31 66 FS
IB28 5.0 7.88T 15.0 (5.0) 1410 0.328 3.26 44 79 FS :
JB29 5.0 8. 11T 1407 0.342 3.13 4l 78 FS
IB30 5.0 8.05T 1403 0.353 3,13 40 78 FS k
IB31 5.0 7.84T 1402 0.347 3.26 46 83 FS : 42.1
Jc1 5.0 7.78T 1337 0.393 3.22 3 45 FS |
Jjc2 5.0 8.00T 1333 0. 460 3.17 26 75 F k
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(Sheet 13 of 22)

Argon Qover ’ Tes.t Maximm.'n Test | Test Section Heat Flux } Bulk wall . Heater
Run Cfas Pressure Section Section ) Inlet {Btu/hr- Ve]ﬁ)city Superheat Superheat Typfe of Opet:ating
N I i PO e e i Y I N N N e Y NG B0 B G0 N
JjC3 5,0 7.83T 1324 0.441 3! 15 17 64 F )
JC4 5.0 7.97T . 1320 0.431 3lis 12 58 F
JC5 ‘5.0 8,10T 1317 0.469 3d17 30 80 F
Jjcé' 5.0 7.81T 15.0 (5.0) 1318 0.393 3d15 -3 39 s
JC1 5.0 7.86T 1313 0.385 317 -14 27 S
jCcs8 5.0 7.93T 1310 0.502 315 43 97 F
hfel] 5.0 7.92T 1308 0.511 3t13 44 . 99 F
JCl10 5.0 7.91T 15.0 (5.0) 1313 0.503 3t11 48 102 " F
JC11 5.0 8.00T 1308 n, 539 3l 60 118 FS
JCc12 5.0 7.83T 1304 0.520 3420 49 105 FS
JCc13 5.0 7.92T 1304 0.518 sk 20 40 96 FS 25.3
JjCl4 5.0 7.98T 10.0 (18 hrs) 1217 0.758 3‘120 95 176 S
JC1s 5.0 7.74T 1214 0.588 35‘20 0 63 s
JC16 5.0 8.11T 1216 0.661 3115 34 105 FS
JC17 5.0 7.98T 1218 0.552 3! 11 -30 29 S
jc18 5.0 7.61T 1223 0.676 3411 57 130 F
IC19 5.0 7.76T 1223 0.627 3i20 12 .79 FS
Jcz0 5.0 7.40T 15.0 (5.0) 1216 0.740 3l20 66 147 FS
scz1 5.0 6.39T ‘ 1210 0.688 3.20 72 147 F -
sc22 5.0 8.47T 1209 0.763 322 68 153 FS i
Jc23 5.0 7.72T 1211 0.593 3" 15 -18 49 ’
JC24 5.0 6.45T 15.0 (5.0) 1212 0. 505 3' 26 -33 22
Jcas 5.0 7.93T 1207 "0, 680 3'.22 11 86 FS
JC26 5.0 7.86T 1204 0. 629 3l22 -14 55 s
Jc217 5,0 7.80T 1207 0. 654 324 -2 70 s
Jcas 5.0 7.95T 15.0 (5.0) 1212 0.790 3424 90 177 FS
JC29 5.0 7.95T 1208 0.739 313 56 137 F
JC30 5.0 7.92T 1209 0.711 3820 38 116 F
JC31 5.0 7.89T 1212 0,731 3liz2 53 134 F 70,2
JD1 5.0 5.45 1137 0.813 3420 8 95 s
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TABLE A-1 y
EXPERIMENTAL SODIUM BOILING INITIATION DATA (Sheet 14 of 22)
Argon Cover Tes.t Maximum Test | Test Section Heat Flux Bulk Wwall i Heater
Run Qas Pressure Section Section ) Inlet (Btu/hr- Velocity Superheat Superheat Typ.e of . Opex:ating
)] e L T e et [Femreztere | n? 1% (it/sec) 5 I T I
JD2 5.0 5.09 1138 0,792 3.20 59 143 FS '
JD3 5.0 5,08 1148 0.727 3.24 30 107 F '
JD4 4.9 . 4.98 1149 0.588 3.20 -24 38 S i
JD5 5.0 5.13 15,0 (5.0) 1158 0,716 3.20 36 112 " i
Ina 5,0 5.05 1148 0.807 3.17 78 164 F
ID7 5.0 5,26 1146 0,716 3.17 21 97 F |
D8 4.9 4.95 1147 0. 705 3.15 24 99 F ‘j
JD9 4.8 4. 86 15,0 (5.0) 1140 0.752 3.20 37 117 F ‘ 30
JD10 5.0 5.10 ) 1229 0.520 3.17 2 57 FS
JD11 5.0 5.03 1229 0.438 3.17 -9 37 S
JD12 5.0 5.12 1232 0.551 3.20 27 85 P
JD13 5.0 5.19 1294 0.381 3.15 15 55 F
JDl14 5.0 5.15 1291 0.388 3.17 18 59 F
JD15 5.0 5.06 15,0 (5.0} 1291 0.378 3.20 19 59 F
JD16 5.0 5.06 1285° 0.394 3.15 20 62 F
IDIL7 5.0 5.10 1287 0.359 3.22 2 40 F
KIP 5.0 11,34T 15.0 (3.0) 1308 0.485 3.00 15 70 F
K2P 5.0 9.63T 12.0 (3.0) 1305 0.496 3,28 20 76 F 4:
K3P 5.0 8.07T 12.0 (3.0) 1302 0.537 3.39 62 121 F
K4P 5.0 8.35T 10.0 (3.0) 1300 0.496 3.39 50 105 F %
K5P 5.0 9.65T 10.0 (3.0) 1302 0.538 3.20 36 97 F ;
K6P 5.0 9.45T 10.0 (3.0) 1308 0.538 3.17 44 105 FSs i
K7P 5.0 10.00T 11,0 (3.0) s 1312 0,539 3,17 21 82 F i
K8P 5.0 9.75T 11,0 (3.0) 1315 0.542 3.20 36 97 FS ‘I
K9P 5.0 92.70T 11,0 (3.0) 1311 0.538 3.20 36 96 F
K10P 5.0 9.70T 10.0 1306 0.536 3.22 33 93 F “1
K11P 5.0 8.40T 10.0 1305 0.541 3.20 56 116 FS "‘\
KI12P 5.0 9.62T 10.0 1302 0.536 3.17 29 89 F %
K13P 5.0 9.30T 10.0 1300 0.548 3.20 40 101 F i
K14P 5.0 8.28T 10,0 1302 0.538 3.24 33 92 F 1
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{Sheet 15 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux | Bulk Wall Heater
Run .qas Pressure Section Secticq . Inlet (Btu/hr- Velocityi‘ Superheat Superheat Ty-p.e of Opex:ating
. T in Cox"ldenser Pres.sure Prgssure gpsxa) Temperature ft2 106) (ft/sec) } (°F) (°F) Trip Tln?e
(1) (psia) (2) (psia) (3)}{&time (min) (4) (°F) : (3) (6) (min)
K15P 5}.0 8.29T 10.0 1302 0.536 3.22 / 31 90 F
I§16P 5.0 7.05T 10.0 1304 0.536 3.30 79 133 F
K17P 5.0 8.79T 10.0 1304 0.540 - 3.26 44 104 FSs 39.7
K18P 5.0 ©10.73T 11.0 1215 0.719 3.24 ' 25 107 F
K19P 5.0 9.00T 11.0 1213 0.712 3.34 ; 39 119 F
K20P 5.0 8.78T 12.0 1214 0.721 3.26 I 47 128 FSs
K21P 5.0 7.91T 13.0 1219 0.728 3.34 { 75 156 F
K22P 5.0 8.70T 12.0 1221 0.730 3.28 59 141 FS
Kesp 5.0 .7.88T 12.0 1225 0,731 3.34 76 157 FS
K24P 5.0 7.70T 12.0 1226 0.731 3.37 ‘ 80 161 F
K25P 5.0 9.12T 12.0 1225 0.741 3.30 56 139 F
K26P 5.0 8.22T 11.0 1219 0.745 - 3.30 74 157 FS
K27P 5.0 10, 06T 12.0 1217 0.738 3.26 | -2 81 FS
K28P 5.0 9.70T 13,0 1218 0.759 3.30 45 130 F
K29P 5.0 10. 18T 1;.0 1216 0.683 3.26 -27 50 s
K30PA 5.0 11,27T 12.0 1216 0.743 3.28 -12 73 s
K31P 5.0 10, 46T 12,0 1216 0.719 3.24 -7 75 s
K3z2pP 5.0 12.45T 12.0 1216 0.766 3.15 | -9 79 s 63.7
K33P 5.0 11, 19T 12, 0(12days 1214 0.729 3.11 } 31 114 F
K34P 5.0 10.35T 16,0 (3.0) 1213 0.737 3.28 | 26 110 F
K35P 5.0 9.54T 12.0 1215 0.737 3.29 54 13.7 F
K36P 5.0 9.89T 12,0 1218 0. 740 3.30 | 48 131 F
K37pP 5.0 9.30T - 12.0 1222 0.739 3.24 VJ 73 156 F
K38P 5.0 6.84T 11.0 1230 0.538 3.28 | 22 71 F
K39pP 5.0 6.69T 10.0 1225 0.541 3.37 A 25 84 F
K40P 5.0 5.85T 10.0 1227 0.550 3.30 44 103 F
K41P 5.0 6.41T 8.0 1226 0.547 3.37 34 93 F
K4z2P 5.0 6.56T 8.0 1219 0.546 3.37 21 81 F 85
L1P 5.0 10, 71T 12,0 (3.0) i157 0.429 3.07 -21 28 F
L2 7.9 7.93 1168 0.3.98 3.26 21 64 F
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TARLE A-1

EXPERIMENTAL SODIUM BOILING INITIATION DATA

(Sheet 16 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk Wall J Heate.r
Run C{as Pressure Section Section ) Inlet (Btu/hz- Vel/ocity Superheat Superheat T{E? oif Op;xi'.xant;ng
- in (Ct?ri‘l:)ens(ezr) P(ressisa\;re(” l;lrtie;se\}::i?)51(a).4)) Temfce;?ture ftz 10%) (ft/sec) (°F) (°F) 5) P ) (eain)
ps P
L3 7.9 7.94 1162 0.402 3,24 10 53 F
L4 8.0 8. 04 1162 0. 402 3.24 3 46 F ﬁ;
L5 7.9 7.99 1163 0. 424 3.26 47 92 F |
L6 8.0 8. 00 1168 0. 393 3.24 29 71 F |
L7 8.0 8. 00 1165 0. 382 3.26 -4 37 F ‘
L8 8.0 8. 00 1164 0.363 3.22 -6 33 F J‘
L9 7.7 7.79 1162 0. 408 3.22 25 69 F
L10 8.0 8.04 1163 0.412 3.20 30 74 F ‘ 35.6
KAl .0 14. 96T ~15.0(~24 hrs) 1422 0.563 3,20 56 122 Fs!
KA2 14.85T 1424 0.521 3.22 44 105 Fs,|
KA3 8. 15. 00T 1430 0.563 3.26 73 139 FS' 15. 1
KA4 .0 14. 69T ~15, 0(~24 hr9 1424 0.586 3,20 125 194 FS P
KAS .0 14, 80T 1427 0.533 3,20 88 150 F
KA6 8.0 14.79T 1425 0. 461 3,18 34 88 s 1
KA7 8.0 14, 38T 1427 0.476 3.20 26 92 FS {
KAS8 8.0 14.90T 1428 0. 400 3,22 -1 46 3 ‘A
KAY 8. 14. 75T 1429 0.413 3,22 -3 45 s
KA10 8. 15, 07T 1427 0. 464 3,24 15 69 5
KAll .0 14, 61T 1429 0.531 3.24 86 148 F :
KAl2 .0 14, 67T 1427 0. 489 3.24 56 113 FoJ
KAI3 8.0 14, 75T 1428 0.471 3.24 40 95 F ;
KAl4 8.0 14.93T 1428 0.452 3,24 17 70 FS f
KAIlS 8. 15. 07T 1430 0.510 3.24 56 116 F . {
KAl 8. 14, 88T 1430 0. 432 3.24 17 68 s |
. KAl7 .0 15,26T 1430 0. 486 3.24 46 103 FS'
KAlS8 .0 14, 62T 1430 0. 484 3,26 51 108 FS ?
KAl9 8.0 14. 91T 1431 0.461 3.22 40 94 FS§ .
KA20 8.0 15, 12T 1431 0. 492 3.26 46 104 F i 29.8
KA2l 5.0 5.02 15.0( 60) 1131 0.651 3.28 38 107 s -
KA22 4.9 4.95 1130 0. 600 3.24 -20 44 s
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION

4

DATA (Sheet 17 of 22)
Argon Cover Test Maximum Test | Test Section Heat Flux Bulk wall Heate.l'
Run Gas Pressure Section Section ) Inlet (Btu/hr- Velocity Superheat Superheat Typ? of Opex:atmg
| in Condenser Pres.sure Prt.:ssure.(psm) Temperature ft2 106) (ft/sec)! (°F) (°F) Trip Tm.'xe
(1) (psia) _(2) (psia) (3) |& time (min) (4) (°F) . (5) (6) (min)
KA23 4.9 4.95 1131 0.599 3,22 -21 43 S
KA24 4.9 4,92 1134 0. 698 3.26 ,'“i 42 116 F
KA25 4.9 4.94 1135 0.733 3.24 59 137 F
KA26 4.9 4.92 1138 0.730 3.24 “ﬁ' 68 144 F
KA27 4.9 4.98 1139 0.746 3.24 I 53 132 F
KA28 5.0 5. 00 1137 0.575 3.28 |, -26 35 s
KA29 5.0 5.03 1137 '0.734 3,24 Xj 57 135 FS
KA30 5.0 5. 00 1137 0. 634 3.26 | -3 64 S
KA31 5,0 5.03 1135 0. 825 3.26 | 98 185 FS
KA32 5.0 5.00 1132 0.577 3.30 l] -54 7 s
KA33 5.0 5.06 1132 0.736 3.26 ’f 31 109 FS
KA34 5.0 5.02 1129 0. 661 3.26 | -1 69 FS
KA35 5.0 5,04 1129 0.599 3.26 Eé -53 10 S 52
KBl 4.9 4,98 15.0 (60) 1238 0. 399 3.17 -9 33 S
KB2 5.0 5.00 1237 0.470 3.26 17 67 Fs
KB3 5.0 5.01 1237 0. 460 3.26 13 62 F
KB4 5.0 5.02 1239 0.536 3,15 | " 60 117 Fs
KB5 5.0 5.02 1240 0. 453 3.1 f 10 58 s
KB6 5.0 5.01 1241 0.533 3.22 54 110 F
KB7 5.0 5.02 1239 0.590 3,24 ! 84 146 Fs
KB8 5.0 5,01 1238 0.470 .26 | 24 74 s
KB9 5.0 5,03 1238 0.500 3.22 , 35 88 FS
KB10 5.0 5.02 1237 0.435 3.22 -2 44 s ‘
KBl11 5.0 5,02 1238 0.543 3.20 } 58 115 FS ‘
KB12 5.0 5.03 1239 0. 600 3.28 | 96 160 F |
KBI13 5.0 5.03 1239 0.596 3. 15 g 85 148 Fs
KBl4 5.0 5,04 1238 0.759 3.26 ‘,ﬁ 161 241 F$s
KB15 5.0 5,01 . 1237 0.536 3.28 ! 55 112 F
KBl6 5.0 5,12 1237 0.547 3.26 l 63 121 F
KB17 5.0 5. 06 1237 0. 627 3.20 | 95 161 Fs
y;‘ AI-AEC-12767
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TABLE A-1
EXPERIMENTAL SODIUM BOILING INITIATION DATA

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk wall i Heuler
Run Gas Pressure Section Sectifm ) Inlet (Btu/hr- Velocity Superheat Superheat Ty-pta of Opez:ating
in Condenser Pres_sure Pr?ssure.(psm) Temperature f':2 106) (ft/sec) (°F) (°F) Trip Tu’f\e
(1) (psia) (2) {psia) (3)|& time (min) (4) (°F) (5) . (6) {min)

KB18 5.0 5.02 1238 0.557 3.26 73 132 FS [

KB19 5.0 5.02 1238 0.410 3.26 -1 42 S

KB20 5.0 5.03 ‘ 1239 0.539 3.26 62 119 FSs i 23.8

KB21 5.0 5.01 18.0 (60) 1333 0. 287 3.20 18 ‘48 F i

KB22 5.0 5.1Y 1334 0.350 3.20 1 38 S |

KB23 4.9 4.93 1335 0. 240 3.17 3 28 S :’

KB24 5.0 5.40 1333 0. 358 3.20 -1 37 s i|

KB25 4.9 4.98 1334 0. 306 3.17 50 82 FS ‘

KB26 4.9 4.98 1332 0.490 3.22 146 198 FSs !

KB27 5.0 5.02 1333 0.266 3.24 21 49 S

KB28 5.0 5.00 1334 0.238 3.22 7 32 S

KB29 5.0 5.01 1335 0.282 3.24 29 59 FS "

KB30 5.0 5.04 1335 0.389 3.26 95 136 FSs :

KB31 5.0 5.03 1337 0.490 3.24 129 181 Fs

KB32 5.0 5.04 1337 0. 349 3.22 66 103 F S i

KB33 5.0 5.03 1336 0.410 3.26 105 148 F [

KB4 5.0 5.04 1336 0.588 3.32 143 205 FSs ‘

KB35 5.0 5.07 1334 0.365 3.20 77 116 FSs J'

KB36 4.9 4.95 1333 0.327 3.22 59 94 F S '

KB37 4.9 4.96 1333 0.393 3.22 100 112 FS5 "‘

KB38 4.9 4.96 1331 0.262 3.26 11 39 , 5 i

KB39 4.9 4.97 1332 0. 279 3.20 28 57 S

KB40 5.0 5,00 1330 0.252 3,22 13 40 S } 37.2

KC1 5.0 5.10 ~15.0 (~24 ts] 1408 0.132 3.17 18 32 s q!

KC2 5.0 5.01 1406 0. 090 3.26 -2 7 Fs |

KC3 5.0 5.01 1405 0. 140 3.26 24 39 F ‘;

KC‘ 4 5.0 5.00 1404 0. 139 3.26 13 28 F ;

KC5 4.9 4.97 1405 0.191 3.24 43 63 F l

KC6 5.0 5.01 1404 0.235 3.26 60 85 F i

KC7 5.0 5,10 1406 0.203 3.28 50 71 F H
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EXPERIMENTAL SODIUM BOILING

TABLE A-1

(Sheet 19 of 22)

NITIATION DATA
!

Argon Cover Test Maximum Test | Test Section Heat Flux L Bulk wall Heate.r
G.as Pressure Section Section ) Inlet (Btu/hr- Ve19c1ty Superheat Superheat Ty-p'e of Opex:atmg
in Cm::denser Pres.sure Pressu.re(psm) Tempﬂerature 2 106) (it’/rsec) °F) (°F) Trip Tln.'xe
(psia) (2} (psia) (3) and time (4) (°F) ] (5) (6) {min)
5.0 5.03 1406 0.173 3[522 45 63 F
5.0 5.00 1407 0. 183 3126 42 61 F
5.0 5.03 1408 0. 093 3’5 26 -2 8 F
5.0 5.05 1408 0.183 3f 28 39 58 F
5.0 5,01 1408 0.219 3l 30 66 89 F
5.0 5. 10 1407 0. 249 322 65 91 F
5.0. 5,03 1406 0.176 3" 22 40 59 F
5.0 5.03 1405 0. 154 326 36 52 F
5.0 5.00 1406 0. 169 3;1 26 42 60 F
4.9 4.98 1406 0. 170 3l28 43 61 F
5.0 5.00 1406 0.171 3”30 39 55 F
5.0 5.01 1406 0.112 3?\26 8 20 F
5.0 5.03 1408 0. 143 326 18 33 F
5.0 5.03 1406 0. 196 3,24 50 71 F
5.0 5.16 1407 0.230 3£ 26 65 89 F
5.0 5.07 1407 0. 164 3,30 30 47 F
5.0 5.07 1408 0.219 3‘[ 28 51 74 F
5.0 5.02 1407 0.203 3,28 45 66 F 9.1
5.0 5.70 12 (~24 hr) 1342 0. 400 592 -8 35 s 0.7
5.0 4.75 1341 0.322 5, 96 9 43 F L9
5.0 4,74 1338 0.251 5. 99 -9 17 s 2.3
.0 4.74 1337 0.302 5,‘ 96 -5 27 s 2.8
5. 5. 00 1335 0.371 e%y 00 23 62 F 3.5
5. 4.97 1334 0.322 6!1 00 -4 30 s 4.1
5.0 5.37 1332 0.451 5.99 34 82 F 5.0
5.0 5.22 1329 0.397 6: 00 6 48 5 5.8
5.0 4.97 1329 0. 346 5.99 -3 33 s 6.5
5.0 4.97 1329 0. 306 5“ 96 -17 15 s 7.0
5.0 5.01 1329 0.293 5}& 99 -13 18 s 7.6
5.0 5,01 1330 0.392 5196 23 64 F 8.3
.E AI-AEC-12767
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EXPERIMENTAL SODII‘}‘I\?BBLO%I;AII-\IE INITIATION DATA S(Sheet 20 of 22)
Argon Cover Tes.t Maximux.'n Test | Test Section Heat Flux ] Bulk wall 3 Heate:r
Run Cfas Pressure Section Section ) Inlet (Btu/hr- Velocity Superheat Superheat Typf: of ! Opextatmg
in Conl'x'denser Pres.sure Pressu.re (psia) [Temperature ft2 106) (ft/sec) (°F) (°F) Trip i Tm.qe
(1) (psia)  (2) (psia) (3} and time (4) (°F) _(5) . (6;), (min)
KD13 5.0 5.12 1328 0.410 5.96 19 62 F l 9.1
KDl14 5.0 4. 95 1327 0. 326 5.94 -7 27 S ) 9.8
KDI15 5.0 4.97 1327 0.304 5.96 -13 19 S ‘ 10.3
KDl6 5.0 5.40 1332 0.412 5.94 10 54 F 11.0
KDI17 5.0 5.92 1332 0.559 5.99 55 115 F 12. 0
KD18 5.0 4. 90 1328 0.283 5.96 -20 10 S 12,5
KD19 5.0 5.27 1328 0.496 5.96 43 95 F .I 13,3
KD20 5.0 4,98 1328 0.333 6.35 -10 25 S . 13.9
KD21 5.0 4.95 1327 0.281 6. ll. -19 11 S 14,6
KD22 5.0 4,95 A 1332 0.308 5.99 -10 22 s . 15.1
KD23 5.0 5.42 1333 0.488 5.96 39 91 FS | 16.0
KD24 5.0 4.90 1337 0. 266 5.96 -15 13 S ! 16.5
KD25 " 5.0 5,27 - 1335 0.423 5.92 26 71 FS ! 17.2
KD26 5.0 4. 87 8 (~20 hr) 1235 0.408 4,07 -24 19 S i 17.9
KD27 5.0 5.15 1235 0.503 4. 05 22 75 F 19.0
KD28 5.0 4.90 1236 0. 490 4.09 13 65 F 19.8
KD29 5.0 4.94 1237 0.554 4. 05 50 109 F , 20.9
KD30 5.0 4.91 ] 1238 l 0.500 4. 11 25 78 F 21.9
KD31 5.0 4.90 1240 0. 430 4.09 -4 42 S ! 22.6
KD32 5.0 4,90 1241 0.544 4. 05 42 99 P 23.4
KD33 5.0 4.92 1238 0. 486 4.07 22 73 F 24.3
KD34 5.0 5.01 1235 0.595 4.03 71 134 F 25.3
KD35 5.0 4.93 1235 0.552 4.03 .45 103 _ F ’ 26.4
KD36 5.0 4. 94 . 1235 0.431 4.01 -19 27 S ]‘ 27.9
KD37 5.0 4.95 ‘ 1239 0.522 4.07 27 82 F ‘, 28.9
KD38 5.0 4.97 1240 0.463 4.09 -2 47 S 29.8
KD39 5.0 4.97 1241 0.456 4,03 -5 43 S 30.6
KD40 5.0 4.96 . 1243 0.453 4,07 -1 47 S } 31.4
KD41 5.0 4. 94 . . 1240 0. 466 4.07 -11 38 S ' 32.2
KD42 5.0 4.91 1239 ! 0.518 4.03 28 83 F { 34,1
KD43 5.0 4.93 1240 0.517 4. 07 21 75 F " 35.1
AI-AEC-12767
120
|




) TABL
EXPERIMENTAL SODIUM BO

E A-1

i

I
|
i

ILING INITIATION DATA

. (Sheet 21 of 22)

Argon Cover Test Maximum Test | Test Section Heat Flux Bulk wall Heate.r
Run Cra.s Pressure Section Section . Inlet (Btu/br- Velocity Superheat Superheat Typ‘e of Opex:atmg
in Co‘ndenser Pres‘sure Pressu.re(psui) Temperature ft2 106) (ft;’/sec) (°F) (°F) Trip . Txrf\e
(1) (psia) _ (2) (psia) (3)| and time (4) (°F) (5) (6) (min)
MAL 5.0 5.37 13 (~24 hrs) 1239 0.509 3[ 22 0 54 F 0.7
MA2 5.0 5.10 1233 0.525 3i 26 12 68 F l.4
MA3 5.0 5.35 1232 0.563 3“26 35 95 F 2.1
MA4 5.0 5.13 1235 0.478 322 -1 50 F 2.6
MAS 5.0 5.33 1237 0.513 313 25 80 F 3.2
MA6 5.0 5.45 1238 0.596 3.15 43 107 FS 3.9
MA7 5.0 5.10 1237 0.505 é 15 23 77 F 4.5
MAS 5.0 4.97 1237 0.530 3; 13 33 89 F 5.1°
MA9 5.0 5.06 1237 0.433 3t. 13 -13 33 F 5.6
MA10 5.0 4.98 1236 0. 482 3" 13 -5 46 F 6.2
MAll 5.0 5.10 1237 0.509 3(. 13 25 79 F 6.8
MAI12 5.0 5.21 1238 0.571 311 52 113 F 7.5
MA13 5.0 5.0‘0 1239 0.513 35 15 40 94 F 8.
MA 14 5.0 4.95 1239 0. 440 3‘ 13 -3 44 F 8.6
MAI15 5.0 5.04 1237 0. 406 35 15 -24 19 ¥ 9.1
MA16 5.0 5. 05 1239 0.502 3% 11 20 73 F 9.7
MA17 5.0 4.98 1237 0.435 3; 13 -16 30 F 10.1
MA18 5.0 5.00 1238 0. 497 3.13 20 73 F 10.7
MAl9 5.0 5.00 1239 0.496 3 15 24 77 F 11.3
MA20 5.0 5.01 1237 0.503 3.13 27 80 F 11.9
MA21 5.0 5.42 5 (~24 hrs) 1238 0. 647 4. 03 57 126 F 12.8
MA22 5.0 6.54 1238 0.710 3,98 33 110 ¥ 13.7
MA23 5.0 5.20 1237 0.616 4. 07 8 74 F 14.3 |
MA24 5.0 5.25 1237 0. 623 4 07 36 102 F 15. 1 |
MA25 5.0 5.21 1237 0.586 4?. 09 5 67 F 15.7 i
MA26 5.0 6.00 1237 0.718 4.03 44 121 F 16.5 |
MA27 5.0 5.30 1236 0.613 4I‘ 09 12 17 F 17.2 ‘
MA28 5.0 5. 08 1236 0.553 4,% 07 -9 50 F 17.9
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Argon Cover Test Maximum Test | Test Section Heat Flux Bulk Wall ‘ Heater
Run Cfas Pressure Section- Section b Inlet (thu/h:;- V;l/ocity Superheat Superheat Typfe of i Op;x:ar.ing
wl "SRR e e | @ eh | e | TERT | TR | T | e
B
NAl 5.0 5.14 6 (~24 hrs) 1226 . 0.611 4.00 23 76 F \ 3.6
NA2 5.0 5. 00 1228 0.579 4.0A0 33 79 F ! 4.3
NA3 5.0 5,00 1227 0.479 3.98 -9 30 3 . 4.9
NA4 5.0 5. 04 1225 0.491 4. 00 -11 28 S i 5.5
NAS 5.0 5.16 1228 0.720 4.03 80 143 F ‘ 6.3
NA6 5.0 5.04 1226 0.568 4.03 17 64 F ? 7.0
NA7 5.0 5.13 1224 0. 641 3.90 40 95 F 7.8
NAS 5.0 5.16 1224 0.739 3.92 83 148 F 8.6
NA9 5.0 5.13 1223 0.681 3.88 46 105 F 9.5
NAlO 5.0 5.22 1223 0.748 3.94 85 151 F 10. 4
NAll 5.0 5.28 12 (~24 hrs) 1236 0. 690 2.91 52 126
NAl2 5.0 5.11 1234 0.521 2.94 5 61 A
NA13 5.0 7.61 1233 0.917 2.91 13 114 f




APPENDIX 2 |
COMPARISON OF ALL-LIQUID HEAT TRANSFER CORRELATIONS

The correlations for heat trarsfer in turbulent flow of liquid metals pro-

posed by Dwyer(17) (18)

and by Dwyer and Tu are successful in presenting the
Peclet number,’P Pe, as a characteristic parameter of the system. Because

of their simplified treatment,. hewever, the correlations have introduced an
artificial discontinuifyin the behavior of the Nusselt number, Nu. This discon-
tinuity is in the derivative of the Nusselt number and is due to the fact that the
correlations are either for dominant heat convection or dominant thermal con-
duction. The location of this discontinuity is not determined by a single dimen-
sionless parameter. A minimum Nusselt number, which is only geometry-

dependent, should be observed when thermal convection prevails.

Caution should be exercised in using Dwyer's expressiorls to assure that
the appropriate equation is used for the date, range considered. For example,
for the tests covered here, the maximum liquid velocity was 6 ft/sec at 1430°F;
this value corresponds to a channel Reynolds number of 50,600. As explained
below, the use of the conduction expression of Dwyer'is required rather than
Dwyer's expression for the region where convection effects are significant,i.e.,

where Nu = & +',3(4;Pe)‘y.

For an annulus, it is possible to determine the minimum Reynolds number

required for convection effects to be significant,

| 0.715 1.089
[ 1.82\°
ReC = [( Pr ) ' - ] (576)

where ReC is the channel Reynolds number as solved for from the expression

fory, (Reference 17), and Pr is the Prandtl number. For the present experi-
ments, Pr = 0.0042 at 1430°F, and Re = 60,600. Since this value of channel

*The Peclet number is by definition the product of the Reynolds number times
the Prandtl number, i.e., Pe = RePr. In the literature, the Peclet number is
sometimes referred to as the thermal Reynolds number, (48) because the ther-
mal diffusivity, x, takes the place of the kinematic v1$c081ty, v, in the expres-
sion for the Reynolds number.
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Reynolds number exceeds that corresponding to the maximum velocity condi-
: sk
tions (50,600), the conduction region, not the convection region, is appropriate.
. . 1
The heat transfer correlations derived by Kays and Leung( ?) are more

(17,18) not only as far as flow regimes are con-

general than those of Dwyer
cerned but also because they are not restricted to liquid metals. In addition,
the correlations proposed by Kays and Leung do not possess discontinuous be-
havior, except at the transition of flow regimes. The discontinuity at the tran-
sition of flow regimes is zero at r = 1 (flow between parallel plates), and its
magnitude increases with decreasing values of r, as can be inferred from Fig-

ure 11 in Reference 19.T

*In analyzing experiments performed previously with the geometry used for the

present experiment for similar flow conditions, both Noyes and Lurie(38) and ' -
Kosky(ls) inappropriately used the Dwyer convection equation.
T The nomenclature used in Reference 19 is not entirely cons1stent with the

nomenclature in the present study. :
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APPENDIX 3
UNUSUAL SUPERHEAT PATTERN

During the present experimental study, flow, inlet temperature, pressure
or heat flux, surface finish, and cold trapping temperature were controlled and
superheating occurred in a random manner, as might be expected in an engi-
heering scale loop and/or a reactor’ system where heterogeneous nucleation can
occur at wall cavities as well as at gas bubbles and at oxide or corrosion product
particulates. However, one unusual superheat pattern occurred during the K
runs.‘:‘ The K1 to K17 runs were made at heat fluxes of approximatély 540,000
Btu/hr-ftz. The superheating value obtained exhibited a random scatter from
15 to 79°F bulk superheat. Runs K18 and K32 were made two days later at heat
fluxes of approximately 740,000 Btu/hr-ft; and, as expected, superheating val-
ues showed a random scatter, from 25 to 80°F (bulk superheat) for the firstnine
runs; but then, without any variation in test method or change in controllable
parameters, the superheating dropped to -2°F bulk superheat. The next run
-returned to the normal scatter range with 45°F bulk superheat. The superheat-

ing values then dropped to negative bulk superheats for all following runs.

For the next 12 days the heater was left in the flowing sodium in the loop at
a temperature of approximately 700°F, Ten additional runs, K33 to K42, were
then made with control parameters as close as possible to those of runs Kl to
K32. The random scatter superheat values for these additional runs were nor-

mal, with a range of 21 to 73°F bulk superheat.

Whatever phenomenon had occurred within runs K27 to K32 had ceased to

exist during the 700°F storage for the 12-day interim between tests.

A\

*All of the K runs were made using .procedure P.
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APPENDIX 4
HEAT LOSS CALIBRATION

The bulk superheat data of Figure 20 permit a determination of the test
section heat loss, (Q/A)L. Since zero bulk superheat represents the lowest
practical heat flux, the test section heat loss would be most pronounced for
these conditions. Inlet subcooling as a function of gross heat flux for zero bulk

superheating is shown in Figure 44.

The Figure 44 extrapolation maintains the slope established by the 100,200,
and 300°F inlet subcooling points and, as a result, produces a low test section
heat loss (0.02 x 106 Btu/hr-ftz). This loss closely compares with the heatloss
obtained from Equation 4. It is believed that the deviation of the 20°F inlet sub-
cooling point from the curve established by the higher subcoolings is the result
of reporting the maximum, not average, values of bulk superheat, as previously
explained in Section III. As the difference in indicated bulk superheat between
the thermocouples located at the end of the heater generally increased with heat
flux, varying from 0 to 45°F, there would be a tendency for the lowest heat
fluxes (20°F inlet subcooling) to indicate a somewhat lower bulk superheat then
the higher heat fluxes (100 to 300°F inlet subcooling). If this reasoning were
applied to Figure 20, the 20°F inlet subcooling curve would shift upward by
about 20°F (half of the maximum. difference). This, in turn, would move the

20°F inlet subcooling point of Figure 44 to the left.
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Figure 44. Inlet Subcooling vs Heat Flux for Zero Bulk Superheat
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heated surface area (ftz)
radius of bubble (in.)

specific heat of liquid
(Btu/1b-°F)

diameter (in.)

Euler number (dimensionless)
force (1b)

friction factor (dimensionless)

gravitational acceleration
(ft/hr2)

Grashof number (dimensionless)

heat transfer coefficient
(Btu/hr-ft2-°F)

thermal conductivity
(Btu/hr-£ft-°F)

length (ft)

Nusselt number (dimensionless)
absolute pressure (psia)

Peclet number (dimensionless)
Prandtl number (dimensionless)

specific kinetic energy of flow
(1b/£t2)

heat flux (Btu/ft*-hr)

diameter ratio (dimensionless)
Reynolds number (dimensionless)
diameter ratio (dimensionless)
temperature (°F)

velocity (ft/sec)

friction velocity (ft/sec)

dimensionless velocity
(dimensionless)

4 9.9 D T T X W

W mass flowrate (1b/hr)
y distance from wall (in.)
yt dimensionless distance
(dimensionless)
contact angle (dimensionless)
thermal diffusivity (ftz/sec)
dynamic viscosity (1b/ft-hr)
kinematic viscosity (ftz/sec)
density (1b/ft>)
surface tension (1b/ft)
shear stress (lb/ftz)
*=TO/TW shear stress ratio
(dimensionless)
b bulk flow
c channel
d drag
e equivalent (diameter)
i inlet temperature
L heat loss
1 limiting value
o outer wall (adiabatic surface)
s system (saturation)
sp sphere
t surface tension
W inner wall (heated surface)
z zero shear stress

Nomenclature
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