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ABSTRACT

In the postulated Depressurized Loss of Forced Convectidu©OfEL) for the Very High
Temperature Reactor (VHTRhegravity drivenair ingresgphenomenoiis of particular interest
This accident scenario involves depressurizatidmetiim fromthe reactovesseldue to a
rupture in the primary coolant pipe, followed by the exchange digliemwith the air driven by
the density differenc@ his ingress of air could potentially leaddwidation of graphitestructure
in the reactor and ultimatetp a rdease ofadioactivefission productsThe present study
performsscaledadiabaticseparatesffectsexperimensg using aimndheliumasworking fluidsto
highlight the hydrodynamic effects in the process of air inglessaling analysis is performed
to design aest apparatus using the Gas Turbine Modular Helium ReacteMi@R) as the
referenceprototypicreador. The scaling is performed preservahe exchange time ratio
between the scaled and prototypéseto beclose tounity. Thetestvessels made of acarbon
steel cylindemwith 60.96cm (24 in) in diameter and 1828 cm (72 in) in length.It is sealed at the
top and bottom with flat plataga flanges It is designedo accommodatthree break locations
namely,two horizontal breaksn the sile and oneertical brealon the top of the vessélhese
representhe horizontaprimarycoolant pipeand the vertical refueling standpipe, respectively.
To investigate the geometric effects on the ingress phenoméedorgak locationaredesigned
to accommodatpipe breaks of variousngthto-diameterratios(L/D) andbreakangles In the
presenstudy, theair ingress via two horizontal siteeals is investigated witta pipe beak of
L/D = 3. The oxygen concentratiGmmeasured with an oxygen aywdr atseveral axial and
radial locationsithin the test apparatuld is found that the majority of the local ddtdlows the
same general trend. Oscillations are observed in the data for locations within close piinity
result of the heliumair interface. Theransient behavigrof both the local antheaveraged

oxygen concentration dastiow characteristics dfydrodynamic effects on the air ingress.
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NOMENCLATURE

A = area of cross section of break pipe
D = diameter of break pipe

Dy, = hydraulic diameter of pipe

Fr = Froude number

g = gravitational constant

L = length of break pipe

Pe = Pecletumber

Q = volumetric flow rate

r = radius

Re = Reynolds number

Sc = Schmidt number

t = time

j = local superficial exchange velocity

V = Mixing volume

Greek Letters

} = density of fluid
K = dynamic viscosity of fluid

d angle

3 = kinematic viscosity

p = difference

Subscripts/Superscripts

H = Higher density fluid4ir)
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k = fluid
L = Lower density fluidhelium)
HA = Helium-Air
P,HA = Prototypic HeliumAir
R = Ratio
S,HA = Scaled Heliurhir

WB = Waterbrine

Units
C =Celcius
cm= centimeters

F = Fahrenheit

in = inches

K = Kelvin

kg = kilograms
L = liters

m = meter

min = minutes

mm = millimeters

kPa =kilopascals

psi = pounds per square inch

s = seconds

scfh = standard cubic feet per hour

W = watts



XViii

ACKNOWLEDGEMENTS

First and foremost, | would like to thank my mother, Patricia Baird, my father, Robert
Baird, and my family in its entirety for their love, support, and encouragement throughout my
graduate studies at the Pennsylvania State University.

I would like the epress much gratitude to my advisBrpfessor Seungjin Kipfor the
opportunity to be part of thigsearctproject. His guidancand expertise havaeen extremely
valuable throughout the duration of my graduate educatiaruld also like to acknowledgDr.
Cheung and Dr. Motta for reviewing this manuscript.

Special thanks are due the students in the Advanced Multiphase Flow Laboratory
(Frank Nedwidek, James Sprintustin Talley and Mohan Yadgefor their help and support
would like to thank my roommates Eric So and Flavio Griggio who kept me motivated
throughout my graduate studies. My appreciation goes out to Jackie Grandel, my friend and
sister that | never had, who has been there to support me since the begfimmngducational
careerat Penn State

The success of this project could not have accomplished without the financial support

from theU.S. Nuclear Regulatory Commission



Chapter 1

Introduction

1.1 Research Background and Objectives

A Lossof-Coolant Accident (LOCA) of particular interest when considering the design
of a Very High Temerature Reactor (VHTR) is tligepressurized Loss of Faed Convection
(D-LOFC). This type of scenario may be caused lgrgecrack ordoubleendedyuillotine break
to either the horizontal primary core inlet and outletvfiuctor the vertical refueling standg@p
at the top of the vessel. Whdapressurization dhe reactor vessel occurs, heliigrblown
down into thereactor containment and mixes with air. Once predseirgeen the reactor vessel
and containmergqualizes, thair-helium mixture insideeactor containmentill begin to flow
into the vessel at ¢éhrupture location with simultaneous outflow of heliumThe density
difference between the two fluidsthe primary reason fahis gravity drivenexchange flow.

This postulated scenario was first identifiegd Schultz (1996) and was noted that th@agress
rate may varglepending on the rupture location.

As ingress progresses air mixes with helium inside the vessel, the density difference
betweerthe containment and vessel fluidecreases and ingress slows$eingress of air into
the reactor vesel may lead to oxidation of the-gore graphite structure. Ultimately, this could
lead to a release of radioactive material to the environment éxteeme case.

It is the conventional idea that there exveb stages oingress after depressurizatiand
gravity drivenexchangaamely molecular diffusion and natural circulatioAs time progresses
and thegravity drivenexchange slows, molecular diffusion and natural circulation become more

important.While some pevious studies (Takeda, 1997, Takexhd Hishida, 1996, Oh et al.,
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2006, and No et al., 200#cused mainly on diffusiorh et al. (2008) described gravity driven

exchange as an important stage of ingress and further confirmed this idea in Oh et alT(2009).
present studjocusesprimarily on thegravity drivenexchanges it is the initiabtage to
determine the exchange rate and degree of ingress. This will allow for the evaluthtietinoé

required for mitigatiorwhen such an event should occur.

Currently,there arano predictive models for postulated LOCA scenariosha VHTR
Also, thedatabase for air ingress to establish mouddisnited. For this reasarthemain
objectives of thisesearctareto perform scaled adiabatic and heated experiments with helium
and airas working fluiddo provide a more extensive understanding of the gravity driven
exchange flow phenomena and also to establgdtabase fosystems analysis code

development and validatioithis study aims to achieve the following:

9 To design a test &lity capable of performing adiabatic and heated experiments with
helium and air as the working fluids. The facility is designed to perform sedifetts
experiments orpipe breaksncluding (1) break location i.e., primary pipe (horizontal)
and stangbipe (vertical), (2) pipe breakLengthto-Diameter ratio(L/D) and (3) break

orientation i.e., angle of inclination.

1 To perform scaled adiabatic helitair experimentsising the horizontal side breaks and
break length L/D = 30xygen concentration is maaied during the experiments with an
oxygen analyzer at various radial locations and several axial locations within the test

apparatus



1.2 Literature Review

Gravity driven exchange flows have been studied extensively in thdymass its
relevance taentilation and air handlinghe management efastewater, and accident scenarios
throughoutnumerougdlisciplines These studies investigatittors such athespeed and shape
of the front,characteristicef the interfaceand theexchange flow ratel his section will discuss
the previous works both theoretical and experimental for gravity driven exchangstlow

may be valuable background for this study

One of the first to consider a heavy fluid moving with constant velocity intruding into a
light fluid was von Karman (1940An intrusion of muddy water into a clear reservoir or salt
water into fresh water was considered for this analy$is.frontof the heavier fluidravels at
about a constant sptand maintains a consist shafe, the flow wasconsidered relative ta

reference frame moving with the heavier flaglshown irFigure1-1.

— [y,

— 1
i LU

Figurel-1: Reference Frame Moving with Heavier Fluid (von Karman, 1940)



It can also beseen from the figure that the slope at the head is determined to be
approximately /3 or60 degreedn thiswork, energy conservation was consideaed an

equation for lhe thickness of the heavy fluigyer, y, was developed and is given by:

R (1-1)

wherer ;is the specific gravity of the heavier fluidzis the specific gravity of the lighter fluid/

is the velocity of the front ahgis the graviational constant.

Yih and Guha (1955) developed mathematichformulation to predict the interface
between the two fluid layers stratified flow It was showrthata hydraulic jumpwvhich can be
described by a change in depth of the propagating fsdisfmed Conservation of momentum
was used to develop the formulatimm the twofluid layersto determine the jump conditions and
the depth downstreanf the jump.In order to model the change in depth of each layer due to the
occurrence of thénydraulic jump, interfecial shear was neglected and a hydrostptiEssure
distribution was assumedn oil and water mixing experiment was used to verify the predictions

of this formulation.

Benjamin(1968) consideretivo approachefr flow-force balamceor momentum flux
with pressure forgean analysis of energyonserving flow and flow witlenergy lossFor this

theory, the problem of flow past a cavity representedrigure1-2 was considered
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Figurel-2: Reference Frame for Flow Past a Cavity (Benjamin, 1968)

In the analysis for no energy loss) equation was deduced for the velotaty

downstreamg¢, givenby:

€

(1-2)

wheregis the gravitational constant,is the space between the planes, Aiglthe depth far

downstream.

This equation corresponds to that derived by von Karman (1R4@salsodetermined thatie

solutions for his equation are given by:

Q QeiQ -Q (1-3)

For the analysis of flow with energy loss, it was found thatother possible solution is

given by:



T (1'4)

It was determined thdtis possible fothe receding streato fill more than half the
depth(h > 2d)if there is energy losand it is impossible to have h < %d as an external energy
supply would be necessary to maintain the flblgre, the maximum energy flux is obtained at

h/d = 0.6527.

Experiments were performed by Leach and Thompson (1975) to investigate a
depressurization accident in a Magnox reactor. For these experiments, water and brine and
carbon dioxide and air were used as simulant fluid pairs. The horizontal pipe was congittered
alengthto-diametematio range from 0.5 to 20. A sealed box of brine connected to a tank filled
with water by a pipe was the apparatus used for these experiments. The weight of the brine
container was recorded with respect to time using a foroeduger. For the carbon dioxide and
air experiments a pipe with a quick release valve was connected tdilidolowith carbon
dioxide Thequick release valve was initiated to allow the ingress dairairthe concentration
change is the box was measuvéth respect to timeln order to estimate the volumetric flow
rate, a dimensional analysis was performed using the measured parameters from the experiments.
A preventative action of purging the reactor vessel with carbon dioxide was suggested to prevent
further ingress of ailThe flow rate at which the carbon dioxide needed to be supplied to displace
the air was also determined. A ndimensional number identified as the discharge coefficient
was used to express the results of the experiments. Thimdisccoefficient scales the inertia

force with respect to the buoyancy foared is given by:



0 —_— (1-5)

whereQis the measured volumetric exchange rgis,the gravitational constaris the
diameter of the pipez /s the densitgifference between the fluidsdmis taken to be the

density of either fluid as the density difference is small.

From the results, it was determined that the dischawg#icientis constant and the L/D

ratio does not significantly affect the exchange flow.

Mercer and Thompson (1975) investigated buoyatdroyen exchange flows in inclined
and vertical ductsThe experimental setup consisted of a 458 témk of brine connectetd a
duct which was submerged in a 1364°damk of water. The ducts investigated in this study
covered a L/D range from 3.5 to &48d inclination angle 0 to 90 degre@squick-release seal is
removed from the end of the duct in order to initiate the rxeat. For this study, two
experiments were performed,; first, the entire system was tilted with the duct connected normal to
the compartments and second, only the break was tilted with the duct connected to the
compartments at the angle of inclination. order to determine the exchange flow rate, the
weight of one compartment was measured with respect to time.-dim@amsionaparameter
similar to the dischargeoefficientused by Leach and Thompson (1975) was used to express the

results. Thigparameters nondimensional flow rateg*andis given by:

(1-6)

Y]



8

It wasdeterminedhat g*was not dependent on the L/D ratio and the results were found
to agree with Leach and Thompson (197%)e results were plotted g3 with respect to
inclination angle. The value off*was observed to increase until an inclination angle between 0
and 15 degrees and decrease for any further increase in angle as shigureit+3. This graph

also shows that the value gtis greater for smaller L/D ratios.
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Figurel-3: Data Plotted ag*with respect to Inclination Agle (Mercer and Thompson, 1975)

Epstein (1988) investigated buoyariiyven exchange flow through openings in a
horizontal partition. The apparatus used for these experiments was a rectangular plexiglass tank

0.55 m square with a depth of 0.762 motder to divide the tank into and upper and lower

compartment, a horizontal partition was implemented 0.33 m from the bottom. There was an
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opening in the partition to mount either a simple orifice cut in a thin metal plate or a plexiglass
tube. The tests ere performed with water and brine with the density of brine ranging from 1028
to 1188 kg/m Thelengthto-diameteratios considered in this study varied from 0.015 to 10. To
perform the experiment, the lower tank was filled with water and the uppewsniiled with

brine. A rubber stopper was used to initiate the countercurrent flow of water and brine through
the opening. A hydrometer was used to measure the density in the upper tank at 2 minute

intervals. The volume rate of flow for this studygiven by the following equation:

C2

(1-7)

where Viyand V. are the volume of the heavy and light (brine and water)fluid, respectingly,
the density of brine at timg andm, oanda, pare thedensity of water and brine, respectively at

time equal to zero.

It was observed that the density change in the upper tank decreased linearly with time.

The volumetric exchange rate is plotted as Froude number with respect to L/D shegurén

1-4. Here, Froude number is defined by the following:

(1-8)

y r

where” [is the mean density of the two fluids given by:

T — (1-9)
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Figurel-4: Data Plotted as Froude Number with respect to L/D (Epstein, 1988)

It can be seen from the figure that the Froude number increases until L/D is
approximately equal to 0.6 at which point any further ineeeia L/D leads to a decrease in the
Froude number. The data presented in the figure was divided into the following four exchange
regimes: (I) an oscillatory exchange flow regime for small L/D described by Taylor wave theory,
(I1) a countercurrent Bernoulfflow regime described by an inviscid exchange flow model by the
applying Bernoulliés equation (Brown, 1962),
Bernoulli flow regime the intermediate flow regime between Il and IV described by Bernoulli
typeflow at the ends of the tube and turbulent diffusion at the center of the tube and (IV) a pure

turbulent binary diffusion regime for large L/D described by chaotic mixing of the two fluids
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leading to slower exchange between the compartments. An empoicalation was developed

and it was found to correspond quite well to the experimental data.

Another study byeller and Chyou (1991) investigated the problem of hydraulic-lock
exchangeConservatia of massand momentum were used to formulate the hyldraheory for
this study. Here, gravity currents are saatifor smalldensity differences,O 0 , addBalge
density difference® <r O 0 , vith&et is the density ratiolt was assumed that both gravity
currents were energy conserving and that the currents were connected by a long expansion wave

and an internal hydraulic jump for small density difference as sho#gime1-5.

internal

Figurel-5: Gravity Currents for Small Density Differences (Keller and Chyou, 1991)

For large density differences, it was assumed that the heavier current was dissipative and

that the currents were connected only by a long expansion wave as sHegurai-6.
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Figurel-6: Gravity Currents for Large Density Differences (Keller and Chyou, 1991)

Aside from the theory, experiments were also performed. The test apparatus used for
these experiments was a plexiglass channel 40 mm square with a length of 500 mm. A sliding
gate driven by compressed air was installed to divide the channel. Varioysdsidvere
consideredn theseexperiments covering the entire density range from 0 tbi%.found that the
results are generally consistent with the proposed theory, but there waimioemee bythe

viscous or wall friction effect.

In a study by Bmizawa(1992) helium air exchange flow was investigated through
horizontal, vertical and inclined openings. The experimental test apparatus was a cylinder with a
194 mm diameter and 400 mm height which had an opening diameter of 20 mm and a height
rangeof 0.5 to 200 mm. The height to diameter H/D range was from 3.5 to 18 and the apparatus
was able to be tilted to inclination angles of 0 tal@@rees. Three types of openings were
examined including orifice, round, and long tube. Orifice implying a gésxded height effect as
compared to the diameter, round indicating a comparable height and diameter, and long tube in
which there was a disregarded diameter as compared to the height. An electronic balance was
used to measure the change in mass throughewxperiments. The Magtehnder
interferometer, an optical system was used to visualize the haliugchange flow pattern. It
was deduced that flow rate decreases with time as there is a simultaneous decrease in the density

difference with time. Théow rate through round openings was found to be greater as compared
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to orifices and tubes. The densimetric Froude number was constant with change in time, but was
found to be larger for round openings than for orifices and tubes. Froude with respect to
increasing H/D was constant for orifice, increased to reach a maximum for rounécasakdd

for tubes. The data frothis experiment compared well to previous water brine results from
Epstein and Mercer. For horizontal openings, the results from gvéeidmetry showed an

upward plume or helium and a downward plume of air that had a lateral swing with a 10s period.
In this case there was no boundary and there was strong interaction between the helium and air
indicating that the flow is very unstabl&@he helium traveled along the top and air along the

bottom portion of the passage with a smooth interface between the fluids as shown from the
interferometry for inclined openings. Here, the exchange flow rate and densimetric Froude

number were the largeat 30 degrees.

Grobelbauer et al. (1993) investigated lamkchange flow with gases of different
densities. The experiments were performed in a channel with aserassn of 0.3 x 0.3 m2 and
total length of 3.8 or 4.5 m. The channel is separatedgoyci-opening gate which is used to
initiate the experiments. The following fluid pairs were considered/&gon, Argon/Air,
R22/Argon, R22/Air, Air/Helium, Argon/Helium and R22/Helium. From the results, it was
concluded that gravity fronts of high déggatio are significarly different in propagation spde

and shape from low density ratios gravity fronts (Boussinesq).

A threestage process wéadentified by Hishida et al. (1998)r a stand pipe rupture
accident Theseare depressurization, air irggs by exchange flow, and air ingress by natural
convection. The test apparatus and results for the air ingress excluangtafe is the same as

that described ifFumizawa (1992as shown irkigure1l-7 andFigure1-8.
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Figurel-8: Data Plotted as Froude Number with respect to Inclination Angle (Hishida et al.,
1993)

The test apparatus used for the natural convection stage was two hemispheres connected
by a vertical pipe. The lower hemisphere simulated the top cover of the reactor vessel and the

bottom plate of the hemisphere which is capable of being heated sinthlattep surface of the
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reactor core. The environment outside of the reactor or the reactor containment was simulated by
the upper hemisphere. The vertical pipe that connected the lower and upper hemispheres
simulated the stand pipe. The fluids used festhexperiments were He;, Ol,, and CQ. A
laserDoppleranemometer was used to measure the flow rate of the cdlanten the replicated

stand pipe and the smoke method was used to visualize the flow behavior. It was determined from
the flow visualization and velocity measurements that the flow patternxtrasnely

complicated and the fluids within the pipe interacted strongly with each other.

A study performed by Tanaka et al. (2002) focused on the effects of the physical
properties of gases and inclination angle on buoyancy driven exchange flow affénend
gases. Three simulant fluid pairs were investigatetiuieair, Argon-air, and Sk-air, and the
inclination angle was varied from 15 degrees to 90 degrees in 15 degree intervals. The test
apparatus used in these experiments was a cylindri¢abfatimensions, 350 mm inner
diameter, 350 mm length that was connected to a rectangular channel of dimensions, 5 mm width,
50 mm height, and 100 mm length. Net exchange flow rate was measured by an electronic mass
and a laseDoppler anemometer was ugedmeasure the velocity profile. It was noted that
molecular diffusion plays a significant role in ggas exchange as compared to ligliglid
exchange. Through these experiments, it was found that there were two counterflow streams with
a vortical grculation layer at the interface between the counterflow streams for each of the
exchange flow pairs. An increase in inclination angle caused an increase in thehaross
height of the vortical circulation flow layer. It was also concluded that vatimerease in
inclination angle the Grashof number and Schmidt number in the range of 1,000 to 10,000 and
0.22 to 1.4 respectively, did not affect the exchange flow pattern. Although, there was an increase
in the nondimensional net exchange flow rateshwdin increase in the Grashof and Schmidt

number. It was observed that the axial velocity profiles of the inward and outward flow were
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practically symmetrical. As the inclination angle was increased, the location of the peak inward
and outward velocitiesioved toward the channel wall causing a decrease in the peak velocities.
The results are plotted as exchange flow rategith respect to inclination angle as shown in
Figurel-9. It can be seen that g increases with an increase in the angle until reaching a maximum

around 5/12 (75) and decreases with any further increase in angle.

0.006
® Ap=200g/m° A
W Ap =300 g/m° _-""‘-1
A Ap=400g/m°
_.0.004
[7)
S
=)}
S .
=) —_—
| |
0.002
. —
e
0
12 /6 w4 3 5x/12 2

0 (rad)

Figure1-9: Data Plotted as Exchge Flow Rate with respect to Inclination Angle

(Tanaka et al2002)

Lowe et al. 2005 performed experiments on both fluids having small density differences
(Boussinesdpck exchanggand large density differences (rRBoussinesdock exchange The
test apparatus used to investigate the lock exchange was a rectangular channel with a removable
lock gate. The tank had length of 182 cm, a width of 23 cm, and a depth of 20 cm. A

shadowgraph was used to visualize the flow and video and photogvaphased to measure the
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depth and the front positions of the flow interface. Density ratios between 0.6 and 1 were studied
in these experimentBor Boussinesq lock exchange, it was fourat the speeds wepanstant

for both currents and almost equBhe flow was identified to be symmetrical about the centerline
meaning that each current occupies half the depth of the channel just as in previous studies. It was
seen that the heavier currérgtveledat a faster but constant speed as comparteetighter

current in norBoussinesq lock exchandeorthis case, the heavier currentasfaund to occupy

less than half the depth of the channel. The theory proposed by Keller and Chyow@91)
derived again in this study. The two categories ofdexghang flow proposed are presented in
Figurel-10, (a) a leftpropagating energgonserving light current and a rigbtopagating
energyconserving heavyuwrent, connected by a long wave of expansion and a borehyaad (
left-propagating energgonserving light current and a rightopagating dissipative heavy

current, connected by an expansion wave.

(a) /,

Expansion wave Half-depth
heavy current
Half-depth

light current

by 7,

Shallow
heavy current

Expansion wave

Halt-depth
light current

| | e
oo,

Figure1-10: Schematic of Two Categories of Leekchange Flow§Lowe et al., 2005)
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This study by Lowe et al. (2005) was extended to considetockexchange category

with only an expansion wave connecting the gravity curraatshown irFigure 1-10 (b). This
nonBoussinesq exchange flow was considered for the complete range of density Tateos.
experimental resultwerecomparedo computational simulations by Birman et al. (2Q0%5)eft-
propagating energgonserving light current and a rightopagating dissipative heavy current,
connected by an expansion wavas found to be most representative of the-Bonssinesq lck
exchange flow. Thisutcomewas in disagreement with the thegmoposed by Keller & Chyou

(1991) which assumed both the currents to be energy conserving and connected by an expansion

wave and an internal hydraulic jump.

1.3 Water-Brine Scoping Experiments

A previous study byarangi(2010) performed scoping experiments using water and
brine as thavorking fluids to investigate the effects of geometric parameters on gravity driven
exchange. The test apparatus used for the scoping experiments was scaled based on the Gas
Turbine Modular Helium Reactor (GMHR) and consisted of two narrow rectangular acrylic
compartments connected by pipes of varying lengths. The apparatus was mounted on a rail
system in order to position it at various inclination angles.|l@hgthto-diameterratios and
inclination angles investigated in this study were 0.63, 3.0 and 5.0, &5 30, 45, 60, 75 and
90 degrees, respectively. A hydrometer was used to measure the time rate of change of the
mixture density, which was used to obtain the volumetric exchange rate. From this flow
visualization study, it was found that the mixtur@siey changed linearly with time during the
initial stage of ingress and as the ingress progressed, the mixture density began to change non
linearly with time. The results of the initial stage compared well to that of previous studies, but

the results athe ingress progressed did not. The average Froude number followed a similar trend
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as compared to that of previous studies, but the angle at which the peak Froude number occurred
was higher. The Froude numbers of the initial stage were found to compa& &ithoprevious

data than the average Froude number of the complete exchitnegaeverall exchange rate was

found to be of the order of 70% lower than the exchange rate obtained by considering only the
initial linear region of the exchangéwas determiad from these experiments that the geometry

of the compartment and angle of inclination have significant impacts on the ingress rate.

These scoping experiments using water and brine provided a basic understanding of
gravity driven exchange that is expetie the heliurmair experiments. However, there may be
various differences due to the fluid properties and compartment geometry. The flow pattern may
be different ashe lock exchange in this study is considered to be Boussinesq as the density
difference § small, but the heliurair density difference is much larger and the lock exchange is
considered to be nelBoussinesq (Lowe et al., 2005). Molecular diffusion may play a more
significant role because the diffusivity between helium and air is approxinidfeiynes greater
than that for water and brine. Moreover, the ingress ragediffer from water and brine as the

dynamic viscosity is about 1@mes greater foheliumair (Fumizawa, 1992).
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Chapter 2

Scaling Analysis

2.1 ScalingParameters

In the preset study, the experiments are fsemed using helium and air as working
fluids in a scaled test apparatus. Bealing analysis used tiesign the heliurair test apparatus
is based on thapproach described previouswork by Kim and Talley (2009). The reference
VHTR used for the scaling of the heliwair test apparatus is the Gas Turbine Modular Helium
Reactor (GTMHR) designed by General Atomics providedMacDonald et al(2003).The
locations of importance for the airgress scenariare identified as thievo pipelineshat connect
to the vesseds shown by the schematic of B&-MHR in Figure2-1. These pipelines are the
horizongl primary core inlet and outlet flow duct and the vertical refueling standpigpee
present scaling analysis, the scaling parameters with and without temperature effects are
considered. It is noted, however, that the present study focuses on theyhgdnmeffects in the

gravity driven air ingress phenomenon. As such, the temperature effects are not considered.
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Based on previous adiabatic studigsMercer (1975) andistein (1988), Froude
number igdentified as the main nedimensional number that accounts for geometric effatts
gravity driven exchange. The Froude number is defined as the ratio of inertia force with respect to
the buoyancyforce and is given by:

"Oi (2-1)

Y]
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wherek denotes the fluidk(is given add or L indicating the heavier or lighter fluid,
respectively) D denotes the diameter of the bregls the gravitational constarg, sepresents
the density differace between the two fluidmnd” [is the mean density of the two fluids. In this

equationjx is the superficial fluid exchange velocity given by:

Q | o (2-2)

whereu is the fluid exchange velocitgnd) denoteghe area occupied by flukdwith respect to

the totalcrosssectionalarea of the pipe break given by:

— (2-3)

As the exchange rate is the major variable of significance for tiiegagss phenomena,
it is important to note that the Froude number can be written irstefihe volumetric exchange
rate given by:

"Oi (2-4)

whereQdenotes the volumetric exchange rate Amlgnotes the area of the break. The
volumetric flow rate can be measured by observing the density change throughout the duration of
the experiment. The equation from Epstein (1988) used for the-braterscaling has been

modifiedusing mass balander hdium-air and is given by:
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0 _ (2-5)

whereV, is the volume of the light fluidw denotes the mixture densay time,t andm ois the

initial density of the heavy fluid
The major scalingarameteratios(ratio betweerscaled heliurrair andprototypic
heliumair casesjor the design of the helinair test apparatus aidentified inpreviouswork by

Kim and Talley (2009and arendicated by the following:

Froude Number Ratio:

o "Oiy, Ol (2:6)
Global Exchang®ateRatio:

0 0 5 5 - (2-7)
Local Exchangd&ateRatio:

0 @ o (2-8)
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Exchange Time Ratio:

0 o . (2-9)

whereS,HAandP,HArepresenscaled heliurair and prototypic heliurair, respectively.

There are two different exchange ratios to consider for the fluid exchange rate, the global
exchange rate ratio and the local exchange rate ratio. The global exchange rate ratio considers the
entire volumetric fluid exchange, while the local exchange rate ratio considers the local fluid
exchang velocity within the break alon&he volumetric exchange rate ratios can be deduced by

the Froude number equation and are given by:

. i Yoo
U 5 (2-10)
h .
and
Q ——— i (2-11)

3¢

Here, the Froude number ratio between the scaled and prototypic facility is equal to one
because the two systems considerstime fluid pairFor this reasorthese equations reduce to

the following

v — (2-12)
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and

5¢

D'l

(2-13)

¢

Theseequations show that the exchange rate ratios are dependent on the break dradrfiier

properties

The time ratio scales the total time required for complete exchange of the fluids for a

given exchange volume and is given by:

3¢

0 — (2-14)

whereV andQare the volume and the volumetric exchange rate, respectively.

The Reynolds number &ésoinvestigated in order to scale tratio of inertial forces to

viscousforces of the fluidor the horizontal breaks

YQ —* (2-15)

wheresxis the density of the fluidy is the superficial fluid exchange velogity, is the hydraulic

diameter and «is the viscosity of the fluid.



26

It is assumed that each fluid occupies half thefdepthe pipebreak diameter. Hence

the hydraulic diameter is given by:

O (2-16)

The superficial fluid exchange velocity can be calculated using the Froude numbers

deduced from the previogsudies. Thus, the Reynolds number can be rewritten by:

YQ Y| (2-17)

Before performing heated experiments, several othedimansional numbers should be
consideredn order to investigate the effects of temperature and the sittges of air ingress,
molecular diffusion and natural circulatiofhese are th8chmidtandPecletand are described

below.

Schmidt number is calculated to investigate viscous diffusionre@pect to molecular

diffusion and is given by:

Yw - (2-18)

whereg is the kinematic viscosity an2is the mass diffusivity.
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The mass diffusivityDuis calculated using an equation from Poling et al. (2001) given

by:

(@) = (2-19)

where T'is the temperature (K)Ris the pressure (bar)a, denotes the characteristic leng#) (

andmprepresents the diffusion collision integral. Hetéyis given by:

0 ¢ pAo pF0 (2-20)

whereM; and M, are the molecular weights of gaandb.

The characterigtilength Az is given by:

— (2-21)

In this equationsrpis solely a functiormof &7/ risWhereryis the characteristic energy
given by:

- -- 7 (2-22)

The values forrp are tabulated as a function o/ rin Hirschfelder et al. (1954) and

are used in this calculation of mass diffusivity of helium and air.
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Peclet number scales the ratio of convective diffusion to molecular diffasitia given

by Reynolds number multiplied by Schmidt number:

0Q YDY (2-23)

2.2 Scaling Approach and Results

Thescalingparameter ratiodiscussedre calculated based on tagproach described in
this section For this approach, the Froude number, break pipe size, global and local exchange

rate ratios, and ekange time ratio are determined.

Froude number:

TheFroude numbers for a given angle daigthto-diameteratio are estimated by
usingFigure1l-7 andFigure1-8 from Hishidaet al. (1993)lt is important to note that these
Froude numbers abtained unler adiabatic conditions ateimperature effecrenot
considered Table2-1landTable2-2 show the Froude numbettsat areusedfrom Hishida et al.

(1993)

Table2-1: Froude Numbers for Angle Variation (Horizontal Break)

Angle (degrees)| Fr (L/D =10, HeAir)

0 (vertical) 0.03
15 0.07
30 0.13
45 0.11
60 0.08

90 (horizontal) 0.01
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Table2-2: Froude Numbers for\D Variation (Vertical Break)

L/D Fr (Angle = 0°, He-Air)
0.06 0.0800
0.13 0.1000
0.5 0.1300
0.75 0.1200
1 0.1100
5 0.0400
10 0.0200

In order to be consistent with Hishidaal. (1993)the break inclination anglemdlengthto-

diameterratiosused inthis scalinganalysisare chosen to kiose from the tables above.

Pipe break size:

In order to determine thaipe break diameter for the scaled hehlaindesign the sizas
varied from0.635 cm (.25in) to 7.62 cm 8 in) for thecoaxial primary core inlet/exit duct
(horizontal breakand2.54 cm { in) to 15.24 cm 6 in) for therefueling standpipévertical
break) The pipedimensionsisedfor the prototypiccasearetaken to behe diameter of the
VHTR hotleg of approximatgl 1.5 mfor the break angle effeandstandpipe dianter of

approximately 0.75 rfor theL/D effect(Richards et al.2006)

Global and local exchange rate ratios:

The scaling analysis is performed for both dld@batiqunheatejiand heated conditions.
So, the global and local exchange rate rattesoatained by using equationd2 and 213 and
the fluid properties of helium and air for each condition. Foutiteeatedondition, he fluid
temperatures for both liem and air are chosen to be°#0The fluid temperatures for the

prototypiccondition are chosen to be 950°C for helium aBW4for air. For the scaled heated
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condition, the fluid tempetares are lsosen to be 200°C and ZDfor helium and air,

respectively.

Exchange time ratio:

The height tadiameter ratio for the prototyptases approximately equal to threle.
order tobe consistent with this ratio of three, the scalesignis determinedo have a height of
182.88 cm 72 in) and anominaldiameter 060.96 cm(24 in). For the scaled desigthe
horizontal breaks based on pipebreak on the side of thest apparatudhat is alignd with
bottom of the vesseindthevertical break i9ased on a pipe break on the top of the vedsel.
regard to thesbreak locations, thexchange volum#or the horizontal breais defined by the
diameter of the pipe breanda complete volume exchangeassumed for theertical break
The dimensionfor theGT-MHR are used to estimate the volume exchange for the prototypic
heliumair case for both the horizontal and vertical breaks. Faprihgarybreak, it is assumed
that air will displace helium up to thi@e parallel to theop of the break. Thigolume is
calculated to be approximately 94,000 liters (24,770 gallons), vidhizhout 27% of the total
volume within the reactor vessé&lince a complete volume exchange is assumed for the standpipe
break, the entire volume of helium will be exchangadair in containmentThetotal volume of
helium in the GTMHR is approximately 351,000 liters (92,600 gallofi$)e exchange volunge

arecalculated in Kim and Talley (2009) and are provigdedppendix A

Basd on an exchange time ratio closeadirtiy, the scaleghipe brealdiameter is
determined to bd.45 cm (.75 in) for the horizontal break arisi72cm (2.25 in) for the vertical
break.Thescaling parameter ratiasilculatedor theunheatednd heatethelium-air conditions
based on these pipe break diametaeesshown iTable2-3 for the horizontal break anthble

2-4 for the vertical break



Table2-3: Scaling Parameter Ratios for Angle Variation (Horizontal Break)

Frl s Qlr iIr tclr |diameter, cm (in)
Unheated Helium-Air 1 1.363 x 1¢| 0.155 1.015 4.45 (1.75)
Heated Helium-Air 1 1.438 x 1¢| 0.164 0.962 4.45 (1.75)

Table2-4: Scaling Parametdratios for L/D Variation (Vertical Break)

Fr] s Qlr ilr tg]r |diameter, cm (in)
Unheated Helium-Air 1 1.446 x 16| 0.249 1.053 5.72 (2.25)
Heated Helium-Air 1 1.525 x 16| 0.263 0.998 5.72 (2.25)

The Reynolds number ratio is calculated for the horizontal breaks considering both fluids.

Table2-5 provides the Reynolds number ratios for helium and air for the stdatégn

Table2-5: Reynolds Number Ratios f@caled Design

Re]r heium| Relr.ar |diameter, cm (in)
Unheated Helium-Air | 0.0521 |5372x10%| 4.45(1.75)
Heated Helium-Air 0.0245 |5666 x 1G| 4.45(1.75)
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Chapter 3

Experimental Facility

3.1 Engineering Design of Test Apparatus

The dimensions of the heliuair test apparatus are slightly modified from slealing
analysigresults determined in the previous sectioe to practical engineering design

considerationssimpicity, and machining capabilities

A carbon steel pipe withr@ominaldiameter 060.96 cm(24 in) and a height of 182.88
cm (72 in)is chosen to simulate the test apparatusrder to comparthe experimental data
computational results in the fulyrthe design is simplified to incorporate flat plates rather than
hemispheres at the top abdttom of the vessel. There dl@nges at the top and bottom of the
vessel to attach the plates. The top plate has two holes to implement a pressure gauge and a
recirculation line to more quickly reach a desired temperature for the heated experiments. There
are 13 holes in the bottom plate, one for the helium supply, one for the vacuum pump, and the
remaining holes are instrumentation ports. The engineeringryawf the vessel, top plate,dan

bottom plate are in Appendix. B

There are three break locations, two on the side of the vessel and one on the top of the
vessel. In order to investigate pipe breaks of various lengths, a flange design is implemented. Due
to machining restrictions caused by this flange design, the side break could not be located at the
very bottom of the vessel. Therefore, temterof thelower side break is oriented 13.dm (4.5

in) above the bottom of the vess&lsecond side break incorporated into the design and the
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center of the pipés located3429cm (135 in) above the bottonThe second side break is to
compare the heliurair data with the wateorine data, which accounts for the geometry effect.
The topverticalbreak is located at the center of tlessel topln order to simplify the design of
the pipe break,rainnerdiameter 06.08 cm (2 in) is chosen for both theorizontalandvertical
break. This idetweerthe two values of 4%lcm (1.75 i) and5.72 cm 2.25 ir) determined in
the scalingAs the pipe break diameter is modified frtime scalingresults the parameter ratios
are recalculatetbr the5.08 cm 2 in) pipe beak diameteandare shown ifTable3-1, Table3-2
andTable3-3. The pipe breakareconnected to a base flangehich can be attached the vessel
flange. Thdengthto-diameterratios for the pipe breaks are chosebedl .0, 3.0, and 5.0. A L/D
ratio of essentially zero can also be obtained at the vessel flatiga 7.62 cm 8 in) diameter
break There is also anique flange that will based to atich glass pipes at the break which will
be used tobtain velocity information by Laser Dopplenémonetry (LDA) in future

experimentsThe engineering drawings of the pipe breatksslown in Appendix B

Table3-1: Engineering Design Parameter Ratios for Angle Variation (Lower Side Break)

Fr] r Qlr il r telr diameter, cm (in)
Unheated Helium-Air 1 1.904 x 1¢| 0.166 2.285 5.08 (2)
Heated Helium-Air 1 2.008 x 1¢| 0.175 2.166 5.08 (2)

Table3-2: Engineering Design Parameter Ratios for Angle Variation (Higher Side Break)

Fr] r Qlr il = tglr |diameter, cm (in)

Unheated Helium-Air 1 1.904 x 1¢| 0.166 6.023 5.08 (2)
Heated Helium-Air 1 2.008 x 1¢| 0.175 5.711 5.08 (2)
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Table3-3: Engineering Design Parameter Ratios for L/D Variation (Top Break)

Fr] s Qlr R tglr |diameter, cm (in)
Unheated Helium-Air 1 1.077 x 16| 0.235 1.414 5.08 (2)
Heated Helium-Air 1 1.136 x 10| 0.248 1.340 5.08 (2)

The Reynolds number ratios are also reevaluated for the engineering design for the

horizontal breaks and are showriliable3-4.

Table3-4: Reynolds Number Ratios for Engineering Design

Relrheium| Re€lrar [|diameter, cm (in)

Unheated Helium-Air | 0.0636 |6.564 x 1G 5.08 (2)
Heated Helium-Air 0.0299 |6.922 x 16 5.08 (2)

There are 68 individual instrumentation ports at fagular location§A throudh D)
each with17 axiallocations (1 through 17%n the side of the vessel. The ports are spaced evenly
every15.24 cm § in) along the entire height of the vessel and some are spaced more closely at
the break locations. The port dimensions and locations on the vessel can be seen in the drawings

in Appendix B A photograph of the test apparatus is showrRigure3-1.
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Figure3-1: Photograph of Test Apparatus

3.2 Test Facility and Instrumentation

The gasketised to seal thimp and bottom plates and pipe break components to the
vessel flanges isiade ofan extremdemperature silicone rubbelt has a thickness & 18 mm
(1/8 in), and can be used in tkemperature range e61.1°C 1 to 260°C-60°F to 500F) with a
duromeer hardness of 56caleA (medium). A high temperature pushtapered expandabl
round silicone rubber plug issedto seal the pipe break before initiation of the experiments
These plugs are capable of withstanding temperaturesagyta8 °C $50°F and havea
durometer hardness of 86aleA. In order to fitinto the pipanner diameter 06.08cm @ in),
thetaperedplug that is used for L/D = 1,8.0, and 5.0 hasnds of 5 cm (-31/32 i and6.27 cm
(2-15/32 i) with a thicknes®f 2.54 cm { in). An L/D of essentially zero can also &ehieved

by fitting the vessellangewith a tapered plug of.46 cm 2-15/16 ir) and8.97 cm 8-17/32in)
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with a thicknes®f 3.89cm (1-17/32 ir). Figure3-2 below shows one of the smaller plugs

inserted into the higher sigépe break.

Figure3-2: Photograph of Plum Higher Side Break

In consideration of the fututeeatedexperimens, awaterbased epoxy called Nansulate
EPX provided by INDUSTRIAL NANOTECH Inc. is used as a thermal insulation codtitgs
a thermal conductivity d®.027 W/mK at 20C and3.18mm (1/8 in) thicknessas documented in
Appendix C This coating is appliedn the top and bottom plates of the vessehinimize the
heat losgluring the heated experimenris shown irFigure3-3. The inside of the vessel is

sprayed withspecialtyhigh reatpaintfor temperaturesatedup to 600C.
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Figure3-3: Photograph of NansulatEPX Applied to Top fate

A Quincy Compressor Model Q¥.5HP Rotary Vane Veuum Pump rated at ACFM at
759 mm HgV 29.9 inHgV) is used to evacuate the vessel before filling it with helium. The
vacuum pump is direct driven by a flarg®unted motor and it has an inlet check valve mounted
internally. The system is agooled with a higkefficiency multistage exhaust filter withuld
mist removal.The vacuum pump is connected to the test apparatu®bgm (0.75in) stainless

steelflexible tubingand is shown ifrigure 3-4.
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Figure3-4: Photograph oQuincy Compressdvlodel QV-1.5 HP Rotary Van¥acuum Pump

The oxygen concentratiaa measured during the experiments using an AMETEK
Thermox CEM O2/TM Trace Oxygen Analyz&iown inFigure3-5. The operating range of the
analyzer is 1 ppm to 100%, @ith an accuracy of +2% dhereading or 0.5 ppm Dwhichever
value is greater antD.75% of thereading or 0.05% ©whichevervalue is greateMable3-5
shows theaccuracyfor a given oxygen content with upper and lower boundafiesse
accuracies are applied aparticular data set ahown inFigure3-6 with a zoomed in versioof
the initial regionin Figure3-7. The repeatability is@5% of reading 00.1 ppm, whichever value
is greater and 0.5% ofthe reading or 0.1% Owhichevervalue is greater. A response time of
less than 10 seconds at 1.0 L/miril@scfh) to 90% of a @lecade step change is documented in
the manua(AMETEK, PDF). The analyzeis capable of sampling a flow up to @axmum inlet

temperature of 20€.
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Figure3-5: Photograph of AMETEK Thermox CEM O2/TM Trace Oxygen Analyzer

Table3-5: Oxygen Analyzer Accuracy for Oxygen Content Range

Oxygen Content Range Accuracy Upper Bound Lower Bound

1600 ppm - 4999 ppm | + 2% of reading reading x 1.02 reading x 0.98

0.5% - 6.66% 0.05% Q reading + 0.05% | reading - 0.05%

6.67% - 21% + 0.75% of reading reading x 1.0075| reading x 0.9925
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Figure3-7: Initial 200 s of Oxygem\nalyzer Accuracy Applied to a Data Set

Themanufacturer supplied an aspirator for the oxygen analyzer outlet to induce a flow
throughout the system. The engineering drawings for the system recommend an ainsupply

gauge pressuraf 103.42to 137.90 kP415 to 20 psi) to the aspirator regulator. The aspirator
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regulator reduces this togauge pressure of approximatedy47 kPA5 psp) which induces a

flow rate of abou#.72 L/min (O scff). A samplingrate of @proximately 1.0 L/min (2.12 scfh)

is sugested by the manual. In order to reduce the flow rate, a Dwyer air flowmeter is installed
between the oxygen analyzer outlet and the aspirator as illustratagliie3-8. The Dwyerair

flowmeter(RMB-49-SSV)has a range d¥.24 to 2.36./min (0.5 to 5scfh) with an accuracy of

+5%.

%)

-~

TTTFTTTLLS

Figure3-8: Photograptof Dwyer Flowmeter and Aspirator

While the flowmeteis calibrated for air, the flowmeter reading can be converted to a

flow rate for other gases using edjon 31 provided in the Dwyer catald@®wyer, Web 2009).

C
C

(3-1)
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whereQ.q is the corrected flow for specific gravity gasx, Qqpsis the observed flowmeter
reading,l is the specific gravity of air, arfiG, is the specific gravity of gasbeing used in the

flowmeter.

Since the specific gravity of the fluid mixture changes during the transient, the actual
flow rate as indicated by the flowmeter also changesthis reasorthe experimers are
performed bychanging the regulated flow rate at several points duringdhsiént. Thiss done
to preserve a constant mixture flow rat@around0.94 L/min @ scfh). At the beginning of the
experiment when the oxygen concentration is approximately zero, the flowmeter reading is set to
0.38 L/min Q.8 scfh) which correspondi® aboutl L/min (2.15scfh) for helium. Since he flow
rate decreasdelow0.94 L/min @ scfh) as the density of the sample increaties flowmeter
readingis increased b9.09 L/min Q.2scfh) at oxygen concentrations of 1.9%, 4.2%, 6.9%,
10.0% and 2.6% all of which correspond to abdut/min (2.15 scfh) The flowmeter

adjustments are summarizedTiable3-6 below.

Table3-6: Flowmeter Adjustments witActual Flow Rate Range

(flow rate provided in liters per minute, L/min and standard cubic feet per hour, scfh)

Oxygen Concentration (%) | Flowmeter Adjustment, L/min (scfh) | Flow Rate Range, L/min (scth
0.0 0.38 (0.8) 1-0.81(2.15-1.72)
1.9 0.47 (1) 1-0.84(2.15-1.79)
4.2 0.57 (1.2) 1-0.87(2.15- 1.84)
6.9 0.66 (1.4) 1-0.89 (2.15- 1.88)
10.0 0.76 (1.6) 1-0.90(2.15-1.91)
13.6 0.85 (1.8) 1-0.92(2.15-1.94)
17.5 0.94 (2) 1-0.94(2.15 - 2.00)

A simple test was performed to ensure that the oxygen analyzer is operating properly

Thegass used for thiged arehelium atapproximately3 ppm Q and compressed aat
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approximateh21.7% O,. These gases are eatpplied througlt.35 nm (0.25 ir) polyethylene

flexible tubingwhich connect a4 tfitting that leads to the inletf the oxygen analyzer. There is
a valve on the compressed air line in order to control which flisdpglied to thenalyzer First,
thecompressed air is suppliedagauge pressure of about 34.37 KPPpqD) until a stable
reading is observed ondlanalyzerNext,the supplyis switched to heliursuppliedata gauge
pressure ofbout34.37 kPa (5 psig)ntil a stable reading is observdthen, the supplis

switched back to compressed air until the origoalgencontent is reacheétromFigure3-9, it

can be seen that the proper readings are observed for helium and air.
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Figure3-9: Confirmation of Oxygemnalyzer Measurement

The oxygen analyzer sample is collected through a combinat@3®inm (0.25 in)
stainless steel tubin@ardline)and6.35 mm (0.25 injnner diameter stainless stdielxible
tubing (flexline). Thesamplingprobe that collectdie sample within the vessel 8635 mm (0.25
in) stainless steglibing with a wall thickness @.89 mm(0.035 ir) that has a length of about

76.2 cm 80 in). The probe is connected to the 6.35 mm (0.25nngr diameter stainless steel
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182.88 cm T2 in) flexible tubing using a Swagelok fitting with a Teflon ferrule sete flexible
tubing connects back to abdté.2 cm (30 inpf hardline which lead®® theinlet of the oxygen
analyzer. Based onflow rate of about0.94 L/min @ scfh) and the volume ajas within the
tubing the time for the sample toavel from the vessel to the oxygen analyzer inlet is

approximately 5.3econds.

A simpleexperimento check the response tinigeperformed for the test facility setup.
The vessel is evacuated with the vacuum pump and backfilled with hélgne,. thesampling
rate is based onflowmetersetting 0f0.94 L/min @ scfh) for air. The sampling probe collects the
helium from insidelte vessel until a constamadingis observedn the oxygen analyzefhe
probe is removed from the vessel and exposed tméira stable reading is reachédvaluein
the ppm range idisplayedon the analyzewhen introducing heliurto the systenard a value of
20.8% isdisplayed on the analyzer when introdugair.It can been seen froFigure3-10that is
takes approximately 75 seconds for the analyzer topeahelium to air for the test facility

setup.
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Figure3-10: Test FacilityResponse Time
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An OMEGA GCHAI series medium temperature steam, air, and gas circulation heater
shown inFigure3-11 will be used tdheat the helium for the heated experiments. Itis a 1.5 kW
unit with a thermostat ranging from 93°C to 287 This heater is connected on the recirculation

line which will be used to heat the helium for the heated experiments.

Figure3-11: Photograph of OMEGA GCHAI Circulation Heater

A simple pressure gauge and a Rosemount 3051S Scalable Coplanar Hressunéter
(Model: 3051S1CD2A2F12A2AB1E5L4) amttached to the vessel to monitor the pressure. The
pressure gaugs dial type withan operating pressure rangeddb 103.42 kPa(to 15 psiandO
to-762mm Hg Q to-30in Hg). It has an accuracy afl% full-scale and has a temperattaage
up t0232.22C(45C°F). The pressure transmitter has a range tof 1269 mm kLD (0 to 50 in

H,0) and has a 0.025% span accur@ikRgsemount, Web 2010)



