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EXECEI'D_ SUMMARY

I

_. The application of the work described in this report is the production reactors
at the Savannah River Site, and the context is nuclear reactor safety. The Loss of Coolant

( Accident(LOCA) scenarioconsideredinvolvesa double-endedbreak,of a primarycoolant
pipeinthereactor.Duringa LOCA, theflowthroughportionsofthereactormay reverse
directionorbe greatlyreduced,dependinguponthelocationofthebreak.The reducedflow
rateofcoolant0320) throughthefuelassemblychannelsofthereactor--downflowinthis
situation--canleadtoboilingand tothepotentialforflowinstabilitieswhlchmay causesome
ofthefuelassemblychannelstooverheatandmelt.Thatsituationistobeavoided.

FigureIillustratestheoverallpressuredropversusflowcharacteristicfora heatedflow
channelata givenpower input.Thisisreferredtoasa "demandcun,e"becauseitrepresents
theflowandpressuredroprequirementswhichmustbe suppliedby thepump and therestof
thesystem.The pump has a "supplycurve",notshown inFigureI,which generallyhasa
negativeslope.The intersectionofthetwo curvesistheoperatingpoint.At highliquidflow
rate,theflowissingle-phaseor insubcoolcdnucleateboiling.Inthisregion,thepressure
gradientisdominatedby friction,thepressuredropdecreaseswitha decreasingliquidflow
rate,and theslopeofthepressureversusflowcharacteristicispositive.The flowisstable
becausea slightperturbationofflowdrivesthesystembacktoitsstableoperatingcondition.

. When thedownflowrat.eisreducedsignificantly,thepressuredropmay increasewitha
decreasingliquidflowrate,becausethecomponentofthepressuredropduetotheproduction
ofvaporby boilinginthechannelbecomesImportant.The characteristicofa negativeslope

, inthisregioncanleadtoaninstability.The criterionforinstabilityisifthenegativeslopeof
the demand curve is greater than the negative slope of the supply curve. The instability can
manifest itself as a significant reduction in flow rate. This can lead to overheating of the
channel.

Since it is common for the supply curve to have a very small negative slope, the
instability will generally occur very close to the minima in the demand curve, The location of
the minima is therefore very important to the prediction of the operation of the fuel assemblies
in the _actors since it represents the condition for the Onset of Flow Instability (OFf). OFI
occurs at higher velocity for higher input power. Data from this project can therefore serve as
the basis, in conjunction with predictions of tile velocity during a LOCA and with suitable
factors of safety, for assessing the power level at which the fuel assembly and the reactor can
be operated to prevent overheating in the event of a LOCA.

_. The overall objective of the safety research program sponsored by SRL, of
which this project is a part, is to provide key information about boiling in prototypical annuli
to allow accurate predictions of the thermal and hydrat_lic behavior in the reactor assembly.
The primary objective of this project is to provide data for the onset of a flow instability under
various conditions:

• Inaprototypicalgeometrywithprototypicalmaterial(aluminum),

• With and withoutcenteringribson theinnerannuluswallinordertoassessthat
" effect, and

• With uniform and circumferentially peaked (power tilt) heat flux distribution.
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The experimental demand curve in each of these cases is the key result.

- A secondary objective of the project is to verify or develop correlations for:

• Single-phase heat transfer and pressure drop,

• Onset of Nucleate Boiling (ON'B), and

• Heat transfer, pressure drop, and energy partition in subcooled nucleate boiling

Technical Avnroach. The experimental approach is to provide a test annulus which
simulates geometry,-materials, and flow conditions in a Mark-22 fuel assembly (Coolant
Channel 3) to the extent possible. The annulus has a full-scale geometry, and in fact uses SRL
dummy hardware for the inner annulus wall in the fibbed geometry. The material is
aluminum. The annulus is uniformly heated in the axial direction, but the circumferential heat
flux can be varied to provide "power tilt" or asymmetric heating of the inner and outer annulus
walls. (Although the reactor fuel assemblies will have nonuniform axial heating profiles, it is
believed that the integral power input is the most important factor.) The test facility uses H20
rather than D20, but it includes the effects of dissolved helium gas present in the reactor.

The key analysis approaches are:

- * To compare the minima in the measured demand curves with analytical criteria,
in particular the Saha-Zuber (1974) model, and

. * To compare the pressure and temperature as a function of length in the annulus
with an integral model for flow boiling in a heated channel.

Work Completed. Nineteen test series and a total of 178 tests were performed. Testing
addressed the effects of:

• Heat Flux
• Pressure

• Helium gas
• Power Tilt
• Ribs
• Asymmetric Heat Flux

The ranges of pressure, fluid temperature, flow rate, dissolved helium gas concentration, and
heat flux (symmetric, asymmetric, and power tilt) are typical of conditions during a large
break LOCA. Within a given test series, all boundary conditions except for inlet velocity were
held approximately constant -- only the inlet flow rate was varied in order to be able to map
out demand curves like the illustration in Figure I.

. Analysis acdvities included:

• Comparisons of the minima in the demand curve from each series with various
models using software called OSV (Crowley, 1990) developed for this project,

" and

iii
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• Comparisons of pressure and temperature profiles in the annulus from selected

tests with predictions of the computer program ANNULUS developed at Creare
(Barry, Crowley and Wallis, 1989).

Due to funding constraints on the project, detailed comparisons with alternative models for
each boiling regime could not be performed.

Key Conclusions. The standard OFI comparison relates the OFf point to the
predictions of the model by Saha and Zuber (1974) for the Onset of Significant Voiding
(OSV). The predictions of the model can be represented in dimensionless form by a modified
Stanton number (a dimensionless heat transfer coefficient) and the Peclet number (a
dimensionless flow rate parameter). For ag1'
at the outlet of the flow channel for Which yen

heat flux, the model predicts the subcooling
vapor bubbles generated by boiling heat transfer

depart from the cavities of the heated surface and enter the bulk fluid flow. The two-phase
pressure drop increases dramatically when this occurs, leading to the increase in pressure drop
and the negative slope in the demand curve at velocities below that at which the minimum
pressure drop occurs.

Figure 2 shows the results from the Cream experiments. With respect to the major
objectives of the project, the results indicate that:

• A Stanton number of about 0.003, or about 50% lower than the Saha-Zuber
model bounds all of the experimental data, including tests with ribs and power
tilt.

• The minima for the ribbed geometry generally lie at lower Stanton number '
(larger subcooling) than the minima for the ribless geometry.

• The minima for the power tilt tests do not differ significantly from the minima
for the uniform heat flux tests in the ribbed geometry. This may be because
power tilt has little effect, or because the high power channel did not correspond
with the channel which is normally the least stable. We believe that the most
limiting power tilt tests were not performed.

The results from the Cream experiments in the ribbed geometry indicate that the conditions for
OH may generally lie at higher average velocity (higher average subcooling) than data without
ribs. Cream data from the geometry without ribs am in agreement with other data obtained or
compiled by SRL in geometries without ribs (see Figure 3).

It is believed that because of the geometrical variations in the annulus diameter and the
rib tip clearance, and the distortions caused by heating of the annulus, each flow subchannel
has a somewhat different geometry than the other subchannels. Thus, one subchannel might
appamndy become unstable before the others, when the flow conditions are based upon the
average flow conditions in the four subchanncls. In these experiments, the subchannel at the
312 ° location generally became unstable first in the ribbed geometry.

iv
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NOEI_LATURE

e

Af cross-sectional flow area in annulus

_zf heat capacity of liquiddistance between measurement locations in annulus
Dh hydraulic diameter of annulus
Di inner diameter of-annulus
Do outer diameter of annulus

two-phase friction factor in subcooled boiling
_w_l single-phase liquid friction factor
g a,cceleration of gravity
G mass flux(pfVf)
h heattransfercoefficient
hfc heat transfer coefficient in forced convection flow

hfs latentheatof vaporization
jtp two-phaseheattransfercoefficientinboilingconversionfactorof Btu toft-lbf
kf thermalconductivityof liquid
L lengthof annulus
Nu Nusseltnumber

p pressure
. Pe Peeler number (RefPrf)

Prf Prandfl number of liquid(c,_uf/kf)
Ref Reynoldsnumber ofliquid"i_ofDhVf/_f)
St Stantonnumber (Nu/RefPrf)

" Tf fluid temperature
Tfo fluid temperature at annulus inlet
T_t saturation temperature
Tw walltemperature
vf specific volume of liquid phase
Vg specificvolume of vaporphase
Vfg difference of specific volumes (v s ,-vf)
x flow quality (ratio of mass flow rate of vapor to total mass flow rate)
Yb bubble size in nucleate boiling
z distance along heated length
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NOMENCLATURE (CONCLUDED)

Ore k

wall heat flux

_fc portionof wallheatfluxin forcedconvectionheattransfer

+onb wall heat flux at ONB point

_osv wall heat flux at OSV point

_ portion of wall heat flux in subcooled boiling

#f liquidphaseviscosity
Izs gas phase viscosity
p_ liquidphasedensity
pg gas phase density
ew wallshearst1"css "
o" liquid-vapor of annulus
9 inclinationof annulus (0 ffi-90°, sinO = -1)

c calculate_cl
fdb fullydevelopedboiling
m measured
onb onsetof nucleateboiling
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1. GUIDE TO THIS REPORT

, This report has been prepared in two volumes. This Volume 1 summarizes our
interpretation our experiments and analysis of nucleate boiling in an annulus during downflow.
The companion report, Volume 2, is a data report which comprehensively presents the

. experimental data so that independent review and analysis of the data can be performed.

Table 1.1 summarizes the key features of the facility. The specific purpose of Section
2 of this document is to describe the facility, particularly each of the test section geometries
used on the project. Geometries both with and without centering ribs are described. With the
reconstruction of the test facility which was required following various failures of the heaters,
two slightly different test geometries were used with each of the ribbed and ribless geometries.
Section 2 documents the small differences in these test section geometries. It also provides the
locations of the instruments as installed in the facility and the keys to their location on the data
records in Volume 2. Further details about the facility can be found in the Test Plan
documents (Sam, et al., 1988, Barry, 1989, and Crowley and Dolan, 1989) and Design
Drawings in the project records.

Section 3 discusses the technical results on the project for:

• Baseline Tests (including Repeatability),
• Effect of Heat Flux,

- * Effect of Pressure,
• Effect of Helium Gas,
• Asymmetric Heat Flux,

. , Effect of Ribs, and
• Effect of Power Tilt.

Table 1.2 lists the conditions for the completed experiments. Nineteen test series, a total of
178 tests, have been performed with a heated annulus. The demand curves from various test
series are overlaid in order to illustrate the effects listed above. Temperature and pressure
profiles in the annulus from selected rests are also presented.

The demand curve and profile data are compared with the predictions of the
ANNULUS computer program developed by Create. That program predicts the detailed
behavior of a heated flow channel from single-phase through saturated boiling heat transfer
regimes. Figure 1.1 illustrates the boiling regimes and transitions with sketches of the
associated pressure and temperature profiles for downflow in a heated channel. The boiling
regimes and transitions of interest here include:

• Single-phase forced convection regime,
• Transition at Onset of Nucleate Boiling (ONB),
• Partially developed subcooled nucleate boiling regime,
• Transition for Onset of Significant Voiding (OSV), and

. • Fully developed subcooled nucleate boiling regime.



Table 1.1 CHARACTERISTICSOF _Y-STATE _ BOILING EXPERIgEgI3

• PROTOT3'PICAL_Y WITHRIBS (Kt.RK-22 FUEL ASSEMBLY)
• PR_ICAL PRESSUREANDFLOWRATES
• PROT(YFYPICALWALLgATERIALS
• SY_IC OR ASPIC HEATINGOF ANNULUSWALLS(HEATFLUXUP

TO 500,000 BTU/HR-FrF2" IN EACHWALL)
• NON-UNIFORldCIRCUgFERENTIALttEAT

17_UX(POWERTILT)
• UNIFORMHEATINGWITHLENGTH
• DO_W IN ANNULUS
• H20 SIMULATESI)20
• EFFECTSOF DISSOLVEDHELIUMGAS INCLUDED

• 375,000 Btu/hr-ft2 achieved in experiments

m

Table 1.2 IIATIIXOP _ IOILINOII1'llflglTS IN A _ICAL
,,,

Helium Coolant
Test Inlet Saturation Inlet Number .

Series Heat Flux Pressure Pressure Temera ture of
Number Date Effect Geometry (Btu/hr. ft2) (psia) (psil_) (°1:) Tests

1 5/03190 Base! ine Ribbed(3) 100,000 40 $ 86 11
IA 8/01190 Baseline Ribbed(4) 100,000 40 5 86 8
5 8116190 Baseline Ribbed(4) 100,000 40 5 86 7

13 8/17/90 !hsel ine Ribbed(4) I00,000 40 $ 86 6

4 8101/90 Heat Flux Ribbed(4) 200,0(30 40 5 86 !0
6 8117190 Heat Flux Riblx_d(4) 300,000 40 5 86 8
9 8117190 Heat Flux Ribbed(4) 375,000 40 5 86 8

2 5/07/90 Pressure !Ribbed(3) 100,000 60 5 86 9
7 8117190 Pressure Itibbed(4) 300,000 60 $ 86 9

3 5/08/90 Hel i'm Ribbed(3) lO0,O00 40 1 86 8
3A 8/17190 _el Rum Ribbed(4) I00,000 40 15 86 6

15 8115190 Power Tilt Ribbed(4) lO0,_ 40 5 86 12
16 8115190 Power Tilt Ribbed(4) 200,O(X_O_ 40 5 86 i0

I0 811190 ksyuctric Ribbed(4) 200,000/0 40 5 86 7

! 11/14/89 Ribs No Rib(l) I00,000 40 $ 86 13
IA 02/01/90 Ribs No .Rib(2) I00,000 40 5 86 11

4 02/08/90 Ribs No Rib(2) 200,000 40 5 86 11

2 02105/90 :Ribs No Rib(2) I00,000 60 5 86 13

3 02106190 Ribs NO Rib(2) 100,000 40 1 86 9

178
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The ANNULUS program uses selected models for heat transfer, energy balances, and
momentum in each regime, The analysis comparisons are used to identify systematic trends in
modelling the heat transfer and pressure drop. Appendix A summarizes the models used in the
ANNULUS program for the comparisons presented in this report.

Section 4 summarizes the conclusions based upon the Create experiments, It describes
those effects which were found to be important experimentally. It also summarizes the areas
in which the analytical models were found to work well and where alternative models are
needed based upon the limited analytical modelling performed on the project.
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2 TEST FACHXI_

• The testfacilityusedforallofthenon-fibbedandribbedannulustestsisclosed-loop,
designedforsteady-statetestingwithindependentcontroloftheannul.sinletpressureand
temperature,flowrate,dissolvedheliumsaturationpressure,andannuluswailheatflux.Test

, measurementsincludeannuluswallandfluidtemperatures,annuluspressu:mandpressuredrop,
flowrateandannuluswailheatinput.Thesemeasurementsarcmonitoredandrecordedbya
computer-baseddataacquisitionsystem.A secondcomputercontrolsthepowerinputtothe
annulusandmonitorsothertestsecuontemperaturesand numeroussafetyinterlocksinorderto
rapidl.y shutdown the power. The facihtyis installed atStem Laboratories in Hamilton,
Ontario where there ss a .hi.ghquality DC power supply, adequate cooling water and other
essentiaitestsupportfacUiuesandpersonnel.The followingsubsectionsprovideadditional
descriptionsoftheFlowLoop(Section2.1),TestFacihtyOperauonandControl(Section2.2),
theAnnulusTestSections(Section2.3)andtheTestMeasurements(Section2.4).

2.1 Flow Loop

The flow loop is shown schematically in Figure2.1. The main components of the loop
(besidestheannulustestsectionswhicharcdescribedinSection2.3)arelistedinTable2.1.
Water is pumped from the Reservoir vessel throughan orifice flow meter to the top of the
annulus. After it is discharged from the bottom of the annulusinto the Separator,the water is

. pumped through the heat exchangers m_dback to the Reservoir. Some of the cooled water is
also circulated back to the Separatorin orderto mamtmn the temperaturebelow saturationat
the annulusexit pressure. The flow loop can also be operated in the reverse direction, i.e. with

. single-phase upflow in the annulus in order to purge air out of the loop when st ss initially
filled with water and for in-place thc_ouple calibration tests. A helium gas "blanket" is
maintained in the vapor space above the liquid in both the Reservoir and Separatorvessels.
Helium is also used for pressurizing the gas space in the Separatorin order to maintain the
desired pressure at the annulusinlet.

Power to the electrical heaters in the inner and outer annulus walls is supplied by a
six-zone, 3.75 MW power supply. The currentsupply is generated with 12 pulse rectification
which results in only a small amount of AC "ripple" at relatively high frequency (720 Hz)
which does not affect the measurements. E_h of the power supply zones (3 are 0.25 MW
each and 3 are 1.0 MW each) arc controlled mdependendy, and the total power input to the
test section heaters is controlled by the laboratorycomputer.

To ensure water quality, all of the flow loop components, piping and vessels are
fabricated from either stainless steel (300 series) or aluminum alloys. No copper alloys are
used in contact with the water in the closed-loop. Prior to testing the flow loop was clean_
with a detergent-type degreaser/emuls.ifierand then was thoroughly rinsed and flushed with
de-ionized water. During test operauon a small pump maintains a flow of water from the
Reservoir through a set of 10 micron and 1 micron cartridge filters in order to remove

. particulate matter that may have loosened after the final rinse. This water is returned to the
closed-loop at the inlet to the main circulating pump. The pH, conductivity and dissolved
oxygen in the loop flow water are monitored.

9
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1_ .... ....... lli_ ............... sF_iFiCATIONS m'_ w .......! m,m_

Separator Vessel 5 ft. dil. x 8 ft. hlllh i00 pill I.P. 830400 MIsSl©huaettl tel. Special
Approx. 1000 pl. ASta Sec.Vill Day.1

Reservoir Vessel 5 ft. a 8 ft. hiIh I00 pit I I.P. 1130400 Jlusllhusetts tn l. Special
Approx. 1000 8al. AN h©.Vlll Dtv.l

tleat Bx©lumler (2) I ft. dta, x 12 ft. Ion8 10.86 I 10J Itu/hr. $50400 Jl. P. Adds (2) At14412.1NS
688 ftl Heat Transfer Surface

Clrculatinl PuMp 1 112 x 3.8, 30 Jt 150 Is Q 220 ft. $31600 Gould Pumps 3196 ST

Boost Pump 1 1/2 x 3-8, 30 _ 150 IPm0 220 ft. S31600 Gould Puqps 3196 ST

FIw Control Valves _ 1/2 in. C_vmm- 100 1131600 lmosbmry 21.3600-TT.0
S 30 S AC'I_ATOt

Cheek Valve 3 in. ANSI150 lbf $31600 MUISSCO 3.0-72.11-II.ll-O-H

Reservoir Press. Control 3/8 in. 50 sefn Supply Aluminum kllofrnu 231-960-091.010
$ scfs Vent

Vessel Itellef Valves 2 tn. | 60 psil set $31_0 lunkle 911JG31
" 488'7 Ibm/hr. Steam

4960 sofa He
271 flu liter

Separator Level Sensor 25 • 150 in. I.e. $31600 Fisher Controls II51DP
• Control Control ier OtlitIl M 900

Valve 1 112 in. evsm - 86.1 $31(_10 1 1/2-V100-1052
3650J

Boost Pump-Priilure" Controller Pneonltie/MeeJumical Fisher Controls 4150 II
Control Valve 2 in. hun 163 $31600• 2-V150.105:2

Annulus Inlet Sensor lid - Fisher Controls TE 1240
Temperature Control Control ler Dilt tsl DPII900

Valve 2 in. Ovum• 163 Steel 2-VlSO-lO52-3620J

Annulus Inlet Pressure Sensor 17,100 PSIO - Fisher Controls 1151OP
Supply Control Controller DtIiItl DPt

Valve 2 in. _ am • 44.2 S31_X) 2-125(MflL-35820

Annulus Inlet Pressure Senior 17-100 Pail - Fisher Controls 1151 OP
Vent Control Control let Dill tsl DIS 900

Valve 2 in. C_ am " 369 IDI_O l-Vl_-l_l-3620J

Separator TeMperature Sensor Jill • Fisher Coatrols '111240
Control Coatroller DI8ttel IIPRV(M

Valve 1 1/2 in. Cvm • 86.8 S31(d)O 1 II2-VIOO-IOS2-
36l)J
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2.2 Test Facih'tyOperation and Control

During the tests, the thermal/hydraulic boundary conditions at the annulus are
individually and independently controlled in order to establish the desired test conditions and
to maintain steady-state operation during the data acquisition interval. The test facility is
designed to produce typical ranges.for the boundary conditions anticipated in an annulus of a
fuel assembly during a h._./potheucal LOCA. The control and setting of the main test
parameters are briefly descnbedinthe following paragraphs.

The inlet temperature of the water entering the annulus is maintained by a temperature
controller which regulates the amount of cooling water supplied to the heat exchangers. A
manually operated bypass diverts the loop flow around part of the heat exchanger for tests at
low power input. The nominal value of inlet temperature for all of the tests is 86°F with a
tolerance of :t: 2°F. For a single test, the variation of inlet temperature around the setpoint is
smaller than this, usually of the order of :l:0.5°F around the average value for the test.

Annulus inlet pressure is contr._.tledby adjusting the pressure in the Separator Vessel.
In the normal test sequence, as flow rate is reduced to a new value and annulus pressure drop
correspondingly decreases, helium g_ is automatically added to the vapor space in the
Separator in response to the reduction in annulus inlet pressure. This then raises the inlet
pressure to the desired setpoint value of either 40 psia or 60 psia, depending on the condition
selected for that test. The tolerance on inlet pressure is :l: 1 psia, although variations during the
steady-state tests are of the order of :l:0.5 psia.

Water entering the annulus test section contains an amount of dissolved helium gas
which is determined by the conditions established m the Reservoir. The helium saturation
pressure in these tests is either 1 psig, 5 psig or 15 psig (minus the water vapor pressure of
about 0.6 psia at 86 °F) which is maintained by a flow of gas through a pressure regulator into
the Reservoir. In order to increasethe effectiveness of dissolution of gas into the water, both
the loop flow returned from the heat exchangers and a bypass flow from the main circulating
pump are sprayed into the vapor space in the Reservoir, which increases the surface area of
contact between the liquid and gas and hence the rate of mass transfer. The gas pressure in the
Reservoir and Separator is maintained above atmospheric pressure at all times in order to
avoid possible inflow of air which would reduce the helium partial pressure and lower the
concentration of helium dissolved in the water.

Annulus wall heat flux is held constant on both the inner and outer walls for a series of
tests. In the setup for a particular type of test, specific heaters (there are 24 in the outer wall
and 12 in the inner wall) are connected to specific power supply zones according to a
prescribed plan to produce one of three desired heat flux distributions - uniform, power tilt or
asymmetric. Each power supply zone has individual voltage and current measurements which
are input to the power supply control computer. The computer then adjusts the power
provided from each zone in a fixed relationship to the total power to provide the correct heat
flux distribution. Total power input is also controlled to maintain the desired average value of
wall heat flux. For a specific test or series of tests at _!_elowest value of wall heat flux (100
kBtu/th--ft2), the power input can be set to produce an _verage heat flux on each of the outer
and inner walls which is within about 1% of the nominal value. Regulation and control are
even better than this at higher power levels.
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Setup and operation of the test facility is straightforward and steady test conditions can

be maintained indefinitely with only small deviations, which are well within acceptable
- tolerance limits, during the steady-state data recording period.

, 2.3 Annulus Test, Sections

Two types of annulus geometries were tested in this program - non-ribbed and ribbed.
Due to problems encountered with the heaters it was necessary to rebuild each annulus so that
there were actually two separate hardware assemblies or "builds" for each type of geometry.

Type of Geometry Build In Use
Armulus Number Unt i I

Non-Ri bbed 1 11/ 15/ 89
Non-Ribbed 2 02/09/90
Ribbed 3 05/10/90
Ribbed 4 08/17/90

,,,

- This section describes the general arrangement of the annulus test sections and provides details
for the 4 different assemblies employed in the testing program.

• _ The basic flow geometry being modeled is coolant channel 3 of the Mark-22 fuel
assembly shown in cross-section in Figure 2.2. The flow channel of interest is bounded by the
inner and outer fuel tubes and is further divided into "subchannels" by the ribs on the tuner
wall. Inner and outer wall diameters and the rib dimensions define the geometry of the
annulus for these tests. The approximate length of the fuel assembly is 13 feet.

Figure 2.3 shows the construction of the ribbed (upper drawing) and the non-ribbed
(lower drawing) test sections. Basic construction details for the two arrangements are
essentially identical, except for the use of pins in the non-ribbed assembly in order to centrally
position the inner wall in the annulus.

_m

The outer wall of the test sections is formed by the inner surface of an extruded
aluminum (alloy 6063) tube which has a nominal inside diameter of 2.892 inches and 1 inch
thick walls. The extruded tube has internal cavities in the wall which contain the 24 resistive
element heaters used for heat input to the outer annulus wall. These heaters are approximately
0.37 inches in diameter and are 13 feet long. (The actual dimensions of the heaters as well as
other inspection data for the test sections are documented in the Design Record File.
As-inspected measurements of important geometric parameters for all 4 of the test assemblies
are provided later in this section.) The outer wall extrusion has 5 "webs" located between
groups of heaters which provide access through the wall for the annulus temperature and
pressure instrumentation. The webs are at 0°, 48°, 136°, 224 ° and 312 ° relative to the
direction of the inlet pipe located at the top of the test section.

,it
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Ribbed inner wall tubes were extruded by Savannah River Laboratory using the same

fabrication processes and surface cladding material (aluminum alloy 8001) as used for the fuel
assemblies. The fibbed inner wall tube used for Geometry Build 3 is fabricated entirely from
the alloy 8001, while the fibbed tube used for Build 4 has a core of aluminum alloy 5052 and
is clad on both surfaces with alloy 8001. The non-ribbed inner wall is made from an
aluminum tube (alloy 6061) which has been machined by sanding to the required outer wall
diameter (for Geometry Builds 1 and 2). Sanding also produced a uniform surface finish.
Twelve resistive heaters provide heat input to the inner wall of the annulus. These heaters are
evenly spaced around the tube and are positioned against the inside surface of the aluminum
tube by metal guides which are attached to the central support tube.

The narrow spaces surrounding the heaters in the outer wall cavities and inside the
inner wall tube are filled with eutectic alloy tin-lead solder (63% tin/37% lead). The solder
provides a conductive path between the heaters and the aluminum test section walls in order to
ensure uniform and sufficient heat removal from the heaters and a known annulus wall heat
flux.

The following subsections describe the main geometric features of the non-ribbed and
ribbed annuli and provide dimensional data for the as-built test sections.

2.3.1 Non-Ribbed TestSection

Two versions of the non-ribbed annulus were constructed in this program (Geometry
Builds 1 and 2). The major difference in the hardware between Builds 1 and 2 is the type of
centering pin used to position the non-fibbed wall centrally within the annulus. Figure 2.4
shows the 0.094 inch diameter pins used for Build 1 and the "buttons" used for Build 2. Four
centering pins or buttons are positioned evenly around the inner wall tube at 5 elevations as
shown on the sketch of the test section in Figure 2.4. The heights of the pins and buttons
above the tube surface are filed to produce a very small diametric clearance between the pins
and the outer wall of the annulus.

Table 2.2a lists the as-built dimensions for the non-ribbed annuli, both Build 1 and
Build 2. The information in this table is compiled from inspection reports which are located in
the project Design Record File. The table gives a Nominal Value as well as a Range for each
of the parameters. The Nominal Value, in the case of the measured parameters (inner and
outer wall diameters and lengths), is simply the arithmetic average of the inspection
measurements. For the calculated parameters (flow area, hydraulic diameter and surface area),
the Nominal Value is calculated from these averages. The Range of the measurements given
in the table is twice the standard deviation (2tr) of the data that comprise the averages; the
Range of the calculated parameters is the calculated uncertainty based on twice the standard
deviations of the average values.

2.3.2 Ribbed Test Section

Two versions of the fibbed wall test section were also constructed (Geometry Builds 3
and 4). The ribbed wall test sections were constructed to be as close to identical as possible;
however, Build 4 used a different ribbed inner wall tube than was used in Build 3. As
described earlier, Build 3 used an SRL-supplied "dummy" inner fuel tube which had been
extruded from a solid piece of alloy 8001, whereas the inner wall for Build 4 was a sandwich

12
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Table 2.2a _Y DATAFURNON-RIBBBI)ANNULUS_ b_CTIONS
i J I;IH I I II t , I t ...... , ...............

JW

Nominal Value Nominal Value
Parameter and Range and Range

, , ,, ,,, , ,, H, ,,,, , " '' ............ i

Geometry Build Number 1 2
Outer Wall Diameter, inches 2.894 ± 0.006 2.894 ± 0.006
Inner Wall Diameter, inches 2.368 ± 0.0i8 2.368 + 0.018
Flow Area, ft2 0.0151 ± 0.0005 0.0151 ± 0.0005
ou_draulic Diameter, ft 0.0438 ± 0.0003 0.0438 + 0.0003

ter Wall Heater Length, ft 12.815 ± 0.054 12.815 ± 0.054
Inner Wall Heater Length, ft 12.861:1:0.058 12.861 ± 0.058
Outer Wall Surface Area, ft2 9.709 ± 0.046 9.709 ± 0.046
Inner Wall Surface Area, ft2 7.973 ± 0.070 7.973 ± 0.070
Pin/Button Clearance, inches 0.005 (rain.) 0.007 (min.)

..................... __j

Table 2.2b (HIIEI1LYDATAFORItl_ AI/HULUSTESTSBL'rlONS "
, ,,.,. ,, , , ,H,, ,,,, , ,

Nominal Value Nominal Value
Parameter and Range and Range

,, ,, ,, , L , , H

Geometry Build Number 3 4
Outer Wall Diameter, inches 2.896 ± 0.006 2.896 ± 0.006
Inner Wall Diameter, inches 2.354 ± 0.0006 2.353 ± 0.0016
Flow Area, ft2 0.0150 :t:0.0002 0.0150 ± 0.0002
Hydraulic Diameter, ft 0.0389 ± 0.001 0.0390 ± 0.001
Outer Wall Heater Length, ft 12.807 ± 0.064 12.807 + 0.064
Inner Wall Heater Length, ft 12.855 + 0.086 12.861 ± 0.058
Outer Wall Surface Area, ft2 9.710 + 0.053 9.710 ± 0.053
Inner Wall Surface Area, ft 2 7.922 ± 0.053 7.923 ± 0.036
Rib Clearance, inches (0°/180 °) 0.045 (avg) 0.045 (avg)
Rib Clearance, inches (900/270 °) 0.027 (av8) 0.020 (avg)

, --
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construction with 8001 on the outer and inner surfaces of the tube with a core of alloy 5052
(clad and core thickness have not been specified to Creme). Also, the heaters in the inner wall

. are different for the two builds and as a result have slightly different average lengths.

Table 2.2b lists the geometric data compiled from the inspection reports for Builds 3
and 4 and calculated as described above. The effec_ of the ribs on the flow area and hydraulic

" diameter is included in the calculated values for these parameters. The rib cross-section area
(which reduces the available flow area in the annulus) and the wetted perimeter of the ribs
(which increases the perimeter of the annulus thereby reducing the hydraulic diameter) are
based on design values for the ribs on the fuel tubes. The surface area of the inner wall and,
consequently, the calculated inner wall heat flux are based on the mean diameter of the inner
wall tube without regard to the presence of the ribs.

2.4 TestMeasurements

The test facility and the annulus test sections me instrumented for measuring pressure,
pressure .drop, temperature, flow rate and input power. In total, 132 instruments are connected
through slgnal conditioners and amplifiers to a c0mputer-based data acc[uisition system (DAS).
These me the principal data which are used for analysls of the boding heat transfer and
pressure drop behavior of the annulus. In addition, there are approximately 50 other
measurements, _._marily temperatures, which are mo.ni.'toredby the laboratory power control

. computer for facility safety consi_tions. The details of the design of the instruments and
the DAS are adequately described m the test plan report (Sara, et ai., 1988), the related
Appendix D (Crowley and Dolan, 1989) and the DAS operation manual (Stoedefalke, 1989).

. This section describes the overall arrangement and !ocations of the instruments and provides
additional information which may be of assistance m the identification of the measurements
and interpretation of the data.

2.4.1 Instrument Locations

Figure 2.5 and Table 2.3 (which is keyed to the symbols in Figure 2.5) give an
overview of the instrumentation installed in the flow loop and in the test section annulus. The
test facility instruments provide information to the operators for.setting the test conditions.
These measurements are also used to define the boundary conditions of the tests for data
analysis. Instruments in the annulus measure the absolute pressure, pressure drop, and fluid
and wall temperatures at numerous locations along the annulus length and around the
circumference of the annulus.

Each instrument in the test facility which is connected to the DAS is assigned a unique
9-character identification describing the t of well as the location of the
measurement in the test facility. TableY_.4 measurement asgives a general definition of this numbering
system. The initial three letters of the code are self-explanatory. The 6 digits following the
letters describe the specific locations of the measurements. For many of the measurements the

" digits are simply a sequential numbering of similar instruments. For example, IHT0(0XX)I to
H-IT(X)(X)36designate the current transducers and measurements corresponding to the 36
annulus wall heaters. Similarly, TRF(X)0(O1 and TRF0(X)(O2 designate the two reference

" junction thermocouples.

15
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........ .... ,_ ITrfl III! I, I1[11 II11 i II] III i] I -_ -

. T_' £3 _ _^cu.rry_s'muum,rrmcmCATmSS
(ldentiftcatioa keyed to Piilure 2.5)..................................................... ............ _

FACILITY mAs_
. LOCATION MEAS_ I_.JCrlFICATION INSrlt_ TYPE RANGE

, i ] -- i i Ill .......

_nvol, __ p_ oA_n_m o. _oop,_,
TIANSINClUt

IllJlllII .. III . I rH i i i L i ] - ,..... -

P,ESERVOIR_TURE TI TI_...PJIX3QUIq.E 32 - 310 oF
lit ISlit Ill [ IIII I I!lIIII II1|1 II IIItl

n_'us ,ATU_ _ p_ _' n._ T_ 20.2OO
ORIFICE

P'2 DIPFWJtENTIALPP._- 27 in. 1120
suneTX_SWCU tSOi..._T2 _ 32 - 310 P

............ _ ........... ioo"'p.........ANNIA.U$INLET S_ l_ (]AIXJ]EPV_St_E 0 '' sill
TrANSDUCEr

i ililii i i lili i tTil i t II _ IlJi

ANNULUSINLETWATEI 1"3 TIIEPJIX:0UIq.E 32 - 310 °P
TIeInlATW£

ii i i t t tiN tl

. 11tANS_
, H ,11 _ !,l,_,lH ......

s..__ n,_,._,_ Tsl _._,.,oco,,_ 32.3_o
. _.ATER FOIW.ItSUPPLY VI-V6 VOLTA(_TIANS_ 400 _C

VOLTAGE (6 ZONES)
. i i . -- i i i i i ii __ i i]i I iiii i iiiii i iii llli,l i i I - 1111|I --" --

POW_ SUPPLYCURREKF 1I-16 CUP,II,E_ TRANSDUCF_ lO00 A
(6 ZONE_) 4000A

HF.ATEqLqJItRENT NOTSIID_ _ TRANSIXEER 400A rms
(36 TOTAL._ _

t. iiiii imml it i i I | I I i i iiii i iiiii i!ll[ i ___ IIII i i ii iiiiii

ANNULUSPRESSURE P4 - I:_ _ PRESSURE 15 - 75 psia
(3 1"(yr_) 1T_SDU_

,,,

( 18 TOTAL) iqlJ_uite l_Sl_
l ,,, ...... ,, ,, ,,,,, u , i , --

ANNULUS ANNULUS_ P26 DIFFERENTIAL -151 to +599 in. 1420
DII-'i_IAL PRESSURE PP.U.SSU_TRANSDOC_

, l , " -- ,,,,,

ANNULUSWALLANDRIB T4, - "1"32 TIE:RMOCOUPlJ_ 32 . 350 °F
_TUR_ (29TOTAL)

,,,,, H,, , 1 H, , ,,,,,,, , m . ,,,, , ,,

ANNULUSWATERTEMPERA" 1"33- TSO IIIEIU_k"0UPLE 32 - 310 oF
TURE (18 TOT,U,)

Jill : ,ll_ll II Ir lJ I II - i lllll I l -- '11111 II -

I,
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Table 2.4 ALIqIA-_IC I_FICATION OP1652' I_ATION
,,,,, ,, ,,,,,,,,,, . ,_ ,__ i L ;L i i _ u]l ].J_l ii i IlL ....... I

Type of Humberof
Heasurement Location Heasurement s Identification Number

ii u u L rl _ i lulu u i_ u i u i i ii/ r i I i iin u _=:: -

Temperature Reference Junction 2 _I, _2
Reservoir 1 TRV000001
Separator I TSR000001
Flov Heter 1 _1
Annulus Inlet 1 TIN000001
Annulus Fluid IS TAP*
Annulus Outer Wall 18 TA0*
Annulus Inner WalI 4 TAI*
Wall at Rib Tip 6 TRI'*
Rib Root I lU*
Inner Seal Water 2 TSI000001, TSI_
Outer Seal Water 2 _1, TS00(XX]02 ,L

Pres sure Rese rvoi r I PRV000001
Separator I PSR{XXXX)I
Flow Heter AP 2 PFbKX)(XX)I,PPH000002
Annulus Inlet I PIH(XXXX)I
Annulus AP 19 PAN*
Annulus Absolute 3 PAD*

Current Heater Ele_nt 36 IIrr(Kxx)oI to IHTO(OX)36
Power Supply Zone 6 I_l to IPW(]OO(_

.,, ittt]l iiii i [ tltltt ii i1[ i H i i

Voltage Power Supply Zone 6 VlN/O(O)OIto VPW(X)(X)06

*Note: Identification Numbersmarked with asterisk (*) are further defined in
Table 2.5

10
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Table2.5Ustsallofthemeasurementsintheannulus.The tableissupplementedby

Fi_ 2,6,whichshowstheannulusmeasurementlocationsapproximatelytoscaieona sketch
• of theannulusouterwall,and Table2.6,whichliststheexactlocationof eachannulus

instrument.

g

2.4.2 DataAcquisitionandRodL.._

All of the instruments connected to the DAS computer are recorded at the rate of I0
times per second. The computer displays a S _ond "rolling average"of the measurementsas
well as all reduced parameters(e.g., velocity, heat flux, etc) on a video monitor. The readings
are also stored by the computer in a data block which contains the most current5 minutes of
data and which is updated as each measurement ts recon_d. The data acquisition process is
halted manually by the test operatorafter at least 5 minutes of steady-state operanon at the
desired test conditions. The raw data file from a test consists of 3000 readings for each
instrument,or a total of about 400,000 r,'._utingsin the en_ data block. This block of data is
further red_ed to _uce summarytabulationsof the meuurementsand the calculated
parametersfor thefirst 5 secondsof the test(.SMI file) andfor the last5 seconds(.SM2 file),
aswellasthedifferencesbetweentheseflies(.DIFfile).

Copiesof thesummaryfilesfromthenon-ribbedand theribbedannulustestsare
provided in the companion data _ ,,_. Volume 2. The summarydata files are also available

. on compatible media (3.5" or $.25" floppy dirks) as s_.....rd ASCII text files. Cream has
previously provided information (letter, Crowl.ey to Miller, 1990) which describes the file
formatsandanapproachthatwouldenablereadingthe/'desintoothercomputersystems.

for Some of the instruments,primarily annulus wall and fluid temperatureprobes, failed
a variety of reasons during the course of the _.sting pm_un. These failures do not

compromise the overall quality of the tests because it ts required that the essential paran_,ters
be recorded in orderfor a test to be acceptable. Since itis not always possible to repmror
replace failed instrumentsduring a test, some of the tests may have fewer valid inswJments
than the total number of instruments described above. The failed instruments have been
identified and lists of themare providedwith the summarydata in Volume 2.

2.4.3 MeamnementUncertainty

The summarydata files also contain esflr_, tes of the uncertainty (at 20:1 odds) for the
measured and calculated parameters. These esttmaws consider the possible errors from the
instruments,signal conditioners and the an.al,ell-to-digitalconvener, plus the range of geometry
variations described earlier. Table 2.7 hsts the Values of uncertainty determined for the
measurementsin this program. The uncertaintiesare given as a constant value plus a variable
term which depends on the magnitudeof the measurement. These would be combined to form
a single value ana complete uncertaintyanalysis.

" The error terms in general are independent of one another and are assumed to be
random (bias or fixed errors,are dealt with separately). Moreover, each test is essentially a
single-sample experiment an which a single (averaged) value is obtained for each

" measu_.,ment. Thus, the uncerta|nty is calculated following the classical approachdescribed
by Khne and McClintock (1953) in which the uncertainty in the result is the
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Figure 2.6 TEal' SECTIONINSTRUMENTLOCATIONS
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Table 2.6 I_AILRD L(_TI(N8 OF_ INSTt_
,, , , , , , ,, , ,,,, , ' " , ,., ,, L _ , ..... J

ACTUALDISTANCEFROMBEGINNINGOFHEATEDI..EN(H'H(iN)

TAOYYYZZZ
LOCATIONIDF.RrlFIILq TAI YYY222
YYY(FROMB]_INNINO PANYYY222 TRTYYYZZZ
OFHEATF..DLENGTH) UPPlLRTAP _ TAP PAll YYY_ TRRYYYZZZ TAF YYY707.

, Jill 11111111 I, ' ' 'ill If Ill, Ill , , ,r , , 11 11 ,if Ill , , 11 1111 , ......... ,,, , ,,

000 1.73 152.75 1.75 - -
020 1.7.; 20.75 - 21.50 22.00
050 20.75 56.75 - 57.50 58.00
070 56.75 80.75 - 81.50 82.00
080 80.75 92.75 - 93.50 94.00 .
090 _.75 104.73 - 103.50 106.00
100 104.75 116.75 116.75 117.50 118.00
105 116.75 122.75 - 123.50 124.00 L

110 122.75 128.75 - 129.50 130.00
115 128.75 134.75 - 135.50 136.00
120 134.75 140.75 - 141.50 142.00
125 140.75 146.75 146.75 147.50 148.00 i
130 146.75 152.75 - 153.50 154.00

i , ,, , , ,,,,,,,,,,,,, , ,, ,, ,, , ,,, ,,,,,, ,,,,,, L ,,

IDENTIFIER: XXX YYY ZZZ

L--Circumferential Location (048°, 136°, 224°, 312°)
.......... Distance from BHL, ft x 10

' ..... _,asuremen¢ type
, , _ ,,,,
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i| i ,,,, i H , ,11,1I ,, " ................................. .J '"" _L ,,L

" Table2.7 I_"rlIIATBD_ _AllCrlES
(at20'level)

: i i i ii lli i i ii llllli 11 II II -- ii i ii , i _,[111,iiii all I I,II II11111111,, -_

Measured Parweter Instrument and DASErrors
i ,i .. 11 , , ,,u i ,, , ,... ..... , ,,,, , ,, _ ,.,. , H , ,,,,, ,,, ,,

Constant t Variable l
(Units) (_ of Reading)

Temperature 1.9 °F O. 16

Annulus Pressure Drop 4.9 in. H20 0.25

Annulus Pressure Drop (local) 0.9 to 1.7 in. 1420 0.25

Annulus Pressure 0.58 psia 0.25

. Process Pressure 0.75 psia 0.25

Flow Meter Pressure Drop (1) 0.50 in. 1420 0.25
o

Flow Meter Pressure Drop (2) 0.18 in. H20 0.25

Power Supply Voltage 0.82 VDC 0.60

Power Supply Current 8.1 A 0.78
(Zones 1 to 3)

Power Supply Current 2.0 A 0.78
(Zones 4 to 6)

Heater Element Current 4.1 A 1.0

I Constant and Variable terms to be combined as absolute values by
RSS method

• , , ,,, ,,i ,
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root-sum-of-squares of the weighted uncertainty in the individual factors which comprise the
result. Each term in the calculation is evaluated at twice the standard deviation (2o') of the
average value used to calculate the result.
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3. DISCUSSION OF TEST RESULTS

. This section describes the experimental results. Comparisons of

• Demand curves,
. • The onset of the flow instability, and

• Steady state pressure and temperature profiles.

are used to support the discussion where appropriate. Section 4.2 compares the minima in the
demand curves with the Saha-Zuber model for OSV and discusses those results in detail.

3.1 Baseline

This subsection describes typical results from the experiments in the ribbed geometry at
the baseline test conditions. Refer to Table 1.2 for the test conditions.

Baseline Demand Curves. Figure 3.1 shows the demand curve data for the baseline test
conditions in the ribbed geometry. The basic character of the curve is consistent with data
from the simple annular geometry at SRL and the tubular geometry at Columbia University.
In the ribbed geometry of the Create experiments, four baseline series were run between early
May and the end of August 1990, including Series 1 in Build 3 and Series 1A, 5 and 13 Build

. 4 (see Table 1.2). Good repeatability is demonstrated. (Small variations occur at high velocity
due to geometry changes in the facility - see Section 2.) The minimum pressure drop occurs
at a velocity between 3.20 and 3.44 ft/s in the four series of tests. The variation in velocity

. (0.2 ft/s) is approximately equal to the measurement uncertainty and hence the accuracy with
which the velocity can be set in the tests. As described below, steady-state pressttre drop data
could not be obtained at lower velocities.

The pressure drop predicted by the ANNULUS computer program is shown by the
solid line in Figure 3.1. The minimum pressure drop and corresponding velocity are predicted
reasonably well. At this low velocity, the minimum pressure drop is dominated by the
hydrostatic component, so the measured and predicted values represent primarily a head of 13
feet of water. The minimum pressure drop is predicted at only slightly lower velocity than
observed in the data. This is consistent with the conditions at OFI lying at lower Stanton
number, i.e. at higher velocity and higher subcooling, than calculated (Figure I).

The pressure drop predicted by the ANNULUS computer program is 5% to 15% higher
than the measured values at high flow velocity. This result is consistent with single-phase
pressure drop data in the annulus with no heat flux, as shown in Figure 3.2. In the program, a
hydraulic diameter of Dh = 0.039 ft has been estimated by strict application of the formula that
the hydraulic diameter is four times the cross-sectional area divided by the wetted perimeter of
the channel, where the wetted perimeter includes the surface of the ribs. If the ribs were not
present, the hydraulic diameter for the annulus would be Dh = 0.044 ft. Calculated pressure

• drops with these two values of the hydraulic diameter bound the data, as illustrated by the
pressure drop data for the unheated annulus in Figure 3.2.
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Opset of Flow Instability. In the ribbed geometry, it was not possible to obtain

steady-state data at velocities be|ow the minimum pressure drop. The pressure drop and wall
temperature increase dramatically at velocities below this value. Figure 3.3 illustrates the
unstable behavior in Test May07_10 from Series 2 in the ribbed geometry. (Because
conditions were not steady in this test, the results are not incorporated in subsequent data
evaluations.) The figure includes (a) the overall pressure drop in the annulus, (b) the outer
wall temperature at 12.5 feet below the beginning of the heated length (BILL) in the annulus,
and (c) the pressure drop at the orifice meter. With the flow and pressure boundary conditions
nominally steady, the wall temperature and pressure drop in the annulus suddenly begin to
increase. The wall temperature continues to increase after the pressure drop reaches a
maximum value, and until the flow rate is increased by the operator to protect the facility.

Figures 3.4a and 3.4b show the outer wall and fluid temperature transients for four
elevations in the instrumented flow channel at the 136 ° position for the same test and time
period. The instability in temperature is initiated at the bottom and progresses toward the top
of the annulus. The wall temperature near the bottom of the annulus continues to increase
(Figure 3.4a), and fluid temperatures remain near saturation (Figure 3.4b) until the flow rate is
increased by the operator. Recovery following the increase in flow rate is shown by the rapid
decrease in the wall and fluid temperatures.

Circumferential variations in temperature are also observed. For the same test and time
period, Figure 3.5a shows the wall temperatures in three subchannels near the annulus exit at
12 feet from the BHL. Figure 3.5b shows the corresponding fluid temperatures. Data are from
the subchannels at 48 °, 224 °, and 312 ° positions. At the time of the instability, the wall
temperature in the subchannel at 224 ° increases while the wall temperatures in the other two
subchannels decrease (Figure 3.5a). Since the wall temperature at 12.5 feet from the BHL
increased in the channel at 136 ° (Figure 3.4a), we conclude that the subchannels at 136° and
224 ° became unstable f'u-st, resulting in some of the flow being diverted to the other two
channels. The fluid temperatures (Figure 3.5b) support this conclusion. The fluid temperature
in the subchannel at 224 ° jumps to the saturation temperature. The temperatures in the other
two subchannels oscillate between the saturation temperature and lower values, suggesting
increased but possibly unsteady flow.

Pressur_ and Tem oeramre Profiles. In Figures 3.6 through 3.9 detailed pressure and
temperature profiles are shown for Series 1 in the ribbed geometry for:

• Non-boilingsituationathighvelocity(Figures3.6and3.7),
• Neartheonsetofnucleateboilingattheexit(Figure3.8),and
• At the minimum stable pressure drop (Figure 3.9)

To first _der, the predictive models in the ANNULUS computer program represent the data
very well. If the wall heat transfer coefficient used in the code calculations was about 10%
larger, the agreement would be excellent.

The calculated and measured pressure gradients are linear in each case. The calculated
and measured pressure gradients agree well at low velocity (Figures 3.8 and 3.9), but the
pressure gradient is overpredicted by 15% at high velocity (Figure 3.6). This result is
consistent with the pressure drop data for the unheated annulus, compared with the friction
factor model using Dh = 0.039 in Figure 3.2. Note that the measured pressure gradient given
by the summation of the individual differential pressures (open circles) agrees with the
measured absolute pressure drops (solid circles).
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The calculated and measuredfluid temperaturesalso show a linear heau_p. Calculated

and measuredvalues agree.

Wall temperaturecalculations illustratea systematic trend observed in all of the data:
the calculated wall-to-fluid temperaturedifference Is about 10% largerthan the measuredvalue
in the sinsle-phase heat transferrelpon, i.e. before the wall temperaturereaches saturation. At
this heat flux, the overpredicttonis about 10% of the temperaturedifference. As a result, the
wall temperature reaches saturation closer to the beginning of the heated length m the
calculations than in the data (see Figures 3.7 and 3.8).

This series of figures al.m illustrates how .the. wall-to-fluid temperature difference
increases as the inlet fluid veloclty decreases. This is as expected since the heat transfer
coefficient is lower at lower velocity. The analysis pn_cts thls trend,though the calculations
have a largerdifference than the data, as mentioned above.

3.2 Effect of Heat Flux

The wall heat flux in the baseline e_nts is lxl0_ 3tu/_-ft2. Heat fluxes up to
3.75x105 Bul/hr-ft2 have been obtmned m the nbbed geometry. Peak heat fluxes in the reactor
fuel assemblies might be as high as 5x105 Btu/hr-ft2,so heat fluxes up to three-fourthsof the
maximum were achieved.

Demand Curves. Figures 3.10 and 3.11 show the demand curves at various heat fluxes
in the ribbed and nonribbedgeometries, restively. The minima in the demandcurves _cur
at higher velocity and higher pressuredrop for increased heat flux. For example, the mimma
occur at velocities of 3.27, 6.79, 10.03 and 12.60 ft/s for the heat fluxes of lx105, 2x105,
3x105, and 3.75x10s Btu/hr-ft2,respectively in the ribbedgeometry (Figure 3.10, Series IA, 4,
6 and 9). It can be shown by a simple equation that the velocity at the calculated OSV point
should be approxi.ma.telyproportional to the heat flux, therefore it is not surprising that the
velocities at the rrunimaare also approximatelyproportionalto the heat flux in both the data
and the AN'_JLUS calculations.

For the higher heat fluxes, the calculated demand curves show a distinct change in
slope as the minimum pressure drop.is approached, though the slope is still positive. In the
calculations, this devianon is assc_ated with the Onset of Nucleate Boiling (ONB). The
model for pressure gradient in the partially developed nucleate boiling regime calculates
pnreSSUregradientswhich are larger than in the single phase region, _d apparentlylarger than

the data. The pressure and temperature profiles shown below illustrate the behavior in
greaterdetail.

Pressure and Temneraturepmfi!es. Figure 3.12 shows the pressure and temperature
profiles for a single ph_ case at the highest heat flux tested (3.75xiOS Btu/hr-ft2). The only
significant difference between the re.suits at the highest and lowest heat fluxes is that the
wall-to-fluid temperature difference m the single-phase regime is overpredicted by about a
factor of two at the higher heat flux (Figure 3.12) rather than 10% as seen at the lower heat
flux (Figure 3.6). The predicted temperature difference is between these limits (10% and
100% larger than measured) at the intermediateheat fluxes.
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Figure 3.13 shows the data and calculations for a test near the minimum pressure drop

at the highest heat flux tested. Although the velocities are different, this result can be
. compared with Figure 3.9, the test near the minimum pressure drop at the lowest heat flux

tested. The wall and fluid temperature profiles are very similar in both cases; that is because
both the heat flux and the velocity are higher in about the same proportion. The fact that the

. fluid subeooling at the exit of the annulus is about the same (about 20°F) near the minimum is
consistent with relating the minimum to the Saha-Zuber model for the Onset of Significant
Voiding. That model predicts OSV at a constant subcooling (in this velocity range).

At the higher heat flux in Figure 3.13, the measured pressure gradient changes
noticeably to a steeper gradient at the point where the wall temperature reaches saturation (at 9
to 10 feet from BHL), i.e. near the location where the onset of nucleate boiling is expected.
This behavior is not apparent at the lower heat flux (Figure 3.9). The calculations of the
ANNULUS program include a model (Levy, 1967) for increased pressure gradient after ONB.
The concept is that the wall is effectively rougher due to the presence of vapor bubbles which
nucleate on the surface. Calculation of increased friction is consistent with the data, though
the calculated pressure gradient is somewhat larger than observed in the data. Similar trends
are observed at the intermediate heat fluxes.

3.3 Effect of InletPressure

- Demand curves illustrating the effect of inlet pressure in the ribbed geometry are shown
for two different heat fluxes in Figures 3.14 (Series 1 and 2) and 3.15 (Series 6 and 7). Two
inlet pressures of 40 and 60 psia have been tested in each case, representing the possible range

. of pressures during a LOCA in the reactor. Increasing the inlet pressure raises the saturation
temperature. Therefore, in order for the fluid subcooling at the higher inlet pressure to reach
the same value at OSV, a lower mass flux (velocity) is allowed at higher pressure for a given
heat flux and inlet water temperature. That is, the minimum is expected to occur at a lower
velocity, and this is evident in the data, particularly at the higher heat flux (Figure 3.15). At a
heat flux of Ix105 Bt_-ft2, the minima occur at velocities of 3.20 and 2.94 ft/s at the
pressures of 40 and 60 psia, respectively. At a heat flux of 3x105 Btu/hr-ft2, the minima occur
at 10.03 and 8.84 ft/s, respectively.

At the low heat flux (Figure 3.14), the predictions of the ANNULUS program are in
good agreement with the measured demand curve data. At high heat flux (Figure 3.15), the
calculated velocities at the minima are slightly lower than observed in the data. In addition,
the calculated pressure drop is somewhat larger than measured after ONB is calculated. This
deviation is consistent with the discussion in Section 3.2 about the pressure gradient at high
heat flux after ONB occurs.

Thus, the overall effect of pressure is entirely as expected.

3.4 Effect of Helium

In the reactor, helium blanket gas may be present at a saturation pressure of up to 5
psig. In the experiments, helium is used as the cover gas in the fluid supply reservoir.

" Pressures of I, 5, and 15 psig have been tested. Figure 3.16 displays the demand curves
obtained with the helium pressure varied in this range in Series 3, IA, and 3A. The effect, if
any, lies within the uncertainties in the measurements. No significant differences are observed
in the pressure and temperature profiles.
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reare
A separate analysis to estimate tl}.e.m_.imum amount of dissolved helium expected to

be liberated in the experiments as the flmd is heated in the annulusindicates that the amountis
negligible (Crowley, letter to Z. Qu_shi, 1988)). There should be no significant effect on
ONB or the pressuredrop in the annulusas a result of helium vapor, which,ss consistent with
these data. Therefore, the ANNULUS programincludes no effect of helium m its calculations.

b

3.5 Asymmetric Heating

Figure 3.17 compares the demand curves for two series of exl_..rimentswith different
distributions of the wall heat flux. The fast is the baseline test condition at a heat flux of
lx105 Btu/lu'-ft2on both walls of the annulus(Series 1A). The second case is asymmetrically
heated, with a heat flux of 2x105 Btu/hr-ft2on the outer wall and no heat input to the inner
wall (Series 10). The total power .to the heaters is approximately 10% higher in the
asymmetriccase, which explains the difference m the velocity at the minimum pressuredrop.
The demand curves compare well at velocities above 5 ft/s. However, the minima occur at
slightly different velocities: 3.27 ft/s in the uniformly heated annulus and 4.07 ft/s in the
asymmetrically heated annulus. The small difference can be accounted for in the boundary
condition forpower input, because the ANNULUS calculations for these test series also show
this same difference in the velocities at the minimum pressure drop. Since the difference is
consistent with the ANNULUS calculations, no unusual effect is evident with asymmetric
heating.

3.6 EffectofRibs

Demand Curves. Figures 3.18 and 3.19 overlay demand curves with and without ribs
on the inner annulus wall for similar boundary conditions. In Figure 3.18 at _ = l x105
Btu/hr-ft2(Series 1A in each geometry), the minimum pressure drop occurs at a velocity of
3.27 ft/s in the ribbed geometry and 3.07 ft/s in the nonribbedgeometry. In Figure 3.19 at _ =
2x105 Btu/hr-ft2 (Series 4), the minimum occurs at a velocity of 6.79 ft/s in the ribbed
geometry and 6.22 ft/s wi_out ribs. This difference in the velocities at the higher heat flux is
larger than the uncertainty in the velocity measurement,and therefore indicates a difference
between the two geometries.

The data thus sugagest eal difference between the two geometries, while the
calculations do not. The ANNULUS calculations show a much smaller difference in the
calculated minima for each demand curve, and that difference is accounted for by the
hydraulic diameter with and without ribs. This is because ANNULUS assumes all subchannels
are identical, while in reality they are not. The degree of channel-to-channel nonuniformity
will dictate the degree of increase in the minimum stable velocity with ribs. The plots of
Stanton number versus Peclet number in the Executive Summary(Figure 1.2) and Section 4.2
(Figure4.1) graphically illustratethe difference between annuliwith and without ribs.

Pressure and Temneraune Profiles. Excep.t as discussed below, no significant
difference between experit:aentswith and without ribs is found at velocities above the one
where the minimum pressure drop occurs. Section 3.1 discusses the fact that in the ribbed
geometry it is difficult to obtain steady-state data at velocities below the minima; a sharp
transition to unstable heatup occurs. In the non-ribbed geometry that transition is somewhat
"softer". Some data could be obtainedbeyond the minimum in the pressure drop. Figure 3.20
illustrateswhat happens underthose conditions.
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The measured pressurein Figure 3.20 shows a definite change in slope between 11 and
12 feet from BHL. This change in slol_ is due to the increased pressure gradient with

• two-phase flow. ANNULUS correctly calculates the Iocauon of the change in pressure
gradient(at theOSVpoint),butoverpredictstheIpradient.Thedemandcurvesalsoshowsthat
[he overallpressure_ calculatedby ANNULUS is largerthan.the measuredgradientat

. velocitiesbelowthe _um (_ Figure3.19 for example). This suggeststhat the model
overpre_ctsthe _unt of enerFywhich goesto vaporgeneration.The calculatedrate of
increm m thefired temperaturesbetween11.5and 13 feet is smallerthan measured(Fllpare
3.20), and that is also consistent with partitioningtoo muchenerID,to the vapor generation.

Sub_hannelBehavior. Fi 3.21a through 3.21d plot the fluid temperaturesat the
annulusexit (i3 feet from BHL) _s uniformheat fluxes from Ix105 IA,Btu/hr.ft2in Series 4,
6, and 9, respectively. Fluid temperaturesin each subchannel(48°, 136°, 224°, and 312°) are
plotted for each test in the series, that is, at each velocity tested. The fluid temperature data

plotted as a difference between the measured value in a lpven subchannel and the average
of the values in all four subchannels.

What is su'ikingabout these comparisons is that the subchannel,at 3120 consistendy
shows te_ratures hotter than the average, even for the uniform heat input. The deviation
increases as the velocity approachesthe value at the OFf point (V_n), where the texture is
5°F to I0_ higher _ average in this subchannel. Conversely, the subchannel at 1360
consis.w.ntlyshows temperatureswhich are cooler than the averageby about the same amount.

" We beheve that the non.unif.onn,dismbuflon of temperaturesis due to the geometry and is not
an effect of nonuniformityin the power input. The same trend is seen in the corresponding
measurementsof the wall temperatures.

m

3.7 PowerTilt

The heat fl.uxin a reactor fuel assembly may have a circumferential variation because
of the spatial variation in the. neutron flux and the orienta.tionof the fuel assembly in the
reactor. For that reason, expe.r.,nentshave been performedwzth a heat flux variationfrom 1.2
times the average at the m/._t of one subchannelto 0.85 times the average at 180° around
the circumference to the nudpoint of the .opposite subchannel. Figure 3.22 shows the

circumferential variation in heat flux, as a rauo of the local to the avem_ heat flux (Barry,sired1989). The profile in .theexperimental facility closely approximates the profile. This
profile means that the instrumented subchennel at 136° (Figure 2.3) has an average heat flux
about 15% larger than the circumferential average, the two adjacent subchannels (48° and
224°) have about the average heat flux, and the opposite subch_nel (312°) has a heat flux
about 15% below the average.

Figures 3.23 and 3.24 compare the demandcurves for power tilt and uniform heat flux
distribuuons. In the .1_.wer Wt Series 15, the total power input and the average heat flux
correspond to the baseline conditions in Series 1A. Power tilt test Series 16 corresponds to

• Series 4 with an average heat flux of 2xlOS Btu/hr-ftz. The velociues at the minimumpressure
for the measureddatam Figure 3.23 are at 3.27 ft/s and 3.59 ft/s for the umform and power tilt
cases, respectively. The velocities at the minima for the higher heat flux in Fi..gure3.24 are

. 6.79 ft/s and 6.91 ft/s, respectively. The veloc!ty at the minimum m th.e.power nit test Series
]6 is only 2% larger than the velocity .in Series 4 - not as large a difference as might be
expected if the subchannel with the highest heat flux controls the result. It is therefore
difficult to assert that the power tilt had a significant effect on the results m these experiments.
Furtherexplanation is provided below.
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Subchannel Behavior. Figure 3.25 shows the temperature profiles from Series 15 with
power tilt. At these flow conditions, the exit flow is still single phase. A distribution in the

• temperatures around the circumference is evident in this power tilt test. With power flit, the
heating distribution is:

• • Maximum heat flux at 136° location (circles)
® Average heat flux at 48° and 224 ° locations (triangles and squares)
• Minimum heat flux at 312 ° location (diamonds)

Maximum and minimum temperatures are found in the subchannels with the maximum and
minimum heat fluxes, as expected. Temperatures in the 48° and 224 ° subchannels are
intermediate to these values, also as expected. This configuration was selected prior to any
testing with the objective of having the peak heat flux in the heavily instrumented subchannel.

For a uniformly heated annulus, Figures 3.21a through 3.21d show that wall and fluid
temperatures around the circumference vary from the average temperature, especially as the
minimum pressure drop is approached. Fluid temperatures in the subchannel at the 312 °
location are greater than in the other subchannels, even in the tests with uniform heating.

In the power flit tests then, the peak heat flux was input to the 136° subchannel which
ran cooler in the tests at uniform heat flux, and the minimum heat flux was input to the
subchannel which consistently had higher temperatures in the tests at uniform heat flux.

" Figures 3.26a and 3.26b show that the subchannels at 136° and 312 ° exhibit the highest and
lowest fluid temperatures as expected in the power tilt tests. However, the temperatures in the
hottest subchannel (136 °) in the power tilt tests are about the same as the temperatures in the

. hottest subchannel (312 °) in the tests at uniform heat flux (Figures 3.21a and 3.21b). Even
with the peak heat flux applied to the 136° subchannel in the power tilt tests, it did not run
much hotter than the 312 ° subchannel in the uniform heat flux tests.

We believe that this illustrates why the results in the power tilt tests did not differ
significantly from the results in the uniform heat flux tests. Although the controlling (hottest)
subchannel is different, the temperatures are about the same in both cases.

These results in the uniform and power tilt experiments suggest that the subchannel
with the peak heat flux should be systematically varied in order to more accurately assess the
effect of power tilt. At least, the peak heat flux should be applied to the subchannel which is
normally the hottest in the uniform heat flux tests.
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4. SUMMARY AND CONCLUSIONS

4.1 Summaxyof Paran_tric Effects

To summarize,thedetailedcomparisonswhich arepresentedin Section3:

• The effect of _ in the test geometry seems to be the most important with
respect to the key result -- the location of OH. (See the extended discussion of
OFf in Section 4.3 and the discussion in Section 3.6.)

• The effect of ggAy.gr._Y_requires further study. The experiments show little
effect of power tilt, but that appears to be a function of the particular
configuration tested. (We believe we inadvertently located the peak power
region in the most stable subchannel.)

• The effects of heat flux, inlet _ucessure,and asymmetric heafin_ are consistent
with expected trends based upon the analytical work.

• The effect of dissolved _ does not appear to be significant.

In addition, since the baseline test conditions were repeated four times during the course of the
experiments in the ribbed geometry (from early May to mid-August 1990), and since the
results are repeatable, there did not seem to bz any significant effect of aging of the annulus
wall surface on the results, within the time scale of this test program.

,a,

4.2 Summm'y of Analytical Model _m

Volume 2 presentsmany detailedcomparisonsof temperatureand pressureprofiles
withthepredictionsoftheANNULUS computerprogram.AppendixA describesthemodels
used in the program. The conclusions from the analysis comparisons are summarized here for
each heat transfer regime

• Single phase
• Partially developed nucleate boiling
• Fully developed nucleate boiling

and each transition between the regimes:

• Onset of Nucleate Boiling (ONB)
• Onset of Significant Voiding (OSV)

Analytical models for wall heat transfer, pressure drop, and fluid energy balances in the single
phase and partially developed nucleate boiling regimes are important to predicting the
conditions leading to the Onset of Flow Instability. Models for the fully developed nucleate
boiling regime are of lesser interest because they are beyond the point of flow instability
where it is intended to operate the reactor. Data in this regime may be of interest to transient
code predictions for reactor safety, however.
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Sinale Phase ReL,ion-v . v

, • The predicted wall-to-fluid temperature difference is 10% to 100% larger than
the measured difference, with closer agreement at lower heat fluxes. This means that the
calculated heat transfer coefficient (Dittus-Boelter, 1930) should be larger in order to agree

. with the experimental data.

• Pressure gradient data from the unheated flow channel can be used to adjust the
frictional component of the pressure gradient in the tests with heat input to obtain good
agreement with data. The Rohsenow-Hannett (1985) model is adequate.

• Measured fluid temperatures agree very well with simple energy balances.

Onset of Nucleate Boilin_

• Wall superheat at the Onset of Nucleate Boiling (OI_B) is impossible to assess
from the experimental data. Because of the high thermal conductivity of the aluminum wall,
axial heat conduction tends to smooth out discontinuities in wall temperan_re of the small size
which the ONB condition represents.

. Partially Develoned Nucleate Boilin2

• There is a small but detectable change in the pressure gradient at the location
• believed to correspond to ONB (close to where the measured wall temperature exceeds the

saturation temperature). This is especially apparent at the higher heat fluxes tested. The
analysis (Levy, 1967) appears to capture this trend, but overpredicts the pressure gradient.

• The uncertainty in the measured wall-to-fluid temperature difference in this
region is large compared with the calculations. Just as for ON'B, axial heat conduction due to
the high thermal conductivity of the aluminum wall tends to smooth out temperature gradients
over short distances. Thus, the uncertainties in the data make it difficult to assess particular
heat transfer models, however the model used (Bowring, 1962) represents the data reasonably
well.

• There is no apparent change in the rate of heamp of the fluid with length in this
regime, as expected, indicating that no significant net vapor generation occurs.

Onset of Sianificant Voidine (OSV)w

• The results in Figures 2 and 3 (Executive Summary) illustrate that the
Saha-Zuber (1974) model is a good prediction of the OSV or OFI condition in the tests

. without ribs. In the tests with ribs, the OSV transition is predicted somewhat earlier (at twice
the exit subcooling or 5% higher velocity) than without ribs. This is probably an indication
that local fluid conditions in flow subchannels vary from the average, rather than an indication
that the model does not apply.
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• After OFf, the increase in pressure drop tends to be larger in the calculations •
than observed in the data, e .Sl_cially in tests without ribs. This suggests that the energy
partitioned to vapor generation Is actually weaker than calculated (Ivey-Morris, 1962).

• In .orde.rto calculate the partition of energy between fluid heating and vapor
generation, void fraction data are nee__,d. Fluid temperature measurements are too inaccurate
to be used alone for this purpo, e, and are further complicated by circumferen.dal variations in
the measured values. Void fraction data have not been obtained in the expenments. Further
work would be needed to improve the models for the energy partition, which would also
improve the pressure drop comparisons.

• Wall superheat after OH generally agrees with the calculated values (Thorn,
1965).

4.3 Evaluad_ of OF[

A key objective in the Creare experimentsis to assess the conditions at OFI for each
test series. Figure 4.1 is a plot of Stanton number versus Peclet number which summarizes the
data for the minima from each of the 19 test series and compares them with the OSV
prediction of the Saha-Zuber model. Uncertainties in the values, based upon uncertainties in
the measured data, are shown. Table 4.1 summarizes the values in the plot.

]_. For each test series, we have selected the test in a given series which represents -
the minimum pressure drop on the demand curve of pressure drop versus velocity. The
demand curves for each test series have been plotted in Volume 2, where the test having the
minimum pressure drop is identified. We have used measured data and calculated fluid
properties to evaluate the Stanton number and the Peclet number for the conditions at the
annulus exit in the test selected as the minimum. Measured data have been used in the
computer program called OSV (Crowley, 1990) in order to evaluate the dimensionless
parameters.

The definition of the Stanton number is:

St = , (T.at - Tf)r._'_ ' (1)

where:

is the diametral average value of the heat flux on the wall
Ts= is the saturation temperature for the absolute pressure at the annulus exit
Tf is the average of the fluid temperatures around the circumference at the annulus

exit
G is the mass flux (pfVf) based upon the inlet fluid density and velocity
Cpf is the liquid heat capacity at Tm
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Ttble 4. I TEST_ _r ifllmlll I'IESJlR DROPHR BACHSRIES
.......

Annulus Series Test Ditmetral Ave. Heat Flux iVelocity Inlet Outlet Inlet Exit ileli-,, Slutem Peele!
Geemetry Jleat Flux Distribatiem Temp. Ave. Temp. Press. Press. Sat. Press. Ikmlx:r limber

(tmi id) (k 8tu/hr-ft2) (ftls) (_J:) (aF) (psia) (psis) (psi8) x 103 x 10-4

Nun-ribbed (1) I Nov 14-13 100.6 uniform • 3.07 87.3 256.2 40.2 45.9 19.6 7.31 7.98

Noa-riblx_l (2) IA Feb 01_09 100.7 uniform 3.49 87.7 236.8 40.4 45.4 19.5 3.30 8.85
2 Feb 05_12 100.9 uni fore 2.61 85.2 285.4 60.3 65.4 19.9 12.9 6.611
3 Feb 06_08 99.6 uniform 3.02 85.1 256.5 40.0 45.3 15.5 7.86 7.66
4 Feb 08_10 201.5 uni fore 6.22 86.5 253.9 40.0 43.3 19.4 7.81 15.8

,, ,.

Ribbed (3) 1 May 05.21 101.3 uniform 3.20 85.5 244.9 40.2 45.3 19.8 4.62 7.21
o_ 2 May 07_08 101.8 umifom 2.94 87.2 262.1 60.4 65.4 19.5 4.13 6.68
" 3 May 08_08 101.4 mmifom 3.33 87.3 238.6 40.1 45.2 15.5 3.69 7.50

I

Ribbed (4) IA Aug 01_08 100.9 uniform f" 3.27 87.2 244.9 40. I 45.3 19.6 4.51 7.38
4 Aug 01_15 201.3 _ uifom 6.79 87.6 239. I 40.0 43.3 19.7 3.93 15.3

10 Aug 01_24 110.6 as)me tric 4.07 g7.1 240.8 40.0 45.$ 19.7 3.45 9.19
15 Aug 15_10 100.6 tilt 3.59 r/.s 229.8 40.5 45.2 19.7 2.73 8.i0
16 Aug 15_26 200.2 tilt 6.91 86.8 242.8 40.2 43.4 19.7 4.31 15.6
5 Aag 16_06 I01.1 uniform 3.41 87.2 238.8 40.2 45.2 19.7 3.61 7.70
6 Aug 17_06 299.2 uniform 10.03 8.5.4 239.2 40.1 41.5 19.6 4.32 22.6
7 Aug 17_17 300.5 uniform 8.84 86.1 259.5 60.6 62.8 19.7 4.04 20.3
9 Aug 17_23 374.3 mtifom 12.60 86.0 2311.7 40.1 39.2 19.6 4.77 28.4

13 Aug 17_31 100.7 uniform 3.44 87.0 237.4 40.0 44.8 19.8 3.48 7.76
3A Au8 17_37 I00.1 uniform 3.45 86.9 236.6 40.1 45.1 29.5 3.35 7.19

.....
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For the Peclet number

cpo
pc,, (2)

8

Dh is the hydraulic diameter, 0.044 ft in the non-ribbed geometry and 0.039 ft in
the ribbed geometry . .

kf is the thermal conducuvlty of the liquid at Tsat

_. The results indicate that:

• A Stanton number of about 0.003, or about 50% lower than the Saha-Zuber
model bounds all of the experimental data, including tests with ribs and power
tilt.

• The minima for the ribbed geometry generally lie at lower Stanton number
(larger subcooling) than the minima for the ribless geometry.

• The minima for the power tilt tests do not differ significantly from the minima
for the uniform heat flux tests in the ribbed geometry: (However, this result
may be because we located the peak heat flux region In the most stable
subchannel.)

Discussion of Results. It is believed that because of the geometrical tolerances in the
annulus diameter and the ribs, and the distortions caused by heating of the annulus, one flow
subchannel is created which has a somewhat different geometry than the other subchannels.
For instance, if the inner assembly is positioned such that two adjacent ribs touch the outer
annulus wall, the resulting subchannel between these ribs will have a smaller flow area (about
25% smaller) than the subchannel on the opposite side of the annulus. Assuming a share of
the heat flux which is one-quarter of the total, but a share of the inlet flow which is less than
one.quarter of the total in this subchannel, this subchannel might (apparently) become unstable
before the others, when the flow conditions are based upon the average flow and heat flux in
the four subchannels. In these experiments, the subchannel at the 312 ° location generally
became unstable first in the tests with uniform heat flux.

The results from the power tilt tests indicate that the subchannel at the high power
(136 °) became unstable first, but the temperatures did not differ significantly from those in the
unstable channel with uniform heat flux. That explains why the demand curves and OFI points
in the power tilt experiments do not differ significantly from the tests at uniform heat flux.

Discussion of Uqcertailaties. The overall uncertainty in the Stanton number based on
uncertainties in the instrument readings is about 10% to 20% as shown in Figure 4.1. This
uncertainty takes into account the following measurement uncertainties: the 10% uncertainty
in the measured fluid temperature (2°F out of a subcooling of 20°F), the 5% to 15%
uncertainty in the inlet velocity (larger values at the lower end of the velocity range tested),
and about 2% uncertainty in the heat flux. Uncertainty in the Stanton number is larger at low
velocities (about 20%), compared with 10% at the higher velocities, due to the uncertainty in
the velocitymeasurement.
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In the earlier tests, there was some problem in picking the velocity at the minimum
pressure drop because the data points .were spreadat velocities which differed by more than
the uncertaintyin the measurement. Figure 4.2 shows the uncertaintiesin the Stanton number
evaluated by using the difference in velocity between the minimum and the next lowest data
point as the uncertaintyin the velocity. In the later tests, there areexpenmental data points at
velocities which are within the range of velocity uncertainty, so uncertainty in the.velocity is
about the same whether from uncertainties in measured _.ata(Figure 4.1) or by trysngto pick
the minimum from actual data (Figure 4.2). Only in Series IA in the non-ribbedgeon_e..uY did
the spacing of the data Points contribute to a larger uncertainty. We sugsest that thss data
point not be considered valid.

The circumferential variation in the measured fluid temperaturesat the annulusexit
varies more than the uncertainty in individual temperature measurements (2°F). Given that
there is some uncertainty in the measuredfluid temperatures,the Stanton-Peclet nu.mberplot
can also be generated using a fluid temperatureat the exit of the annulus as deternuned by an
energy balance. The exst fluid tempera.turescalcuiated from an energy balance generally differ
by about the same as the unce_ty m the. temperature measurement, therefore the
conclusions are not substantiallymodified using this approachto present the data.
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APPENDIX A
SUMMARY OF ANALYTICAL MODEL

4

In Section3 ofthisdocument(andinVolume2)demandcurvesandexperimental
. pressureandtemperatureprofilesforvarioustestsarecomparedwithanalyticalpredictionsof

thecomputerprogramANNULUS (Barry,Crowley,and Wallis,1989).ThisAppendix
describes the specific models used in the comparisonspresented in this report.

The ANNULUS code models heat transferand pressure drop for water in a heated flow
channel. Using input values for the inlet temperature,pressure, and velocity as well as the
geometry, heat flux (axial profile), the program computes pressure, fluid temperature, wall
temperature, and quality or void fraction along the length of the annulus. Following the
analytical approach described by Collier (1986), the program models flow in the following
boilingregimesandtransitionsbetweentheregimes:

* Single-phase forced convection regime
, Transition at Onset of Nucleate Boiling (ONB)
• Partially developed subcooled nucleate boiling regime
• Transition for Onset of Significant Voiding (OSV)
• Fully developed subcooled nucleate boiling reginm
• Saturated boiling.

Tables A.1 and A.2 summarize the regime and transition models used in the comparisons
presentedhere.

Tables A.3 through A.6 list the specific equations used in the calculations. The
equations have been updated f1"omthe ones presented in the test plan (Sam et al., 1989). In
particular, the energy balance for the fluid heating in each boiling regime has a slightly
modified form. The equations were originally set up for an annular geometry without ribs, and
the equation for the energy balance has now been made general to properly account for the
geometry with ribs.
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Table A. 1. DOILIHOitl_llm _ USlg) IN _ Et{XilAI/_TIONS

Wall Heat Fluid Heating/ Pressure Friction
Regime Transfer Vapor Generation Drop Factor

Single-Phase Di t tus-Boel ter Energy Balance 1_ Rohsenow-
(1930) Hartne t t

(1985)

Partially Bowring (1962) Energy Balance 1_ Levy (1967)
Developed (with Thorn (with

Nucleate Boiling (1965) Colebrook
1938)

Fully Developed Thorn (1965 Energy Balance Homogeneous- gcAdms .
Nucleate Boiling (with Ivey-gorris 2_ (1949)

1962 energy
partition)

Saturated Chen (1963) Energy Balance Homogeneous- HcAdms
Boi Iing (PC only) 2_ (1949)

i i ill ii i

Table A.2. TRANSITIONI[I}ELS USED IN ANNULUSPit(X]RAIH
CAILNJIATIONS

Trans i t ion Mode1

Onset of Nucleate Boiling (ONB) Davis-Anderson (1966)

Onset of Significant Voiding (OSV) Saha-Zuber (1974)

Saturated Boi I ing Tf=Tsst
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Table A.3 SIN(a_ PHASE P3XIII Ig_JATIONS I

Wall Heat Transfer (Dittus-Boelter, 1930):

4,u-[ _,t_._]-°.°_o°"_°
Fluid Energy Balance (First Principles)*:

1
Of Cpf Af Vf d

Pressure Gradient (Single Phase):

.f

Friction Factor (Rohsenow-Harmett, 1985):

-0.25
fwi = 0.085Ref

*Note that without ribs, Af = _ (Do2-Di2) and this equation reduces to

Q
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Table A.4 PARTIALLYDEVELOPEDSUBCOOLEDBOILINGREGIMEEQUATIONS

Wall Heat Transfer (Bowring 1962 with Thom 1965):

= (_ + _f_)
2

_ [ (Tw - rs.t) ] + [0.023(kf/Dh)Re/'Spr/'4(rm. Tf)]- LO.O72e-o.u_/_pj

Fluid Energy Balance (First Principles)*"

= Of Cp f Af Vf

Pressure Gradient (Modified Single Phase):

Friction Factor (Levy 1967 with Colebrook 1938):

-43.25
fwl = 0.085Ref (Rohscnow-Hartnett, 1985)

Xw= [fw_pfvf2/2]

Yb = 0.015[oI_] °'5

f,,,.4.5 = . 41oglo 2 + + 3.48
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" Table A.5 INJI_Y_ SUBCOIX,EDBOILINOgEOIMEBQUATIONS

. Wall Heat Transfer (Thorn, 1965):

(Tw- TuJ = 0.072_ °. se-°. ooo79p

Fluid Heating and Vaporization (Energy Balance with Ivey-Morris, 1962):

g _ (D_ + D i )

ffi pf hfll Af Vf

hf,'= [hfg + 0.1Cpf(T,-Tf)[p_g]0"Ts]

" Pressure Gradient (Homogeneous Two-Phase):

+ g(sin 0) ]

FrictionFactor(McAdams, 1949):

..0.25
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Tabl© A.6 NIKI£ATBBOILINGT_.NSITION _

q.

OnsetofNucle.at¢Boiling(Davis-Anderson,1966):

0.5

(T,,-Tsa)oab= j hfs

OnsetofSignificantVoiding(Saha-Zubc'r,1974):

Pe_ 70,000

_:_ .....' Tf)fd_]= 0.0065St = %f vf (Ta. -

Pc < 70,000

St = 454.55/P¢

Saturated Boiling (Energy Balance):

Tf = Tsa
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APPENDIX B

EVALUATION OF ALTERNATIVEANALYTICAL MODELS

d

The analysis comparisons in Sections 3 and 4 of Volume 1 use the baseline models
summarized in Appendix A. Those comparisonsdemonstrateareas where the modelling could

• be improved. Four aspects of the modelling of boiling flow and heat transfer in the annulus
were subsequently studied briefly. The areas studiedinclude:

• Wall-to-fiuid heat transfer in the single-phase region,

• Frictional pressure dropin the single-phase region,

• Frictional pressure drop in the partially developed nucleate boiling regime
(between ONB and OSV), and

• The criterionfor OSV.

Table B.I summarizes the phenomena for which the models have been revised from the
originalanalysis. This appendixreportsthe effect of these changesupon the datacomparisons.

• Table B. I ALTERNATIVEMODff_USEDIN ANNULUSPROGRAM_TIONS

Phenomenon Original Revised

Singl e-Phase Di t tus-Boe Iter Bjorge-Hal I -Rohsenow
Heat Transfer /2f = f(Tf) /_f = f(Tf,Tw)

Si ngIe -Phase Rohsenow-Hartne tt Zigr ang-SyIve s te r
Friction fwl = f(Ref) fwl = f(Ref,Prf,e)

Partially Developed 1_: Rohsenow-Hartnett 1. and 2_: Zigrang-
Boiling Friction 2_: Colebrook (iteration) Sylvester (explicit)

B.I Single-Phase HeatTransfer

As discussed in Section 3.1, the temperaturedifference between the wall and the fluid
tends to be overpredicted about 10% at low heat flux. And the temperature difference is
overpredictedby a greater amount at higher heat flux as discussed in Section 3.2. When the
temperature difference is overpredicted, it means that the heat transfer coefficient is
under_redicted, assuming a constant heat flux. It is shown here that a modification of the

" Dittu,_.Boelter model (Table A.3), similar to the modification of the Colburn model made by
Bjorge, Hall and Rohsenow (1982), improves the comparisons.

• The Ditms-Boelter model was developed for pipe flow with constant fluid properties
evaluated at the bulk fluid temperature. Basing the viscosity on the bulk fluid tem_r_,,_-_ --
the highest limit on viscosity -- results in the lowest heat transfer coefficient aria t;__ ,ughest
wall-to-fluid temperaturedifference. In 1933, Colburn changed the exponent on the Prandtl
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num_r intheDittus-Boeltermodelfrom0.4to0.33.Bjorge,HallandRohsenow(1982)
modifiedtheColburnmodeltoaccountforthevariationinfluidviscosityacrosstheregion
from theheatedwalltothechannelcenterlineby multiplyingtheNusseltnumberby a
viscosity ratio:

Nu = 0.023 Ret_. s pho. 33 [_]"°' 4_ B.1 "

A similar modification to the Dittus-Boelter model has been implemented in the ANNULUS
code:

Nu = 0.023RefO.sprfO.4 [l_f]"°"4 B.2

The viscosity ratio exponent simply changes the viscosity used in the Reynolds and Prandtl
numbers from a value (_) based on the bulk fluid temperature,Tf, to a value (_fi_) based on
the average of the wall and bulk fluid temperatures, (Tw+ Tf)/2.

The revised wall temperature calculations (based on Equation B.2) are compared with
the original ANNULUS calculations and data at low heat flux (Series 1) in Figures B.1
through B.7 and high heat flux (Series 9) in Figures B.8 through B.12. The revised
calculations are in closer agreement with the data for the differences between the wall and
fluid temperatures, especially at low velocity. Including the viscosity ratio term decreases the
wall-to-fluid temperature difference at the annulus inlet up to 15% at low velocity (less at the
annulus exit). (In the limiting case, the wall-to-fluid temperaturedifference can be reduced an
additional 15% if the viscosity is evaluated at the wall temperature. However, basing the
viscosity on the wall temperature-- the lowest limit on viscosity -- is not justifiable.) While
the temperature difference is predicted more closely with the revised calculation, predictions
consistently lie 5°F to 20°F higher than the measureddata.

Two explanations for the remainingdifference between the ANNULUS calculation and
the data are given in the following paragraphs.

The measured fluid temperatures are in one of the colder subchannel$. Figure 3.21
shows that even with uniform heat flux, the fluid temperaturesat the exit of the instrumented
channel (136 degrees) are 5°F to 10°F colder than the average of the measured temperatures.
The nonuniform temperature distribution is thought to be due to a geometry variation from
subchannel to subchannel.

The measured fluid temperatures at the subchannel centerline are lower than the actual
bulk fluid temperatures because of the temperature gradient across the subchannel. The
average of the measured fluid temperaturesat the annulusexit is about 5°F less than the bulk
fluid temperature predicted by ANNtK,US (with an energy balance). This is clearly shown in
Figures B.4 through B.10 where the ANNULUS prediction (dotted line) lies at higher
temperature at the annulus exit (L = 13 ft) than measured data in the subchannels (open
symbols). The difference between the average of the measured fluid temperatures and the
calculated temperature is due to the temperature gradient across the subchannel. The
temperature gradient can be illustrated by reference to the _alytical solution for fully
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developed turbulentflow in a tube with constant heat flux (Kays, 1966). Figure B.13 shows
the solution in terms of dimensionless temperatureprof'desfor a Reynolds number of 30,000
and a range of Prandtl numbers. (For an annulus test at the baseline conditions near the OSV

. point, the Reynolds and Prandtinumbersare about 3xI04 and 1.4, respectively, with properties
evaluated at the exit fluid temperature.) Note that the solution is for heat transfer from the
fluid to the wall -- the profiles are "upsidedown" with respect to the annulusexperiments. For

. Pr= I, the bulk fluid temperature(Tb)is given by:

= 0.833 B.3
Tf - Tw

where Tw is the wall temperature and Tf is the fluid temperature at the channel centerline.
Substituting typical measured values of wall and centerline temperatures for the baseline

condition (Tw = 275°F, Tf = 250°F) yields a bulk fluid temperatureof 254°F which is 4°F
higher than the measuredcenterline temperature.

Combining the fact that most measured temperatures are in one of the colder
subchannelswith the effect of the temperaturegradientacross the subchannelsuggests that the
measured flutd temperatures are about 10°F to 15°F !ess than the bulk fluid temperaturesin the
channel at 136 degrees. Therefore, the average fired temperatures should be higher than the

. measured dataand in better agreementwith the analysis.

B.2 Single-Phase FrictionFactor
w ,.

Section3.2indicatedthatthepressuregradientinthesingle-phaseregionisslightly
overpredictedbytheRohsenow-Hartnettmodelforfrictionfactorinthebaselineanalysis.By
implementingtheZigrang-Sylvesterfrictionfactormodel,thecomparisonscanbe improved
somewhat,butthemostimportantbenefitisthatitcanbetiedinwiththefrictionfactormodel
forpartiallydevelopedboiling(seeSectionB.3)andimprovethecomparisonsinthatregime.

TheZigrang-Sylvestermodel(1982)isessentiallya fittotheColebrookmodel(1938).
BoththeZigrang-SylvesterandColebrookmodelsincludewallroughness.The significant
differencebetweenthetwomodelsisthattheZigrang-Sylvestermodeldeterminesthefriction
factorexplicitlyratherthanimplicitly:

B.4

The friction factor evaluated from Equation B.4 agrees with the Colebrook friction factor
" within 1% for wall roughness values from (e_Dh)= lxl0-S to lxlO-2 and Reynolds numbers

from lx103 to lxl0e. The wall roughnessfor the annulus is estimated to be 32x10 -_ inches
making the value of (e./Dh)equal to 6.8x10-s and 6.1xl0-S for the ribbed and non-ribbed test

" sections respectively. The Reynolds numbers range from 1.3x104 to 1.3xl0S for these
experiments. Therefore, the Zigrang-Sylvester model is appropriate for the annulus test
conditions.
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Pressure drop calculations using the Zigrang-Sylvester model are compared with

single-phase results without heat transferin Figure B.14. The Zigrang-Sylvestermodel is in
close agreement with the Build 4 dam and the Rohsenow-Hannett model. Ftgures B.15
throughB.17 compare additionaladiabatic, single phase dataat.threevelocities in Build 4 withthe original Rohsenow-Hartnettmodel and the revised Zigrang Sylvester model. Both models
are in good agreement with data in the upper portion of the annulus,but deviate at the lower
end of the annulus. The deviation at the lower end is thought to be due to a geometry
variationwhich is not accountedfor in the model.

The Zigrang-Sylvester model is shown to be in excellent agreement with heated wall
data in the pressureplots (uppergraphs)in FiguresB.I throughB.12. The data are represented
much better by the Zigrang-Sylvestermodel than by the Rohsenow.Hartnettmodel at both low
and high heat fluxes.

B.3 PressureDrop in PartiallyDeveloped Boiling

The Levy model _able A.4) overpredicts the increased pressure _dient following
ONB (Figure 3.13). This also leads to a significant departureof the calculation from the data

on the demand curve as the minimum is approached for high heat.fluxes. (Figure 3.10illustrates this result.) Further,m simultaneously using the Rohsenow Harmett model as the
basis for the single-phase friction factor and the Coiebrook model for the two-phase friction
factor (which accounts for the presence of the attached vapor bubbles), the baseline model is
inconsistent. This is a small effect m the analysis. Using the Zigrang-Sylvester model for

' IllS' "both eliminates the mco mxency,however.

The Zigrang-Sylvester model is used as the basis for the two-phase friction factor after
replacing the wall roughness term, £, in EquationB.4 with the Levy bubble size parameter,Yb:

This is the same approach that was used in the original analysis except that the Colebrook
model has been replacedwith the Zi_rang-Sylvestermodel.

This change improves the pressure droppredictions. It is especially noticeable at high
heat flux as shown in FiguresB.9 throughB.12. The change in the measured pressuregradient
following ONB (which occurs around 9 to 10 feet in the annulus) is accurately represented by
the analysis. (Recall that a small pan of the change is suspected to be due to a geometry
variation at the end .of the annulus as illustratedby the change in pressure gradient for the
adiabatic results in Figures B.15 throughB.17. The analysis may still overpredictthe pressure
gradient when the geometry variationis accounted for, but not as much as before.)

Figure B.18 indicates that the Zigrang-Sylvestermodel improves the prediction of the
minimum pressuredrop at high heat flux (375 kBtu/hr-ft2). The overall demand curve is also
in better agreement with the data at low heat flux as shown in Figure B.19.
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B.4 Onset of Significant Voiding

The Saha-Zubercriterionin the original ANNULUS calculations is St = 0.0065. The
' data displayed in Figure 4.1 suggest that the minimum pressure dropin the annulus occurs at

St <0.0045. If St = 0.0045 is used as the OSV criterionin the analysis, the calculated velocity
and the minimum pressure drop are significantly larger than measured values at high heat

. fluxes (Figure B_20). The effect of Stanton number is less noticeable at lower heat flux
(FigureB.21).

Recall thatFigure4.1 uses the averageof the four fluid temperaturemeasurementsnear
the annulus exit in deriv.tngthe Stanton number criterion for this plot. (See Equation 1.)
FigureB.22 shows the estimated Stantonnumber in the annulusat the minimum pressuredrop
when the exit fired temperatureis calculated by an energy balance. Because the measured
fluid temperaturestend to be low, as discussed in Section B.I, the values lie at higher Stanton
number on average.than in Figure 4.1 which uses the measuredexit temperatures. Based on
this result, the original criterion St = 0.0065 was retainedfor OSV in the analysts. Figures
B.20 and B.21 indicate that this is reasonable.

References

. Bjorge, R.W., Hall, G.R. and Rohsenow, W.M.; Correlations of Forced Convection
Bodin& Heat Transfer Data; Int. J. of Heat and MLq.qTransfer,V25, No. 6, pp. 735-578, June

" 1982.

Kays, W.M.; Convective Heat and Mass Transfer, New York: McGraw-HiUInc., 1966
,i, s.

Zigrang, D.J., Sylvester, N.D. and Hall, J.; Explicit Approximations to the Solution of
Colebrook's Friction Factor £quauon; A]_,hY,.L,V28, May, 1982, P. 514.

B-5



TN-499

'reore
RIBBED (3) Pile = 5 pslg

= 101.7 kBtu/hr-ft z P = 39.8 psia

,5 20 T= 85"F ,
0 DIFFERENTIALPRESSURE
• ABSOLUTE PRESSURE

"_ ANNULUS CALCULATION
40

"_ "---- ortainel
I_, ....... revised

:.. ......Q..

25 .. =.......= _ . t .._.. L. = , .... _ , ......_..........J
0 1 2 3 4. 5 6 7 8 9 10 11 12 13

DISTANCEFROM ANNULUS INLET, L (ft)

n

RIBBED (3) Pile - 5 psig
= 101.7 kBtu/hr-ft 2 P = 39.6 psia

Vr = 20 ft/sec T = 85 °F
300 i _ I i i f .....i l 1 i .......t......... ;

•_. _. _._._.,,,,

.-. 250 -
ra.
O

200 -

150 -

a •
1O0 ..........................................................0 .....................0 ...................................00

,13. _.. CALCULATEDTEMP. t

_.. MEASUREDTEMP. o.... SATURATION

50 | 0 WALL ...... revised ----- WALL
[ lq FLLFID ..........FLUID

0 / I ..... I, v 1,, "I _ I I ..... i t _ i ,, I .... I I
0 1 2 3 4 5 6 7 8 9 10 11 12 13

e

DISTANCEFROM ANNULUS INLET, L (ft)

Figure B.1. DATAPROFILESANDANNULUS_TIONS AT BASELINE
CONDITIONS(Vf = 20 FFIS)



I I +





TN-499



TN-499

 reare
RIBBED (3) Pile = 5 psig

= 101.3 kBtu/hr-ft 2 P = 40.2 psia

V = 8 ft/sec T = 85 *F45 :t i i I i l _ '1 i , l 'r' i
O DIFFERENTIALPRESSURE
O ABSOLUTE PRESSURE

_" ANNULUS CALCULATION
.o==4

ca _ original
Ca. .......revised

c_ ..CrO-@_

r_ .....C .....
_ _,._.,_ _

40 ,I I ' I ..... 1 1 I I I I 1 l ......
0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

b

RIBBED (3) PHe = 5 psig

= 101.3 kBtu/hr-ft 2 P 40.2 psia

Vf = 8 ft/sec T = 85 OF300 , , , i , , , , i , , ,

.-. 250 -
LT.
0

e- 200

150 ........
00 kJ "-- "-" -

<
m ...................0 ........................© ......

100 -
a. )..................
m CALCULATED TEMP.

MEASURED TEMP...... SATURATION_- 50-
• WALL ......revised _ WALL

..........FLUID

0 I i 0 [FLUI]_ l l l I ,I, I I I
0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.3. DATAPROFILF_ ANDANNULUSCAI£UIATIONS AT BASELINE
CONDITIONS (Vf= $ FrlS)



TN-499

 reare
RIBBED (3) Pile = 5 psig

= 101.8 kBtu/hr-ft 2 P = 40.2 psia

Vt= 5 ft/sec T = 87 °F

.,,. _.,_.___ 45 J t I I I I I _ I I I _ ..

o3
[/3

_ _ ASBOLUTE PRESSURE I

_ original
.........revised

i i i l l t _ i i i L40 i
0 1 2 .3 4 5 6 7 8 9 10 11 12 1.3

DISTANCE FROM ANNULUS INLET, L (ft)

- RIBBED (3) z PHe = 5 psig
= 101.8 kBtu/hr-ft P = 40.2 psia

Vf= 5 ft/sec T = 87 *F
300 ", , , , , , , , i , , ....,

,-, 250

*,...,
200

55
D 150 - .....

.................. "'0"

< ................0""
.,,, .............

100 - ..................... -
t3. )..........

CALCULATED TEMP.
r.d MEASURED TEMP ...... SATURATION __
_- 50

• WALL ......revised _ WALL
..........FLUID

" 0 I I 0 IFLUII_ I ; I I I I I I

0 1 2 3 4 5 6 7 8 9 10 11 12 1.3

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.4. DATAPROFILESANDANNULUSCAIL'UIATIONSAT BASELINE
CONDITIONS(Vf = 5 FrlS)



TN-499

 'reare
RIBBED (3) ' 2 PHe = 5 psig
¢ = 100.8 kBtu/hr-ft P = 39.9 psia

Vf= 4 ft/sec T = 88 °F
45 i _ i l i l , l l I i _.,,._..

@ - • ".

m

M 40_

[/3
O_ O DIFFERENTIALPRESSURE

_: • ABSOLUTE PRESSURE
CL ANNULUS CALCULATION

original
....... revised

35 1 t l i l i l i i t i i
0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

k

RIBBED (3) PHe = 5 psig

kBtu/hr_ft 2 P = 39.9 psia¢ 100.8

Vf = 4 ft/sec T = 88 °F
300 ' ' ' ' ' ' ' ' ' ' ' ' I

.-. 250

[- 200 ...............0 Ol
....... '"0_- 0

,.,,,"'"_"_" ,,., ...-""" ."

150 - ,...................C) -
...,- .......... 0"'

.., ......

100 - • ............ -

:_ CALCULATED TEMP.
Ld MEASURED TEMP. -....SATURATION _ I
_- 50

• WALL ......revised _ WALL
..........FLUID

0 L 1 I 0 IFLUI9 I I I I 1 t I '
0 1 2 3 4 5 6 7 8 9 10 11 12 1,5

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.5. DATAPROFILESANDANNULUSCAIXtRATIONSAT BASELINE
CONDITIONS(Yf = 4 FTIS)



TN-499

 reclre
RIBBED (3) Prte = 5 psig

= 100.6 kBtu/hr-ft 2 P = 40.4 psia

V __ 3.fiIt/see T = 88 °F" 50 I I i _ I i I 1 I 1 ', I

O DIFFERENTIAL PRESSURE

" ,_- O ABSOLUTE PRESSURE

•"_ ANNULUS CALCIIL_TION

_. _ orisinal

....... revised

r]l

40 ..........
0 1 2 3 4 ,5 6 7 8 9 10 11 12 3

DISTANCE FROM ANNULUS INLET, L (ft)

" RIBBED (3) PHe = 5 psig
= 100.6 kBtu/hr-ft z P = 40.4 psia

V,= 3.5 ft/sec T = 88 °F
300 r Jl, I' I '1 ' I '" I 1 I I I I I I _ I

,_. ....
"" " ..-O ...................... li ...................... '"0.........66E- 200

150 - .............0
.< ..

,,

100 .............. -
::_ CALCULATED TEMP.
Ld MEASURED TEMP. -.... SATURATION __- 50

Q WALL ....... revised ----- WALL
o .........FLUID

0 I 1 O IFLUI_'_ I I I I ! i, 1 I ,

0 1 2 3 4 5 6 7 8 9 10 11 12 13
i

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.6. DATAPROFILESANDANNULUS_TIONS AT BASELINE
CONDITIONS(Vf = 3.5 Fr/s)



TN-499

, reare
RIBBED (3) 2 PHe = 5 psig

= 101.3 kBtu/hr-ft P = 4( _q psia

V = 3.20 ft/sec T = 86 °F .50 f , ,' , , , j , i I '",' , ' ",'--

i 0 DIFFERENTIAL PRESSURE

• ABSOLUTE PRESSURE

._ ANNULUS CALCULATION
m _ original
_- 45 I ....... ' . 4

L
Ct_
r.n 40_ _'"
r._

l:u

t

35 L !,,, _ l I _ t t t i l J
0 1 2 3 4 5 6 7 8 9 10 11 12 3

' DISTANCE FROM ANNULUS INLET, L (ft) .

RIBBED (3)
2 Pile= 5 psig

= I01.3 kBtu/hr-ft P = 40.2 psia

Vf= 3.20 ft/sec T = 86 °F
300 i , i _ i i , , , i : * "L_J-_

_. 250 ."_!' 200

.....0
150 - .."0 -

."

100 -- " ............ --

_- () .....m CALCULATED TEMP.

50 - MEASURED TEMP ...... SATURATION _

9} WALL ....... revised -- WALL .,
.......... FLUID

0 " I , I 0 IFLUII_ I I I ,,I I I t ,

0 1 2 3 4 5 6 7 8 9 10 11 12 15
A

, _

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.7. DATAPROFILESANDANNULUSCAI£UI_TIONS AT BASELINE
CONDITIONS(Vt = 3.2 Fr/S)



TN-499

 reare
RIBBED (4) =

2 PHe 5 psig
@ = 374.2 kBtu/hr-ft P = 39.9 psia

V_= 20 ft/sec T = 87 OF

45 I I l -, I I , l i .... i I ti
............Q.........."................Q-..... 0

_" .....................-9......o
35 ..........

r_

30 - 0 DIFFERENTIAL PRESSURE I
_. • ABSOLUTE PRESSURE

ANNULUS CALCULATION

original

25 i I ""["" relvised I I I 1 I 1 I 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

RIBBED (4) PHe = ,5 psig
2

= 374.2 kBtu/hr-ft P = 39.9 psia

V_= 20 ft/sec T = 87 OF
300 .........., , , , , , , , , ......, ' '

.--.

,-.. 250

° i
_- 200

._-..0;4 ............ • .£., '
= ..............0o 00 ]..... .."::D 150 - ............. ]

..... ., • ,.

< ...............0 ....
100 " I " .....................

m CALCULATED TEMP.

MEASURED TEMP ...... SATURATIOI_50-
" lid WALL .... revised -- WALL

..........FLUID

0 1 I 0 IFLUI_ I ,,, I 1, 1 I I I 1,, l

, 0 1 2 3 4 5 6 7 8 9 10 11 12 1,3

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.8. DATAPROFILBSANDANNULUS_TIONS AT HI(]H H_T
FLUX(V_= 20 FrlS)



TN-499

 'reare RIBBED (4) e

= 376.2 kBtu/hr-ft P = 40.2 psia

= 14 ft/sec T = 87 °F

45 _'_ _ I _ _ i_--'_ I .... I _ _-----r'--'-T-----

L 0 -
"_ 0 0 0
=. 4o .....................................................................................-tt O.0.O.QO"--" -.. .Iii

::::)
Or/ 55 F o D,,'rzRz_'.PRZS_S_URE

L w "ANNULUS CALCULATION 1

[ .... _ original

I ....-..- revised , __

30 7 8 9 10 1 1 12 13
0 1 2 3 4 5 6

DISTANCE FROM ANNULUS INLET, L (ft)

p = 5 psig
He

RIBBED (4) z p = 40.2 psia
¢ = 376.2 kBtu/hr-ft T = 87 OF

300 Vf = 14 ft/sec

................•.................. ooO0O!p, 200

r,_ . .- .....

re.] 1O0 _ . ........" ...........".............. CALCULATED TEMP.
_ O

= 'f -......... TEMP .... ".... SATURATION_

s

0| ,_.L_t 0 7LuI_
O 1 2 5 4 5 6 7 8 9 10 11 12 1,5

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.9. DATAPROFILESANDANNULUS_TIONS AT [41011HEAT
FLUX (Vf = 14 FrlS)



I I I

TN-499

@eare
RIBBED (4) PHe= 5 psig

# = 374.0 Btu/hr-ft2 P = 40.1 psia

Vt.= 12.80 ft/sec T = 85 °F
.' 45 '. i t l I J ' I ' i " I ....... i....... _ " l l

_n

,_.= 40__ ...........................o................-o......e ......e .....-_..,_..._
_. _'--oo o oo-i

r/_ 35 0 DIFFERENTIAL PRESSURE

• ABSOLUTE PRESSURE
13. ANNULUS CALCULATION

-- original
....... revised

.50 , , 1 , l .. I I I I f I I

0 1 2 5 4 5 6 7 8 9 10 11 12 3

DISTANCE FROM ANNULUS INLET, L (ft)

RIBBED (4) PHe= 5 psig

= 374.0 kBtu/hr-ft 2 P = 40.1 psia

V! = 12.80 ft/sec T = 85 °F
350 L , , , , I , , , , , , ,

300

O '-

"_ 250
..

' ' "d _"

200 ............... @ 0(9 _ O_
....... i .."*"" ......... ".......

< 150 - -.... -
r= .............0 ....

_- 100 ................ -
:_ ( CALCULATED TEMP.

£-- MEASURED TEMP ...... SATURATION

. 50 - _ WALL ....... revised -----WALL -
.......... FLUID

0 I j 0 IFLUII_ I I I . I I i ,,,I I

. 0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B. I0. DATAPROFILESANDANNULUS_TIONS AT HIGHHEAT
FLUX (Vf = 12.8 FTIS)



TN-499

 reclre
RIBBED (4_ z PHe= 5 psig
0 = 374.3 kBtu/hr-ft P = 40.1 psia

Vf= 1260 ft/sec T = 86 *F
• _.

4.5 , I , I I I'" I I I i 1 r'- -

t

t_
co

40 _-----_ ...........................O................._.0_......@.....-e-.....----_

""_. _____ "_{-o -O.O..O.

O3
m 35
[-,-] 0 DIFFERENTIAL PRESSURE

• ABSOLUTE PRESSURE
ANNULUS CALCULATION

---- original

....... revised
30 I I I I t I t I t I I t

0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

RIBBED (4) PHe= 5 psig

kBtu/hr_ft 2 P = 40.1 psia¢ 374.3

.,./f_/sec T = 86 *FV, 12.60

350 ', , ' ' ' ' ' ' ' ' ....' ' I
I

_. 300

_'_ 250 - ........................-...... .......",_,'" • '
............ • ...................d6r.J 200 -'"........

< 150 - ...........0

..*. ............ ,"

[:U 1 O0 CALCULATED TEMP.
,_, ,.,..,....,....

MEASURED TEMP ...... SATURA_IION
b-

50 - • WALL ....... revised _ WALL
.......... FLUID

0 IFLUI9 I i I I i i i I0 I , I

0 1 2 3 4 5 6 7 8 9 10 11 12 3

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.II. DATA PROFI_ AND ANNULUS _TIONS AT XIOH liF.AT
FLUX (Vf = 12.6 FrlS)



TN-499

 'reol
RIBBED (4) PHe= 5 psig

= 376.0 kBtu/hr-ft 2 P = 40.2 psia

Vf= 12150 ft/sec T = 86 OF, , , ,' , , , , i"'"',...............

- 45 ! 'i'

" ._ 40 _: ........_.--._.....,_.-........,....-_.....:-._-......4_.....In

r_ 35

rn

C/_ O DIFFERENTIALPRESSURE Ii
l:_ 30 - • ABSOLUTE PRESSURE

ANNULUS CALCULATION •

original
.......revised

25 _ i l I i ,,I z ,i I ,l,, l, ,
0 1 2 5 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

RIBBED (4) PHe= 5 psig2
= 376.0 kBtu/hr-ft P = 40.2 psia

Vf = 12.50 ft/sec T = 86 *F350 , , ....., , , ,' , I , , I........,

300

O

"-" 250

200

...,., .., .......

< 150 - ...............O...... -
r_ ........ °

&' 100 .................... -
).. " CALCULATED TEMP.

Z-- MEASUREDTEMP...... SATURATION

. 50 - O WALL .....revised _ WAll. - _,,

..........FLUID .>,4
0 I I O IFLUI]_ 1 I I I t, I I I

. 0 1 2 3 4 5 6 7 8 9 10 11 12 ,.3
Ill.

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B. 12. DATAPROFI_ ANDANNULUS_TIONS AT HIGHIiF_T
FLUX (Vf = 12.5 FrlS)



I I I

TN-499
¢

, reclre

0.0'
0.0 0.2 0.4 0.6 0°8 1.0

DIMENSIONLESS LOCATION IN CHANNEL

Figure B.13. DIMENSIONLF.SSTB_-ERATOREPROFILESIN A CIRClJIARTRIBE
ATRE = 30,000 (FROMgaYS, 1966)



TN-499

reare

D 5/01/g0 DATA (BUILD 3)
0 7/31/90 DATA (BUILD 4)
z_ 8/14/90 DATA (BUILD 4)

25
RIBBEDANNULUS
Dh = 0.039 fta. 2O

13_ -- ROHShNUW- IdAI_/N I:.I I
<] 15 ---- 71P.I_ANP.--_YI VlT_TI:"R i
a2

8111i _IIF i _lq _ll I _1_ _/hn V Imllvvl " "

O
10

a
= ILl

n- 5

(/)
,,, 0
_: _ = 0 Btu/hr-ft _EL

P = 40 psia_1
_ 5<_- T = 86"F

O
I--- -10 ' ' " ' .... ' " ' ' ' ' ' .... ' '

0 5 10 15 20 25 30

ANNULUSFLOWVELOCITY,Vf (ft/s)

Figure B.14. ADIABATIC,SII_-PHASP. PRESSUREDROPDATAWITH
. ORIGINALANDREVISIg)FRICTIONFACTORMODELS



TN-499

'reare

RIBBED (4) 2 PHe = 5 psig
0 kBtu/hr-ft P = 43.8 psia

Vt= 26 ft/sec ' T = 87 °F45 I I I I I I

- _'_ 40

v _.-_, 35 O ' .....

" i_" _-...........
_ 3O
m

25 @ ABSOLUTEPRESSURW. 0 ¢<_
ANNULUS CALCULATION - ©

original O

_. 0 I I ""F"" r,elvisedl I ,, I I I I I I

0 1 2 3 4 5 6 7 8 9 10 11 12 1,3

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.15. ADIABATIC, SINGLE-PHASEPRESSUREPROFILEDATAWITH
ORIGINAL AND REVISEDFRICTION FACTOR MODELS (Vf= 26
F71S)



TN-499

 reare

RIBBED (4) PHe= 5 psig
@ = 0 kBLu/hr-ft 2 P = 32.3 psia

V = 20 ft/sec T = 87 OF35 If l i i l I _ i l l J l....

f_ ... I

30

IZI

03
tn 25

IxI
I:L I ABSOLUTE PRESSURE

ANNULUS CALCUIATION

original 0 0
""["- r_vtledl I I I I I I I20 I I

0 1 2 3 4 5 6 7 8 9 10 11 12 13

DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.16. ADIABATIC, SINGLE-PI_E PRESSUREPROFIL_ DATAWITH
ORIGINALANDREVISEDFRICTIONFACTORI_t:LS (Vf = 20

. FTIS)



_r_re TN-499

o

RmBED(4)
¢ = 0 kBtu/hr_ft 2 PHe = 5 psig

10 ft/sec P = 19.3 psia
25 T = 87 °F

co

_U

M 20

r._ ,-

0 DIFFERENTIAL PRESSURE

0 -M]SOLUTE PRESSURE

ANNULUS CALCULATION "
---- original

15

0 1 2 J 4 5 6 7 8 9 10 11 12 1J

,I DISTANCE FROM ANNULUS INLET, L (ft)

Figure B.17. ADIABATIC, SIN(H,E-PltASEPRESSUREPROFILEDATAWITH
ORIOINAL AND REVISED FRICTIONFACTOR MODELS (Vf= lOFT/S)



TN-499

 reare

RIBBED PHe = 5 psig
= 375 kBtu/hr-ft 2 P = 40 psia

Aug 17, 1989 T = 86"F
15 _ ,

0 DATA (PAN000136)

"_ ANNULUS CALCULATION
"_ -- Colebrookm.
"-" ....... Zigrang & Sylvester

<3 I0-

0

r_

ra_
r, r._

r._
5 -

< I
0

_ 0i_.)..'0

0 I 1

10 15 20 25

ANNULUS FLOW VELOCITY, Vt (ft/s)

Figure B. 18. HIGHHI/AT_ DEMANDCURVEWITHORIGINALANDREVISED
- FRICTIONFACTORMODELSANDST = 0.0065 OSV CRITERION



i i ,, i ,

NOI_IKLI_DAS0 _900"0 = £S (I_ $_(K_ _t0LgVd NOIJDI_Id
" (_l$1h._i _ IYNIDI_10 IRI/A _]A_IID_(I Xff_ £V'dll $(FI "6I "E o_mSId

66_-NI,



TN-499

 'reare

o

RIBBED PHe = 5 psig

@ = 375 kBtu/hr-ft z P = 40 psia
Aug 17, 1989 T = 86"F

15 , ,

O DATA (PAN000136)

"" ANNULUS CALCULATION
"_ _ St = 0.0045
---- ....... St = 0.0065
ft.
<_ 10 -
a2
O
_ O

, _

_ 5 -

O

0 I t
10 15 20 25

ANNULUS FLOW VELOCITY, Vt (ft/s)

Figure B.20. HIGHH_T PIJJXDEMANDCURVEWITHST = 0.0065 AND
, 0.0045 OSV CRITI_IA



TN-499

reare

a

RIBBED PHe = 5 psig

= 100 kBtu/hr-ft 2 P = 40 psia
May 3, 1990 T = 86"F

10 I , i i

o  PANOOO   ) /IT
"_= ANNULUS CALCULATION / I

'_ st=0.004_ / I
"--" 5 -

Q.
<I

=:
O

=:_

[m 0 -

e=

,-I -5 -

[-.
O
[-.

-10 t t t
0 5 10 15 20

ANNULUS FLOW VELOCITY, Vf (l't/s)

Figure 1].21. LOWIlHATFLUXDEMANDCURVEWITHST = 0.0065 AND0.0045
OSV CRITERIA

t_



TN-499

Z_ Hec.,. Flux _7 Asymmetric
[3 Pressure
O Helium Open Symbols - Ribs
O Power Tilt Filled Symbols - No Ribs

0.100 ........._ , - _."_.......•...................• •. .,.

r

- _ 0.010
z A i ,, ,,,,

o _ __ ...._- ........... _ nv ........
_< st = o.oo4s
co (Saha&Zuber- 30%)

0.001 ........, ..... , - - - - ., ..................... .__,,../
1E4 1E5 1E6

PECLET NUMBER, Pe

Fisure B.22. OSViU_ULTSWITHEXITlq_JIDTlt_l"Ol_ BASEDON
• I_q_q(lYBAI_



i I




